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Abstract 

Future technologies in the fields of communication, industrial automation, consumer 

electronics and medical diagnostics will benefit from the development of optical sensing 

technologies that offer cost-efficient fabrication, mechanical flexibility, personalized design 

and tailored functionality. A promising class of sensors that grant these capabilities are 

photodetectors based on organic semiconductors. So-called organic photodiodes (OPDs) 

have improved rapidly in performance over the last years and have proven their potential 

to provide a complementary technology to inorganic devices. Most importantly, their 

processability from solution enables the fabrication with industrial printing techniques. 

However, the vast parameter space of printing in combination with the morphological and 

energetic requirements of OPDs results in a plentitude of challenges that burden the 

transition from the lab-scale to relevant production methods. This thesis presents three 

novel concepts for OPD fabrication that help to overcome these challenges. Alternative - and 

in some cases “non-conventional”- photoactive material systems are introduced to 

simultaneously simplify processing, improve performance and provide additional 

functionality. The first approach focusses on the use of insulators as processing additives 

for the fabrication of photoactive layers. Against intuition, this does not hinder the steady-

state functionality of the fabricated OPDs but even improves the detection speed due to an 

increase in the molecular order of the semiconductor layer. Another approach involves the 

investigation of a novel class of materials, namely non-fullerene acceptors (NFA), to extend 

and increase the device responsivity towards the near infrared. This study led to the first 

demonstration of digitally printed NFA OPDs with record responsivities surpassing 750 nm 

and detection speeds in the range of MHz. Finally, digital fabrication of multi-color OPDs is 

enabled, by developing an innovative ink system with decoupled viscoelastic and optical 

properties that simplifies processing and successfully exploits the spectral flexibility of 

NFAs. The resulting color selective response allows integration of the OPDs in a multi-

channel visible light communication scheme, which represents one of the most promising 

upcoming technologies in the field of optical data transmission. All three approaches 

combine state of the art performance with a simplified processing route and pave the way 

for OPDs to live up to their potential in the vast field of optical sensing. 
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Kurzfassung  

Zukünftige Technologien in den Bereichen Datenübertragung, Industrieautomatisierung, 

Verbraucherelektronik und medizinische Diagnostik werden von der Entwicklung 

optischer Sensortechnologien profitieren, die eine kosteneffiziente Fertigung, mechanische 

Flexibilität, personalisiertes Design und maßgeschneiderte Funktionalität bieten. Eine 

vielversprechende Klasse von Sensoren, die diese Eigenschaften gewähren, sind 

Photodetektoren auf der Basis organischer Halbleiter. Sogenannte organische Photodioden 

(OPDs) haben sich in den letzten Jahren rasch in ihrer Leistung verbessert und ihr Potenzial 

als komplementäre Technologie zu anorganischen Bauelementen unter Beweis gestellt. Vor 

allem aber ermöglicht Prozessierbarkeit aus der Flüssigphase die Bauteilfertigung mit 

industriellen Drucktechniken. Der große Parameterraum des Druckens in Verbindung mit 

den morphologischen und energetischen Anforderungen von OPDs führt jedoch zu einer 

Fülle von Herausforderungen, die den Übergang vom Labormaßstab zu relevanten 

Produktionsmethoden erschweren. In dieser Arbeit werden drei neue Konzepte für die 

OPD-Fertigung vorgestellt, die zur Bewältigung dieser Herausforderungen beitragen. Es 

werden alternative - und in einigen Fällen "unkonventionelle" - photoaktive 

Materialsysteme eingeführt, die gleichzeitig die Verarbeitung vereinfachen, die Leistung 

verbessern und zusätzliche Funktionalität bieten. Der erste Ansatz konzentriert sich auf die 

Verwendung von Isolatoren als Prozessadditive für die Herstellung von photoaktiven 

Schichten. Entgegen der Intuition behindert dies nicht die Funktionalität der OPDs, sondern 

verbessert sogar die Detektionsgeschwindigkeit durch eine Erhöhung der molekularen 

Ordnung der Halbleiterschicht. Ein zweiter Ansatz besteht in der Untersuchung einer 

neuartigen Materialklasse, nämlich den Nicht-Fulleren Akzeptoren (engl. non-fullerene 

acceptors, NFA), um die Empfindlichkeit in Richtung des nahen Infrarot-Bereichs zu 

erweitern und zu erhöhen. Diese Studie führte zur ersten Demonstration von digital 

gedruckten NFA-OPDs mit einer Rekordempfindlichkeit oberhalb von 750 nm und 

Detektionsgeschwindigkeiten im MHz-Bereich. Schließlich ermöglicht ein drittes Konzept 

die digitale Herstellung mehrfarbiger OPDs, indem ein innovatives Tintensystem entwickelt 

wird, das die viskoelastischen und optischen Eigenschaften erfolgreich entkoppelt, um die 

Fertigung zu vereinfachen und die spektrale Flexibilität von NFAs optimal ausnutzt. Die 
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resultierende farbselektive Detektion ermöglicht die Integration der OPDs in ein 

Mehrkanal-Kommunikationssystem für sichtbares Licht (engl. visible light communication), 

das eine der vielversprechendsten aufkommenden Technologien im Bereich der optischen 

Datenübertragung darstellt. Alle drei Ansätze kombinieren herausragende Funktionalität 

und Leistung mit vereinfachten Herstellungsverfahren und tragen dazu bei das Potenzial 

von OPDs für das breite Feld der optischen Sensorik erfolgreich auszuschöpfen. 
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Polymer Meets Thiol–Ene Click Chemistry: A Cross-Linked Acceptor for Thermally Stable 

Near-Infrared Photodetectors, Chem. Mater., 31, 18, (2019) 

 

4. Stefan Schlisske, Florian Mathies, Dmitry Busko, Noah Strobel, Tobias Rödlmeier, 
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1 Introduction 

“So now, I present to you the three basic actions, from which all the 

phenomena of light and electrons arise. 

 Action #1: A photon goes from place to place. 

 Action #2: An electron goes from place to place. 

 Action #3: An electron emits or absorbs a photon.” 

Richard Feynman 

QED: The Strange Theory of Light and Matter[1] 

 

This summary by Richard Feynman gives a simple view of what lies at the core of all light-

matter interactions. He uses it as an introduction to the complex theory of quantum 

electrodynamics, for which he received the Nobel Prize of Physics in 1965.[2] As such, this simple 

summary also applies to the topic presented here, namely photodetection based on organic 

semiconductors. More specifically, this thesis introduces concepts for organic photodiodes by 

investigating novel photoactive materials that result in improved performance, provide 

additional functionality and enable the fabrication of optical sensors with digital printing 

techniques. This introductory chapter starts by motivating the topic and describing the scope 

of the work. Then, the state-of-the-art is addressed to give an overview of the concepts and 

approaches currently pursued in literature. Finally, the outline of this thesis is presented. 

1.1 Motivation 

The detection of light is a natural tool to observe and interact with the surroundings. 

However, the required complexity of a detector to reach sufficient performance becomes 

clear when one looks at the sophisticated structure of the eyes. Charles Darwin 

acknowledges this, by describing the eye as an “organ of extreme perfection”.[3] Today, 

artificial optical sensing technologies outmatch many capabilities of the eye by far. Not only 

is it possible to detect a broad range of electromagnetic radiation from γ-rays to radio-
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waves, but also parameters like the resolution and detection speed surpass the possibilities 

of the eye by orders of magnitude.[4] A major technology which has driven this development 

are semiconductors. They enabled the fabrication of one of the most common photodetector 

types - namely the photodiode. Photodiodes based on inorganic materials like silicon (Si) or 

gallium-arsenide are crucial elements in a plethora of current technologies including optical 

communication, image sensing or medical diagnostics.[5,6] According to Global Market 

Insights Inc., the current market for optical sensors has reached a size of more than 17 

billion USD in 2018 and is expected to rise to more than 36 billion USD by 2026.[7] This 

growth rate results from the technological trends towards internet-of-things, industry 4.0 

and wearable electronics among others. However, the growing demand will also bring 

challenges for established inorganic devices. Future technologies will rely more and more 

on cost-efficient fabrication, low-weight architectures, personalized design and tailored 

performance parameters.[8–11] In these regards, another class of materials has attracted 

considerable attention in recent years - organic semiconductors.[12,13] On the basis of organic 

chemistry, polymers and small molecules are developed that show semiconducting 

properties due to similar electronic delocalization phenomena as observed in inorganic 

semiconductors. This discovery opened an entire new field of semiconductor devices 

including organic light-emitting diodes[14–16], organic transistors[17–19], organic solar cells[20–

23] and the relevant device for this work, organic photodiodes (OPD). The main advantages 

of OPDs lie in their synthetic flexibility of the employed organic semiconductor materials 

allowing for facile tuning of the optoelectronic properties and their high attenuation 

coefficients >105 cm-1 enabling strong absorption even at very thin film thicknesses in the 

range of 100 nm.[24] In addition, organic semiconductors offer the possibility to deposit the 

materials from solution - typically referred to as solution processing. For this purpose, 

organic semiconductor materials are dissolved in suitable solvents, deposited on a carrier 

substrate and dried to form the final functional layer. The technique used for deposition can 

be simple lab-scale techniques like drop-casting[25], dip-coating[26] or spin-coating[27]. 

However, the most promising techniques are industrial printing and coating techniques, 

which enable high-throughput and low-cost fabrication.[28–30] The ability to fabricate OPDs 

in the same way as currently done with newspapers, packaging or even office documents 

will allow mass production of existing and unprecedented optoelectronic systems with 

mechanical flexibility for health-care, communication, and industrial sensing at a low price 

and represents the visionary goal, which motivates this thesis. 
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1.2 Scope of this Work 

This work focuses on novel concepts for OPDs with the goal to simultaneously improve their 

performance and fabrication. More specifically, alternative photoactive material systems 

are investigated in terms of their potential to increase detection speeds, extend the 

response to the near infrared (NIR) and allow color-selectivity. At the same time, the 

concepts are aimed to simplify fabrication with printing techniques by controlling the 

viscoelastic properties of the ink. In this thesis, the digital techniques inkjet and aerosol jet 

printing are at the center of attention. Both techniques offer drop-on-demand and non-

contact deposition with high resolutions down to 10 µm. The digital nature allows for facile 

prototyping as well as freedom-of-design in terms of layout and device architecture. 

However, the large parameter space of these techniques amplifies the complex correlations 

between processing requirements and the energetic characteristics and morphological 

properties that result in high-performance OPDs. Hence, there often exists a trade-off 

between performance and fabrication.[30–32] To overcome these challenges, the development 

of materials, device concepts and processing techniques have to be addressed in a coherent 

manner and the cross-compatibility has to be considered. Furthermore, this thesis aims to 

underline the necessity for OPD development to be regarded as a separate research area. 

Although OPDs share the underlying physical principles with organic photovoltaics, the 

selection of materials and device design should not be limited to photovoltaic concepts but 

should explore “unconventional” methods that are promising for OPD specific figures of 

merit. 

1.3 State of the Art 

The development of OPDs has historically followed the developments in organic solar cells. 

Generally speaking, solar cells and photodiodes have the same goal, i.e. photon-to-current 

conversion. Therefore, it is clear that both devices are closely related in terms of employed 

materials and device architectures. However, their application is fundamentally different. 

Solar cells aim to generate power by absorbing and converting the sunlight as efficiently as 

possible. Thus, materials are design with broad absorption spectra and the architecture 

supports the extraction of generated charges. Since the application conditions don’t change, 

it is possible to compare the device performance simply by comparing the solar cell 
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efficiency. The application of photodiodes, on the other hand, is extremely versatile. Optical 

communication, for instance, has high demands in terms of detection speeds, while for 

heart-rate sensor systems the spectral response is the crucial parameter and has to lie in 

the transmission window of human tissue. This variety of requirements for different 

applications leads to the impossibility to define a single set of optimal benchmarks. 

Therefore, photodiode technologies have to stay flexible in terms of their performance 

parameters and device design. OPDs are particularly well suited to meet this demand. 

In recent years, solution-processed OPDs have proven their ability to reach comparable 

performance as current inorganic devices.[36–38] In addition, novel device concepts have 

been developed that overcome previous efficiency limits and enable narrow-band detection 

 

Figure 1.1Coated and Printed OPDs: Applications and Techniques  

Examples of OPD applications found in literature including a) an IR-spectrometer, b) an 

image sensor, c) a 2D pulse oximeter. The employed OPDs are partially and, in case of 

the image sensor, fully printed or coated. d) Overview of the coating and printing 

techniques utilized for the different OPD layers. (Panel a) adapted with permission from 

John Wiley and Sons,[33] ©2017 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim; panel 

c) adapted from [34], CC-BY-NC-ND; panels b) and d) adapted from [35], CC-BY) 
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and response to infra-red light.[39–41] However, many of the advances in device performance 

are lacking industrial relevance as they rely on fabrication steps that burden the transition 

from lab-scale to production. For this reason, many groups are focused on the development 

of printing and coating processes that allow cost-effective fabrication of electronic 

devices.[29,42–45] Some impressive application examples of coated and printed OPDs[33,34,46] 

and an overview of the relevant techniques employed in the past to fabricate the individual 

necessary layers of an OPD are shown in Figure 1.1.[35] The variety of techniques underlines 

the range of possibilities regarding the processing route. Which technique is employed, 

heavily depends on the requirements in terms of materials and design. Printing techniques 

are more prominent when lateral structuring capabilities are necessary, while coating is 

heavily utilized for fast processing and especially for large areas. However, every technique 

has individual requirements regarding the ink properties, which makes it challenging to 

switch between the techniques depending on the application. Thus, to exploit the individual 

advantages of each technique, concepts that offer a simplified control over the ink 

properties are highly desirable and would provide a high degree of processing flexibility. 

In addition to the range of techniques, it can be seen that the active layer has received the 

most attention. This results from the strong influence it has on the figures-of-merit. 

Particularly, this is true for the spectral responsivity (SR), which is mainly defined by the 

absorption of the materials which the photoactive layer comprises. Figure 1.2 summarizes 

 

Figure 1.2 State-of-the-Art Spectral Responsivities 

Measured responsivity curves of partially and fully printed OPDs in comparison to a 

commercial Si-photodiode.[46–50] The applied bias voltages (in brackets), as well as the 

fabrication technique for the active layer, are indicated (IJ= inkjet, SpC= spray coating, 

AJ=aerosol-jet) (Figure adapted from [35], CC-BY) 
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SR-curves of partially and fully printed OPDs with different active layers and compares them 

to a commercial Si-photodiode.[35] It is evident that printed OPDs can easily compete with 

the Si-photodiode in the visible spectrum. Looking at the material systems, one realizes that 

all of them comprise a polymer in combination with a so-called fullerene acceptor 

(abbreviated as PCxBM in the Figure). This prominent combination has dominated the field 

for many years, due to the high efficiency it offers.[9,35,51] However, a very recent rise in the 

photovoltaic performance of another material class, called non-fullerene acceptors (NFAs), 

has ignited an investigation regarding their potential for OPDs.[52–54] Their strong 

absorption in the visible and even towards the NIR spectrum make them very promising 

alternatives to extend the response to longer wavelengths.  

Aside from the development of broadband OPDs, there are also concepts, which address the 

realization of color-selective devices. Deckman et al. followed the approach of inorganic 

devices, by employing optical filters, to spectrally limit the light transmitted through the 

glass substrate.[55] This resulted in an OPD array with three pixels of varying spectral 

responses. Another method utilizes an optical cavity to enhance the absorption below the 

bandgap.[33,56,57] Narrow OPDs were fabricated which can have bandwidths of ~14 nm. 

Furthermore, by varying the thickness of the cavity, the resonance wavelength can be 

adjusted. While both approaches enabled selective response and were successfully used for 

color reconstruction and spectroscopy, they also introduce challenges in terms of 

fabrication. A much simpler approach is represented by direct selective absorption of the 

employed materials[58–60], as it eliminates the necessity for additional processing steps or 

high precision of the cavity dimension. Here, the challenge arises from the fact that material 

systems in the past typically employed an absorptive polymer donor, which simultaneously 

dominated the optical and viscoelastic properties of the ink.[45,61,62] Therefore, every color 

selective device would require an individual process development step. This challenge can 

only be overcome, by finding novel material combinations that combine spectral tunability, 

satisfay the energetic and morpholical requirements as well as enable simplified processing 

possibilities. 

In summary, the technological state of OPDs prior to this work can be described as an 

advanced proof of concept with a high potential to reach industrial relevance. The ability to 

compete with existing technologies in terms of performance was demonstrated in the lab-

scale. Especially, broadband detection in the visible has a promising future for industrial 

applications. Furthermore, scalable fabrication processes using printing and coating 
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techniques have been developed for specific material systems and device architectures. 

However, in relation to the versatility that organic semiconductors offer, the range of 

available concepts is not even close to exhausting the potential. From the perspective of 

performance, an extension of the spectral response beyond the visible regime as well as 

color-selective concepts, which exploit the outstanding advantages of organic 

semiconductors in terms of optoelectronic flexibility, are highly desirable. In addition, the 

processing potential of OPDs has to be strengthened by focusing on approaches that 

simplify the transition from lab-scale to an industrial readiness level. The process 

development has to be capable to keep up with the rising supply of materials to avoid a 

fabrication bottleneck. Most importantly, performance and processing concepts should be 

developed coherently to ensure an efficient technological advancement. 

1.4 Structure of the Thesis  

This thesis introduces three new concepts for the photoactive layer that enable an 

improvement of OPD performance, add functionality, and allow fabrication with digital 

printing techniques. Following this introductory chapter that motivates the work, the 

underlying theory of OPD operation is explained in chapter 2. It answers the question of 

what organic semiconductors are and explains the working principle as well as important 

device parameters of OPDs. The experimental methods are described in chapter 3. An 

overview of the utilized materials is presented and the deposition methods like the printing 

techniques are introduced. Furthermore, details on the tools and setups that allow the 

characterization of single layers as well as full devices are provided. Chapter 4 deals with 

the first active layer concept of this thesis. Insulators are employed in common 

semiconductor layers as processing additives to adjust the ink properties. Their influence 

on the device performance is studied and an unexpected increase in the detection speed is 

investigated. Chapter 5 follows a different approach, which focuses on the extension and 

improvement of the OPD response towards the NIR. A novel high-performance NFA is 

analyzed as an alternative component for the photoactive layer. Furthermore, a printing 

process is developed to fabricate the first NFA OPDs by digital techniques. The great 

potential of NFAs is then also exploited in chapter 6, where they enable spectral tunability 

of OPDs. By a combination of different NFAs with a transparent polymer donor, a novel 

material system was realized that considerably simplifies the printability of color-selective 
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devices, which allow application in future optical communication technologies. Finally, the 

three approaches are summarized in chapter 7 and a conclusion is drawn from the results. 

This includes the potential impact of the concepts on the field of printed OPDs and organic 

optoelectronic devices in general as well as an outlook regarding promising applications 

and future challenges. 
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2 Theory of Organic Photodiodes 

This chapter introduces the theoretical principles underlying the functionality of OPDs. The 

material class of organic semiconductors is described and their optoelectronic properties are 

explained. On this basis, the working behavior of OPDs and typical device architectures are 

detailed. Finally, important figures-of-merit are introduced, which allow a comparison of 

various OPDs.ab 

2.1 Organic Semiconductors  

Organic chemistry is one of the biggest research areas of chemistry and is based on the study 

of materials that consist mainly of the element Carbon. While this sounds fairly limited at 

first, it is truly not. A theoretical number of 1063 stable compounds has been calculated, 

which ironically would never be possible to realize since it required more carbon atoms 

than available in the entire universe.[63] A certain class of these compounds shows 

semiconducting electronic properties which enable them to be implemented in devices 

typically made up of inorganic semiconductors. The first demonstration of a functional 

organic semiconducting “device” is represented by the observation of electroluminescence 

in anthracene in 1963.[64] With this discovery, the research in organic semiconductors 

strongly accelerated and was eventually topped in the year 2000 with the Nobel Prize in 

Chemistry awarded to Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa for the 

development of conductive polymers by strong doping of an organic semiconductor.[65] 

However, to understand these developments and the properties of the materials it is 

necessary to look at the unique chemistry underlying their functionality. 

                                                             
a Parts of this chapter have been previously published in: 

N. Strobel et al. Organic Photodiodes: Printing, Coating, Benchmarks and Applications 

Flex. Print. Electron., 4, 043001, (2019)[35] 
b The organic semiconductor theory is mainly based on [66–68] 
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2.1.1 Carbon Hybridization 

The electronic structure of carbon has to be considered to understand the organic 

compounds it forms. Carbon has a total of six electrons, of which four completely fill two 

atomic orbitals, namely the 1s and 2s orbitals, and can therefore not participate in a bond. 

This leaves two more electrons which are in two of the three p-orbitals and as such would 

enable two covalent bonds. Interestingly, it is energetically favorable for carbon to raise one 

of the two electrons from the 2s orbital to the remaining 2p orbital when a bond is 

formed.[66] Thus, in a compound, the carbon atoms can make four bonds and have new 

orbitals, which are called hybrid orbitals. Depending on how the 2s and the three 2p-orbitals 

mix with each other, three different hybridizations are possible, i.e. sp, sp2, and sp3. 

Figure 2.1 depicts this schematically. The single 2s and one 2p-orbital can mix to form two 

sp orbitals that lie opposite to each other on one axis. Mixing of the 2s-orbital with two of 

the 2p-orbitals forms three sp2-hybrid orbitals having an angle of 120° to each other and 

lying in the same plane. In both cases, the remaining p-orbitals align perpendicular to the 

axis and plane of the sp and sp2 hybrid orbitals, respectively. If all orbitals mix, an sp3 

hybridization is formed and the four resulting orbitals align in a tetraeder configuration 

with 109.5° angles between each other. 

 

Figure 2.1 Atomic and Hybrid Orbitals of Carbon 

a) Schematic visualization of the 2s and 2p orbitals. The color indicates the opposite 

signs of the phase of the electron wavefunction. b) Hybrid orbital formed by mixing the 

2s-orbital with one, two or all three 2p-orbitals. (based on [66]) 



2.1 Organic Semiconductors 

    11 

The important hybrid orbital in the scope of organic semiconductors is the sp2-orbital. A 

carbon atom in this configuration can form three bonds with the three sp2-orbitals and a 

fourth bond with the remaining 2p-orbital. A simple example is represented by the molecule 

ethene, which consists of two carbon atoms and four hydrogen atoms as shown in 

Figure 2.2a. The two carbon atoms are in the sp2 configuration and each of the three sp2-

orbitals forms two bonds with two hydrogen atoms and one bond with the respective other 

carbon sp2-orbital. The bonds are thus on the axis connecting the atoms and are referred to 

as σ-bonds. The remaining 2p-orbitals of the two carbon atoms form a second bond between 

them, which lies outside the connecting axis as shown in Figure 2.2b. Note, that both 

“handles” of the p-orbitals belong to the same orbital and two overlapping regions represent 

a single bond. This type of bond is called a π-bond. 

For optoelectronic properties, the energetic characteristics of the molecules play a key role. 

The energy of the molecular orbitals can be derived from the atomic orbitals by linear 

 

Figure 2.2 Orbitals and Bonds in Ethene  

a) Chemical structure of ethane. The colors of the double bonds correspond to the color 

in the other panels. b) Schematic illustration of the molecular orbitals. The blue orbitals 

are the sp2 hybrid orbitals forming σ-bonds. The remaining 2p-orbital (red and green 

handles) form a π-bond outside the connecting axis between the carbon atoms. c) 

Energy level diagram of the bonds between the carbon atoms. The 1s orbitals split in a 

bonding and antibonding σ-orbital, which are completely filled. The sp2 hybrid orbitals 

also split in bonding and antibonding σ-orbitals with a relatively large energy gap and 

of which only one is filled. The 2p-orbitals split in π- and π*- orbitals with a moderate 

energy gap, of which also only the lower one is filled. The π-orbital is termed HOMO and 

the π*-orbital is the LUMO.(based on [66]) 
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combination. This results in two possibilities, a constructive and destructive combination, 

also referred to as bonding and antibonding orbitals (antibonding orbitals are typically 

marked by a star, e.g. σ*).[66] The bonding and antibonding orbitals are at lower and higher 

energies, respectively, compared to the atomic orbitals (see Figure 2.2c). The possible 

molecular orbitals are then filled with the electrons from low to high energy. In the case of 

ethene, this leads to a complete filling up to the π-orbital, which is therefore called the 

highest occupied molecular orbital (HOMO). The first empty orbital is represented by the 

antibonding π*-orbital. Analogously, one refers to this as the lowest unoccupied molecular 

orbital (LUMO). These HOMO and LUMO levels are later used as equivalents to the valence 

and conduction bands in inorganic semiconductors, which is a valid interpretation for so-

called conjugated molecules as explained in the next section. 

