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I 

Abstract

In this thesis, organic semiconducting PEDOT:PSS thin films are investigated in terms of their 

thermoelectric potential under the influence of different factors. The thermoelectric properties 

of PEDOT:PSS are strongly dependent and highly tunable due to its particular polymer blend 

structure of conductive PEDOT-rich domains embedded in a non-conducting PSS matrix. A 

systematic study is performed, which unravels the thermoelectric property enhancing effects of 

ionic liquid post-treatment on the structure-electronic-function relation of PEDOT:PSS thin 

films. Furthermore, the impact of temperature and relative humidity on the thermoelectric 

parameters, conductivity and Seebeck coefficient, of these post-treated films are determined. 

For this, the post-treated PEDOT:PSS thin films are examined regarding their morphology, 

oxidation level, and property relations, mainly using X-ray and neutron scattering studies and 

ultraviolet-visible spectroscopy, complemented by thermoelectric characterization. Various 

in situ experiments were conducted to investigate the influences of temperature and relative 

humidity. 

Zusammenfassung

In dieser Dissertation wird das thermoelektrische Potenzial von organischen halbleitenden 

PEDOT:PSS-Dünnschichten in Abhängigkeit verschiedener Einflussfaktoren untersucht. Die 

Eigenschaften von PEDOT:PSS sind stark abhängig von dessen besonderer Struktur, welche 

aus leitfähigen PEDOT-Domänen eingebettet in einer nichtleitende PSS-Matrix besteht, und 

ermöglicht dadurch ein hohes Maß an Variierbarkeit. Anhand einer systematischen Studie 

werden die Auswirkungen einer Nachbehandlung mit ionischen Flüssigkeiten auf die 

strukturellen und elektronischen Eigenschaften von PEDOT:PSS-Dünnschichten zur 

Verbesserung der thermoelektrischen Performance aufgedeckt. Darüber hinaus werden die 

Auswirkungen von Temperatur und relativer Luftfeuchtigkeit auf die thermoelektrischen 

Parameter, Leitfähigkeit und Seebeck-Koeffizient, dieser nachbehandelten Filme bestimmt. 

Hierzu werden die PEDOT:PSS-Dünnschichten hinsichtlich ihrer Morphologie, ihres 

Oxidationsgrades und ihrer Eigenschaftsbeziehungen untersucht, hauptsächlich mit Hilfe von 

Röntgen- und Neutronenstreustudien, Ultraviolett-Spektroskopie, sowie thermoelektrischen 

Charakterisierungsmethoden. Für die Analyse der Temperatur- und relativen 

Luftfeuchtigkeitseinflüsse werden die Ergebnisse verschiedener In-situ Experimente 

präsentiert. 
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1 Introduction 
Thermoelectric materials are capable of directly converting thermal energy into electrical 

power. This feature is based on the Seebeck effect, which describes the emergence of a 

thermovoltage upon the application of a temperature gradient. Therefore, thermoelectric 

materials are applicable in thermoelectric generators, which can be used in multiple applications 

like solar thermal energy harvesting or waste heat recovery. As in several areas of daily life, 

such as transportation, domestic energy consumption, and in industry, a large fraction of 

primary energy input is lost as waste heat, thermoelectric materials and their potential to 

partially recover this waste heat are promising to contribute significantly to global 

sustainable energy solutions.[1⁠

–3] 

In general, two classes of thermoelectric materials can be distinguished, namely inorganic 

and organic. So far, mainly inorganic thermoelectric materials comprising heavy elements like 

bismuth, tellurium, silver, or lead have been conventionally utilized. However, although this 

material class provides good thermoelectric properties and temperature stability, it has some 

disadvantages. For example, these materials often contain toxic and scarce components and are 

challenging and expensive to process, which limits their field of application.[4 ⁠

, 5] Therefore, the 

research focus has shifted towards the new and promising class of organic thermoelectric 

materials, which provide several advantages. They are mainly based on conductive organic 

polymers, which allow for a cost- and energy-efficient solution-based processability with large-

scale deposition techniques like printing, spraying, or dip coating, and they are usually low or 

non-toxic.[6 ⁠

, 7] Additionally, these organic materials are generally abundant, possess an 

intrinsically low thermal conductivity, and facilitate the fabrication of thin, lightweight, and 

mechanically flexible thermoelectric devices. With all their advantageous properties, these 

organic materials provide the best prerequisites for extensive application in a wide range of 

thermoelectric devices.[8 ⁠

–10] 