2.1.2 Optoelectronic Properties of Conjugated Molecules 

The ethene molecule from the previous section consists of only one double-bond. A special 

case arises when a molecule has multiple double bonds, which are alternately separated by 

single bonds. Such molecules are referred to as conjugated. This alternating configuration 

leads to a delocalization of the π-orbitals over the entire conjugated backbone. An example 

is benzene, which has six carbon atoms and forms a hexagonal structure with alternating 

single and double bonds. Hence, the π-orbital of benzene forms a ring-like delocalized 

orbital over the entire molecule. Increasing the size of the conjugated system usually results 

in a reduction of the energy gap between HOMO and LUMO due to the higher degree of 

delocalization.[66] Some examples of semiconducting small molecules and polymers are 

shown in Figure 2.3a. The energy gap between the π and π*-orbital of conjugated materials 

is typically in the range of 1.5 to 3 eV.[67] Thus, light absorption in the visible spectrum is 

possible. 

A fundamental difference in the absorption mechanism of organic semiconductors 

compared to inorganic materials lies in the resulting formation of a bound electron-hole 

pair, namely a (Frenkel-)exciton. This results from the comparably low relative permittivity 

εr of organic materials, which are in the order of 3-5. Hence, the Coulomb attraction is only 

weakly shielded and reaches values around 0.5-1 eV compared to tens of meV in the case of 

inorganic semiconductors.[66] To separate the exciton in free charge carriers the binding 

energy has to be overcome. In OPDs, this is typically accomplished by the implementation 
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of a second organic semiconductor which provides a driving force to split the exciton. 

Details are explained in section2.2.1. 

Aside from the absorption characteristics of organic semiconductors, also the transport 

properties are of importance for organic semiconductor devices. Molecules in a film are held 

together by van der Waals forces. This weak interaction leads to a limitation of the 

electronic delocalization to the conjugated molecule.[68] Thus, transport from one to another 

molecule happens via a so-called hopping process. In addition to the spatial distance, the 

charges also have to overcome energetic barriers, since the HOMO and LUMO levels are 

distributed statistically in an amorphous film following approximately a Gaussian-shaped 

density of states (DOS).[66] The hopping process is schematically visualized in Figure 2.3b. 

The resulting mobility of organic semiconductors is therefore much lower than the values 

reached for inorganic candidates like Si. However, thanks to the high absorption coefficients 

of organic semiconductors, very thin films in the order of hundreds of nanometers are 

possible which counter-balance the low mobility of the charges and enable functional 

devices like OPDs. 

 

Figure 2.3 Electronic Transport in Semiconducting Molecules 

a) Chemical structure of some prominent organic semiconductors. Anthracene and C60 

are small molecules, while poly-thiophene and poly-fluorene are polymers comprising 

the thiophene and fluorine monomers, respectively. b) Schematic visualization of the 

distributed HOMO and LUMO energy levels in a film resulting in a Gaussian-shaped DOS. 

The charge carriers are transported in the semiconductor by hopping from site to site.  
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2.2 Organic Photodiodes 

The optoelectronic properties stemming from the unique chemical structure of organic 

semiconductors are the basis for the functionality of OPDs. However, an absorptive organic 

semiconducting material alone is not sufficient to build a working device. OPDs comprise 

multiple layers including electrodes, interlayers and, most importantly, the photoactive 

layer. The most prominent type of photoactive layer for OPDs will be introduced in the next 

section. While the general working principle of OPDs is closely related to organic solar cells, 

the fundamental differences in the final application of the devices lead to a different focus 

regarding the physical and electronic perspective. Furthermore, the important OPD specific 

figures of merit differ strongly from solar cell parameters and their explanation is therefore 

essential to understand the concepts and process development steps of this thesis. 

2.2.1 Bulk Heterojunction Active Layers 

The generation of an exciton upon illumination of an organic semiconductor with light of 

sufficient energy has been explained in section 2.1.2. Due to the low relative permittivity of 

organic semiconductors, the formed excitons are strongly bound. However, the separation 

into free charges is necessary to enable an extraction and measure a response in a 

photodiode. This is possible, if, for example, a second organic semiconductor with a 

(sufficiently) lower LUMO level is in close contact with the excited molecule as shown in 

Figure 2.4a. Then, the electron can be transferred to the LUMO of the second molecule via a 

charge-transfer (CT) state, while the hole stays in the HOMO of the initial molecule. Thus, 

this process would result in a successful separation of the exciton.[68,69] For this to happen, 

the energy offset between the LUMO levels requires a so-called driving force that can 

overcome the binding energy of the electron-hole pair. However, the minimum magnitude 

of this driving force is currently heavily debated in literature.[70–73] The most prominent 

materials used as electron acceptors are Buckminster fullerenes, i.e. C60 and its derivatives. 

The first demonstration of highly efficient electron transfer from a semiconducting polymer 

to C60 was reported in 1993 by Sariciftci et al..[74] This system was then used as an active 

layer in a photovoltaic device by fabricating a bilayer heterojunction.[75] However, in such a 

configuration, only the excitons generated close to the C60 interface can successfully 

separate in free charges. This results from the low exciton diffusion capability. Typically, 
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exciton diffusion is expected to happen over distances in the range of 10-20 nm,[66,68] which 

leads to relatively low performance of bilayer devices. A considerable improvement was 

enabled by the use of so-called bulk-heterojunction (BHJ).[76] By intermixing the donor and 

acceptor in the active layer, the donor/acceptor-interface (D/A-interface) is increased 

dramatically. The resulting morphology is schematically shown inFigure 2.4b. The degree 

of intermixing in a blend layer needs to be high enough to ensure domain sizes below the 

diffusion length of excitons in either of the materials (~10-20 nm). On the other hand, the 

domains need to stay connected to the electrodes to allow for the generated free charge 

carriers to be transported and extracted. Otherwise, carriers are trapped within enclosed 

donor or acceptor domains and will recombine. Thus, the energetic landscape as well as the 

morphological properties of such a blend, are both crucial for efficient performance. 

2.2.2 Device Architecture and Working Principle 

A typical device architecture of an OPD is shown in Figure 2.5a. Generally speaking, only the 

photoactive layer and two electrodes with different work functions are necessary to form a 

functional device. However, interlayers are typically added to improve charge extraction 

and more importantly block charge injection that would raise the dark current as shown 

schematically in Figure 2.5b.[77] The importance of the latter becomes clear when one 

considers the working regime of OPDs. As diodes, the current-voltage (IV) characteristic of 

 

Figure 2.4 Exciton Separation in a Bulk-Heterojunction Active Layer  

a) Energy diagram and schematic mechanism of exciton separation. After generation 

through light absorption, the exciton diffuses to the D/A-interface. There a charge 

transfer state (CT-state) forms that can lead to separate charge carriers. b) The same 

mechanism visualized in a BHJ-morphology. Donor and acceptor are intimately mixed 

and thus have an increased interface where charge separation can occur. 
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an OPD shows a rectifying behavior with a low resistance under forward bias and a high 

resistance in the reverse regime (see Figure 2.5c). Upon illumination, the diode curve is 

offset in the current direction. The magnitude of the offset typically increases with 

illumination intensity. Photovoltaic device parameters are extracted from the forward 

regime. Thus, it is referred to as the photovoltaic mode. Photodiodes, including OPDs, 

operate in the reverse bias, i.e. the photodiode mode. The application of a reverse bias 

improves the charge extraction as well as the detection speed of the devices. However, it 

also leads to an increased charge injection, which has to be minimized by the above-

mentioned implementation of interlayers. 

 

Figure 2.5 Working principle of OPDs  

a) Typical device architecture of an OPD with the photoactive layer sandwiched 

between two interlayers and electrodes. b) Corresponding energy diagram of an OPD. 

The BHJ-active layer absorbs the light and generates free charges which are extracted 

vie the interlayer (IL). Additionally, the interlayers block unwanted charge injection 

under reverse bias. c) IV-characteristics of an OPD at different illumination intensities. 

The reverse and forward regimes are referred to as photodiode and photovoltaic mode, 

respectively. d) Equivalent circuit of a photodiode that allows simulation of the 

electrical behavior. 
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A simplified equivalent circuit of a photodiode is shown in Figure 2.5d. With this circuit, the 

basic behavior of an OPD can be understood from the electronic perspective. The core 

equivalent element is an ideal diode, which governs the threshold voltage of the OPD and 

provides the diode behavior. The parallel shunt resistance Rshunt models the leakage 

pathways and as such determines the dark current under reverse bias. The series resistance 

Rs limits the forward current and represents the discrete resistance of the materials, e.g. the 

electrodes. The photon-to-current conversion is modeled by the parallel constant current 

source, which provides a current depending on the illumination intensity. Finally, the 

parallel capacitance C governs the transient behavior of the OPD including the detection 

speed and is typically determined from the geometry of the device.[78] 

2.2.3 Figures of Merit 

The performance of OPDs is reported using a specific set of figures of merit. They are 

separated in steady-state and dynamic parameters. Depending on the application different 

figures of merit will be of priority. Due to the versatility of applications, there exists no 

optimal OPD. Furthermore, there often exist tradeoffs between the various parameters like 

speed and dark current. Thus, the applicant has to determine the requirements of the OPD 

according to the application and then evaluate which OPD fulfills the specific needs. 

Linear Dynamic Range 

The IV-characteristics of an OPD have already been introduced above. Upon illumination, 

the photocurrent increases with the light intensity as schematically shown in Figure 2.6a. 

This increase typically follows a linear dependency in OPDs. The Range of intensities where 

this linearity is given is called the linear dynamic range (LDR). To visualize the LDR, the 

photocurrent density is plotted versus the optical intensity. If the data follows a linear 

function of slope 1 in a double logarithmic plot the photocurrent is linearly dependent on 

the intensity (see Figure 2.6b). Deviation from the slope represents a non-linear behavior. 

To calculate the LDR, the highest and lowest currents, where the data deviates from 

linearity, are extracted as ilin,max and ilin,min and inserted in equation (2-1). 

 
𝐿𝐷𝑅 =  20 ∙ 𝑙𝑜𝑔

𝑖𝑙𝑖𝑛,𝑚𝑎𝑥

𝑖𝑙𝑖𝑛,𝑚𝑖𝑛
 (2-1) 
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Note, the factor 20 is used since the power is proportional to the square of the current 

(P ~ i²). This definition of the LDR is widely used in literature. However, others exist that, 

for example, subtract the dark current from the photocurrent or that use the dark current 

as the lower limit.[79–81] The reasons for the deviation from linearity differ for the high and 

low intensity regime. For high illumination intensity, saturation effects due to 

recombination losses limit the linearity. The high charge carrier densities are the underlying 

reason for this.[81] For low optical intensities, the limiting factor depends on the method of 

calculation. It is either given by the dark current or by the electronic noise of the OPD which 

will be discussed later. 

Spectral Responsivity 

A crucial parameter for every application is represented by the spectral region of interest. 

The spectral responsivity SR(λ) (the λ dependence is omitted in the following for simplicity) 

provides the information on the response of the device at different wavelengths. It is defined 

as the ratio of the generated photocurrent IP and the incident optical power P0 as a function 

of the wavelength λ. The resulting parameter is given in units of A W-1. The SR is closely 

related to the external quantum efficiency (EQE) which is defined as the ratio of incident 

photons and extracted charge carriers. Equation (2-2) allows the calculation of the SR. 

 
𝑆𝑅(𝜆) =  

𝐼𝑝

𝑃0
 = 𝐸𝑄𝐸 

𝑞𝜆

ℎ𝑐
 (2-2) 

 

Figure 2.6 Photocurrent and Linear Dynamic Range 

a) IV-characteristics in a logarithmic scale at increasing illumination intensity. b) 

Photocurrent dependence on the optical intensity at a fixed bias voltage. The range 

where the response is linear with the intensity marked as the LDR. It exhibits a slope of 

unity. (Figure adapted from [35], CC-BY) 
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In this equation q is the elementary charge, h is the Planck constant and c is the speed of 

light in vacuum. The magnitude is influenced by various factors, including the molecular 

structure of the photoactive semiconductor, the morphology of the active layer blend, the 

thicknesses of the layers, the choice of interlayers, absorption and recombination losses, as 

well as light in-coupling into the device. An imaginary SR-curve is schematically depicted in 

Figure 2.7. By applying a reverse bias, the responsivity is typically enhanced since the higher 

electric field leads to a faster charge extraction and therefore a reduced recombination. The 

application of a bias light may also have an effect on SR due to non-linear recombination 

processes that can have an effect.[82] 

Cut-off frequency 

So far, only steady-state figures of merit were discussed. However, for applications that rely 

on a certain dynamic behavior also parameters like the detection speed of the OPDs need to 

be know. The detection speed is quantified by the so-called 3 dB-bandwidth or cut-off 

frequency 𝑓3dB. It is defined as the frequency of an incident modulated signal at which the 

output power of the device experiences an attenuation of 50 % compared to the DC 

amplitude. In terms of the photocurrent, this corresponds to 70 %. This is schematically 

shown in Figure 2.8a and mathematically described by equation (2-3) where i(f3dB) is the 

current amplitude at the cut-off frequency and i0 at the steady-state. 

 

 

Figure 2.7 Spectral Responsivity of OPDs  

SR-curve at increasing reverse bias. Charge extraction is enhanced due to the additional 

electric field over the device. The dotted line schematically marks the corresponding 

responsivity for a theoretical EQE of 100%. (Figure adapted from [35], CC-BY) 



2 Theory of Organic Photodiodes 

20 

 
−3 𝑑𝐵 = 20 ∙ 𝑙𝑜𝑔

𝑖(𝑓3𝑑𝐵)

𝑖0
 (2-3) 

Note, the factor 20 is again introduced due to the power-current relationship. 

The detection frequency is generally limited by two main factors: the RC-time constant and 

the transit time of the charges. The RC-limited time constant tRC arises from the capacitance 

of the OPD and the series resistance Rs of the device and the readout. It can be calculated 

with equation (2-4) using the active layer thickness d and the active area A of the device. 

 
𝑡𝑅𝐶 = 𝑅𝑠𝐶 = 𝑅𝑠𝜀

𝐴

𝑑
   (2-4) 

To reduce the tRC and thereby increase the RC-limited cut-off frequency fRC, the active area 

should be reduced and thicker active layers have to be implemented. Furthermore, the 

resistance of the electrode material has to be considered to reduce RS and consequently tRC. 

However, when the RC-limit is overcome there still exists the second limit due to the transit 

time of the charge carriers in the device. The resulting transit limited cutoff frequency ftr 

depends on the mobility of the charges and the active layer thickness. Additionally, trapping 

and de-trapping effects can reduce the detection speed particularly when the light intensity 

is low. The transit time can be reduced and the cut-off frequency enhanced by applying a 

 

Figure 2.8 Detection Speed and 3 dB cut-off frequency  

a) The schematic response of a photodiode to a square modulated light signal. The 

frequency of the illumination signal increases in frequency from top to bottom. b) 

Normalized power amplitude of the photodiode response plotted over the frequency of 

the incident light. The frequency, where the amplitude drops to -3dB, is termed f3dB. It 

is limited by the transit or RC-limited cut-off frequency. By applying a reverse bias, the 

transit time is reduced, which increases ftr. The circles correspond to the curves in a). 

(Figure adapted from [35], CC-BY) 
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reverse bias voltage as schematically shown in Figure 2.8b. From the RC and transit limit, 

the total 3 dB cut-off frequency of an OPD can be derived with equation (2-5).[83] 

 1

𝑓3𝑑𝐵
2 =

1

𝑓𝑅𝐶
2 +

1

𝑓𝑡𝑟
2  (2-5) 

Noise and Detectivity 

The SR by itself is a steady-state parameter and does not give any dynamic characteristics 

of the OPD. Furthermore, it does not provide any knowledge about the detection limit at 

low intensities. For this purpose, the electronic noise has to be included in the evaluation. 

Noise describes the statistical fluctuations of the current over time i(t) around an average 

value imean. The root mean square (RMS) value of this fluctuation is called noise current 

inoise and is present in all electronic devices. For OPDs it strongly limits the capability to 

detect weak signals as they might be hidden in the noise. 

There are three main sources of electronic noise: (1) thermal noise (2) shot noise and (3) 

1/f-noise.[84–87] Thermal noise results from the thermal excitation of charge carriers and 

depends on the temperature T, the shunt resistance Rshunt and the Boltzmann-constant kB. 

Its contribution is given as the thermal spectral noise density Sthermal in units of A Hz-1/2 

according to equation (2-6). 

 
𝑆𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = √4𝑘𝐵𝑇𝑅𝑠ℎ𝑢𝑛𝑡

−1  (2-6) 

The quantified nature of charges results in the shot noise, which represents fluctuations in 

the charge carrier distribution over time and space. The spectral noise density of shot noise 

Sshot is calculated with equation (2-7) from the elementary charge q and the dark current 

idark. 

 𝑆𝑠ℎ𝑜𝑡 = √2𝑞𝑖𝑑𝑎𝑟𝑘  (2-7) 

The 1/f-noise contribution S1/f stems from frequency-dependent sources like the generation 

and recombination of electron-hole pairs and is strongest for low frequencies. 

 
𝑆1/𝑓  ∝  

1

𝑓
 (2-8) 

The total noise spectral density Snoise(f) is derived from the three statistically independent 

noise sources according to equation (2-9): 

 
𝑆𝑛𝑜𝑖𝑠𝑒(𝑓) = √𝑆𝑠ℎ𝑜𝑡

2 + 𝑆𝑡ℎ𝑒𝑟𝑚𝑎𝑙
2 + 𝑆1/𝑓

2 (𝑓)  (2-9) 
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Unlike S1/f, thermal and shot noise are frequency independent, i.e. white noise sources. 

Hence, for increasing frequency, the Snoise will approach a constant level that is dominated 

by thermal noise at 0 V and by shot noise at reverse bias due to the increasing dark current 

(see Figure 2.9a). Note, the total noise current inoise is specific to the electrical system where 

the diode is employed and its electrical bandwidth B. It is calculated from the integral of 

Snoise over B. 

The detection limit of an OPD can be determined from Snoise. One parameter that is often 

used is the noise equivalent power (NEP in W Hz-1/2). It represents the required optical 

power to result in a signal-to-noise ratio (SNR) of 1 using a system with a 1 Hz electrical 

bandwidth. The calculation of the NEP is shown in equation (2-10) using SR and Snoise. 

 
𝑁𝐸𝑃 =

𝑆𝑛𝑜𝑖𝑠𝑒(𝑓)

𝑆𝑅(𝜆)
 

 (2-10) 

By definition, a good detector has a low NEP. This counterintuitive parameter motivated 

Clark Jones to use the inverse of the NEP to describe the sensitivity. The resulting value is 

the spectral detectivity D.[88,89] To enable comparability between different OPDs, D is usually 

normalized to the dimension of the device using the active area A. The resulting parameter 

 

Figure 2.9 Electronic Noise and Specific Detectivity  

a) Spectral noise density at different reverse bias voltages. The dotted lines indicated 

the various noise contributions. Increasing the bias results in a higher dark current, 

which in turn raises the shot noise. The noise current inoise measured in a real system is 

derived from the integral of the spectral noise density over the electrical bandwidth B 

of the system. b) The frequency-dependent specific detectivity is calculated from SR and 

the noise. In the low-frequency regime, it is limited by 1/f-noise, while for higher 

frequency SR drops due to the detection speed limit. In the central region D* has a 

plateau, where white noise limits the magnitude. (Figure adapted from [35], CC-BY) 
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is referred to as the specific detectivity D* and is given in units of Jones (cm Hz-1/2 W-1) 

according to equation (2-11). 

 
𝐷∗(𝑓, 𝜆) =

𝑅(𝜆) √𝐴

𝑆𝑛𝑜𝑖𝑠𝑒(𝑓)
 

 (2-11) 

A high D* corresponds to a high-performance OPD. The magnitude gives the equivalent SNR 

that is reached for an active area of 1 cm² an electrical bandwidth 𝛥𝑓 of 1 Hz in the case of 

a 1 W optical signal. D* is frequency and wavelength dependent. Figure 2.9b schematically 

depicts an imaginary D* curve. At low frequency D* increases due to the 1/f-noise. When 

the noise becomes white, D* reaches a plateau. For high frequencies D* decreases again. 

However, now it is not limited by electrical noise, but by the drop in SR due to the RC and 

transport limited detection speed. In the region of white noise, D* can be approximated by 

elimination S1/f. D* is then frequency independent and solely calculated wit equation (2-12) 

from the shot and thermal noise. 

 
𝐷∗(𝜆) ≈

𝑅(𝜆) √𝐴 

√2𝑞𝑖𝑑𝑎𝑟𝑘 + 4𝑘𝐵𝑇𝑅𝑠ℎ𝑢𝑛𝑡
−1

 
(2-12) 

Further simplification is possible when shot noise limitation is assumed, which cancels the 

thermal noise contribution in equation (2-12) as well. However, incorrect use of this 

approximation can lead to an overestimation of D* and should, therefore, be considered 

carefully.[37,81,90] 
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3 Preparation and Characterization 

In this chapter, the experimental methods utilized in this thesis are introduced. The materials 

used for the fabrication of the OPDs are presented including their functionality in the device. 

Then the various fabrication methods are explained with a special emphasis on the digital 

printing techniques inkjet and aerosol-jet printing. Successful deposition of layers requires 

various ink and substrate properties, which are evaluated prior to layer fabrication. Then the 

tools for the layer characterization are detailed, including spatial and spectral methods to 

investigate the morphological and energetic properties. Lastly, the methods are introduced 

that allow testing full devices regarding their performance by separately determining the 

various figures of merit. 

3.1 Materials 

The typical architecture of an OPD involves multiple layers with different functionality as 

explained in section 2.2. The materials employed in this work are introduced in the 

following sections and their energy levels are displayed in Figure 3.1a. They are 

differentiated depending on their functionality in electrode, interlayer, and active layer 

materials. The order in which the materials are employed defines the type of architecture, 

namely normal or inverted. The normal architecture has the anode on the side where light 

enters the device and vice versa. In this work, the inverted architecture is predominantly 

used. 

3.1.1 Electrode Materials 

Materials that can be employed as electrodes first and foremost have to be sufficiently 

conductive. Furthermore, at least one of the electrodes should allow the transmission of 

light to allow penetration into the active layer. Therefore, one can separate the materials in 
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opaque and transparent. The final device has one electrode on either side and the overlap 

of the electrodes defines the active area of the OPD. 

Metals are the most prominent material class for opaque electrodes. Depending on the 

required work function, different metals are chosen as anode or cathode materials. High 

work-function metals like gold or silver (Ag) usually form good contacts with the HOMO 

levels of the donor materials. While Aluminum (Al), for example, is often employed as a 

cathode due to the energetic alignment with LUMOs of the acceptors. However, low work 

function materials oxidize faster and are therefore not compatible with fabrication and 

operation in air. Thus, in this thesis, only silver is used as a metal electrode material. It can 

be either thermally evaporated or printed from a nanoparticle dispersiona that becomes 

                                                             
a Silver dispersion DGP-40LT-15C from Sigma-Adlrich 

 

Figure 3.1 Overview of OPD Materials and Device Fabrication 

a) Energy levels of the materials used in this work divided into groups of the same 

functionality. The energy level values are taken from literature.[32,91–96] The indicated 

offset of the MoO3 level refers to the reported alignment when in contact with an 

organic material.[96,97] b) Step by step fabrication of a 2x2 OPD array. The separate OPD 

pixels are defined by the overlap of the top and bottom electrodes. 
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conductive after thermal annealing at relatively low temperatures of typically 120°C for 

15 min. 

As (semi-) transparent electrode materials indium-doped tin oxide (ITO) is dominantly 

used. In the present work, glass substrates are utilized which had a precoated and 

prestructured ITO electrode layout. The ITO sheet resistance was reported by the suppliera 

to be 10 Ω□. A standard layout of this thesis is shown in Figure 3.1b. 

Another material, that is suitable as a semitransparent electrode is represented by the 

organic semiconductor poly-3,4-ethylenedioxythiophene (PEDOT) that becomes 

conductive by heavily doping it with polystyrene sulfonate (PSS; omitted in this thesis for 

simplicity; in the following PEDOT refers to the doped polymer). It is typically processed 

from a water dispersion and can, therefore, be deposited with printing and coating 

techniques. As a p-type material with a work function on the order of -5.2 eV, it is a good 

alternative for silver as a semi-transparent alternative. However, previous studies have 

successfully shown, that PEDOT can also replace ITO as an anode material if the work 

function is adjusted.[31,80] A challenge of PEDOT lies in the hydrophobicity of organic active 

layer materials, which usually renders deposition on top of the active layer difficult. Thus in 

this work, a PEDOT ink is employed that has high conductivity and improved wettability on 

organic layersb. 

3.1.2 Interlayers 

To enhance the extraction of charges and block charge injection under reverse bias, 

interlayers are typically utilized between the electrodes and the photoactive layer. The 

energy levels of the interlayers are therefore of crucial importance.[77,98] 

PEDOT from the previous section is, for example, a typical interlayer on the anode side of 

an OPD, as it usually has better alignment with the donor HOMO level, than silver or ITO. 

Furthermore, it can be solution-processed and readily comes in a water dispersion, 

providing an orthogonal solvent that typically does not harm the active layer. The PEDOT 

for interlayersc is less doped with PSS to avoid electrical crosstalk when the layer is not 

laterally structured. 

                                                             
a Kintec Company 
b Heraeus Clevios F HC solar 
c Heraeus Clevios VP AI 4083 
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Another prominent anode interlayer is molybdenum oxide (MoO3). As an n-type transition 

metal oxide with a deep-lying work-function of ~6.7 eV, it provides a good hole contact for 

most donors.[95] Interestingly, it has been found that MoO3 aligns universally with an offset 

of ~0.3 eV above the HOMO level of an organic material it is in contact with[96,97] In this work, 

MoO3 is thermally evaporated on the active layer up to a thickness of 30 nm. 

On the cathode side, zinc oxide (ZnO) is employed as an interlayer. The conduction band at 

~4.3 eV provides a beneficial energy cascade to the electrode material, which is typically 

ITO. Furthermore, the large bandgap blocks charge injection into the HOMO of the donor 

under reverse bias. The layers in this thesis are deposited from a nanoparticle inka that can 

be spincoated or printed when the solvent system is adjusted as explained in detail in the 

following chapters. After deposition, the nanoparticle films are annealed thermally at 120°C 

for 5 min in air. Film thicknesses are typically around 40 nm to have a good balance between 

blocking and transport properties. 

3.1.3 Donor and Acceptor Materials 

The photoactive layers employed in this work are BHJ-type active layers. Hence, they 

comprise a combination of a donor and an acceptor material. By far the most prominent 

donor-acceptor combination in literature is the blend of poly(3-hexylthiophene-2,5-diyl) 

(P3HT)b and [6,6]-phenyl-C61-butyric-acid-methyl-ester (PCBM)c. P3HT is a polymer with 

a bandgap of ~2 eV. It serves as the absorptive material in the blend as is usually the case 

for polymer donors.[35] The excitons generated in P3HT are efficiently transferred to PCBM 

which has a LUMO level that lies ~0.9 eV below the LUMO of P3HT. The prominence of this 

material system provides a large pool of information about the morphological and energetic 

properties depending on processing parameters, architectures, and other factors. Thus, 

P3HT:PCBM is the ideal system to investigate novel concepts that do not involve the 

photoactive materials as done in this work in chapter 4 with the incorporation of insulating 

polymers as processing additives. The performance of this system is however limited due 

to the limited spectral absorption range, moderate mobilities and stability issues stemming 

from the fullerene. 

                                                             
a Avantama N10 
b P3HT purchased from Rieke Metals (Mw=350k) 
c PCBM purchased from Solenne 
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A very promising material class that has gained considerable momentum in the research 

community in recent years are non-fullerene acceptors (NFAs).[71,99] They are promising 

candidates to replace the fullerene acceptors by offering improved performance, stability, 

and synthetic flexibility. In this thesis, three different representatives of NFAs are employed 

namely, IDTBR, IDFBR, and ITIC-4F.a The names stem from their chemical structures. IDTBR 

consists of an indacenodithiophene core with benzothiadiazole and rhodanine flanking 

groups. IDFBR differs solely in the indenofluorene core. ITIC-4F is the fluorinated version 

of the prominent ITIC, which hast the same core as IDTBR but with an additional fused 

thiophene unit and a 1,1-dicyanomethylene-3indanone flanking group. All three NFAs 

exhibit strong absorption in various spectral ranges in the visible regime. Thus, they can 

actively participate in the enhancement of the SR in contrast to PCBM and other fullerenes. 

The most unconventional active material utilized in this thesis is the co-polymer 

polyindenofluorene-8-triarylamine (PIF). Its wide-bandgap results in the transparency of 

the polymer in the visible regime. It is employed as a donor polymer in combination with 

the NFAs in chapter 6. 

3.2 Fabrication Techniques 

The deposition methods used for fabricating the various layers can be separated in lab-scale 

techniques, which allow benchmarking, and the scaleable printing techniques, which 

provide industrial relevance. Before the device fabrication begins, the substrates are 

prepared for the deposition by carrying out a cleaning procedure, that involves subsequent 

ultrasonication in acetone and isopropanol as well as wiping them with a soft tissue. In some 

cases, plasma treatment is used to further clean the substrate or to improve the wettability 

by “activating” the surface with hydroxyl groups.[100] Then the functional materials are 

deposited with the methods explained below. In between the fabrication steps, annealing 

or drying processes are carried out to adjust the layer properties like the morphology of the 

BHJ. Once all layers are deposited, the OPD is in principle complete and functional. To 

improve the stability of the devices, an encapsulation is utilized if not otherwise mentioned. 

For this purpose, thin glass substrates are attached to the OPD via a UV-curable adhesive. 

                                                             
a NFAs are purchased from 1-Materials 
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After encapsulation, the devices can be handled in ambient atmosphere and typically keep 

their performance over several days and in some cases even months.[79,101,102] 

3.2.1 Spincoating 

The most prominent lab-scale solution process is represented by spincoating. In this 

method, the substrate is placed on a rotational sample holder called a chuck. The ink that 

contains the material, which should be deposited, is applied to the substrate. Usually, this 

requires a relatively large volume to cover the entire substrate with a wet film. Then, the 

chuck rotates at speeds in the order of 1000 rounds per minute (rpm) for a couple of 

seconds (for parameters see section A.1 of the appendix). Depending on the speed and the 

acceleration a certain thickness is achieved after the film has dried. The continuous rotation 

and constant air-flow usually result in very homogenous layers. Furthermore, the limited 

number of parameters makes this process very reproducible and thus optimal for 

benchmarking. However, the large material consumption and the limited substrate size 

hinder the scalability of the spin-coating process. 

3.2.2 Thermal Evaporation 

The deposition of silver and MoO3 in this thesis is performed by thermal evaporation. For 

this method, the substrates are placed upside down in a sample holder that includes a metal 

mask to structure the evaporated layer. The material that is supposed to be evaporated is 

placed in a small beaker or so-called boat, which heats up during the deposition process. 

The evaporation chamber is put under vacuum to lower the probability of the materials to 

collide with other molecules in the surrounding atmosphere. Upon evaporation, atoms or 

molecules travel from the source in all directions of the chamber and then condensate on 

all the surfaces they reach. Hence, also the sample areas which are not covered by the mask 

are coated with the evaporated material. The thickness is controlled with quartz crystals. 

Thermal evaporation is a very precise and reproducible tool to deposit materials. However, 

the vacuum process is not cost-efficient due to the material waste and the setup 

complexity.[103] Furthermore, the use of masks only allows limited freedom of design since 

enclosed structures like rings are not possible.[104] 
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3.2.3 Inkjet Printing 

Inkjet printing is the most prominent digital printing technology to fabricate organic 

electronic devices including OPDs.[29,35,105–110] The printing pattern that forms the final 

layout consists of individual droplets of ink as visualized in Figure 3.2a. These droplets are 

ejected from the printhead at the required positions. These positions are calculated from 

the desired layout, the wanted resolution and the geometric constraints given by the 

positions of the nozzles of the printhead. While in principle every position is possible, 

usually a trade-off between processing speed and accuracy exists. The calculation is 

performed on the computer and sent directly to the motion controls of the printer. Thus, the 

layout can be digitally designed and then directly printed, without the requirement of 

certain masks or masters. 

The ejection of the individual droplets from the printhead nozzles typically follows the 

following pattern: i) the cavity behind the nozzle is filled with ink, ii) the ink is compressed, 

which pushes a droplet out of the nozzle, iii) the ink is pulled back to induce a separation of 

the droplet (see Figure 3.2b). In most inkjet printers, this chain of events is enabled by a 

piezoelectric element in the cavity of the printhead. By applying a suitable waveform to the 

piezoelectric element an oscillation is induced that results in the push-pull movement 

required for the droplet ejection (for parameters see section A.2 of the appendix). The 

optimal amplitude and shape of the waveform depend on the viscoelastic properties of the 

ink including parameters like the viscosity and surface tension. Values in the range of 

~10 cP and ~ 30-40 dynes cm-1 are usually considered suitable for inkjet printing.[111] These 

parameters also depend on the print head temperature, which allows further adjustment of 

the shape, volume, speed and maximum ejection frequency of the droplets. 

After the droplets are ejected and reach the substrate in the calculated positions, a wetfilm 

forms. To ensure a desirable formation of this wet film the wetting behavior of the ink 

droplets on the substrate has to be considered. Two extreme effects are dewetting and 

overwetting (see Figure 3.2c). When dewetting occurs, the droplets will form a high contact 

angle with the surface and the footprint is relatively small. On the other hand, overwetting 

results in a very low contact angle and a large droplet footprint. Thus, for a closed layer, the 

distance has to be adjusted accordingly for the separate droplets to merge without losing 

the shape of the layout. Usually, a desirable wettability balances both effects to avoid 

pinholes while maintaining sharp features. The distance of the droplets is adjusted by 
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Figure 3.2 Inkjet Printing 

a) The printing pattern is generated with a computer. The structure is transferred into 

a pixel-based toolpath that depends on parameters, like the resolution or active nozzles. 

b) The material deposition is based on the ejection of individual droplets from the 

printhead. The drop generation is driven with a piezoelectric element by applying a 

suitable waveform. The printhead and the stage move orthogonally to control the drop 

position. c) The drop spacing has to be adjusted to ensure the connection of the 

individual droplets on the substrate without resulting in overwetting and loss of sharp 

features. 
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varying printing resolution (e.g. 1000 dpi ≙ 25.4 µm drop spacing) or by using another 

nozzle diameter, i.e. another printhead. In this work, a Fujifilm 10 pL cartridge was utilized, 

which had a nozzle diameter of 21 µm spacing of 254 µm. The droplet size on the substrate 

surface also defines the highest resolution achievable by inkjet printing, which reaches 

values down to 20- 30 µm. 

3.2.4 Aerosol Jet Printing 

The second digital printing technique utilized in this work is aerosol-jet printing. It has 

received a lot of attention in the field of printed electronics in recent years including the 

fabrication of OPDs.[46,112–114] It’s a one-dimensional printing technique similar to writing 

with a pen. Lines patterns are directly transformed into a vector-based toolpath, which is 

transferred to the printer. To print areas, the layout is filled sequentially with individual 

lines printed side-by-side with a certain line spacing that is set according to the printed line 

width. This filling method can follow a serpentine, spiral or mono-directional style. 

Figure 3.3a schematically depicts the spiral filling. The generated toolpaths are translated 

into movement commands for the motors driving the motion of the sample stage. The 

distance between printhead and substrate can be adjusted and is typically ~5 mm, enabling 

printability even on mm high 3D structures. 

The material deposition happens through an aerosol, as indicated by the name. The aerosol 

is generated by placing the ink in an ultrasonic bath or in a so-called pneumatic atomizer. 

In this thesis, the ultrasonic atomizer is employed. A carrier gas (usually nitrogen) then 

transports the aerosol to the printhead as shown in Figure 3.3b. Inside the printhead, a 

second gas flow, termed sheath-gas, is uniformly “wrapped” around the aerosol the form a 

focused co-axial beam. Thus the ratio between the carrier and sheath gas flow rates controls 

the diameter of the beam and therefore the printed line width. The beam is further focused 

by the printing nozzle, which is available in diameters down to 100 µm. With this nozzle, 

the feature size of aerosol-jet printing can reach 10 µm and hence usually outperforms 

inkjet printing in terms of resolution. However, the one-dimensional printing style has 

drawbacks in terms of printing speed, especially for areas. 

Important processing parameters to ensure a favorable printing result include the power of 

the ultrasonic bath, the carrier and sheath gas flow rates, the nozzle diameter and the 

temperature of the substrate or carrier gas tube (for parameters see section A.2 of the  
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Figure 3.3 Aerosol-Jet Printing  

a) The printing pattern is generated with a computer. The structure is transferred into 

a vector-based toolpath that depends on parameters, like the line spacing or the filling 

style. b) The material deposition is based on the generation of an aerosol in an 

ultrasonic or pneumatic atomizer. The aerosol is carried to the printhead and focused 

by a sheath gas. The stage movement controls the position. c) The line width and 

spacing have to match to find the balance between overlapping and disconnected lines. 
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appendix). Furthermore, higher printing speed usually results in thinner lines as less 

material is deposited in the same position. All the parameters have to be tuned to match the 

line distance of the pattern with the width of the printed line (see Figure 3.3c). If the line 

spacing is too big, no closed layer is formed. On the other hand, if the line spacing becomes 

too small, adjacent lines overlap leading to an inhomogeneous surface. With optimal 

settings, the lines merge into a closed film without unnecessary overlap and hence areas can 

be printed with high quality. 

3.3 Layer Characterization 

The performance of OPDs is strongly dependent on the properties of the various employed 

layers. A good layer quality for organic semiconductor devices is typically represented by a 

closed layer of high homogeneity. Pinholes in functional layers lead to lower performance 

due to leakage currents, short-cuts or a reduction of the active area.[50,77,115] Similarly, non-

homogeneous layers may reduce performance resulting from an increased interface area 

and thereby in the number of interface traps.[116] Furthermore, the quality of a subsequent 

layer is influenced by previous underlying surface homogeneity. Hence, layer quality is 

particularly important for multi-layer devices like OPDs. Besides these macroscopic 

morphological layer properties, also the micromorphological properties are of crucial 

importance for a high performance of OPDs. This is particularly true for the photoactive 

layer, as explained in section 2.2.1. 

In addition to the macro- and microscopic morphology of the device layers, the optical 

properties and energetic landscape of the materials employed in the OPD also have to fulfill 

certain requirements to allow for efficient device performance. The absorption spectrum 

mainly defines the spectral response of the OPD and the alignments and differences in 

energy levels enables or hinders exciton separation or charge extraction. In this work, layers 

are typically characterized separately with a variety of different techniques, before full 

devices are fabricated. The different techniques are explained in the following. 

3.3.1 Optical Microscopy 

The initial visual inspection of printed or otherwise fabricated layers is typically performed 

“by eye”. For strong dewetting or coffee ring formations, this is often sufficient. However, 
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for a more detailed optical layer characterization optical microscopy is used. The 

microscope used in this work is the Nikon Eclipse 80i. A rotational objective holder allows 

the selection of different magnifications ranging from 5x to 50x. Furthermore, the 

microscope provides different modes of operation. In this thesis, bright field and 

fluorescence microscopy are utilized. In the former case, the sample is illuminated from 

above via a semitransparent mirror with a broadband light source. The reflected light is 

guided back through the mirror and to the eyepiece where the observer or a camera detects 

the magnified image. In fluorescence microscopy, on the other hand, an excitation and 

emission filter are additionally inserted before and after the mirror as shown in Figure 3.4a. 

The transmission window of the filters is typically offset with a red-shift for the emission 

filter to account for the shifted spectra of absorption and emission. The wavelength of the 

filters has to be selected according to the material that should be visualized. For example in 

chapter 4, the red emissive P3HT is evaluated with an excitation wavelength window 

ranging from 540 nm-580 nm and an emission filter at 600 nm-660 nm. 

3.3.2 Scanning Probe Topography 

In order to characterize the surface topography of the layers, two different scanning probe 

techniques are utilized: scanning profilometry and atomic force microscopy (AFM). The 

working principles, as well as the advantages and disadvantages of both methods, are 

detailed in the following. 

Profilometry 

With a profilometer, a one-dimensional scan can be performed across structures of various 

height profiles as depicted in Figure 3.4b. Scan distances in the mm to cm range are easily 

possible. Therefore, it represents one of the most prominent tools in thin-film analysis. 

Here, the profilometer Veeco Dektak 150 is used. The working principle is based on the 

displacement of a stylus that is dragged over the sample. The displacement can be measured 

and converted into a height profile. Step heights down to 10 nm can be measured. The 

lateral resolution is limited by the diameter of the stylus tip (12 µm). Film thicknesses are 

typically measured by scratching the layer of interest and then measuring the depth of the 

scratch. 
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Atomic Force Microscopy 

In order to resolve smaller features down to the nanometer scale in both vertical and lateral 

direction, AFM is utilized.a Similarly to a profilometer, a stylus with a tip is moved across a 

sample surface. However, the stylus moves in two dimensions and thus enables 2D-images. 

Furthermore, the employed cantileversb have much sharper tips with diameters in the range 

of 10 nm and can, therefore, resolve much smaller features down to 0.1 nm.[117]  

In the so-called tapping operation mode utilized here, the cantilever oscillates at a frequency 

close to resonance. The interaction with the surface damps the oscillation of the cantilever. 

During the scan, the z-position is adjusted to keep the oscillation amplitude constant. The 

position of the cantilever is measured by evaluating the deflection of a laser beam that 

reflects back from the top of the cantilever as shown in Figure 3.4c. This enables the analysis 

of the topography. 

                                                             
a DME DS95 Dualscope 
b Arrow NCR 

 

Figure 3.4 Microscopy and Scanning Probe Topography 

a) Schematic setup of an optical microscope with top illumination. By inserting suitable 

excitation and emission filters, fluorescence can be observed. The image detection is 

performed by eye or with a camera mounted to the eyepiece. b) Profilometry is 

performed to scan the surface topography in one dimension by dragging a stylus across 

the sample and measuring the displacement. c) AFM scans the topography in two 

dimensions and in a much smaller area and higher resolution. In tapping mode, the 

cantilever oscillates and the damping due to the interaction with the substrate surface 

is measured by the changing deflection of a laser. 
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3.3.3 Absorption and Photoluminescence Spectroscopy 

The spectral properties of the films allow the extraction of optical, energetic and 

morphological properties. For this purpose, UV-Vis absorption and photoluminescence (PL) 

spectroscopy are performed in this thesis, which provide information from different 

perspectives. 

UV-Vis Absorption Spectroscopy 

The absorption spectra of the OPD layers represent a key information, as they strongly 

dominate the spectral response of the device. Aside from this direct impact, absorption 

spectra also provide insight into the morphology of the layers.[118] The absorption is 

determined in this thesis, by illuminating the sample with a spectrally broad light sourcea 

and measuring the spectrum transmitted through the layer under test.b For reference, a 

dark spectrum, as well as a blank substrate, are utilized. The ratio between the intensities 

of the sample and reference spectra (corrected for the dark signal) gives the transmittance 

T, which allows the calculation of the absorbance A according to equation (3-1). 

 𝐴 = − 𝑙𝑜𝑔 𝑇 (3-1) 

Photoluminescence Spectroscopy 

Similarly to the absorption spectra, also emission spectra can be utilized to derive direct 

layer information, i.e. the emission wavelength, and also indirect information, like the 

exciton quenching efficiency as an indication for successful charge transfer. PL is measured 

in this work with the Jasco FP6500 spectrometer. Layers are excited with a certain 

wavelength matching the absorption of the film while the emission is measured at higher 

wavelengths. Using the absorption coefficients of the layers at the excitation wavelength, 

the emission can be corrected for the actual number of absorbed photons. To analyze the 

quenching efficiency ηq of the emission, for example in two donor layers with varying 

acceptor content, the ratio of the integrals of the corrected emission spectra without 

quenching PL0,corr and with quenching PLq,corr is calculated as described in equation (3-2). 

 
𝜂𝑞 = 1 −

∫ 𝑃𝐿𝑞,𝑐𝑜𝑟𝑟 𝑑𝜆

∫ 𝑃𝐿0,𝑐𝑜𝑟𝑟𝑑𝜆
 

(3-2) 

                                                             
a Avalight-DH-S BAL Deuterium-Halogen light source 
b Avaspec-ULS 3648 spectrometer 
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For overlapping spectra, nq is 0 and for full quenching, it has a value of 1. Note, this 

evaluation method should be interpreted more qualitatively, since an accurate quantitative 

characterization would require the measurement in an integrating sphere. 

3.4 Ink and Substrate Properties 

The suitability of an ink for a certain printing technology depends on the viscoelastic 

properties of the ink. Furthermore, the behavior of the ink on a certain substrate is governed 

by the interactions between ink and substrate. To achieve a desirable printing result, the 

ink and the substrate properties, therefore, have to be evaluated. The three most important 

parameters in this regard are the viscosity and the surface tension of the ink as well as the 

surface free energy (SFE) of the substrate. The two methods utilized in this work to 

determine these parameters are explained in the following sections. 

3.4.1 Dropshape Analysis 

When a droplet of a fluid rests on a substrate the shape of this droplet is governed by the 

surface tension of the fluid and the SFE of the substrate. Therefore, by analyzing the shape 

of such a droplet, the respective parameters can be calculated. This method is called drop-

shape analysis and was performed in this work with a Krüss DSA 100. The science behind 

drop-shape analysis is based on Young’s equation (equation (3-3)), which states the 

boundary condition at the equilibrium. At the edge of a droplet three interfacial energies 

have to be considered: i) solid-liquid interaction σsl, ii) solid-gas interaction γsg (SFE of the 

solid) and iii) liquid-gas interaction σlg (surface tension of the liquid). Depending on these 

values a contact angle θCA develops. 

 𝛾𝑠𝑔 = 𝜎𝑠𝑙 + 𝜎𝑙𝑔 𝑐𝑜𝑠 𝛩𝐶𝐴  (3-3) 

Young’s equation mathematically states that the sum of the parameters projected to the 

substrate surface balance each other as schematically depicted in Figure 3.5a. Based on this, 

the SFE of a substrate γsg can be calculated from σsl, σlg and θCA. The surface tension can be 

measured with another technique called the pending-drop method. The contact angle is 

determined optically. However, the evaluation of σsl is not easily possible.[119,120] For this 

reason, Frederik Fowkes hypothesized that σsl can be derived from γsg and σlg by assuming 

they are made up of the sum of multiple interactions. His hypothesis was further developed 
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into the so-called Owens Wendt Rabel Kaelble (OWRK) method that limits the interactions 

to a polar (γsgP, σlgP) and dispersive part (γsgD, σlgD) to determine σsl (equation (3-4)). 

 
𝜎𝑠𝑙 = 𝛾𝑠𝑔 + 𝜎𝑙𝑔 − 2 (√𝛾𝑠𝑔

𝑃 𝜎𝑙𝑔
𝑃 + √𝛾𝑠𝑔

𝐷 𝜎𝑙𝑔
𝐷 ) (3-4) 

Combining equations (3-3) and (3-4) yields equation (3-5) which represents a linear 

function where γsgP and γsgD can be derived from the slope and y-axis intersection, 

respectively. 

 𝜎𝑙𝑔(𝑐𝑜𝑠 𝛩𝐶𝐴 + 1)

2√𝜎𝑙𝑔
𝐷

= √𝛾𝑠𝑔
𝑃 √

𝜎𝑙𝑔
𝑃

𝜎𝑙𝑔
𝐷 + √𝛾𝑠𝑔

𝐷  (3-5) 

  
             𝑦              =    𝑚       𝑥   +     𝑏 

 

However, the polar and dispersive parts of the liquid surface tension have to be known. For 

this reason, testing solvents with know parameters are used for the evaluation of γsg. 

The SFE of the substrate allows the prediction of the wetting behavior of any liquid with 

know parameters using the so-called wetting envelope. Every point on the envelope line 

represents a theoretical liquid with corresponding polar and dispersive parts that forms a 

fixed contact angle (usually 0°). The wetting behavior of a real liquid is then predicted from 

the distance to the enveloped area, resulting in an increased contact angle for a higher 

distance (see Figure 3.5b,c). 

 

Figure 3.5 Contact Angle and Wetting Envelope  

a) Schematic illustration of Young’s equation, which describes the contact angle 

formation of a fluid on a substrate. The projected interfacial energies to the substrate 

surface have to balance each other. b) Three different solvents A, B, and C  
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3.4.2 Ink Rheometry 

The core parameter of the rheological ink properties is represented by the viscosity. The 

suitability of an ink for a certain printing technique is strongly dependent on this parameter. 

For example, in inkjet printing typical values of printable viscosities lie in the range of 10 cP. 

If the viscosity is too low, the jetting stability might suffer due to the enhanced impact of the 

oscillations of the piezo-element. On the other hand, high viscosities result in strong 

damping of the oscillations and droplets are not ejected. 

In this thesis, the viscosity of the inks is measured with a microfluidic rheometer 

(RheoSense VROC). This method pushes the ink under test with a controlled flow rate Q 

through a micro-fluidic channel of width w and height h. An array of pressure sensors along 

the channel measures the drop in pressure ΔP over a distance L. For Newtonian fluids, the 

pressure should change linearly with the distance. From the slope, the shear stress τshear can 

be calculated according to equation (3-6).[121,122] Furthermore, the shear rate Γshear is given 

by equation (3-7). The ratio of the two gives the apparent viscosity νa. 