For the thermoelectric potential evaluation of a material, three different parameters are 

crucial. First, the Seebeck coefficient (𝑆𝑆), which defines t he extent of the t hermovoltage in 

relation to the temperature gradient applied along the material. Second, the electrical 
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conductivity (𝜎) of the material, and third, its thermal conductivity (𝜅). All three parameters are 

combined in the thermoelectric figure of merit (𝑍𝑇ത), which can be used to assess the 

thermoelectric efficiency of a material. Moreover, the thermoelectric performance of a material 

can also be evaluated with the thermoelectric power factor (𝑃𝐹 ൌ 𝑆ଶ𝜎), which will be the 

assessment parameter utilized for the samples examined in this thesis.[11, 12] 

One specific organic material has proven to be especially promising to fit the criteria of an 

excellent thermoelectric material. It is the polymer blend poly(3,4-ethylene 

dioxythiophene):poly(styrene sulfonate), PEDOT:PSS, which is the subject of investigations in 

this thesis. PEDOT:PSS has become a popular and widely investigated material not only for the 

application as a thermoelectric material, because, in addition to possessing all the 

aforementioned advantages of organic semiconducting polymers, it also exhibits excellent 

optical and electronic properties. For example, it can be fabricated into transparent and flexible 

thin films that achieve hole conductivities of up to 103 S cm-1.[13–15] 

The exceptional and favorable combination of properties of PEDOT:PSS originates in its 

particular morphology, namely the composition of two different polymers, which are ionically 

bound to one another. On the one hand, it consists of the insoluble but excellent semiconductor 

PEDOT, which facilitates the conductance of positive charge carriers, referred to as holes, and 

on the other hand, it comprises the non-conductive but highly water-soluble polyanion PSS.[16,

17] As schematically sketched in Figure 1.1, in an aqueous solution, the insoluble PEDOT chains

tend to agglomerate and form spherical PEDOT enriched domains, which are surrounded and

stabilized by a shell mainly consisting of the water-soluble PSS.[16, 18] If using this aqueous

PEDOT:PSS solution to prepare thin films, upon water evaporation, the described core-shell

structure leads to the formation of pancake-shaped PEDOT-enriched domains, which are

embedded in a matrix of PSS.[19] As PEDOT is accountable for the excellent hole transport

within the polymer blend, the intra-domain conductivity is high. For overall film conductivity

the holes also need to travel between the PEDOT-enriched domains, however, this inter-domain

transport is hindered by the surrounding non-hole conductive PSS matrix.[20, 21] Consequently,

the precise arrangement of this particular domain morphology significantly affects the

electronic and thermoelectric properties of PEDOT:PSS and, more interestingly, an aimed

modification of it allows for their high tunability.

So far, most research has aimed to weaken the electrostatic interactions between PEDOT 

and PSS chains to favorably customize the domain morphology and to partly remove excessive 

PSS. Some approaches are based on the treatment of PEDOT:PSS with different solvents[22–26], 
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inorganic salts[27
⁠

–29], acids or bases[30
⁠

–33], or surfactants[34
⁠

–37], which successfully result in an 

improvement of the electrical conductivity. Others aim to alter the PEDOT oxidation level, for 

example, with inorganic[27
⁠

, 28
⁠

, 38
⁠

–40] or organic[41
⁠

–43] reducing agents, resulting in an 

improvement of the Seebeck coefficient. However, with these methods, usually only one of the 

thermoelectric parameters 𝜎𝜎 or 𝑆𝑆 is improved, which can even occur to the detriment of the 

other. Therefore, approaches especially promising for the thermoelectric application of 

PEDOT:PSS are methods that simultaneously improve 𝜎𝜎 and 𝑆𝑆, such as the post-treatment with 

ionic liquids (ILs).[44
⁠

–49] 

 
Figure 1.1 Schematic overview of the research topics covered in this thesis. Investigation of the influence of 

ionic liquid post-treatment on thermoelectric PEDOT:PSS thin films is sketched in the top right. Thermoelectric 

property changes of EMIM DCA post-treated PEDOT:PSS thin films upon the influence of elevated temperatures 

are presented in the bottom right image. Adapted with permission from Oechsle et al.[50] Copyright 2022 American 

Chemical Society. The picture in the bottom center demonstrates the effect of relative humidity on the morphology 

and electrical resistance of EMIM DCA post-treated PEDOT:PSS thin films. Adapted with permission from 

Oechsle et al.[51] Copyright 2023 American Chemical Society. A detailed view of the electronic and ionic charge 

carrier transport in EMIM DCA post-treated PEDOT:PSS thin films upon the influence of the relative humidity is 

shown in the bottom left sketch. Adapted with permission from Oechsle et al.[52] Copyright 2023 American 

Chemical Society. 
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Even though numerous research works present ways to improve PEDOT:PSS for possible 

future applications, either as a thermoelectric material or in other organic electronics,[53
⁠

–59] a 

general and basic understanding of the underlying effects resulting from these improvement 

methods is often not provided. However, this basic understanding of the effects is essential in 

terms of the strategic development of these improvement methods and the selection of treatment 

agents to achieve a purposeful adjustment of the PEDOT:PSS parameters. Furthermore, the 

effects of environmental influences and the stability of these PEDOT:PSS thin films have not 

been sufficiently understood and discussed in the literature. However, this is a crucial point that 

needs to be tackled when considering the suitability of the material for future applications. For 

example, especially in thermoelectric applications, the PEDOT:PSS-based materials will be 

exposed to elevated temperatures or various atmospheres over a long time during operation. 

Therefore, this thesis addresses the following scientific issues: unraveling the underlying 

effects on PEDOT:PSS upon IL post-treatment, the investigation of the influence of elevated 

temperature on the properties and stability of these IL post-treated PEDOT:PSS thin films, and 

the impact of relative humidity with a focus on the function-morphology correlation and the 

charge carrier transport specifics of PEDOT:PSS thin films either with or without IL post-

treatment. 

Fundamental theoretical background is provided in Chapter 2, which is helpful for a better 

comprehension of the presented work. Furthermore, all in the frame of this thesis utilized 

characterization methods are explained in Chapter 3, and the materials and procedures used to 

prepare the examined samples are detailed in Chapter 4. 

The first research topic presented in Chapter 5 of this thesis covers the investigation of the 

different underlying effects of IL post-treatment on PEDOT:PSS thin films that cause the 

enhancement of the thermoelectric properties. As schematically depicted in Figure 1.1, for this, 

three different ILs with varying anions and cations are chosen, namely 1-allyl-3-

methylimidazolium dicyanamide (AMIM DCA), 1-ethyl-3-methylimidazolium dicyanamide 

(EMIM DCA), and 1-ethyl-3-methylimidazolium tetracyanoborate (EMIM TCB). The 

PEDOT:PSS thin films post-treated with different concentrations of these ILs are examined in 

terms of oxidation level variations using ultraviolet-visible (UV-Vis) spectroscopy, and the 

results are correlated to the measured Seebeck coefficients. With conductive atomic force 

microscopy (c-AFM) and grazing-incidence small-angle X-ray scattering (GISAXS), the 

surface and inner film morphology of these IL post-treated PEDOT:PSS thin films are analyzed, 

revealing an interrelation with their electrical conductivity behavior. This study successfully 
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investigates the various underlying effects of the IL post-treatment on PEDOT:PSS. A detailed 

understanding of the relation between the PEDOT:PSS oxidation level, film morphology, and 

the successfully enhanced thermoelectric performance is presented in dependence of the IL ions 

characteristics used for post-treatment. 

Chapter 6 examines the influence of elevated temperature on EMIM DCA post-treated 

PEDOT:PSS thin films, as sketched in Figure 1.1. For this, the temperature-dependent 

conductivity of these thin films is recorded over time, presenting a disparate conductivity 

degradation behavior for the different EMIM DCA concentrations. With in situ UV-Vis 

spectroscopy studies, the effect of temperature on the polymers’ oxidation level is 

demonstrated, and in situ GISAXS measurements evidence the impact of the operation 

temperature on the inner film domain morphology. The results are correlated to the 

thermoelectric properties of the IL post-treated PEDOT:PSS thin films and, with this, provide 

an essential understanding of the degradation processes and the applicability of these 

thermoelectric materials at different temperature ranges. 