 
𝜏𝑠ℎ𝑒𝑎𝑟 = −𝑠𝑙𝑜𝑝𝑒 

𝑤ℎ

2(𝑤 + ℎ)
 (3-6) 

 
𝛤𝑠ℎ𝑒𝑎𝑟 =

6𝑄

𝑤ℎ2
 (3-7) 

 𝜈𝑎 =
𝜏𝑠ℎ𝑒𝑎𝑟

𝛤𝑠ℎ𝑒𝑎𝑟
 (3-8) 

For Non-Newtonian fluids, the true shear rate changes and the equations have to be 

adjusted. Details on this can be found elsewhere.[123,124] 

3.5 Device Characterization 

The fabrication of high-performance OPDs is the overall goal of the experimental work. 

Therefore, the characterization of complete devices is the most important step in the 

process development chain. It provides the final quantitative information if a certain 

parameter variation was successful in improving device performance. The characterization 

of OPDs is designed to result in the knowledge of all the important OPD specific figures of 

merit. The characterization steps are divided into steady-state and dynamic methods. 

However all of the measurements - except for the noise - are performed in a single setup 

that was designed with the possibility to switch between different measurement modes. 
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The setup is schematically shown with the main components in Figure 3.6. A layout specific 

sample holder contacts the multiple OPD pixel via spring-loaded contact pins (see section 

A.3of the appendix). A single OPD can be selected manually for characterization by two 

jumpers that connect the respective anode and cathode to the measuring circuit. A three-

axis translation stage enables the positioning of the selected pixel in the beam path. The 

holder is attached to a read-out box, which has input and output BNC-ports to enable the 

application of a bias voltage and extraction of the signal. The output and input connectors 

can be turned “ON” and “OFF” by switches. Table 3.1 gives an overview of the connected 

instruments and switch positions for the respective measurements. The read-out box is fully 

enclosed by a black housing to prevent light-incoupling. Illumination from the light sources 

is enabled through an aperture that can be closed manually. The light sources are chosen 

with a rotational mirror. The communication between the computer and the electronic 

equipment is handled via parallel (e.g. GPIB) and serial (e.g. RS232) interfaces. The user 

interaction is enabled by software, which has been programmed using Labview. 

 

Figure 3.6 OPD Characterization Setup 

Schematic overview of the OPD characterization setup divided in different functional 

sections. The left side depicts the electronic instruments used for measuring the OPD 

parameters as well as the circuit of the read-out board. On the right side, the optical 

equipment and light sources required for the different parameters are displayed. 
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3.5.1 Steady-State Performance 

The steady-state parameters of an OPD are derived from two different measurements: 

current-voltage sweeps and spectral response measurements. 

Current-Voltage Characteristics 

Sweeping the bias voltage applied to an OPD and simultaneously measuring the current 

gives the IV-curve. The typical shape of the resulting photodiode curves in the dark and 

under illumination is explained in section 2.2.2. They are required to determine the LDR. A 

source-measurement unit (SMU, Keithley 2636B) is utilized here to provide the bias and 

measure the current. 

The illumination is provided by a laser (PGL FS-VH) or a high-power LED (Luxeon Rebel 

LXML PM01). The intensity can be adjusted by inserting different neutral density (ND) 

filters (Thorlabs NDUVxxA or aNE5xxB) into the beam path. Calibration of the optical power 

is performed with a Newport 818-UV or Thorlabs FDS100 photodiode. 

Another possible light source is represented by a solar simulator (LOT Quantum Design 

LS0900 with LSN555 power supply), which provides a broad light source with an intensity 

of 100 mW cm-2. Note, this measurement is performed with another setup but also uses an 

SMU (Keithley 2636B). The intensity of the solar simulator is calibrated with a Si reference 

photodiode. 

Measurement SMU switch instrument LIA/Osci. switch instrument 

IV-curve ON SMU OFF - 

SR OFF - ON TIA+LIA 

SR @ bias ON SMU ON TIA+LIA 

Cutoff OFF - ON TIA+Osci. 

Cutoff @ bias ON SMU ON TIA+Osci. 

Table 3.1 OPD Characterization Measurement Settings 

Measurement settings and instruments for the various OPD characterization methods. 

In addition to these settings, the correct light source has to be chosen with the rotational 

mirror. 
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Spectral Responsivity 

The SR describes the response of the OPD depending on the wavelength λ of the incident 

light. Its calculation is discussed in section 2.2.3. To evaluate the SR, a spectrally tunable 

light source is required and the intensity has to be known. A 450 W Osram XBO Xenon-

discharge lamp is used as a broadband light source in a LOT-Quantum Design system 

comprising an LSN558 power supply and an LSH601 housing. A monochromator (Acton 

SP2150i) filters a certain wavelength from the spectrum. The entrance and exit stilts are 

adjusted to reach a full width at half-maximum (FWHM) of ~5 nm as displayed in 

Figure 3.7a,b. The light exiting the monochromator is collimated and sent through a 

chopper-wheel (Thorlabs MC1F10) to generate a modulated light signal. The frequency of 

the chopper wheel fchopper is set to a frequency that is not expected to suffer from noise 

incoupling from the line frequency (usually 173 HZ). The detected signal is amplified by a 

trans-impedance amplifier (TIA, Femto DHPCA-100) and subsequently recorded with a 

lock-in amplifier (Stanford Research Systems SR-830) set to the same frequency as the 

chopper. An external bias can be applied via the SMU. Before the OPD is evaluated, the lamp 

spectrum is calibrated with a Thorlabs FDS100-photodiode (see Figure 3.7c). The OPD SR is 

then calculated from the measured photocurrent, the spectrum and the area of the device 

according to equation (2-2). 

 

Figure 3.7 Light Source for SR Characterization 

a)Photographs of the monochromator light spot at different wavelength settings. b) 

Measured spectra of the monochromatic light exiting the monochromator. The entrance 

and exit slits are adjusted to reach a FWHM of ~5 nm. c) Calibrated intensity spectrum 

of the Xe-discharge lamp measured by an FDS100 photodiode. 
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3.5.2 Dynamic Performance 

The dynamic performance of OPDs includes the characteristics in terms of the detection 

speed, quantified by the 3 dB cutoff frequency, as well as the frequency-dependent 

electronic noise. From both parameters and the SR-curve, the specific detectivity D* can be 

derived. 

3 dB Cutoff Frequency 

Surpassing a certain frequency of an incident modulated light signal leads to a decrease in 

the amplitude of the output signal from the OPD due to the detection speed limits explained 

in section 2.2.3. The frequency f3dB is determined from the point where the amplitude 

reaches 50 % (=-3 dB) of the amplitude it has at low frequencies. It is measured by 

illuminating the OPD with a modulated light signal. A fast diode laser (Oxxius LBX 520) is 

modulated with a TTL signal from a function generator (Agilent 33522A). The OPD signal is 

again amplified by the TIA and recorded with an oscilloscope (Agilent DSO 6102A). As for 

the SR measurement, a bias voltage can be additionally applied using the SMU. 

Noise and Detectivity 

The electronic noise is measured in another setup, which was mainly design by M.Sc. Mervin 

Seiberlich to minimize disturbance from external noise sources. For this purpose, a metal 

box fully encloses the OPD to act as a Faraday-cage. An isolated voltage source (Stanford 

Research System SIM 928) is utilized to apply a bias voltage. The dark current is amplified 

with a TIA (FEMTO DLPCA-200) and measured over time with the SMU. From the transient 

measurement, the spectral noise density is calculated by applying a fast Fourier transform. 
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4 Semiconductor:Insulator Blends 

for Improved Dynamic Response in 

Printed OPDs 

The relevance of OPDs for a variety of technological fields has been fueled by considerable 

investigation and improvement of OPD performance in recent years.[9,35,98,125,126] However, a 

tradeoff between processability and performance persists and burdens the future feasibility of 

OPDs.[127] In this regard, it is of great importance to follow up on approaches that 

simultaneously tackle the aspects of fabrication and performance. This chapter introduces the 

concept of adding an insulating polymer as a processing additive to a system of organic 

semiconducting active materials. This simultaneously allows for tunability of the viscoelastic 

properties of the ink and maintains and in regards to detection speed even improves the 

performance of fabricated devices.a  

4.1 Introduction 

The counter-intuitive strategy of adding insulating material to a semiconductor device has 

in past reports proven to be quite a promising approach to simultaneously address 

performance and fabrication challenges.[128] The improved processability of a 

semiconductor ink by inkjet printing through the addition of PS as an insulator has first been 

demonstrated by Lamont et al..[62] The modified ink allowed for an optimization of the ink 

viscosity from non-halogenated solvents for the fabrication of organic solar cells. 

Additionally, others have demonstrated that insulators like high-density polyethylene or 

polymethyl methacrylate (PMMA) also have beneficial effects on organic solar cells.[129–132] 

                                                             
a Parts of this chapter have been previously published in: 

N. Strobel et al. Semiconductor:Insulator Blends for Speed Enhancement in Organic Photodiodes, 

Adv. Electron Mater., 4, 1700345, (2018) [151] 
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Furthermore, the performance of organic light-emitting diodes[133,134] and organic field-

effect transistors[135–138] can be considerably enhanced upon the addition of insulators. The 

underlying effect of the reported increase in performance was found to be improvements in 

the morphology, charge transport properties or reduced charge trapping and shunt paths. 

Based on these findings the investigation of insulating polymers as an additive for the 

fabrication of BHJ-OPDs has a high potential. In this chapter, the influence of PMMA on the 

device performance of P3HT:PCBM based OPDs is investigated. A step by step analysis was 

carried out starting with the morphological influence on the active layer followed by 

characterization of the steady-state and dynamic behavior of the OPDs. 

4.2 Morphological Influence of PMMA on P3HT:PCBM 

Photoactive Layers 

The morphological influence of PMMA on the P3HT:PCBM system was investigated by 

bright field and fluorescence microscopy as well as AFM. Furthermore, UV-Vis absorption 

measurements were carried out to analyze the influence on micromorphological changes 

which can be derived from changes in the shape of the absorbance and the relative height 

of the various vibronic peaks. The sample preparation was carried out by preparing 

P3HT:PCBM:PMMA blend solutions with different PMMA contents from 0 wt% to 35 wt% 

in an ortho-di-chlorobenzene (DCB) solution. Layers of 300 nm thickness were spin-cast 

onto glass substrates at ambient conditions. After deposition, the samples were thermally 

annealed at 140 °C in a nitrogen-filled glovebox. 

4.2.1 Phase Separation 

Fluorescence microscopy images of the fabricated P3HT:PCBM:PMMA layers are displayed 

in Figure 4.1. The images are taken at an excitation wavelength of 540 nm-580 nm and a red 

bandpass filter (600 nm-660 nm) in front of the image sensor. The formation of a phase-

separated system is clearly observed. The visible black and red domains correspond to the 

non-emissive PMMA and the fluorescent P3HT, respectively. The distribution and size of the 

phase-separated domains can be tuned by variation of the PMMA content from 10 wt% to 

28 wt% and using different molecular weights of PMMA, i.e. molecular weights of 15 k, 

350 k, and 1 M. The PMMA with lower molecular weight tends to form rather small domains, 
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which stay separated even for increasing content. On the other hand, the higher molecular 

weight seems to form fewer but larger domains. Interestingly, an interconnection of the 

PMMA occurs when a composition threshold is reached. The initial distribution represented 

by circular PMMA domains embedded in a P3HT:PCBM matrix inverts to a distribution of 

circular P3HT:PCBM domains embedded in a PMMA matrix. 

Further detail on the morphological structure of the phase-separated layers can be derived 

by exploiting the high solubility of PMMA in common solvents like acetone. Since P3HT and 

PCBM are not soluble in acetone, the immersion of the layers allows the selective removal 

of the PMMA domains from the active layer. Figure 4.2 depicts the bright-field micrographs 

of a layer with 20 wt% of PMMA before and after the selective removal of PMMA with 

acetone. A scratch in the organic layer serves as a reference for the glass substrate. The 

PMMA appears as dark blue circular domains, whereas the scratch is much lighter in color. 

After removal, the appearance of circular domains matches the scratch. This indicates a 

 

Figure 4.1 Fluorescence Microscopy of P3HT:PCBM:PMMA Layers  

The fluorescence microscopy images show the influence of PMMA content and 

molecular weight on the phase separation of various blends comprising of P3HT:PCBM 

and PMMA. The scale bars correspond to 20µm. 
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PMMA structure that extends through the whole organic layer. Such a columnar structure 

of the PMMA domains suggests that light impinging on the PMMA domains is able to pass 

through the device unhindered. Thereby, the photodiode active area is effectively reduced 

by the PMMA domains. Similar columnar structures are found by Li et al.[132], while others 

have reported the formation of vertical segregation with island-like domains.[139,140] The 

discrepancy is attributed to the high sensitivity regarding the choice of the solvent, 

processing parameters and material properties as reported by Jaczewska et al..[141] 

The phase separation observed by optical microscopy is further supported by AFM 

measurements (Figure 4.3). The PMMA domains are visible as circular structures within the 

P3HT:PCBM matrix. Furthermore, the AFM images indicate that the PMMA domains exhibit 

slightly elevated plateaus. The RMS-roughnesses of the two phases at different PMMA 

contents can be derived from respective parts of the AFM images. For the PMMA domains, 

the roughness is in the range of 4 nm to 7 nm independent of the PMMA content. On the 

other hand, the P3HT:PCBM phase increases in roughness from 7 nm at 0 wt% PMMA to 

22 nm at 35 wt%. Such an increase in roughness of the P3HT:PCBM domain has also been 

observed by Li et al. as a result of thermal annealing leading to improved device 

performance.[142] They attributed the rough surface to a higher structural order of the blend. 

 

Figure 4.2 Selective Removal of PMMA 

The bright-field microscopy images show the same layer of P3HT:PCBM:PMMA with 

20 wt% of PMMA before (left) and after (right) immersion of the layer in acetone. The 

scratch serves as a reference for the substrate color. The exclusive solubility of PMMA 

in acetone allows for selective removal. The remaining holes extend down to the glass 

substrate demonstrating the columnar structure of the PMMA domains. 
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4.2.2 Increased Transparency and Molecular Order in 

P3HT:PCBM:PMMA Blends 

The addition of PMMA to the P3HT:PCBM photoactive layer has an influence on the 

morphology as discussed in the previous section. The modified material composition and 

the resulting change in morphology are also expected to have an influence on the 

spectroscopic properties of the layers. UV-Vis absorption measurements were carried out 

to study the effect on the optical appearance of the layer as well as changes that might 

modify the electronic properties of OPDs. Figure 4.4 depicts the transmission spectra of 

P3HT:PCBM layers with increasing content of PMMA. The layer thickness is kept constant. 

As is clearly seen from the spectra and also from the photographs of the samples, the 

transmittance of the layers at a wavelength of 500 nm increases from <5 % without PMMA 

 

Figure 4.3 AFM Micrographs of P3HT:PCBM:PMMA Layers 

AFM images of three films of P3HT:PCBM containing 10 (left), 20 (center) and 28 wt% 

(right) PMMA with a molecular weight of 350k. The images display an area of 

20 x 20 µm². Flat and slightly elevated PMMA domains are clearly observed within the 

P3HT:PCBM active layer matrix. 
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to ~30 % with 35 wt% of PMMA. This is expected due to the transparent nature of PMMA 

in the visible and relative decrease in absorptive active material content. 

Furthermore, a slight change in color is visible altering the appearance of the layer towards 

purple. This blueshift relates to a change of the relative peaks in the absorption spectrum of 

the films, which can be visualized by normalization. Figure 4.5a depicts the normalized UV-

Vis absorbance spectra of P3HT:PCBM:PMMA films. All spectra show the typical features of 

P3HT:PCBM absorption with a maximum at 500 nm and characteristic shoulders at 

~550 nm (2.25 eV) and 600 nm (2 eV) corresponding to the vibrational 0-1 and 0-0 

transitions of P3HT, respectively.[143] The normalization of the spectra to the absorption 

feature at 2.25 eV is a common method that allows the extraction of information about 

morphological changes.[118,136,144,145] While the characteristic P3HT absorbance shape is 

preserved, a relative increase of the absorption shoulder at 2 eV is observed with increasing 

PMMA content. Such an increase is also seen upon increasing the drying time of a 

P3HT:PCBM layer without PMMA as shown in Figure 4.5b. Generally, this can either be done 

by utilizing a solvent with a higher boiling point[146,147] or by varying the drying 

conditions.[142,148] Here, the variation in drying time is realized through an increase in the 

spin speed of a two-step spin coating process, where the second step is used to control the 

drying conditions of the wet-film formed in the first step. Thereby the layer thickness can 

 

Figure 4.4 Transmittance of P3HT:PCBM:PMMA Layers  

a) Transmission spectra of P3HT:PCBM layers with increasing content of PMMA. b) 

Photographs of two samples of the same thickness containing 0 wt% (bottom) and 

20 wt% (top) of PMMA. 
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be maintained while the drying time is varied. The same technique is used to ensure 

constant drying times for the P3HT:PCBM:PMMA blends. 

The trend of an increasing absorption shoulder at 2 eV and the related relationship between 

normalized absorption spectra and the micro-morphological properties of P3HT films has 

been thoroughly analyzed by Spano et al..[118] Their work suggests that a modified 

Frank-Condon model can be utilized to fit the absorption spectrum in the lower energy part 

of the P3HT absorption spectrum (below ~2.3 eV). Figure 4.6a shows the absorbance 

spectra of P3HT:PCBM layer with 0 wt% and 20 wt% of PMMA in comparison. The spectra 

are fitted with the following function:[149,150] 

where A is the absorbance, S is the Huang-Rhys factor, m and n are vibrational levels, E0 and 

Ep represent the energy of the 0-0 transition and the intramolecular vibration respectively, 

σ is the linewidth and W is the exciton bandwidth. The values S and Ep are fixed to 1 and 

0.179 eV respectively, while W, E0, σ as well as a proportionality factor are extracted by 

fitting equation (4-1) to the absorbance spectra (see section A.4 of the appendix). The value 

related to the morphological property is W. A relative increase of the shoulder at 2 eV 

corresponds to a decrease of W, which in turn is attributed to an increase in crystallinity 

and intrachain order.[147] 

 

Figure 4.5 Normalized Absorbance Spectra of P3HT:PCBM:PMMA  

Absorbance spectra of P3HT:PCBM layers normalized to the value at 550 nm (2.25 eV) 

with a) increasing content of PMMA and b) increasing drying time of the wet-film. 
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Figure 4.6b displays the extracted W and the ratio of the measured absorbance at 2 eV and 

2.25 eV. A consistent trend is visible for both parameters. W is decreasing from 136 meV for 

0 wt% of PMMA down to 71 meV for 35wt%. At the same time, the absorbance ratio 

increases from 0.61 to 0.77, respectively. This finding points to an increase in crystallinity 

when the insulating polymer PMMA is present in the layer. The following section details the 

effects of the increased morphological order on device performance. 

4.2.3 Investigation of other Semiconductor:Insulator Blends 

In order to exclude that the morphological improvement is not limited to the material 

systems comprising of P3HT:PCBM:PMMA, other semiconductor:insulator combinations 

were tested.a For this purpose, a “different” P3HT (P3HT-b) with a lower molecular weight 

of 69k as well as poly(4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl-

alt-3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophene-4,6-diyl) (PTB7) was 

employed as polymer semiconductors. Further, polystyrene (PS) was tested as an insulating 

replacement for PMMA. As described in the previous section, the absorbance ratio between 

the 0-0 and 0-1 transitions was calculated. The resulting values for the various 

                                                             
a The samples were prepared and measured by Pengfei Liu during his internship. 

 

Figure 4.6 Modelling of the P3HTPCBM:PMMA Absorbance  

a) Normalized absorbance spectra of P3HT:PCBM:PMMA blends. The red plot is the 

model fitted to the absorbance spectra to extract the exciton bandwidth W. b) The ratio 

of the absorbance at 2 eV and 2.25 eV as well as the extracted W for increasing PMMA 

content in the active layer. (Reproduced with permission from John Wiley and Sons,[151] 

©2017 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim) 
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combinations as well as the spectra for PTB7:PCBM:PMMA are shown in Figure 4.7. In all 

cases, the addition of an insulator increases the relative absorption of the component 

corresponding to the 0-0 transition. As for P3HT, an increase in the ratio points to an 

increased conjugation length and a higher degree of order.[152,153] Therefore, the presented 

approach seems to be transferable to various semiconductor systems typically utilized in 

OPDs. For the following sections the P3HT:PCBM:PMMA system is chosen for building OPDs 

due to the popularity of the material system in the literature. 

4.3 Device Performance of P3HT:PCBM:PMMA 

Photodiodes 

The influence of PMMA on the optical and morphological properties was studied and 

discussed in the previous sections. To investigate the impact on the device performance, 

OPDs containing a P3HT:PCBM:PMMA active layer blend were fabricated. For this purpose, 

a fully printable inverted device architecture was chosen to facilitate the transfer to a 

printing process. The device stack is shown schematically in Figure 4.8a,b together with the 

energy level diagram of the employed materials. The active layer, as well as the interlayers, 

 

Figure 4.7 Absorption Change of Semiconductor:Insulator Blends 

a) Absorbance ratio of the 0-0 and 0-1 vibrational transitions for different 

semiconductor insulator blends with increasing insulator content. b) Absorbance 

spectra of PTB7:PCBM with different PMMA contents. The spectra are normalized to 

the 0-1 transition of PTB7 at 1.96 eV. 
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are spincoated on the prestructured ITO substrate. The silver top electrode is thermally 

evaporated. A nanoparticle ink (N21x Avantama) is utilized to form the aluminum-doped 

zinc-oxide layer (Al:ZnO) after thermal annealing at 120 °C for 5 min. The 

P3HT:PCBM:PMMA layers are fabricated as described in section 4.2.2 to ensure constant 

drying time and thicknesses and thereby exclude performance variations due to respective 

conditions. The water-based PEDOT dispersion (Heraeus VPAI 4083) typically experiences 

wetting issues on the hydrophobic photoactive layer. To ensure a successful layer formation 

of the PEDOT, isopropanol (1:1) and a fluorosurfactant (+1 vol% Zonyl) were added to the 

dispersion. Before the evaporation of the electrode, the substrates are thermally annealed 

at 140 °C for 10 min in a nitrogen-filled glovebox. This annealing step enhances the 

performance of P3HT:PCBM OPDs due to an improved micromorphology. In this 

architecture, holes are extracted via the PEDOT layer and electrons through Al:ZnO. The 

photo in Figure 4.8c depicts four devices with increasing PMMA content. The increased 

transmittance and more diffuse surface due to the increased active layer roughness are 

visible. After fabrication, the OPDs were characterized in terms of their steady-state and 

dynamic behavior. 

 

Figure 4.8 Device Architecture of P3HT:PCBM:PMMA OPDs 

a) Schematic of the device architecture of OPDs with a P3HT:PCBM:PMMA active layer. 

b) Energy level diagram of the employed materials. c) photograph of four devices with 

increasing PMMA content from left to right. 
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4.3.1 Influence of PMMA Addition on the Steady-State Performance 

of P3HT:PCBM OPDs 

Figure 4.9 displays the IV-curves for devices comprising 0 wt% and 20 wt% of PMMA. The 

measurements were performed for illumination intensities ranging from dark to 

23 mW cm-2. Both devices show IV-curves of very similar shapes with a clear rectifying 

behavior in the dark. This suggests that the general device functionality is not hindered by 

the presence of the PMMA. In the dark, the current densities lie very closely together with 

63.9 nA cm-2 and 76.6 nA cm-2 at a reverse bias of -1 V for 0 wt% and 20 wt% of PMMA, 

respectively. At a light intensity of 23 mW cm-2 and reverse bias of 0 V, the photocurrent 

density amounts to 7.1 mA cm-2 and 5.2 mA cm-2 for OPDs with 0 wt% and 20 wt% of 

PMMA, respectively. The reduced current under illumination can be entirely attributed to 

the reduced effective active area of the device due to the phase separation presented in 

section 4.2.1. Using image processing software the relative area of the PMMA can be 

evaluated. The relative active area of PMMA for the 20 wt% blend composition was found 

to be 26 %. Therefore, the active area is only 74 % of the OPD without PMMA. Normalization 

of the current density for the device containing 20 wt% of PMMA leads to an effective 

photocurrent density of ~7.0 mA cm-2. 