In addition, the significant influence of relative humidity in the environment of EMIM DCA 

post-treated PEDOT:PSS thin films is investigated in this thesis. The work discussed in 

Chapter 7 first studies the effect of relative humidity on the electrical resistance of PEDOT:PSS 

thin films post-treated with different concentrations of EMIM DCA. As indicated in Figure 1.1, 

an interesting humidity-dependent resistance evolution is discovered, which behaves opposite 

for films that were treated or were not treated with EMIM DCA. The underlying effect of this 

behavior reversal is examined with in situ GISAXS, which allows for the characterization of 

alterations in the inner films’ PEDOT domain morphology upon exposure to elevated relative 

humidities. Furthermore, electrochemical impedance spectroscopy (EIS) of the PEDOT:PSS 

thin film samples is performed at different defined relative humidities, which demonstrate an 

additional ionic contribution to the charge carrier transport in PEDOT:PSS, arising from the 

within the film incorporated EMIM DCA ions. 

Following this finding, the research study presented in Chapter 8 and sketched in Figure 1.1 

concentrates on the further investigation of these ionic and electronic charge carrier transport 

contributions. For this, the humidity-dependent film thickness swelling and water uptake 

evolution of PEDOT:PSS thin films post-treated with different concentrations of EMIM DCA 

is measured with in situ spectral reflectance (SR) and in situ time-of-flight neutron 

reflectometry (ToF-NR). Additionally, in situ EIS investigations are conducted, which enable 

an insight into the respective humidity-dependent evolution and extent of the ionic and 
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electronic conductivities of differently post-treated PEDOT:PSS thin films. By combining the 

research results obtained in this study, the effects of relative humidity on the PEDOT:PSS thin 

film structure and the differently pronounced contributions of electronic and ionic charge carrier 

transport are better understood. Which also explains the discovered change towards a positive 

humidity-dependent resistance behavior for EMIM DCA post-treated films, compared to 

untreated PEDOT:PSS. 

In summary, in this thesis the underlying effects of IL post-treatment on PEDOT:PSS are 

unraveled, and by this, a way to strategically select IL ions for the aimed adjustment of 

thermoelectric parameters is presented. Furthermore, the temperature-dependent conductivity 

degradation process and the impact of relative humidity on the charge carrier transport in EMIM 

DCA post-treated PEDOT:PSS films are demonstrated. Both significantly contribute to a more 

precise assessment of feasible operation conditions and stability of PEDOT:PSS-based 

materials, which is crucial for application in thermoelectric devices or organic electronics. 
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2 Theoretical background 
This chapter contains an insight into the theoretical background of chemical and physical 

concepts, which are relevant for understanding the research scope, the underlying studies, and 

the results in this present thesis. Section 2.1 introduces the topic of organic semiconductors, 

more precisely conjugated polymers, and provides details about the structure, properties, and 

doping specifics of the in this thesis examined polymer PEDOT:PSS. Section 2.2 presents the 

general aspects of the thermoelectric effect, whereby the focus is put on the Seebeck coefficient 

and the electronic conductivity in organic polymers like PEDOT:PSS. Section 2.3 covers the 

basic scattering theories and the fundamentals of the XRR, GISAXS, and ToF-NR 

characterization techniques. 

2.1 Organic semiconductors 

Organic semiconductors are usually described as π-conjugated materials mainly consisting of 

carbon (C) and hydrogen (H) atoms, which can be present in the form of molecules, oligomers, 

or polymers. As in this thesis, the organic semiconducting polymer PEDOT:PSS is investigated, 

the following section introduces the fundamentals of this material class and provides a 

description of PEDOT:PSS itself. 

Polymers are macromolecules composed of a sequence of small repeating subunits named 

monomers, which are covalently bound via a polymerization process. For organic polymers, 

these monomers are typically based on C-bonds, facilitating up to four covalent bonds and thus 

enabling the easy formation of long and branching polymer networks. As the formed polymer 

results in a specific chain constitution, which depends on the used monomers and 

polymerization reaction, the degree of polymerization, molar mass, and chain length 

distribution are typical values to describe a polymer.[60] By selecting the monomers and the 

reaction mechanism, polymer materials can be obtained that achieve desired requirements, like 

specific solubility, desired optical characteristics, or high electrical conducting properties. 
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2.1.1 Conductive polymers 

Polymers are commonly known and often utilized as electrical insulating materials. However, 

in 1997, it was discovered that a particular type of polymers can be made electrically conductive 

via doping.[61] In the following, the simple polymer polyacetylene (PA), which shows an 

increase of its electrical conductivity by seven orders of magnitude upon chemical doping with 

iodine vapor,[62] is presented as a model to describe the band structure, charge carrier formation, 

and charge transport of conductive polymers.  

The PA solely consists of carbon and hydrogen atoms connected to build a polymer chain. 

The C atom has four valence electrons, which allow the formation of up to four covalent bonds. 

In general, the location probability and behavior of electrons in atoms or molecular bonds can 

be described by quantum mechanical wave functions called orbitals. When combining atoms to 

form a molecule, the formation of molecular orbitals can be described with the linear 

combination of atomic orbital (LCAO) method.[63
⁠

, 64] If two C atoms bind together to form the 

small PA monomer unit ethylene (C2H4), each C atom’s 2s² and 2p² orbitals hybridize to three 

equal sp² orbitals and one pz orbital. As depicted in Figure 2.1a, the sp² orbitals form in total 

four C-H σ-bonds with the s orbitals of the H atoms and one C-C σ-bond, while the pz orbitals 

overlap and form a π-bond, resulting in a double bond between the two C atoms. The π-bonds 

are crucial for the charge transport in polymers, which will be explained in the following by 

means of Figure 2.1b. According to the LCAO picture, for ethylene, the two overlapping pz 

orbitals of the C atoms, each containing one electron, mathematically combine into two π-

orbitals. One low-energy bonding π-orbital and one anti-bonding π*-orbital, standing for 

constructive or destructive interference, respectively. If now two more C atoms are added to 

create butadiene (C4H6), the pz overlapping results in the formation of four π-orbitals, two 

bonding and two anti-bonding, whereby the electrons are found in the low-energy bonding 

orbitals according to Pauli exclusion principle and Hund's law. The highest occupied molecular 

orbital is called HOMO, and the lowest unoccupied molecular orbital is called LUMO, and the 

difference in the respective energy level of HOMO and LUMO is called the energy gap (𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔). 

So far, the molecular orbitals have distinct energy levels. However, if more and more C atoms 

are added to constitute polyacetylene, more and more π- and π*-orbitals are formed, which 

continuously narrow the 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔 and overlap with each other, consequently leading to the 

formation of π- and π*-bands. The creation of this band structure is the origin of the conductivity 

properties because the electrons are delocalized within the HOMO- and LUMO-bands and can 
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move freely along the polymer backbone. Likewise, as in the valence and conduction bands of 

inorganic semiconductors.[64]  

Due to the orbital overlapping in the PA chain and the thus resulting electron delocalization, 

one could expect a metallic conductivity behavior along the backbone. However, this would 

only be true for an ideal, infinite, and linear polymer chain, where all C-C bonds are of similar 

length with an equidistance 𝑎𝑎 between each C-atom and thus equally distributed electrons. 

Figure 2.1 Molecular orbital structure in polyacetylene. a) Molecular orbital structure of ethylene, consisting 

of four C-H and one C-C σ-bonds (orange), and a C-C π-bond (blue). b) Corresponding molecular orbital energy 

level diagram according to the LCAO, which depicts the energy levels of the bonding and anti-bonding, namely 

π/π*- and σ/σ*-orbitals, respectively. c) Energy diagram schematically describing the continuous pz-orbital overlap 

upon increasing polymer chain length. Starting from ethylene and resulting in the formation of polyacetylene with 

π- (HOMO) and π*- (LUMO) energy bands, and the energy gap 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔 in between. Adapted from Gharahcheshmeh 

et al.[64] 

The band structure of such an ideal 1D-chain is depicted in Figure 2.2a. As each C atom 

contributes one electron into the pz-orbital, the band is half-filled up to the Fermi level (𝐸𝐸𝐹𝐹), 

and the chain would show metal-like charge transport. However, according to Peierl’s 

instability theorem[65
⁠

, 66], this ideal 1D-chain with an equidistant periodic lattice of C atoms that 

each contribute one electron is unstable and can be easily distorted by the smallest disturbances, 

e.g. atomic oscillations. As pictured in Figure 2.2b, even the slightest lattice distortion 𝛿𝛿 results

in the formation of alternating bonds with bond lengths of 𝑎𝑎 ± 𝛿𝛿. Thus, this dimerization leads

to a new periodicity with 2𝑎𝑎 lattice spacing and results in the opening of a band gap (𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔)

inside the band structure. Corresponding to the molecular orbital theory, the formation of a fully
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occupied binding π-orbital band and an unoccupied anti-binding π*-orbital band is energetically 

preferred, and the creation of this periodic superlattice reduces the total energy of the system. 