 

Figure 4.9 Photocurrent Characterisitcs of P3HT:PCBM:PMMA OPDs  

a) IV-curves at different illumination intensities of OPDs containing 0 wt% and 20 wt%, 

respectively. b) Measured photocurrents at increasing light intensity and a reverse bias 

voltage of -1 V. The dotted line represents a slope of unity. (Reproduced with 

permission from John Wiley and Sons,[151] ©2017 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim) 
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Figure 4.9b depicts the photocurrent density at a bias voltage of -1 V versus the light 

intensity. As can be seen, the current density increases linearly. When the intensity reaches 

the point where bimolecular recombination becomes dominant, a deviation from the slope 

of unity is observed.[154] As can be seen, both the dark current as well as the saturation point 

coincide with the devices with 0 wt% and 20 wt% of PMMA. Thus, the LDR is nearly identical 

and amounts to 112 dB and 108 dB respectively. This compares well with previously 

reported LDRs of the P3HT:PCBM active layer system and is yet another indication for the 

maintained functionality of the devices.[35] 

Another parameter that is influenced by the presence of the PMMA is the open-circuit 

voltage (VOC). While it is typically found in the field photovoltaic research, the insights it 

provides regarding recombination processes in the device are also valuable for OPDs. At 

open circuit, no current is flowing. All charges that are generated will recombine. Thus, high 

recombination will reduce the VOC.[66,73] Figure 4.10 displays the change in VOC with PMMA 

content and light intensity. The VOC increases from 0.56 V to 0.58 V when the PMMA content 

increases from 0 wt% to 35 wt%. This points to lower recombination when PMMA is 

present in the active layer. Further information about the type of recombination can be 

derived from the change of VOC with the logarithm of the light intensity.[133,155,156] According 

to a model derived by Kuik et al.[156,157] the VOC depends linearly on the logarithm of light 

 

Figure 4.10 Open Circuit Voltage of P3HT:PCBM:PMMA Devices 

a) The VOC at illumination with the equivalent intensity of one sun for increasing content 

of PMMA in the P3HT:PCBM layer. b) Increase of the VOC with light intensity. The line 

plots represent the linear fits allowing to extract the slope. 
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intensity Ilight with a slope that should be kT q-1, if no traps and only Langevin 

recombinations are present. Here k is the Boltzmann constant, T is the temperature and q is 

the elementary charge. However, if traps are present and one includes trap-assisted 

recombination to the model, the slope exceeds kT q-1. The effect of PMMA on the 

recombination is evaluated by applying this model to the measured VOC at different light 

intensities and insulator content. A function of the following form is fitted to the data: 

 𝑉𝑂𝐶 = 𝑐𝑜𝑛𝑠𝑡. +𝑛 𝑘𝑇 𝑞⁄ 𝑙𝑛 𝐼𝑙𝑖𝑔ℎ𝑡 (4-2) 

The fitting parameter n was used to determine the deviation from a slope of kT/q. For n=1 

Langevin-recombination dominates, while for n>1 trap-assisted recombination is also 

present. The slope reduces for increasing PMMA as shown in Figure 4.10. This result points 

to a reduced trap-assisted recombination rate and therefore to a relative decrease in the 

number of traps. 

The spectral responsivity SR and the specific detectivity D* of devices with 0 wt% and 

20 wt% are depicted in Figure 4.11a. The devices without PMMA exhibited an average SR of 

187 mA W-1 at -5 V in the wavelength range of 350 nm to 650 nm, whereas devices 

containing 20 wt% of PMMA reached 136 mA W-1 at the same voltage. Peak values are 

measured at a wavelength of 600 nm and amount to 262 mA W-1 and 195 mA W-1 for 0 wt% 

 

Figure 4.11 Spectral Responsivity of P3HT:PCBM:PMMA OPDs  

a) SR and D* spectra at a reverse bias voltage of -5 V of OPDs containing 0 wt and 

20 wt% of PMMA in the P3HT:PCBM active layer. b) The same SR spectra normalized to 

the reduced effective active area of the PMMA containing devices due to the occurring 

phase separation. (Adapted with permission from John Wiley and Sons,[151] ©2017 

WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim) 
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and 20 wt%, respectively. As previously performed for the photocurrent, the responsivity 

can be corrected for the effective active area of 74 %. Taking this into account, average 

values for SR correspondingly result in 185 mA W-1 and the peak value increases to 

263 mA W-1 for the device with 20 wt% of PMMA. The corrected responsivity spectrum is 

depicted in Figure 4.11b. The curves match almost perfectly. Furthermore, a slightly 

increased SR at a wavelength of 600 nm vs 550 nm is visible for the device containing 

PMMA. This is in accordance with the increased absorption due to the improved molecular 

ordering. D* is calculated from SR, the dark current density Jdark and the elementary charge 

q by using the approximation discussed in section 2.2.3: 

 
𝐷∗ =

𝑅

√2𝑞𝐽𝑑𝑎𝑟𝑘

 
(4-3) 

While this approximation risks an overestimation of D* we can make use of it here for 

simplicity, since we are not focused on the absolute detectivity value but are rather 

interested in a relative measure to derive the influence of the PMMA. As D* is proportional 

to R and the dark currents of the devices with and without PMMA do not differ notably, 

values calculated for D* show a similar trend as SR with a maximum D* at 600 nm of 

5.1x1011 Jones and 3.4x1011 Jones for the respective OPDs at -5 V. 

The parameters presented so far including photocurrent, LDR, VOC, SR, and D* show that the 

steady-state device functionality is not altered strongly by the presence of the PMMA. On 

the contrary, the evaluation of VOC and responsivity hint at a lower recombination rate and 

increased ordering of the film. This is in accordance with very recent publications, which 

have shown for solar cells that PMMA can improve the performance, especially for thick 

active layers.[132] For OPDs we find the strongest benefit in the dynamic parameters which 

will be discussed in the following section. 

4.3.2 Improved Dynamic Behavior of P3HT:PCBM:PMMA OPDs 

The effect of PMMA content on the dynamic response of OPDs was evaluated as a function 

of the excitation frequency. For this purpose, the OPDs were illuminated with a pulse train 

of square light pulses having a duty cycle of 50 %. The frequency was swept from 100 Hz to 

3 MHz while the output signal of the OPD is measured with an oscilloscope to determine the 

-3 dB cut-off frequency. Figure 4.12a displays the normalized amplitude of the detected 

signal versus the frequency of the pulse train at a reverse bias of -5 V. OPDs with 0 wt%, 
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10 wt%, 20 wt%, 28 wt% and 35 wt% of PMMA are measured. Interestingly, the cut-off 

frequency increases with PMMA content. Without PMMA OPDs reach around 220 kHz, while 

OPDs with 35 wt% reach up to 360 kHz. Hence, the PMMA inclusion in the P3HT:PCBM BHJ 

results in an enhancement of the detection speed of OPDs. Generally, the detection speed of 

OPDs is limited by the RC-constant or the transit time of the charge-carriers generated upon 

illumination to the respective electrodes.[78,158] This combined limitation is explained in 

section 2.2.3. In order to rule out the RC limitation, fRC was calculated. The capacitance is 

estimated from the vacuum permittivity ε0, the relative permittivity εr (assumed to be 

3.8[78]) as well as the active area A and thickness d of the active layer. The calculation results 

in a capacitance of 2.31 nF. The series resistance Rs of the OPDs is derived from the dark IV-

curves by calculating the slope at a bias voltage of 1.8 V.[142] The results are summarized in 

Table 4.1. According to the calculated RC-limits, cut-off frequencies should lie in the MHz 

range. However, the measured frequencies do not exceed 400 kHz. Furthermore, the RC-

limit predicts a decrease of the cut-off frequency with increasing PMMA content, while the 

measured cut-off frequencies actually increases. For these reasons, the cut-off frequencies 

are expected to be transit limited. Hence, the enhanced detection speed would be attributed 

to an increased transit time with increasing PMMA content. 

 

 

Figure 4.12 Cut-Off Frequency with Increasing PMMA Content 

a) The normalized amplitude of the output signal for OPDs with 0 wt%, 20 wt% and 

35 wt% of PMMA at a reverse bias voltage of -5 V. The dotted line marks the -3dB level. 

b) Measured -3dB cut-off frequencies for increasing PMMA contents in the active layer. 

(Reproduced with permission from John Wiley and Sons,[151] ©2017 WILEY‐VCH Verlag 

GmbH & Co. KGaA, Weinheim) 
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To verify this hypothesis transient photocurrent response of OPDs to a 1 ns laser pulse was 

measured and evaluated by M.Sc. Jonathan Lehr at LTI in Karlsruhe. This technique allows 

for the analysis of the time-resolved extraction of charge carriers at the device electrodes. 

In combination with a theoretical model developed by Christ et al. it allows the extraction 

of crucial charge transport parameters such as carrier mobility, the DOS as well as trapping 

and de-trapping rates.[159,160] In the present case, a basic analysis is sufficient to derive the 

transit time of the charges, which is directly related to the mobility. Figure 4.13a shows the 

measured transient photocurrent response on a double logarithmic scale. An initial rise 

with a peak after ~22 ns can be attributed to RC-charging effects. Note, that the device built 

specifically for this measurement required an altered device geometry and therefore RC 

constants differ from the previous measurements of the cut-off frequency. After the initial 

rise, a kink in the current curve is observed at around 1 µs. This distinct kink corresponds 

to the point in time when the generated free charges carriers are almost completely 

extracted from the active layer. Only trapped charges then remain in the OPD which are 

extracted after slow de-trapping occurs. The transit time can be extracted from this kink by 

finding the cross-section of the two linear extrapolations of the data before and after the 

kink. It is clearly observed, that the kink moves to shorter points in time for increasing 

content of PMMA. This points to a reduction in transit time and therefore indicates faster 

charge extraction stemming from improved electronic transport properties. The extracted 

transit times are depicted in Figure 4.13b in combination with the estimated charge carrier 

mobility. The transit time for 0 wt% amounts to more than 1.2 µs, while at 35 wt% of PMMA 

only 0.8 µs are reached. Comparing this 1.5-fold increase in transit speed to the 1.6-fold 

PMMA content 

[wt%] 

Rs 

[Ω] 

fRC 

[MHz] 

measured f3dB 

[kHz] 

0 72.6 0.95 222.15 

10 74.32 0.93 260.65 

20 83.13 0.83 296.25 

28 97.08 0.71 360.15 

35 93.23 0.74 361.7 

Table 4.1 Dynamic Characteristics of OPDs containing PMMA 

Series Resistance Rs, RC-limited cut-off frequency fRC and measured cut-off frequency 

f3dB of the devices with different contents of PMMA. The values are averaged over at 

least two devices on different substrates. 
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increase in the cut-off frequency strengthens the argument of improved electronic transport 

characteristics as the underlying reason. 

While the origin of this improvement is not yet clear, possible explanations are found in the 

literature. Vohra et al. proposed a beneficial orientation of the P3HT at the interface to the 

insulator.[161] Their assumption was derived from a system containing PS but might also 

apply to systems comprising of PMMA. Furthermore, this explanation would be in 

accordance with the observed increase of the absorption shoulder at 2 eV. As discussed in 

section 4.2.2, this trend points to an increased molecular ordering of the P3HT induced by 

PMMA. Thereby, pathways with increased conductivity would develop along the interface 

of the PMMA and active domain allowing a faster transit of the holes. Similarly, Li et al. 

reported on an improved hole mobility in solar cells comprising PMMA, proposing 

segregation of the PCBM to the P3HT/PMMA interface as the reason. Another possible 

explanation could lie in a reduced number of traps due to residual intermixed PMMA in the 

active regions similar to the trap dilution effects proposed by Blom et al. in MEH-PPV 

PLEDs.[133] However, further investigations to clarify the underlying effects are to be 

addressed in future work. 

 

Figure 4.13 Impulse Response of P3HT:PCBM:PMMA OPDs  

a) The time-dependent impulse response at a reverse bias of -5 V for OPDs with 

increasing PMMA content. The transit time ttr is derived from the crosssection of the 

linear interpolations before and after the kink. b) Transit time and extracted mobility 

with various contents of PMMA.(Impulse response measurements were performed and 

evaluated by M.Sc. Jonathan Lehr; Figure adapted with permission from John Wiley and 

Sons,[151] ©2017 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim) 
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4.4 Summary 

In this chapter, the approach of blending insulating polymers into a bulk heterojunction 

photoactive system was investigated. The material blend P3HT:PCBM:PMMA is employed 

as a model system with high popularity in literature. Against intuition, a beneficial influence 

on the dynamic behavior of OPDs is observed when adding the insulator. Transient current 

measurements show almost a 2-fold increase of the -3 dB cut-off frequency (up to 360 kHz). 

At the same time, steady-state performance (i.e. photocurrent, LDR, SR, and D*) is 

conserved, ensuring full functionality even at insulator contents of up to 35 wt%. The 

improved detection speed is attributed to a reduced transit time of the charges in the 

P3HT:PCBM active layer when PMMA is present. This claim is supported by impulse 

response measurements. The morphological investigation of the material system using 

UV-Vis absorption spectroscopy and AFM finds an improved micromorphology with a 

higher degree of crystallinity in the presence of the insulator. This finding explains the 

positive influence on the transport properties of the photoactive system. Other alternative 

semiconductor insulator combinations show similar trends in terms of increasing 

molecular order upon insulator addition. This demonstrates the potential of the presented 

approach for active layer systems that enable high-performance OPDs and allow facile 

tunability of the inks viscoelastic properties to solve fabrication challenges without 

sacrificing device performance.
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5 Non-Fullerene Acceptors for 

Broadband Printed OPDs with 

Visible-NIR Response 

The previous chapter presented the beneficial effects of the insulator PMMA as a processing 

additive on the morphological properties and dynamic performance of OPD active layers. The 

passive and transparent nature of PMMA left the spectral properties mostly unchanged. The 

following chapter tackles the improvement of printed OPDs from another perspective by 

focusing on the improvement of the spectral performance of printed OPDs. The goal is to 

overcome the current performance limitations of OPDs in terms of their responsivity towards 

the NIR wavelength region. For this purpose, a novel class of materials, namely non-fullerene 

acceptors (NFA), is investigated. Based on impressive results in the field of organic 

photovoltaic devices, one representative NFA is studied regarding achievable OPD parameters 

and its compatibility with digital printing techniques.a 

5.1 Introduction 

The majority of current photoactive materials systems for OPDs are based on a blend 

comprising a polymer donor combined with a fullerene as an acceptor.[35] The polymer 

donor typically governs the absorption range of the device, while the fullerene mainly 

enables efficient exciton dissociation and electron transport. In recent years, many research 

groups have demonstrated the potential of OPDs comprising such BHJ systems. 

Performance values comparable and even exceeding the figures-of-merit of various 

                                                             
a Parts of this chapter have been previously published in: 

N. Strobel et al. Non-Fullerene-Based Printed Organic Photodiodes with High Responsivity and Megahertz 

Detection Speed, ACS Appl. Mater. Interfaces, 10, 42733, (2018) [177] 



5 Non-Fullerene Acceptors for Broadband Printed OPDs with Visible-NIR Response 

66 

commercially available inorganic devices can be reached, particularly in the visible 

wavelength regime.[49,50,79,162,163] However, these OPDs, which represent the current state-

of-the-art, are expected to exhibit considerable disadvantages stemming from the intrinsic 

properties of the fullerene acceptor.[93,164] Their limited stability leads to short operational 

lifetimes. Low optical absorption results in low response and dependency on the donor. But 

most importantly for this chapter, their poor synthetic flexibility strongly limits the spectral 

selectivity and tunability of OPDs. Recently, a new class of NFA materials has been reported, 

which exhibits excellent electrical properties in combination with high optical absorption 

coefficients. In photovoltaic devices, these materials yield impressive performance with 

record efficiencies.[99,165–170] Furthermore, due to their flexible synthetic design, absorption 

can be tuned towards the NIR part of the spectrum. This benefit offers the opportunity for 

the development of a new generation of OPDs with an extended spectral response. Such 

OPDs and optical systems with NIR detection and imaging capabilities would be of great 

value to many applications in medical diagnosis, communication or gas sensing.[126] 

Currently, the extension of the responsivity to the NIR can, for example, be realized by the 

exploitation of cavity-enhanced sub-bandgap absorption[33,56]. While this method has 

proven to be very successful, it introduces a processing complexity that burdens the 

fabrication of the devices. Ardalan et al. presented a more processing-friendly approach by 

the incorporation of thick polymer:fullerene active layers.[40] Besides improving the 

response in the longer wavelength regime, the resulting charge collection narrowing also 

results in a narrow response and is transferable to other material systems.[57,171–173] 

However, the approach negatively influences the responsivity in the visible and increases 

losses due to the intrinsic recombination on which the entire concept is based. 

In this chapter, a NIR absorbing NFA is utilized to offer a much simpler route to combine 

spectral tunability with facile device fabrication. The acceptor IDTBR is chosen as a 

representative for the new class of high-performance NFAs. Its chemical structure is shown 

in Figure 5.1a. It consists of an indacenodithiophene core with benzothiadiazole and 

rhodanine flanking groups. In organic photovoltaic devices, it has shown impressive 

performance with efficiencies up to 11 %.[93,174,175] IDTBR is combined with P3HT as a donor 

polymer. Figure 5.1b,c,d visualizes the benefit of IDTBR for OPDs. The photograph shows an 

array of the P3HT:IDTBR OPDs with inkjet-printed active layers described in section 5.3. 

The color perception of this material combination is much darker in comparison to the red 

appearance of P3HT:PCBM system of the previous chapter. This results from the strong 
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absorption of IDTBR in the long-wavelength regime > 600nm. The extended absorption 

towards the NIR also translates to the SR of the devices leading to high responsivites 

comparable to commercial inorganic Si-photodiodes as seen in Figure 5.1d. To achieve 

these promising optical properties and high benchmarks in OPD performance, a careful 

adoption of device geometry, processing conditions, and architecture was required to 

maximize the specific figures-of-merit. The resulting high-performance of the P3HT:IDTBR 

OPDs is demonstrated by successful employment in a heart rate sensing scheme 

representing one potential application of these devices (see section A.5 of the appendix). 

Finally, a combined inkjet and aerosol-jet printing process is developed, that enables the 

fabrication of opaque and semi-transparent devices through industrially relevant printing 

techniques. 

 

Figure 5.1 IDTBR - A Promising NFA for OPDs 

a) Chemical structure of IDTBR. b) Photograph of a printed P3HT:IDTBR OPD array. c) 

Normalized absorbance spectra of P3HT:IDTBR in comparison to the common 

P3HT:PCBM system. d) SR curves of the respective active materials at -2 V reverse bias 

in comparison to a commercial Si-photodiode. 
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5.2 Benchmarking of IDTBR for OPDs 

The development of high-performance printable OPDs can unfortunately not be realized by 

a straightforward transfer of an active material system from a highly efficient organic solar 

cell. It requires the adoption of device geometry, processing conditions, and architecture to 

maximize the specific figures-of-merit. For this purpose P3HT:IDTBR OPDs are fabricated 

by spincoating and parameters are screened step by step using steady-state as well as 

dynamic characterization to derive performance benchmarks for IDTBR. 

5.2.1 Device Geometry: Balancing Dark Current and Detection Speed 

The schematic device stack shown in Figure 5.2 represents the starting point of the OPD 

development. The optimal active layer thickness for solar cells was found to be 90 nm by 

Holliday et al..[174] While such thin active layers are beneficial for many organic 

semiconductors devices,[176] they also tend to prone to errors and shortcuts during 

fabrication. Particularly with printing techniques, where high layer quality is much more 

challenging than with laboratory techniques like spin coating. Furthermore, OPD 

performance typically suffers from higher leakage currents due to extended donor or 

acceptor domains through the entire device creating shunt paths, higher sensitivity to 

roughness or spikes in the electrodes, consequently resulting in an increased dark 

current.[162]. Figure 5.2b depicts the dark current IV-curves of devices fabricated with 90 nm 

and 200 nm active layer thickness. Dark current densities in the range of 100 µA cm -2 are 

measured for an active layer thickness of 90 nm at a reverse bias voltage of -2 V. However, 

with a thickness of 200 nm the dark currents were lowered by more than 1 order of 

magnitude. This is a considerable improvement and directly benefits the detectivity of the 

device, since the dark current increases the noise floor and thus limits the minimum 

detectable signal. More specifically, the shot noise current increases with the dark current 

as detailed in section 2.2.3. Therefore, as long as the noise of the device is shot-noise limited, 

the reduction of the dark current is critical to result in an increase in detectivity. 
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For the OPDs with 200 nm, active layer thickness noise spectral densities at 0 V and -2 V are 

depicted in Figure 5.2ca. The noise decreases in the lower frequency range, approaching a 

frequency-independent regime, i.e. white noise. For -2 V this white noise level lies above the 

0 V noise. For comparison, the theoretical shot and thermal noise spectral densities (Sshot 

and Sth) have been calculated (see section 2.2.3) and added to the plot. In the range of low 

                                                             
a All noise spectral densities in this work are measured and evaluated by M.Sc. Mervin Seiberlich. 

 

Figure 5.2 Influence of the Device Geometry on P3HT:IDTBR OPDs 

a) Schematic device architecture of reference P3HT:IDTBR OPDs. b) Dark current IV-

curves of OPDs with different active layer thicknesses. c) Noise spectral density of 

devices with 200 nm active layer thickness at different voltages. The theoretical shot 

and thermal noise limits are indicated. d) Cut-off frequency measurement of devices 

with different active layer thicknesses. (adapted with permission; ©2018 American 

Chemical Society)[177] 
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frequencies < 10 Hz the measured noise is larger than the theoretical thermal and shot noise 

contributions. This suggests a frequency-dependent source (i.e. 1/f-noise) as the 

dominating limitation. Above 10 Hz the noise levels into the white noise regime. For 0 V 

reverse bias, the noise approaches the thermally limited noise. This is expected, as there is 

no current going through the OPD resulting in zero shot noise. With increasing reverse bias 

voltage, the dark current increases and shot noise dominates the noise spectral density. This 

characteristic underlines the importance of reducing dark current densities by increasing 

the active layer thickness. However, further reduction with even thicker layers can have 

drawbacks in terms of detection speed as discussed in the following. The cut-off frequency 

of an OPD is generally limited by two components. Firstly, the transit time of the charge 

carriers through the device and secondly, the RC-constant resulting from the device 

geometry as discussed in section 2.2.3. To optimize the dynamic response of an OPD, the 

device geometry, therefore, has to be considered carefully. Particularly, the active layer 

thickness is crucial as it influences both limits. A thick device will give a low capacitance but 

suffer increased transit time of the charges. On the other hand, a thin active layer will have 

low transit times but lead to a high capacitance. The OPDs with 200 nm active layer 

thickness, an active area of 1 mm², a resistance of 130 Ω and an assumed dielectric constant 

of 3, have an RC-limit, which amounts to 9 MHz. The measured cut-off frequency is displayed 

in Figure 5.2d. More than 4 MHz are reached with an applied reverse bias of -2 V. In 

comparison, the device with 470 nm active layer thickness only reaches 1 MHz although it 

has a lower geometric capacitance. Therefore, the reduction stems from the simultaneous 

increase in the transit time of the charges. This result suggests that a layer thickness of 

200 nm represents a well-balanced trade-off between transit- and RC-limit. Notably, the 

achieved 3 dB-cutoff frequency of 4 MHz is among the highest values ever reported for 

solution-processed OPDs.[115] The high dynamic performance highlights the great potential 

of NFA systems also from a dynamic perspective. 
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5.2.2 Processing Conditions: Stability in Ambient Atmosphere 

After the device geometry has been established, the processing conditions are addressed. 

The goal to eventually transfer the fabrication of the OPDs to a printing process requires the 

testing of processing in ambient conditions, as this would be the case for the printing 

process. The influence of ambient fabrication is analyzed by comparing the performance of 

a control device spin-coated in a nitrogen-filled glovebox to a device that was fabricated in 

air. While these processing conditions seem to have only minor effects on first sight, a clear 

difference becomes clear when looking at the normalized SR-curves of the two devices 

depicted in Figure 5.3a. It can be observed that the SR is slightly reduced in the region of 

350 nm-650 nm when processed in air. Calculating the averaged ratio of the SR fabricated 

in ambient and nitrogen atmosphere displays a negative relative change in the respective 

region. For wavelengths greater than 650 nm the SR-curves overlap leading only to a 

marginal variation in the ratio. The origin becomes clear when comparing the ratio to the 

absorption spectra of P3HT and IDTBR respectively. Interestingly, the strong negative 

change matches the P3HT absorption almost perfectly, while the spectral shape of the 

IDTBR absorption is not visible in the ratio. This effect can be attributed to a slight 

degradation of the polymer when processed in ambient conditions. At the same time, the 

IDTBR seems to benefit from higher stability in air as has also been reported for solar cells 

 

Figure 5.3 Influence of Processing Conditions on P3HT:IDTBR OPDs 

a) Normalized SR-spectra of P3HT:IDTBR OPDs fabricated in nitrogen and ambient 

atmosphere. b) Relative change in SR as well as normalized absorbance spectra of 

pristine P3HT and IDTBR films for comparison. (adapted with permission; ©2018 

American Chemical Society)[177] 
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based on IDTBR.[93,164,174,175] Furthermore, a slight increase in the dark current of devices 

fabricated in ambient conditions at the same active layer thicknesses indicates a similar 

effect as it can be related to oxygen doping of the semiconductors or trap induced dark 

current injection due to degradation of the polymer.[178] Nonetheless, the devices fabricated 

in air maintain a very high performance, which demonstrates the compatibility of the 

P3HT:IDTBR active layer system with printing techniques in an ambient atmosphere. 

5.2.3 Device Architecture: Compatability with Printing Techniques 

The device architecture used until now has been working very efficiently. However, it relies 

on the thermal evaporation of MoO3 as the hole transport and electron blocking layer. A 

printable alternative is represented by the p-type semiconductor PEDOT. Aside from the 

material choice, also the type of architecture has to be considered. Thus far, the devices were 

built in the inverted architecture having the cathode on the transparent side. However, also 

a normal architecture could be realized. Figure 5.4 displays the different possibilities of 

device architecture that will be studied in this section. To achieve a closed and 

homogeneous layer on top of the photoactive layer, the PEDOT aqueous solution has to be 

modified. The fluorosurfactant Zonyl is added to improve the wetting on the hydrophobic 

surface of the blend. Similarly, to ensure the layer formation of the ZnO in the normal 

architecture, wettability is improved through oxygen plasma treatment of the active layer. 

To keep the damage to a minimum the treatment time is only 5 s. 

 

Figure 5.4 Printable Device Architectures 

Schematic illustration of the different device architectures compared in this section. 

PEDOT is employed in an inverted and normal stack as a replacement for MoO3. 
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Resulting steady-state performance parameters are depicted in Figure 5.5. The IV-curves 

show a nearly identical behavior of the device performance of the two inverted devices with 

MoO3 or PEDOT as the interlayer. Merely for positive bias, meaning the photovoltaic regime, 

a mismatch is observed, which stems from an increased series resistance. The dark current 

in the reverse bias regime is in the order of 100 µA cm-2 with slightly lower currents for the 

PEDOT. The photocurrent of both devices increases linearly within the measured range 

resulting in an LDR of > 100dB. At illumination with a solar simulator at 1 sun, the curves 

overlap perfectly confirming the suitability of PEDOT to replace the evaporated MoO3 as a 

printable hole transport and electron blocking layer. The same conclusion can be drawn 

from the responsivity curves. The SR of the two inverted P3HT:IDTBR OPDs having MoO3 

and PEDOT as electron blocking layers overlap and cover the entire visible spectrum and 

part of the NIR. The obtained peak SR of 400 mA W-1 is among the highest reported 

responsivities of OPDs in the respective wavelength window.[9,35,108,126] Furthermore, the 

comparison to a commercial Si-photodiode in the entire absorption spectrum of the active 

blend demonstrates superior responsivity below 600 nm and only slightly lower response 

for higher wavelengths. The high performance of both devices further confirms the 

suitability of PEDOT as a printable interlayer. 

In contrast, the normal device experiences a loss in performance both visible in the 

IV-curves as well as in the SR. While dark current densities remain low in the reverse bias 

regime, the forward regime shows a pronounced increase in series resistance. Under 

 

Figure 5.5 Steady-State Performance of Different Device Architectures  

a) IV-curves in the dark and under illumination as well as b) SR spectra at -2 V bias of 

P3HT:IDTBR OPDs with the three different device architectures. 
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illumination, the photocurrent drops and the open-circuit voltage is reduced considerably. 

This can be attributed to an increase in recombination losses as explained in section 4.3.1. 

The loss in performance is attributed to the damage caused by the plasma treatment. 

Unfortunately, a control device without plasma treatment was not functional as the ZnO 

layer formation was hindered. An adaption of the ZnO solution to enable layer formation 

could be a further approach to investigate in future work. However, for the rest of the 

investigation, the normal device architecture was omitted as the inverted architecture 

showed superior characteristics. 

Following the steady-state characterization, the dynamic characteristics of the printable 

device architecture were analyzed. As discussed in section 5.2.1, the device geometry is 

optimized to balance the RC-limit and transit times of the charges. This allows the reference 

devices to reach 3 dB cut-off frequencies of more than 4 MHz at a reverse bias voltage as 

low as -2 V. In Figure 5.6a the cut-off frequency of the printable device with PEDOT is shown 

in comparison to the MoO3 containing device. The dynamic behavior is clearly not disturbed 

by the PEDOT interlayer. The cut-off frequency determines the upper boundary of the 

frequency-dependent device performance in terms of specific detectivity. In the rest of the 

spectrum D* is governed by the electronic noise of the devices. Figure 5.6b depicts the 

 

Figure 5.6 Dynamic Performance of P3HT:IDTBR OPDs with Different Interlayers  

a) Cut-off frequency at a reverse bias of -2 V of inverted OPDs comprising MoO3 or 

PEDOT as an interlayer. b) Frequency dependent D* of OPDs with a PEDOT at 0 V and -

2 V bias. The noise contribution is derived from the fit to the noise spectral density. 

Estimated thermal and shot noise limits are indicated for comparison as dashed-dotted 

and dotted lines, respectively. (adapted with permission; ©2018 American Chemical 

Society)[177] 
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frequency-dependent curves of D* at two reverse bias voltages. The values are calculated 

from the responsivity and the noise spectral density. For this purpose, the latter is derived 

by fitting the model explained in section 2.2.3 to the noise spectral density measurement. In 

the region below 10 Hz, D* is limited by the 1/f-noise contribution that decreases with 

frequency resulting in an increasing D*. When the white noise regime is reached, D* 

becomes independent of frequency up to the point where the responsivity drops due to the 

above mention cut-off frequency. At a reverse bias voltage of 0 V D* reaches 

1.52 x 1011 Jones at 750 nm and in the white noise regime (>10 Hz). Thermal noise limits 

the detectivity at this point. Increasing the bias voltage to -2 V results in an increase of the 

shot noise and therefore D* drops to 1.74 x 1010 Jones. These values are comparable to 

values reported by other groups, who calculated D* using the measured noise spectral 

density.[98] Using the shot noise approximation, as done often in literature, risks 

considerable overestimation as is clearly seen from the difference between the measured 

D* and the theoretical limits shown in the graph. 

5.3 Digitally Printed P3HT:IDTBR OPDs 

The performance benchmarks determined in section 5.2 demonstrate the high potential of 

NFAs for OPDs. Furthermore, the inverted device architecture with PEDOT as a printable 

replacement for MoO3 showed no loss in performance and is therefore used in this section. 

On this basis, the fabrication is transferred from the laboratory scale process used for 

benchmarking to an industrially relevant printing process. At the time, the fabrication of 

NFA based optoelectronics in literature has been limited to coating techniques like spray- 

or blade-coating.[165,175,179] Such coating methods are of great relevance in organic 

photovoltaic research due to large area processability. However, OPD fabrication is typically 

oriented towards downscaling device footprints for performance and integration density. 

Therefore, a combined inkjet and aerosol-jet printing process is developed. This offers great 

potential and industrial relevance for light detection systems, thanks to the high resolution, 

drop-on-demand deposition and roll-to-roll compatibility.[80,106,180] 
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5.3.1 Ink Formulation and Process Development 

The transfer of the OPD fabrication was carried out by the bottom-up step-by-step 

replacement of the fabrication process of all functional layers. Inkjet printing is utilized for 

the ZnO and the active layer. On the other hand, aerosol-jet printing is employed for the 

PEDOT layer. A high conductivity PEDOT ink simultaneously functions as an electron 

blocking layer and top contact for semitransparent devices. To achieve good printability, 

process development steps and ink formulation are necessary to overcome unwanted 

drying effects, such as coffee ring formation or dewetting, 

ZnO interlayer 

The starting point for the ink development of the ZnO layer was a commercial nanoparticle 

dispersiona using 2-propanol and propylene-glycol as the solvent system. This ink is readily 

jettable, i.e. droplet formation is possible in the inkjet printer. However, during drying, the 

layer experiences a material displacement towards the borders of the printed structure. 

This coffee ring formation could not be overcome without adjustment of the ink. Therefore, 

diethylene-glycol and glycerine were added to the dispersion to increase the content of high 

boiling point solvents. The reduced drying rate led to an improvement of the layer 

homogeneity as can be seen in Figure 5.7a. The jetting properties are not adversely affected. 

On the contrary, the increased boiling point is expected to increase the printing stability as 

nozzles are less likely to clog due to the drying of the ink. The microscope image in 

Figure 5.7b shows the smooth printed ZnO films of high transparency. AFM measurements 

are performed to investigate the influence of the printing process on the surface properties 

on a nanometer scale. The comparison of a spincoated ZnO layer and an inkjet-printed ZnO 

layer using the developed ink is displayed in Figure 5.7c,d. The RMS-roughness of the 

printed layer is calculated to be around 9 nm whereas for the spincoated reference the 

roughness amounts to 2 nm. This small difference is not expected to burden device 

performance due to the much higher layer thickness of the active layer of around 200 nm. 

The printing parameters for ZnO are selected for a layer thickness of 40 nm, which was 

reached at a drop spacing of 15 µm and a cartridge angle of 23.2°. As for the spincoated 

layers, the printed layers were thermally annealed at 120 °C for 5 min after deposition. 

                                                             
a Avantama N10-Jet 
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NFA active layer 

Following the process development of the ZnO, the active NFA ink was studied. Similarly to 

ZnO, the reference solution based on chlorobenzene (CB) also allows droplet generation and 

printing without much modification of the ink. However, the layer also suffers from a coffee 

ring formation after drying. Furthermore, the low boiling point of CB leads to the fast drying 

of the ink in between the printing steps. This leads to a solidification of the active material 

in the nozzle, which makes the process very unreliable. To overcome the drying and process 

limitations, the ink is modified by adding a small fraction of tetralin. This reduces the 

evaporation rate and minimizes material flow towards the borders, due to the higher boiling 

 

Figure 5.7 Ink Formulation and Surface Properties of Printed ZnO 

a) Height profile of printed ZnO films using different ink formulations. b) Micrograph of 

the printed ZnO layer on structured ITO with the modified ZnO ink. c) AFM images of 

spincoated ZnO and d) inkjet-printed ZnO on ITO substrates. 
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point. The results of the layer profile evaluation of the printed layers are depicted in 

Figure 5.8a. It can be seen that the coffee ring effect is prevented successfully. 

The micrograph in Figure 5.8b shows the printed active layer on ITO coated glass 

substrates. The printing parameters are set to reach an active layer thickness of 200 nm. 

AFM measurements are performed to analyze the influence of the additive on the active 

layer surface properties. The layer deposited from the pristine CB ink shows very smooth 

layers with an RMS-roughness as low as 3 nm. On the other hand, layers printed from the 

formulated ink containing tetralin experience a strong increase in roughness reaching 

83 nm. Nonetheless, the advantages in terms of coffee ring prevention and printing 

 

Figure 5.8 Ink Formulation and Surface Properties of Printed P3HT:IDTBR 

a) Height profile of printed P3HT:IDTBR films using different ink formulations. 

b) Micrograph of the printed P3HT:IDTBR layer on ITO with the modified ink 

formulation. c) AFM images of printed P3HT:IDTBR layers from CB and d) from the 

CB:Tetralin ink on ITO substrates 
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reliability motivated the choice to keep the tetralin as an additive and investigate the 

influence on the device performance. 

Impact of the Active Layer Ink Formulation on the Device Performance 

To study the influence of the tetralin addition on the OPD performance, control devices were 

fabricated by spin coating the active layers from the reference CB ink and the newly 

formulated ink with the tetralin additive. Steady-state characteristics are shown in 

Figure 5.9. IV-curves in the dark and under illumination are nearly identical with only a 

slight reduction in photocurrent for the device containing tetralin. The SR indicates the 

same results and shows that the response is reduced in the range of 650-750 nm 

corresponding to the absorption range of IDTBR. This could stem from a slight modification 

of the micromorphology of the non-fullerene acceptor due to the presence of the tetralin. 

The solubility of P3HT is reported to be quite low in tetralin. For fullerene containing 

systems, a mismatch in the solubility between donor and acceptor in combination with the 

increased drying time stemming from the higher boiling point of tetralin was reported to 

result in an enhanced aggregation of the acceptor.[181] This effect might also be influencing 

the morphology of the present NFA based system. If this leads to an increased domain size 

that surpasses the exciton diffusion length, an effective reduction of the charge separation 

efficiency is expected. The increase in RMS-roughness of the printed layer after the addition 

 

Figure 5.9 Effect of Tetralin on the Steady-State Performance 

a) IV-curves in the dark and under illumination of OPDs with P3HT:IDTBR active layers 

processed from CB and CB:Tetralin inks. b) SR of OPDs at a reverse bias of -2 V 

processed with the respective inks. 
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of tetralin as observed in the AFM measurements further points in this direction. Overall, 

the device performance is only slightly reduced and the benefit in terms of processability 

outweighs the disadvantages. 

5.3.2 Characterization of Digitally Printed P3HT:IDTBR OPDs 

Based on the process development discussed in section 5.3.1 OPDs are printed and 

characterized in terms of their steady-state and dynamic response. Figure 5.10a presents 

the three device architectures which are fabricated and compared. The reference device is 

identical, to the device reported before. The active layer is deposited from the same solvent 

system as the ink used for printing (CB + 5vol% tetralin). For the “inkjet printed” OPD, ZnO 

and active layers are printed according to the processes introduced in the previous chapter. 

The devices are finalized by a spincoated and evaporated PEDOT/Ag bilayer top electrode. 

Lastly, the “fully printed” devices have inkjet-printed ZnO and active layers as well as an 

aerosol-jet printed top electrode from a high conductive PEDOT dispersion.a The use of 

aerosol-jet printed PEDOT has been previously studied by Ralph Eckstein.[182] Process 

parameters are tuned to realize semitransparent electrodes on the active layer with a 1 mm 

width. This is achieved with a 200 µm nozzle at an atomizer and sheath gas flow rates of 

16 sccm and 12 sccm, respectively and at a voltage of 45 V applied to the ultrasonic 

atomizer. After printing in air, all devices are thermally annealed in a nitrogen atmosphere 

at 140 °C for 10 min and encapsulated with a UV-adhesive and a glass slide. A photograph 

of the printed semitransparent OPD array and a micrograph of a single device are depicted 

in Figure 5.10b,c. The photograph nicely demonstrates the benefit of the employed digital 

drop-on-demand techniques. The material is only deposited where needed, leading to 

spatial separation of the separate OPDs, which reduces the consumption of material and 

prevents electrical crosstalk. 

Steady-state performance 

Figure 5.10d shows the IV-curves of the respective OPDs. All dark currents are in the range 

of 10 µA cm-2 and do not exceed 100 µA cm-2 even at reverse bias voltages of -5 V. The main 

source of leakage current is expected to result from electron injection from the top electrode 

                                                             
a Heraeus F HC solar 



5.3 Digitally Printed P3HT:IDTBR OPDs 

    81 

into the IDTBR LUMO. Previous results by Gasparini et al. have shown, that thick electron 

blocking layers (100 nm MoO3) allow for very efficient electron blocking and enable much 

lower dark currents.[52] Interestingly, the fully printed devices show the lowest dark current 

curve. This can be attributed to a very strict limitation of the device's active area thanks to 

the printed top electrode. For non-structured PEDOT an artificial increase of the effective 

active area has been reported due to lateral conductive paths contributing to the dark 

current.[183] 

Under illumination with 100 mW cm-2 the inkjet-printed OPD is almost identical in 

performance as the reference device. The photocurrent reaches 12.7 mA cm-2 for the 

reference and 11.4 mA cm-2 for the inkjet-printed device at a reverse bias voltage of -2 V. 

For the fully printed device a lower photocurrent is observed, which can be attributed to 

the semitransparent nature of the OPD. At -2 V reverse bias, the photocurrent amounts to 

8.1 mA cm-2. 

The SR-curves of the respective devices are displayed in Figure 5.10e. It is clearly seen from 

the spectra that the slight current loss of the inkjet-printed OPD is nearly homogeneous over 

the entire absorption range. This indicates a similar micromorphology of the P3HT:IDTBR 

photoactive layer and demonstrates that minor influences from the printing process. Peak 

responsivities of 0.34 and 0.28 A W-1 are reached at a wavelength of 750 nm and a reverse 

bias voltage of -2 V for the spincoated and inkjet-printed OPDs, respectively. The SR of the 

inkjet-printed device corresponds to the highest reported SR at that time for printed OPDs 

approaching the NIR region and is among the highest SRs for OPDs in general.[35,126]  

The fully printed semi-transparent device reaches a peak SR of 167 mA W-1 at 720 nm 

and -2 V bias. As for the photocurrent, this reduction stems from the missing reflective 

electrode. Additionally, a change in the shape of the SR is observable. The relative change is 

stronger in the long-wavelength range. This stems from the overall shorter optical path 

since the light only passes the device once and is not reflected back from the electrode. 

Hence, the performance at longer wavelengths, which typically requires higher optical 

pathways for efficient absorption, is particularly affected.[40,158] The same effect is observed 

when the semitransparent PEDOT electrodes are printed on devices with spincoated active 

layers. The shape and value of the relative change are invariant for the process used to 

fabricate the underlying active layer, which confirms the semitransparency of the electrode 

as the single reason for the reduced SR. 



5 Non-Fullerene Acceptors for Broadband Printed OPDs with Visible-NIR Response 

82 

 

Figure 5.10 Steady-State Performance of Printed P3HT:IDTBR OPDs 

a) Device architecture and utilized fabrication process description of partially and fully 

printed devices. b)Photograph of fully-printed P3HT:IDTBR OPDs on a glass substrate. 

c) micrograph of a single pixel. The PEDOT and ITO electrodes that define the active 

area are marked for visibility. d) IV-curves in the dark and under illumination as well 

as e) SR-spectra of the partially and fully-printed devices. Note, the fully-printed device 

is semi-transparent due to the PEDOT electrode. (adapted with permission; ©2018 

American Chemical Society)[177] 
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Dynamic characterization 

In addition to the steady-state performance, printed P3HT:IDTBR OPDs were also 

characterized regarding their dynamic behavior. Noise spectral density measurements of 

printed devices show similar results as the spincoated reference devices. Snoise is limited by 

thermal noise at 0 V, while for increasing reverse bias, the shot noise becomes more 

dominant. However, it reaches the shot-noise limit at a much higher frequency than the 

spincoated reference, which furthermore supports the necessity to calculate D* from the 

noise rather than estimating it from the dark currents. Average D* at – 2 V for frequencies 

greater than 1 kHz are calculated to reach 2.1x109 Jones.  

The cut-off frequencies of opaque and semitransparent printed NFA OPDs are also 

measured and depicted in Figure 5.11a. At -2 V reverse bias, the fully printed OPD reached 

cut-off frequencies of only 250 kHz, which is much lower than the device shown in the 

previous sections. The reason lies in the PEDOT electrode series resistance of ~ 5 kΩ. From 

this value, the RC-limited cut-off frequency can be estimated to be around 260 kHz. This is 

also the reason why the additional application of bias is not leading to a considerable 

increase in detection speed as evident from Figure 5.11b. In contrast, the inkjet-printed 

devices reach a cut-off frequency > 2 MHz which increases to almost 4 MHz at -5 V bias 

indicating a slightly transit limited performance. As for the SR these values outperform any 

 

Figure 5.11 Cut-Off Frequency of Printed P3HT:IDTBR OPDs  

a) Cut-off frequency measured at a reverse bias of -2 V for the two partially and fully 

printed devices. b) Increase of the 3 dB cut-off frequency with reverse bias voltage. 

(adapted with permission; ©2018 American Chemical Society)[177] 
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reported values for printed OPDs at that time and are only matched by devices that are 

introduced in the following chapter.[184,185] 

5.4 Summary 

The potential of NFAs for the development of high-performance OPDs was investigated in 

this chapter. IDTBR was employed as a representative for the new generation of NFAs which 

facilitate tunable spectral response and offer increased stability. OPDs based on this 

material in combination with P3HT were benchmarked successfully in terms of their figures 

of merit critical for optical detection. Careful consideration of device geometry, processing 

conditions, and device architecture enabled record values regarding the steady-state 

performance as well as dynamic behavior. Responsivity benchmarks of up to 400 mA W-1 in 

the NIR are reached and the cut-off frequency exceeded 4 MHz at a reverse bias of -2 V, 

surpassing the detection speed of most reported fullerene-based BHJ systems by more than 

an order of magnitude. Industrial relevance of the achieved high-performance devices is 

ensured by the development of a digital printing process employing inkjet and aerosol-jet 

printing. Ink formulations are investigated for the various incorporated materials. The 

solvent composition is adjusted to enable the deposition of homogeneous and closed layers 

with appropriate thicknesses corresponding to the reference parameters. The steady-state 

and dynamic behavior show minor losses in terms of performance for inkjet-printed devices 

reaching responsivities up to 300 mA cm-2 and cut-off frequencies >2 MHz at a low reverse 

bias of -2 V. Furthermore, fully printed semitransparent devices are realized by utilization 

of an aerosol-jet printed high conductive PEDOT top electrode. While the increased 

resistivity compared to the opaque silver electrode leads to a reduction of the RC-limited 

cut-off frequency, the responsivity is maintained in accordance with the added transmissive 

properties of the device. In conclusion, the presented NFA OPDs successfully combine 

printability with outstanding figures-of-merit. Particularly, systems demanding operational 

speed and high responsivity in a wide spectral range will benefit from this development. 

Furthermore, due to the current popularity of NFAs in the field of photovoltaic devices, this 

work has already contributed to the research outside the scope of optical detection and is 

also expected to do so in the future.[54,186,187] Thus, the presented digital additive 

manufacturing of OPDs based on NFAs has great potential for a wide range of future flexible 

cost-efficient integrated optoelectronics. 
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6 Transparent Donors and 

Non-Fullerene Acceptors for 

Color Selective OPDs 

The previous two chapters tackle the development of printed OPDs from two different 

perspectives. While the semiconductor:insulator blends of chapter 4 are mainly motivated 

from the viewpoint of fabrication, the successful incorporation of IDTBR as an NFA discussed 

in chapter 5 focusses on the improvement of device performance. The following chapter 

introduces a novel approach that combines the two perspectives. The development of an 

unprecedented BHJ material system employing highly absorptive and spectrally selective non-

fullerene acceptors in combination with a transparent polymer donor allows for separate 

control over spectral response and ink viscosity. Thereby, a core challenge of printed 

optoelectronic devices, namely the interdependence of viscoelastic and optical properties of 

the active layer ink, is effectively eliminated. The novel system is investigated in terms of its 

energetic and morphological properties to understand the processes that govern the 

performance in color selective OPDs. Furthermore, inkjet printed dual color OPD arrays are 

fabricated and characterized. Finally, the wavelength selective response is exploited to realize 

multi-channel transmission in a visible light communication system.a 

 

                                                             
a Parts of this chapter have been previously published in: 

N. Strobel et al. Color-selective Printed Organic Photodiodes for Filterless Multichannel Visible Light 

Communication, Adv. Mater, 1908258, (2020) [194] 
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6.1 Introduction 

Photodiodes are crucial building blocks in a vast variety of applications. This diversity 

makes it impossible to define a universal optimal set of figures-of-merit. Particularly for 

applications where spectral selectivity is required, this dilemma becomes clear. To meet the 

different demands and keep the costs at a minimum, materials and fabrication approaches 

are necessary which allow tuning of the device characteristics without relying on heavy 

investment in process development. OPDs seem to be the perfect candidate as they combine 

the prospect of cost-efficient fabrication with versatile device characteristics. Furthermore, 

they can compete with commercial inorganic photodiodes based on Si-technology regarding 

their responsivities, dark currents and linear dynamic ranges as outlined in the introductory 

section 0. However, the most photoactive material systems currently used in OPDs are 

originally developed for application in organic photovoltaic rather than OPDs. Therefore, 

they are designed with a broad absorption range to match the solar spectrum.[166,188,189] Such 

broad absorption is compatible with various OPD applications like light barriers or distance 

sensors, as they merely require a response without the need for color selectivity. In contrast, 

technologies like imaging, communication or various medical devices among others rely on 

a limited responsivity to certain spectral ranges. Three different approaches, which have 

been developed in the past and allow for the realization of such wavelength-selective OPDs 

are i) filtering[9,190] ii) charge collection narrowing[40,173,191] and iii) cavity-enhanced 

absorption.[33,56,57] All of these techniques have demonstrated impressive functionality and 

successful application in color reconstruction or IR-spectroscopy. However, industrial 

scale-up utilizing printing techniques remains a challenge for these approaches as they 

require i) additional processing steps, ii) time investment in ink formulation for different 

polymers and iii) high precision regarding homogeneity and layer thickness. A much 

simpler method utilizes a photoactive layer that intrinsically absorbs selectively without 

the need for filters or specific device geometries. While such OPDs exist, the majority of the 

reported OPDs employ a polymer donor that defines the absorption of the final device. They 

are typically combined with fullerene acceptors, which “merely” enable charge separation 

and electron transport. However, the polymer also has the strongest impact on the 

viscoelastic properties of the ink, which governs the compatibility with printing processes. 

This results in an interdependence of the rheological and optical properties and requires 
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new ink-formulation every time the spectral response is adjusted by using a new 

polymer.[61] 

In this chapter, a novel concept is introduced that employs a color selective BHJ system that 

offers facile and time-efficient processing and at the same time offers high versatility 

regarding the adoption of the SR. This novel system, which lies outside of the box of 

previously investigated organic material systems, is enabled by combining highly 

absorptive NFAs with a transparent wide-bandgap polymer donor. This combination 

effectively decouples the rheological properties of our ink, which are defined by the 

transparent polymer, from the optical properties of the OPD, which are solely controlled by 

the choice of the NFA. It eliminates the necessity of new ink-formulation and printing 

parameters when different NFAs are selected. Thus, the freedom-of-design of digital 

printing is complemented with the synthetic flexibility of NFAs regarding spectral response. 

The concept is demonstrated by with inkjet-printed dual-color OPD arrays to realize 

complementarily responsive devices. PL quenching measurements, transient absorption 

spectroscopy (TA) and analytical transmission electron microscopy (ATEM) investigate the 

underlying energetic and morphological properties. Lastly, color selective OPD arrays are 

integrated into a multi-channel visible light communication system. The selective response 

allows for a successful de-multiplexing of different signals transmitted simultaneously at 

different wavelengths without any additional filters. 

6.2 Proof-of-Concept and Functionality of Color 

Selective OPDs based on NFAs 

The basis of the printed color selective OPDs presented in this chapter is a material system 

comprising of a transparent polymer donor and absorptive state-of-the-art NFAs. Here we 

focus on the combination of PIF as the polymer with IDFBR, IDTBR or ITIC-4F. However, 

multiple other material combinations are possible. The blends are first analyzed regarding 

their optical properties followed by the fabrication and characterization of test devices. PL, 

TA and ATEM measurements are performed to clarify the underlying processes and explain 

differences in the resulting OPD performance. 
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6.2.1 Optical Properties of PIF:NFA Blends 

The chemical structures of the employed materials are shown in Figure 6.1a. The co-

polymer PIF, consisting of a triarylamine and a fluorine unit, typically forms amorphous 

films of high uniformity. Its electronic properties have made it a prominent candidate for 

organic transistors[94] and solar cell hole transport layers.[192] However, due to its lack of 

absorption in the visible regime, it has never been investigated as a donor material in a BHJ. 

The absorbance spectra of the pristine PIF layers and the blends (1:1) with the NFAs are 

shown in Figure 6.1b. All blends are processed from CB solutions and form very 

homogeneous layers. It is clearly seen that the contribution of PIF to the blend absorption 

is limited to the UV part of the spectrum. 

 

Figure 6.1 Control of Spectral Properties with NFAs 

a) Chemical structures of the transparent polymer and the NFAs employed in the color 

selective BHJ. b) Absorbance spectra of blend films in comparison to the pristine donor 

PIF. c) Photograph of devices fabricated with PIF and different acceptors. 
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In the visible range, the NFAs govern the absorption. The three high-performance NFAs 

utilized in this chapter are IDFBR, IDTBR, and ITIC-4F. The chemical structures of the first 

two differ in the core unit, which is represented by an indenofluorene or 

indacenoditiophene for the IDFBR and IDTBR, respectively. Both have benzothiadiazole and 

rhodanine flanking groups. The IDFBR absorption lies in the blue/green wavelength range 

from 450 nm-550 nm. The higher degree of delocalization of the IDTBR leads to a red-

shifted absorption to the regime above 600 nm until 800 nm.[93] The benefit of this 

extension to the NIR for OPDs has been discussed in chapter 5. The NFA ITIC-4F has a very 

different structure in comparison to the former two. It is the fluorinated derivative of the 

popular NFA ITIC. The fluorine side groups lead to a decrease of the LUMO level and hence 

the bandgap resulting in a red-shift of the absorption to the range of 600 nm-800 nm.[92,167] 

The normalized absorbance spectra indicate a superior attenuation of the ITIC-4F 

compared to the other two NFAs, which is in accordance with the literature.[93,167] The 

selective absorption of the blends leads to complementarily colored samples as seen in the 

photograph of Figure 6.1c. Thus, ITIC-4F and IDTBR containing sample appear blue, while 

IDFBR results in red-colored films. For comparison, a PIF:PCBM blend is also shown. The 

weak and broad absorption of the PCBM is visible as a light brownish appearance. 

6.2.2 Color Selective OPDs based on IDTBR, IDFBR or ITIC-4F 

The previous section has shown the ability to control the absorption of the blend freely by 

the choice of the NFA. However, to determine the potential of the PIF:NFA blends for OPDs 

the device performance has to be tested. For this purpose, reference devices where 

spincoated using a standard inverted device structure as shown in Figure 6.2a. Active layers 

were deposited at a thickness of 200 nm. All three blends successfully achieve diode 

characteristics in the dark. This confirms the ability to block charge injection under reverse 

bias and allow it in the forward regime. Thus, charge transport is generally possible in all 

devices. Figure 6.2b depicts the SR curves of the test devices under a reverse bias of -2 V. As 

expected, the absorption is successfully transferred to the SR resulting in the desired color 

selective response. However, very different performances are reached for the various 

blends. The red selective PIF:ITIC-4F active layer enables the highest values of up to 

134 mA W-1 at 730 nm. Blue/green selective OPDs containing IDFBR also show a clear 

response reaching 25 mA W-1 at 530 nm. However, the PIF:IDTBR blend does not exceed 
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1.5 mA W-1. Hence, somewhere in the sequence of necessary processes from the generation 

of excitons to the charge extraction at the electrodes, one or more mechanisms are strongly 

hindered. To determine the underlying processes and explain the performance parameters 

the three blends are studied from an energetic and morphological perspective. 

6.2.3 Exciton Separation and Charge Transfer in PIF:NFA Blends 

The functionality of the presented color selective devices relies on strong absorption of the 

NFA as well as efficient exciton separation at the D/A-interface and charge transport to the 

electrodes. Hence, a combination of sufficient energetic arrangement, as well as a favorable 

intermixed morphology, are crucial prerequisites for these processes. It is commonly 

believed that the energetic alignment requires a minimum HOMO energy offset ΔEHOMO 

between the PIF and the respective NFA to allow a successful exciton separation and hole 

injection from the NFAs to PIF. The energy levels of the utilized materials are schematically 

displayed in Figure 6.3a. The values for the HOMO and LUMO levels are taken from 

literature. HOMO levels of 5.5, 5.5, 5.7 and 5.8 eV for PIF[94], IDTBR[174], ITIC-4F[92] and 

IDFBR[93] respectively result in a ΔEHOMO for the hole transfer of 0 eV for PIF:IDTBR, 0.2 eV 

for PIF:ITIC-4F, and 0.3 eV for PIF:IDFBR. Thus, the latter two fulfill the assumption of a 

necessary driving force, while the IDTBR blend does not. This insufficient offset would 

result in the inability of excitons to separate at the PIF:IDTBR interfaces in the blend. 

 

Figure 6.2 Reference Devices with Color-Selective PIF:NFA Active Layers 

a) Schematic of the utilized device stack for PIF:NFA OPDs. b) SR-curves of spincoated 

PIF:NFA active layers. 
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To investigate the occurrence – or non-occurrence – of the exciton splitting, steady-state PL 

measurements were carried out.a The excitation wavelength was chosen to selectively 

excite the NFA (500 nm for IDFBR; 700 nm for IDTBR and ITIC-4F). This allows to 

exclusively probe excitons generated in the NFA. Pristine NFA layers served as a reference 

for the blends. The resulting spectra are shown in Figure 6.3b,c,d. All three NFAs exhibit a 

luminescence peak that can be clearly detected. Quenching efficiencies are calculated from 

the ratio of the integrated PL peaks after correction for the absorption at the excitation 

wavelength. The PL of IDFBR and ITIC-4F is strongly quenched for the blend films 

                                                             
a PL measurements are performed by Felix Lindheimer. 

 

Figure 6.3 Steady-State Photoluminescence Quenching of PIF:NFA Blends 

a) Energy level diagram of the employed materials. The desired hole transfer process is 

indicated. PL spectra of pristine and blend films with PIF are shown for b) IDFBR, c) 

ITIC-4F, and d) IDTBR. The quenching efficiencies are calculated from the integrals of 

the PL peaks. 
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containing the PIF donor with a quenching efficiency ηq of 95.5 % and 92.2 %, respectively. 

However, the PIF:IDTBR blend only experiences a PL quenching of 12.3 % compared to the 

pristine IDTBR. Hence, excitons generated in the IDTBR are still dominantly recombining as 

they do in the pristine film rather than being separated at the D/A-interface. This result is 

attributed to an insufficient driving force in the case of the PIF:IDTBR blends and renders 

the material system unsuitable for application as a BHJ in OPDs. 

The strong PL quenching in PIF:ITIC-4F and PIF:IDFBR blends suggests efficient exciton 

separation. Further confirmation as well as dynamic information on the exciton diffusion, 

separation and charge injection were derived from TA spectroscopy.a TA measurements 

probe the change in absorption at different time delays after excitation with a laser pulse. 

The TA spectra of the two blends are displayed in Figure 6.4. The excitation wavelength is 

set to 650 nm and 500 nm for ITIC-4F and IDFBR, respectively. As for the steady-state PL 

measurements, this allows selective excitation of the NFA. The TA spectra of the blends are 

compared to the corresponding spectra of pristine NFA films measured at a delay of 1 ps. 

All spectra show three distinct signatures: photoinduced absorption (PIA), ground state 

bleaching (GSB) and stimulated emission (SE). They are observed as a positive change in 

the case of PIA and a negative change for GSB and SE. For ITIC-4F, a weak PIA band lies 

below 570 nm, while the GSB and SE of the acceptor are visible in the 570-720 nm region 

above 700 nm, respectively. The features of IDFBR are seen as a clear negative GSB band 

below 590 nm, followed by a broad SE band in the range of 590-720 nm and a PIA above 

720 nm. Shortly after excitation (0.2 ps), the shape of the TA spectra of the two blends is 

comparable to the pristine acceptors, confirming selective excitation of the NFA. A blue-shift 

of the GSB and SE bands for both blends can be attributed to differences in the molecular 

arrangement and electronic environment. In addition, a gradual quenching of the SE signals 

and simultaneous increase of the PIA can be observed. This behavior is clearly seen in 

Figure 6.4b,d, which depicts the temporal behavior of the differential absorption at 720 nm 

and 650 nm for ITIC-4F and IDFBR, respectively. A quenching of the SE and the rise of the 

PIA resulting from photo-generated charges are representative characteristics for efficient 

hole transfer from the two excited NFAs to the PIF polymer donor. The spectral changes 

begin immediately after excitation of the NFA and are present up to 10-20 ps for PIF:ITIC-

4F and to about 5-10 ps for PIF:IDFBR. This confirms that the hole transfer mechanism 

                                                             
a TA measurements are performed and evaluated by M.Sc. Nikolaos Droseros and Prof. Natalie Banerji at the 

University of Bern. 
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occurs over a broad range of time scales. Exact time constants of the hole transfer are 

determined with a multi-exponential global analysis[193] (details can be found in the 

publication[194]). For PIF:ITIC-4F hole transfer rates of 0.3 ps and 9 ps are found. This is 

slightly slower compared to the 0.5 ps and 3.8 ps extracted for PIF:IDFBR. These values are 

in accordance with previous reports finding both ultrafast (< 1 ps)[195–197] and slower hole 

transfer (< 100 ps) times[73,174,198,199] for high-performance NFA-based BHJ systems. The 

ultrafast components of the two blends investigated here are comparable. This can be 

attributed to the similar driving force present in the two blends as such molecular 

parameters impact the intrinsic hole transfer rate. On the contrary, slower hole transfer rate 

components can be multiphasic and limited by exciton diffusion. Therefore, a morphological 

investigation of the blends is necessary to explain the faster diffusion-mediated hole 

transfer observed for PIF:IDFBR compared to that of PIF:ITIC-4F. 

 

Figure 6.4 Transient Absorption Spectroscopy of PIF:ITIC-4F and PIF:IDFBR 

a) Differential absorption spectra for PIF:ITIC-4F blends at different time delays after 

excitation at 650 nm. The pristine ITIC-4F spectrum is shown in comparison with 1 ps 

delay. b) Temporal change of the differential absorbance at 720 nm corresponding to 

the SE band of ITIC-4F. c) and d) show the respective measurements for PIF:IDFBR. (TA 

measurements were performed and evaluated by M.Sc. Nikolaos Droseros and Prof. 

Natalie Banerji; Figure adapted from [194], CC-BY) 
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6.2.4 Domain Size and Intermixing of PIF:IDFBR and PIF:ITIC-4F 

Insights into the morphology of the two promising PIF:IDFBR and PIF:ITIC-4F systems are 

achieved by ATEM measurementsa This technique allows the visualization of the material 

composition and nanostructure in BHJ blends.[200–202] The technique exploits slight 

differences in the electron energy loss spectra (EEL spectra) of the employed materials to 

resolve variations in the phase distribution in the nanoscale.[200] Figure 6.5a,b displays the 

EEL spectra of the pristine materials. Although the differences in the spectra of PIF and the 

respective NFA appear to be very small, they are sufficient for the differentiation of separate 

material domains. The images shown in Figure 6.5c,d,f,g are recorded at selected energies 

marked by the shaded regions in the plot. An inversion of the contrast is observable, which 

can be linked to domains where donor or acceptor are present dominantly. The obtained 

energy-filtered images then allow the calculation of material distribution maps using a 

machine learning approach.[194,200,203] Figure 6.5e,h display the resulting phase maps of the 

two blends. Four colors mark the pristine PIF (yellow), ITIC-4F (blue) and IDFBR (red) 

domains as well as an intermixed phase (grey). A clear difference is visible from the two 

images demonstrating a higher degree of intermixing in the case of the PIF:ITIC-4F blend. 

Domain sizes for this system are estimated to lie in the range of 10 nm to 20 nm. Hence, they 

are expected to be sufficiently small for excitons to diffusion to the D/A-interface enabling 

efficient charge separation. The PIF:IDFBR blend exhibits bigger domains in the range of 

30-50 nm. Less efficient charge separation is therefore expected. On the other hand, the 

faster hole transfer rate of the PIF:IDFBR system determined from TA measurements 

proves the occurrence of separation. The two combined findings suggest an increased 

exciton diffusion coefficient compared to ITIC-4F. Thereby, the exciton separation is not 

hindered and functional devices are enabled. Nonetheless, the improvement of the 

morphology through post-processing or additives could further increase the performance 

of OPDs based on PIF:IDFBR in the future. 

                                                             
a ATEM measurements are performed and evaluated by M.Sc. Wolfgang Köntges and Dr. Martin Pfannmöller at 

the Heidelberg University. 
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Figure 6.5 Analytical Transmission Electron Microscopy of PIF:NFA Blends  

EEL spectra of pristine PIF in comparison with a) ITIC-4F and b) IDFBR. The shaded 

areas mark the energies 18 eV and 25 eV used for the energy-filtered images of the 

blend films c),d) PIF:ITIC-4F ,and f),g) PIF:IDFBR. The ATEM images recorded at the two 

energies are used to calculate the phase distribution maps of e) PIF:ITIC-4F and h) 

PIF:IDFBR. (ATEM measurements were performed and evaluated by M.Sc. Wolfgang 

Köntges and Dr. Martin Pfannmöller; Figure adapted from [194], CC-BY) 
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6.3 Printed Color Selective OPD Arrays 

The previous section introduced the concept of PIF:NFA blends and discussed energetic and 

morphological characteristics. Thereby, the underlying mechanisms, which enable the 

functionality of the PIF:ITIC-4F and PIF:IDFBR BHJ systems for color selective OPDs are 

clarified. However, the demonstrated ability to control the optical properties of an OPD by 

exchanging the NFA only represents one beneficial perspective of the concept. The other 

perspective, namely the advantage of the novel material system in terms of fabrication, is 

highlighted in this section. Firstly, the invariance of the ink properties and the development 

of a versatile inkjet printing process are presented. On this basis, dual-color OPD arrays are 

printed and characterized in terms of steady-state and dynamic performance showing state-

of-the are characteristics in comparison to previously reported color selective devices 

employing organic or hybrid material systems. 

6.3.1 Rheological Properties of PIF:NFA Blends 

An important - and often time-consuming - aspect of ink formulation lies in the adjustment 

of the ink viscosity. In the present PIF:NFA systems, the ink viscosity is mainly influenced 

by the concentration of the donor polymer PIF. In contrast, the NFA, being a small molecule, 

only has a neglectable influence. This is demonstrated in Figure 6.6a, which depicts the 

measured viscosities of a pristine PIF solution of 20 g/L, as well as blends of this solution 

with ITIC-4F and IDFBR at a ratio of 1:1, respectively.a The effect of the NFA addition 

minimally alters the measured viscosity with a relative change below 5 %. The insets show 

photographs of the three inks visualizing once more the change in absorption with the 

addition of the NFA. A similar result as for the viscosity is found for the wetting behavior of 

deposited PIF:NFA films. Figure 6.6b,c depicts the wetting envelopes and water contact 

angles of pristine PIF, PIF:IDFBR and PIF:ITIC-4F.b The envelopes are nearly identical and 

contact angles are all in the range of 96.4° to 98° suggesting very similar surface properties. 

The invariance of ink and surface properties with material composition is a great benefit for 

OPD fabrication. It suggests the possibility to interchange the material system and thereby 

modify the spectral characteristics without the requirement of new process development. 

                                                             
a Viscosities are measured by M.Sc. Stefan Schlisske. 
b Contact angles and wetting envelopes are measured by Felix Lindheimer. 
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The effective decoupling of the optical and rheological properties will enable high versatility 

and considerable time efficiency as the ink-formulation only needs to be carried out once 

for various color selective OPDs. 

6.3.2 PIF:NFA Ink Formulation based on DCB 

This section details the development of the ink formulation and the printing process for the 

color selective OPDs. The entire development is performed with a pristine PIF ink and is 

later transferred without adjustment to the color selective inks containing the NFAs IDFBR 

(blue/green absorbing) and ITIC-4F (red absorbing). The reference devices characterized 

in section 6.2.2 were spincoated from CB solutions. However, inkjet printing of CB based 

inks is challenging due to its relatively low boiling point. In section 5.3.1 the addition of 

tetraline as a high boiling point additive helped to improve the printability of P3HT:IDTBR 

layers. Unfortunately, this approach was only partially successful in the present system. To 

increase the reliability of the printing process a new ink based on DCB was developed. The 

higher boiling point prevents clogging issues due to the drying of the ink at the nozzle 

opening of the cartridge. Furthermore, a homogeneous and reproducible drop generation 

with the inkjet printer was possible. However, the single solvent ink resulted in unwanted 

drying of the layer towards the center of the printed layout as seen in Figure 6.7a. 

 

Figure 6.6 Invariant Ink Properties of PIF:NFA Blends  

a) Measured viscosity of inks based on solutions of PIF in DCB at a concentration of 

20 g/L. The inset photographs correspond to the respective inks. b) Wetting envelopes 

of pristine PIF and PIF:NFA blend films. c) Contact angles of water on the pristine PIF 

and PIF:NFA blend layers. (Figure adapted from [194], CC-BY) 
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To overcome this drying effect, suitable additives had to be found which lead to a material 

flow to the edges during drying. Such a flow can be induced by a surface tension gradient in 

the wet-film.[44,204,205] For this purpose, mesitylene was added to the DCB ink. The lower 

boiling point of mesitylene compared to DCB resulted in an increased evaporation rate at 

the edges of the printed layout. Thereby, a surface tension gradient builds up that “pulls” 

material away from the center. The effect on the dried films is seen in Figure 6.7b,c,d. The 

inkjet-printed PIF layers are increasingly smooth with increasing content of mesitylene. The 

 

Figure 6.7 Ink Formulation for PIF:NFA Active Layers 

Photographs of inkjet-printed PIF from DCB inks with a) 0 vol%, b) 30 vol%, c) 50 vol% 

mesitylene added. UV light is used for better visibility. d) Surface profiles of PIF squares 

printed with the different inks. e) Printed squares of PIF:IDFBR (red), PIF:ITIC-4F 

(blue) and pristine PIF (marked by dots). The printing resolution increases from top to 

bottom. All other parameters were kept constant. f) PIF:IDFBR and g) PIF:ITIC-4F ink 

droplets ejected from the cartridge at the same printing parameters. h) The printed 

squares under UV light. (Figure adapted from [194], CC-BY) 
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surface profile of the dried layers shows the formation of a small coffee-ring, which lies 

outside the active area of the OPD and can, therefore, be neglected. The developed ink and 

printing parameters are now utilized with no further adjustment to print the color selective 

BHJ active layer by simply adding the NFAs to the PIF ink. A photograph of the resulting 

printed patterns is shown in Figure 6.7e. The printed squares have the same shape and 

profile. Furthermore, the thickness follows the expected trend when the resolution is 

increased. Figure 6.7f,g displays a screenshot of the drop watching camera in the inkjet 

printer. Both PIF:NFA blends show nearly identical drop formation with the exact same 

printing parameters. Lastly, the maintained PL quenching of the printed layers is observable 

in Figure 6.7h, which depicts the same sample as before under UV illumination. While PIF 

shows a strong PL, all blend layers independent of the thickness exhibit quenched PL 

signals. This is a first indication for the undisturbed functionality of the inkjet-printed 

PIF:IDFBR and PIF:ITIC-4F photoactive layers. 

6.3.3 Steady State Performance 

Based on the developed ink formulation and printing process for the PIF:NFA photoactive 

layers, color selective OPDs are fabricated. For this purpose, ZnO and active layers are 

inkjet-printed on pre-structured ITO substrates in a dual-color array pattern as visible in 

Figure 6.8a. The devices are finalized by a thermally evaporated MoO3/Ag bilayer top 

electrode which defines a 1 mm² active area. Devices are characterized in air without 

encapsulation. Aside from the rigid devices discussed in the following, also flexible devices 

are possible (see section A.6 of the appendix) and the evaporated electrode can be replaced 

by printable alternatives as presented in chapter 5.3. 

Figure 6.8b,c,d depicts the IV-characteristics at different light intensities. Both devices with 

ITIC-4F as well as IDFBR as the NFA show a rectifying diode behavior. Dark current values 

are measured as low as 10 nA cm-2 a bias voltage of -1 V and they stay below 200 nA cm-2 up 

to -5 V. The low leakage is attributed to good charge blocking properties and a high active 

layer quality which increases robustness against breakdown due to hot spots. A slight 

hysteresis effect is visible in the dark current curves. This leads to a minor offset of the 

transition from negative to positive currents from 0 V to around -0.5 V. Such hysteresis 

effects have been previously reported and can result from trapping and de-trapping of 

deeply trapped charges.[206,207] Fortunately, no effect is observed outside the voltage range 
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of 1 V or for currents above 10 mA cm-2. Therefore, no negative influence is expected 

regarding the functionality of the devices. In the forward bias regime, a comparatively low 

current is measured for the IDFBR device. The increased energy barrier stemming from the 

higher LUMO energy compared to ITIC-4F is probably causing a reduced charge injection 

from the ITO/ZnO electrode to the NFA. However, OPD operation is not hindered as no 

influence is visible in the photodiode mode (reverse bias regime). Upon illumination, a 

linear increase of the photocurrent with the light intensity is measured. The linearity is 

present for the entire voltage range. The lower limit of the linear current range is the dark 

current level, which is approached for impinging optical powers of ~10 nW. For high 

intensities, saturation is expected as explained in section 2.2.3. However, here the 

saturation was not reached for the utilized maximum optical power of 8.5 mW. Hence, the 

LDR can only be estimated. It is expected to be at least as large as 120 dB for both IDFBR 

and ITIC-4F devices, which compares well to state-of-the-art OPDs. Interestingly, open-

circuit voltages are relatively high compared to other organic active layers. For the 

PIF:IDFBR system 1.4 V is reached, which stems from the high HOMO-LUMO energy 

difference between PIF and IDFBR. Such high open-circuit voltages are only possible when 

voltage losses are kept low and are highly desirable in photovoltaics.[73,168,208] Therefore, the 

proposed BHJ systems might further have a high potential for building or vehicle integrated 

modules where the color tunability will be a great aesthetic benefit. The spectrally selective 

response of the devices is shown in the SR plots in Figure 6.8e,f. It is clearly seen how the 

NFA defines the response in the visible regime. OPDs based on PIF:ITIC-4F reach overall 

higher SR. Starting from 72 mA cm-2 at 0 V values increase up to 229 mA cm-2 at -8 V. 

Corresponding EQE values amount to 12 % and 38 %, respectively. For PIF:IDFBR devices 

a much stronger effect of the bias voltage is seen. A 12-fold increase of the SR from 6 mA cm-

2 to 73 mA cm-2, equivalent to 1.3 % and 17 % EQE, is measured. This suggests a 

considerable enhancement of the efficiency of charge extraction with an applied reverse 

bias voltage. The effect of the bias voltage is also observable in the slopes of the IV-curves 

in the reverse bias regime. The underlying reason could lie in more efficient exciton 

separation or improved charge transport to the electrodes. More detailed insights could be 

found in the future from TA measurements performed on complete devices at various bias 

voltage settings.[209] Nonetheless, the inkjet-printed devices have proved to be fully 

functional in terms of their steady-state performance and their color selectivity makes them 

potential candidates for a variety of technological fields. 
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Figure 6.8 Steady-State Performance of Printed PIF:NFA OPDs  

a) Photograph of a printed dual-color OPD array. b) Photocurrent measurements for 

increasing light intensity. The dotted line marks a slope of unity. IV-curves of c) 

PIF:IDFBR and d) PIF:ITIC-4F OPDs at different intensities. SR-curves of e) PIF:IDFBR 

and f) PIF:ITIC-4F OPDs at increasing bias voltage. The lines indicate equivalent EQEs. 

(Figure adapted from [194], CC-BY) 
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6.3.4 Dynamic Performance 

Aside from the color selective capability and steady-state performance, many applications 

also require certain benchmarks in terms of dynamic performance. This includes the visible 

light communication system discussed in the following section. Therefore, the printed OPDs 

were analyzed regarding their dynamic characteristics at various frequencies. In the range 

of lower frequency, the performance is solely limited by the noise contribution. The 

measured noise spectral densities (Snoise) of PIF:IDFBR and PIF:ITIC-4F OPDs are depicted 

in Figure 6.9a,b at different reverse bias voltages. Both devices show a very similar noise 

curve at various voltages. Interestingly, only a very slight difference is observable compared 

to 0 V and the open circuit measurement, which is used as a reference for the measurement 

limit of the setup. Only for -5 V reverse bias the noise increases in the low-frequency regime. 

Above 1 kHz it also overlays with the other spectra. These observations suggest that the 

actual noise lies below the resolution of the measurement setup. This even applies to the 

white noise regime at -5 V. Thus, the true noise performance is probably better for the 

printed devices than can be determined here. 

In addition to the noise characterization, also the detection speeds of the printed color 

selective OPDs are evaluated. The -3 dB cut-off frequency for illumination with a square 

light signal is measured and shown in Figure 6.9c. For PIF:ITIC-4F frequencies of 1.5 MHz 

are reached at a reverse bias voltage of -2 V. PIF:IDFBR even reached cut-off frequencies of 

3.5 MHz. Those detection speeds belong to the highest values reported to date for printed 

OPDs.[35,108]  

The total dynamic performance can be described with the frequency-dependent specific 

detectivity D*. It is plotted for PIF:ITIC-4F at 630 nm and PIF:IDFBR at 530 nm in 

Figure 6.9d. The wavelengths are chosen to fit the emission of the LEDs used in the following 

section. In the lower frequency range, both are limited by noise. In contrast, the cut-off 

frequency takes effect in the higher frequency regime. The noise contribution at higher 

frequencies was estimated by fitting the noise measurement with a function assuming a 

combination of a 1/f and constant contribution as done in chapter 5.2. With the reduction 

of the 1/f noise contribution D* rises. At 10 Hz D* reaches a plateau as Snoise approaches the 

white noise regime. At higher frequencies D* decreases again due to the detection speed 

limit of the SR. The plateaus correspond to D* values of 6.9x1010 Jones and 1.12x1010 Jones, 

for PIF:ITIC-4F and PIF:IDFBR respectively. Furthermore, the plateaus span four orders of 
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magnitude from 20 Hz to 200 kHz. The wide spectral range surpasses the sound bandwidth 

of the human hearing limit, which lies within 20 Hz to 20 kHz. Therefore, the OPDs are well 

suited for application in audio signal transmission. This feature is demonstrated in the 

following section, where the printed dual color arrays are implemented in a multi-channel 

VLC system for transmission of digital and analog signals. 

 

 

Figure 6.9 Dynamic Performance of Printed PIF:NFA OPDs  

Noise measurements of a) PIF:IDFBR and b) PIF:ITIC-4F at different bias voltages and 

at at open-circuit (no device connected). c) Cut-off frequency of printed PIF:NFA OPDs 

at -2 V reverse bias. d) Frequency-dependent D* at -2 V for the PIF:ITIC-4F and 

PIF:IDFBR devices at 630 nm and 530 nm, respectively. (Figure adapted from [194], CC-

BY) 
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6.4 Dual-Channel Visible Light Communication 

The relevance of the printed dual color OPD array form the perspective of application is 

demonstrated with a visible light communication (VLC) system. VLC - or light-fidelity (Li-Fi) 

- is an upcoming technology that uses the surrounding visible lightning technologies for data 

transmission. It has the potential to provide indoor navigation in buildings, a high level of 

security, as well as direct and high-speed optical data links.[210,211] The advantages of organic 

semiconductors for the fabrication of future mobile and wearable devices make OPDs 

promising candidates for VLC. In this section, a prototype of a VLC scheme is designed which 

operates in two channels for simultaneous transmission of multiple signals at different 

wavelengths. The color selectivity of the PIF:NFA OPDs is exploited to demultiplex the 

overlaid signals after transmission through an optical fiber. To the best of our knowledge, 

this is the first demonstration of multi-channel VLC using printed organic optoelectronic 

devices. 

6.4.1 VLC Circuit Design for Multi-Channel Transmission 

The circuit design of the VLC system and a photograph of the employed parts are shown in 

Figure 6.10. The system comprises two parts: a multiplexing stage and the demultiplexing 

stage. There are two LEDs with different emission wavelengths at the heart of the 

multiplexing stage.a They can be separately modulated by two independent AC signals. The 

signals were generated by a waveform generator, a smartphone or a PC depending on the 

demonstrations where digital periodic signals or analog audio signals were transmitted. A 

current sourceb provides the DC offset signal to keep the LEDs turned ON. The modulated 

optical signals are coupled into and transmitted via an optical y-fiber to ensure multiplexing. 

At the de-multiplexing stage, the out-coupled overlaid signals illuminate the printed dual-

color OPD array. The selective detection of the OPDs allows de-multiplexing of the signals. 

For the demonstration, the OPD is selected by a manual switch. The generated current of 

the selected OPD is converted to a voltage and amplified. In the case of the periodic digital 

signals, an oscilloscope is used for visualization and measuring. For the audio signals, the 

                                                             
a Luxeon Rebel LXML green and red emitting at 530±15 nm and 627±10 nm, respectively 
b PeakTech 6035D 
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amplified OPD output is directly connected to commercial loudspeakersa. The VLC 

transmission is performed at frequencies below 10 kHz. This ensures the operation in the 

regime of constant D* without limiting the audio signal in terms of bandwidth. To improve 

the quality of the transmitted signals and reduce the noise, contributions above 10 kHz are 

removed by an additional low-pass filter that was inserted before the amplifier. 

Furthermore, a bias voltage of -4.5 V was applied to the PIF:IDFBR device to balance the 

responsivity and enhance the ability to differentiate the signals at the wavelength of the 

green LED. 

                                                             
a Harman-Kardon 695 

 

Figure 6.10 Circuit Design of the Multi-Channel VLC System 

a) Electrical circuit used for the VLC system. b) Photograph showing the main parts of 

the VLC system. The connections are omitted for clarity. (Figure adapted from [194], CC-

BY) 
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6.4.2 Multi-Channel Transmission of Periodic and Audio Signals 

The photograph in Figure 6.11a shows the VLC system in operation. The multi-channel 

transmission is demonstrated with two kinds of signals. The electronic signals are applied 

to the input capacitors of the two LEDs, which causes a modulation of the driving current 

and thereby the light intensity. In one case, a square and triangular periodic signal with a 

frequency of 10 kHz were applied. The signals are generated with a function generator. The 

LED illumination appears to be constant since the frequency is too high to see the oscillation 

of the light intensity by eye. However, the OPDs clearly detected the optical signals. More 

importantly, the signals are detective selectively by the PIF:ITIC-4F and PIF:IDFBR OPDs as 

shown in Figure 6.11b,c. The oscilloscope allowed to measure the transient voltage curve of 

the color selective OPDs. For comparison, the broadband P3HT:IDTBR OPD from chapter 5 

is also employed. 

The resulting curves are depicted in Figure 6.11d,e,f. The high-performance broadband 

P3HT:IDTBR OPD cannot distinguish the two signals and therefore detects an overlap of 

 

Figure 6.11 Selective Detection of Periodic Signals with PIF:NFA OPDs  

a) Photograph of the VLC system in operation. Note, the entire OPD array is illuminated, 

while the bright spot is the reflection of the fiber output. The output signals show the 

different waveforms depending if the b) PIF:ITIC-4F or c) PIF:IDFBR OPD is selected. 

d), e) and f) The oscilloscope recordings of the response of P3HT:IDTBR, PIF:ITIC-4F 

and PIF:IDFBR OPDs, respectively.(Figure adapted from [194], CC-BY) 
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both. In contrast, the PIF:ITIC-4F and PIF:IDFBR OPDs successfully de-multiplex the 

combined optical signal. A slight response of the ITIC-4F device to the triangular signal is 

visible, which stems from the non-zero responsivity to green light. However, a stacking of 

the OPDs or post-processing of the output using the IDFBR response could further improve 

the selectivity in a future application. 

A more practical (and entertaining) demonstration of the multi-channel VLC system is 

realized by utilizing audio signals instead of periodic signals. The triangular and square 

waveforms were exchanged with two different songs played on two smartphones. A 3.5 mm 

audio connector is employed to apply the audio signals to the input of the LED driving 

circuit. The output of the de-multiplexing stage was connected to regular loudspeakers 

instead of the oscilloscope. As for the periodic signals, both simultaneously transmitted 

audio signals were de-multiplexed and could be selected freely by simply switching 

between the two OPDs on the dual-color array. Furthermore, the wide frequency of the 

OPDs offered the full bandwidth for the audio-signal and ensured a good sound quality. A 

theoretical upper boundary for the data transmission rate can be estimated with the 

Shannon-Hartley theorem.[212] Assuming a signal to noise ratio of unity it would be defined 

by the cut-off frequency and reach a value as high as 3.5 Mbit s-1. This data rate would render 

the PIF:NFA OPDs capable of high-definition video content transmission using a VLC system. 

6.5 Summary 

In summary, a novel concept for facile fabrication of high-performance color selective OPDs 

through inkjet printing is demonstrated in this chapter. The concept is based on the 

development of a new type of BHJ system employing an optically transparent donor and 

color selective NFAs. Different material systems are investigated in terms of their energetic 

and morphological properties to assess their potential for OPDs. Efficient exciton 

generation and charge separation are found for PIF:ITIC-4F and PIF:IDFBR photoactive 

layers. The blends exhibit state-of-the-art FOMs and more importantly complementary 

spectral responses in the red and blue/green wavelength range, respectively. Furthermore, 

the dominant influence of the PIF polymer donor on the viscoelastic properties of the color 

selective inks ensures constant printing parameters for the different photoactive layers. 

This feature eliminates the process development steps typically necessary for new active 

layer systems based on conventional BHJs and decouples the optical properties of fabricated 
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OPDs. Finally, the high steady-state and dynamic performance combined with the color 

selectivity enabled the implementation of an inkjet-printed dual-color OPD array in a VLC 

system with multi-channel transmission. Periodic waveforms and audio signals are 

successful de-multiplexed by direct selective detection without the need for optical filters. 

This demonstration combined with the gained processing flexibility underlines the 

potential of the concept to satisfy the large variety of requirements regarding spectral 

responsivity for different applications. Particularly, for those technologies that depend on 

cost-efficiency and freedom-of-design like wearable devices, mobile sensors, and healthcare 

monitoring systems. 
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7 Conclusion and Outlook 

Three novel active layer concepts are presented in this thesis that enable state of the art 

performance and overcome current challenges in the development of digitally printed 

OPDs. The developed innovative approaches provide added functionality, enhanced 

benchmarks, and simultaneously offer an increased level of processing versatility to adapt 

to a variety of applicational demands. 

 

In chapter 4 a fabrication focused approach is presented by investigating the influence of 

insulating polymers on the device performance of OPDs. PMMA and other insulators are 

blended into photoactive semiconductor blends like P3HT:PCBM as processing additives 

that are commonly used in literature to fine-tune the viscoelastic ink properties. 

Interestingly, it was found that the addition of the insulators has a beneficial effect on the 

morphology of the active layer. The P3HT:PCBM:PMMA blends form a phase-separated 

microstructure of photoactive and inactive domains. The resulting layers exhibit tunable 

transparency depending on the insulator-semiconductor ratio. The separation in active and 

passive domains results in the full functionality of the devices. Furthermore, an increase in 

the molecular order of the semiconducting upon the addition of the insulator is found. This 

results in a considerable improvement in terms of the dynamic behavior. OPDs containing 

up to 35 wt% of PMMA experience almost a 2-fold increase in detection speed compared to 

the PMMA-free devices. Hence, PMMA and other insulators are suitable processing additive 

for the fabrication of OPDs that enable the adjustment of ink properties without sacrificing 

OPD performance. 

 

The focus of Chapter 5 is the extension and increase of the SR of OPDs while maintaining 

compatibility with digital printing techniques. For this purpose, a novel high-performance 

NFA is selected to replace the previously uncontested fullerene acceptors in OPD active 

layers. Following a thorough device and processing optimization, OPDs based on the NFA 

IDTBR are benchmarked and tested in terms of their printing compatibility. In accordance 

with the record-breaking success in the field of photovoltaics, the fabricated OPDs have a 
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fast response of >4MHz and surpass prior SR limits in terms of absolute value and 

wavelength by extending the response range to the NIR. Thus, the resulting OPDs can easily 

compete with the responsivity of commercial Si-photodiodes and their NIR detection 

capability renders them useful for applications in the fields of medical diagnostics like the 

demonstrated hear rate sensor, which relies on the transmission windows of human tissue. 

Finally, the subsequent development of a digital printing process, combining inkjet and 

aerosol jet printing, adds industrial relevance to the superior active material system. 

 

Chapter 6 stays thematically in the field of NFAs and expands their potential by introducing 

a new concept to realize wavelength-selective OPDs. By combining PIF as a wide-bandgap 

polymer donor with various color-selective NFAs, a tunability of the optical properties is 

achieved which solely depends on the choice of the NFA. Furthermore, the polymer is 

transparent in the visible and has a dominant influence on the ink properties. Thereby, the 

optical and viscoelastic properties are effectively decoupled, which results in an 

unprecedented level of flexibility for the fabrication of multi-colored OPDs. Various material 

combinations are characterized successfully and the underlying energetic and 

morphological prerequisites for an efficient OPD performance are studied. The right 

material combinations enabled the fabrication of devices with color selective responsivities 

>102 mA W-1 and 3.5 MHz detection speed. Furthermore, the relevance for technological 

application is demonstrated by incorporating digitally printed dual-color OPD arrays in a 

multi-channel VLC system. The combined selective response and high detection speed 

allowed the simultaneous optical transmission of multiple digital and analog signals, which 

represents the first demonstration of printed OPDs for this promising future technology. 

 

All three approaches presented in this thesis focus on the development of novel active 

material systems for printed OPDs. While every presented concept tackles this goal from a 

different perspective, the close relationship between fabrication and performance becomes 

clear in each topic. The processing motivated addition of PMMA in chapter 4 is only useful 

since the insulating nature does not adversely affect the performance. Similarly, the 

compatibility of IDTBR as a high-performance NFA with a printable device architecture was 

a key prerequisite in chapter 5. The PIF:NFA blends in chapter 6 successfully combine the 

two perspectives of fabrication and performance. Nonetheless, while greatly reducing the 

time investment in ink formulation, the potential of the PIF:NFA combinations still relies on 
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the occurrence of exciton separation. The results of the chapters underline the requirement 

to follow an iterative advancement where cross-compatibility between fabrication and 

functionality is always regarded. The development of new materials or concepts will not 

benefit OPD technology if it burdens the processability. In turn, a new fabrication technique 

is impractical if the device functionality is hindered. 

In addition, the three presented approaches explore material systems that have not been 

previously investigated for OPDs. Most of the active materials employed in the past 

originated from photovoltaic research. This makes sense considering the similarity in 

underlying physics and the transfer to OPDs can have successful results as was the case for 

IDTBR in chapter 5. However, the fundamental differences in the operational demands 

simultaneously require and permit a deviation from conventional material systems for the 

development of OPD active layers. This is demonstrated by chapter 4 and even more so in 

chapter 6, where counter-intuitive materials are investigated. In this regard, the versatility 

of photodiode applications can be seen as a curse and a blessing at the same time. On the 

one hand, there exists no single optimal set of figures-of-merit and devices have to stay 

flexible to be tailored for the specific application. On the other hand, depending on the 

requirements, a device might only have to be good in one specific parameter and the 

development can focus on this. Fortunately, the plethora of possibilities in the field of 

organic electronics offers a vast variety of paths to find suitable combinations for functional 

devices. This renders OPDs as one of the most versatile technologies, which have the 

potential to meet the demands of future applications in terms of tailored device 

performance, lightweight design and cost-effective fabrication. 

 

Looking forward, the three presented approaches are readily applicable in the fabrication 

of OPDs both in the lab-scale but also on the industrial level. The high-performance makes 

them competitive alternatives for inorganic devices in a variety of applications including 

industrial sensing, medical diagnostics, and communication. Furthermore, the versatility of 

the concepts regarding the utilized materials provides an enormous potential for further 

exploitation of the possibilities offered by organic chemistry. The studied PMMA addition of 

chapter 4 can be transferred to other insulators as well as alternative BHJ to overcome 

viscosity related fabrication challenges, tune the macro- or micromorphology of the blend 

or to enhance dynamic performance as observed for P3HT. Additionally, the adjustment of 
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transparency without reducing the active layer thickness increases robustness for devices 

demanding different levels of transparency. 

An even greater potential can be attributed to the NFA based material systems of chapters 

5 and 6. The current prominence of the field in photovoltaic research is expected to strongly 

benefit the field of OPDs. With this work as a starting point, further extension of the 

response towards the NIR and the implementation of ternary blends are both pathways that 

are very promising for the future of OPDs. Particularly, the innovative concept of using 

transparent polymers to control ink properties has exciting possibilities. A very desirable 

evolution - especially regarding the color selective concept - would be represented by the 

focus of chemical synthesis on OPD specific materials rather than photovoltaics as 

predominantly done in the past. This includes, for example, the development of wide-gap 

polymers as replacements for PIF with reduced HOMO-levels to increase the combinational 

possibilities with NFAs. Furthermore, NFAs or other semiconductors with narrower 

absorption widths would improve the potential for multi-color applications and possibly 

even spectroscopic systems based on OPDs. 

 

In conclusion, this work provides three novel photoactive layer concepts that enable the 

fabrication of state of the art OPDs with unprecedented simplicity. The concepts address 

core challenges of OPD fabrication by printing techniques, namely the adjustment of 

viscoelastic properties, the extensions of the response to the NIR and the realization of 

color-selective devices. Resulting active layers exhibit a higher degree of versatility in 

processing and optical properties as well as provide record responsivities of >102 mA W-1 

in the NIR comparable to Si-photodiodes and high detection speeds in the MHz-range. 

Furthermore, the additional functionality of wavelength selectivity enables applications 

that rely on color separation like multi-channel communication, while keeping 

time-investment in process development to a minimum. Notably, the advantages of the 

concepts in terms of processing as well as performance are not limited to the respective 

systems utilized to demonstrate the concept but can be transferred to other material 

systems. This makes them interesting for implementation in a variety of organic 

optoelectronic devices also beyond the scope of OPDs. In addition, this thesis provides a link 

between the underlying physics of light detection based on organic semiconductors and the 

complexity and demands of industrially relevant printing techniques. The success of the 

presented concepts underlines the requirement in this interdisciplinary field to consider all 
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aspects carefully to be able to reach the visionary goals of printed organic semiconductor 

devices. I am confident that the results of this work in terms of performance, functionality 

and processing simplicity will enable OPDs to live up to their indisputable potential for 

current and future applications in the vast field of optical sensing. 
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Appendix 

A.1 Standard Spin-Coating Parameters 

  

Material Formulation Recipe Post-Process Thickness 

ZnOa 

(Avantama 

N10) 

2.5 wt% in 

2-propanol 
2k rpm, 2k rpm s-1, 60 s 

120°C, 5 min in 

air 
40 nm 

P3HT:PCBM: 

PMMAa 

(1:0.9:X) 

60 g L-1 in  

DCB 

1) 1k rpm, 1k rpm s-1, 20 s 

2.) 200 rpm, 1k rpm s-1, 300 s 

140°C, 10 min 

in GB 

(after PEDOT) 

350 nm 

depending 

on PMMA 

P3HT:IDTBRa 

(1:1) 

40 g L-1 in 

CB 
1k rpm, 1k rpm s-1, 60 s 

140°C, 10 min 

in GB 

(after PEDOT) 

200 nm 

PIF:NFAa 

(1:1) 

40 g L-1 in 

CB 
1k rpm, 1k rpm s-1, 60 s 

140°C, 10 min 

in GB 
200 nm 

PEDOTb 

(VPAI 4083) 

Dispersion in 

water 
5k rpm, 1k rpm s-1, 90 s 

100°C, 5 min in 

air 

(in normal 

stack) 

30 nm 

a: filtered with 0.45 µm PVDF 

b: filtered with 0.2 µm NYL 

Table A.1 Standard Spin-Coating Parameters 

The typical parameters used in this thesis for spincoating the specified materials from 

the respective solvents. The recipe values are ordered as follows: rotation speed, 

acceleration and spinning time. In the case of di-chlorobenzene, a two-step process is 

utilized to improve drying. 
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A.2 Printing Parameters 

 

  

Material Solvent Printer Parameters 

ZnOa 

(Avantama N10-Jet) 

2.5 wt% in 

2-propanol: 

propylene-glycol 

Dimatix 2831 

Drop spacing: 15 µm 

Cartridge angle: 23.2° 

Printhead temp.: 50°C  

(single pass) 

ZnOa 

(N10-Screen) 

2.5 wt% in 

terpineol 
Pixdro LP50 

Resolution: 1005 dpi 

Printhead temp.: 42°C 

P3HT:IDTBRa 

(1:1) 

40 g L-1 in 

chlorobenzene: 

tetraline (+5 vol%) 

Dimatix 2831 

Drop spacing: 15 µm 

Cartridge angle: 33.4° 

Printhead temp.: 50°C 

(single pass) 

PIF:NFAa 

(1:1) 

20 g L-1 in 

di-chlorobenzen: 

mesitylene (+50 vol%) 

Pixdro LP50 
Resolution: 1005 dpi 

Printhead temp.: 28°C 

HC PEDOTb 

(F HC solar) 

added water 

(1:1) 
Optomec AJ-300 

Atomizer gas: 16 sccm 

Sheath gas: 12 sccm 

Atomizer Power: 45 V 

a: filtered with 0.45 µm PVDF 

b: filtered with 0.2 µm NYL 

Table A.2 Printing Proces Parameters 

The typical parameters used in this thesis for printing the specified materials from the 

respective solvents with the indicated technique. The parameters correspond to the 

input-values needed for the different printers. Post processes are the same as for 

spincoated layers. 



Appendix 

    117 

 

A.3 OPD Sample Holder and Characterization Setup 

 

Figure A.1 Sample Holder and Device Characterization Setup  

a) The sample holder, which enables electrical connection of the OPDs to the electrical 

read-out box. Spring-loaded contact pins provide the connection to the individual 

anode and cathode electrodes to select individual pixels. b) Overview of the 

illumination sources available in the OPD characterization setup.  
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A.4 Fitting of P3HT:PCBM:PMMA Absorbance 

 

  

 

Figure A.2 Fitting Results for P3HT:PCBM:PMMA Absorbance  

The measured absorbance spectra and corresponding fits for a)0 wt%, b)20 wt%, 

c)28 wt% and d)35 wt% of PMMA. The exciton bandwidth w is determined from the fit. 
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A.5 Heart Rate Sensing with IDTBR OPDs 

A.6 Fully Printed Color selective OPD arrays on PET 

 

 

Figure A.3 Heart Rate Sensing with P3HT:IDTBR OPDs  

Oscilloscope signal a) before and b) after placing the finger on the white LED of a 

smartphone. The light is detected in ambient light over a distance of >1 cm by a 

P3HT:IDTBR OPD indicated at the bottom of the photograph. The photocurrent is 

amplified and detected in AC mode. A heart rate of ~60 bpm was recorded. 

 

Figure A.4 Flexible Printed Color Selective OPDs  

a) Photograph of a fully printed dual color OPD array on a PET foil. The IT bottom 

electrode is replaced by inkjet printed silver and the evaporated top electrode is 

realized by aerosol-jet printed HC PEDOT. In this example, IDFBR is replaced by another 

blue/green absorbing NFA, a parylene-diimide (SF-PDI). b) Normalized SR curves for 

the two devices in comparison to the absorbance spectra of the prisitine materials. 
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