Overall, this emerging band gap with the 𝐸𝐸𝐹𝐹 located within, explains why PA shows 

semiconducting properties and a generally insulating behavior.[67] 

Figure 2.2 Schematic representation of the Peierl’s instability theorem. Electronic band structure and density 

of states in a PA chain according to Peierl’s instability theorem. a) For an ideal undisturbed polymer chain with a 

periodic lattice distance and an energy band, half-filled up to the Fermi Energy 𝐸𝐸𝐹𝐹 . b) Real dimerized polymer 

chain with a distorted lattice distance, resulting in a superstructure periodicity and an energy band gap 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔. 

Adapted from the dissertation of Franziska Carina Löhrer.[68] 

In polymers like the conjugated polymer PA, chain defects naturally occur, caused, for example, 

by elimination reactions, impurities, or cross-linking. These defects can lead to the appearance 

of charge carriers and allow for electrical conductivity in conjugated semiconducting polymers. 

These charge carriers cannot simply be described by electrons or holes, as in inorganic 

materials, but by quasi-particles (QPs) that combine lattice distortion and charge.[66] An 

exemplary depiction of the formation of a soliton QP in the PA chain is shown in Figure 2.3a. 

Two mesomeric ground states (Phase A and Phase B) of PA are possible; if both exist in one 

chain, they cause a neutral soliton at their meeting point. This newly created soliton QP state 

comprises an unpaired electron and is, according to the Su-Schrieffer-Heeger (SSH) theory[69], 

energetically located within the energy gap. Therefore, this half-unoccupied neutral soliton QP 

state enables the charge transport along the polymer chain backbone. As a result, the QP, which 

can be described as a charge density wave, is not localized at one C atom position but can 

expand over several C atoms; over 14 C atoms in the case of a neutral soliton in PA.[69] There 

are three types of QPs, each defined by a charge (q) and a spin (s), as depicted in Figure 2.3b. 

Solitons, which can exist as neutral (S0), positively (S⁺), and negatively (S⁻) charged solitons, 

polarons, and bipolarons, which both can exist either positively (P⁺, B⁺) or negatively (P⁻, B⁻) 
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charged.[60
⁠

, 66] These different QPs are created, for example, via oxidation or reduction of the 

polymer chain, or via coupling of QPs, leading either to the formation of new QPs or their 

annihilation. 

Figure 2.3 Quasi-particles in polyacetylene. a) Exemplary depiction of two mesomeric ground states of PA and 

the formation of a soliton. b) Different types of QPs with their respective charge (q), spin (s), and the energy levels 

formed within the band gap. From left to right, neutral or charged solitons (S0, S+, S), charged polarons (P+, P⁻), 

and charged bipolarons (B+, B) are shown. Adapted from the dissertation of Franziska Carina Löhrer.[68] 

As mentioned before, these QPs are responsible for the charge carrier transport in conductive 

polymers. In general, two types of transport mechanisms within a polymer can be distinguished: 

a charge carrier transport along the conjugated polymer backbone and a charge carrier transport 

from one conjugated polymer backbone to another.[70] The charge carrier transport along the 

polymer backbone resembles a band-like transport and can be described with the SSH theory[69], 

mentioned before. The QPs are highly delocalized via the π-conjugated system and thus can 

move freely along the polymer backbone. However, this band-like transport mechanism is 

limited by the appearance of chain defects, for example, chain ends or kinks, or by lattice 

vibrations, which increase with temperature, as they lead to a disruption of the extended π-

electron system. Thus, this coherent charge carrier transport is mainly prominent on the 

microscopic scale within the ordered crystal regions of a polymer. Nevertheless, conjugated 

polymers are usually not completely crystalline but comprise a high amount of semicrystalline 
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or amorphous polymer regions, as schematically depicted in Figure 2.4a. Thus, for the 

macroscopic charge carrier movement in these polymer regions, the inter-chain transport 

between polymer chains comes into play. Hereby, the charges tunnel in a hopping transport 

between adjacent but overlapping localized energetic states, which can be described with the 

Bässler’s Gaussian disorder model.[71
⁠

–73] Within this model, the energy landscape of a typical 

semiconducting polymer, in which band-like transport regimes within crystalline regions are 

embedded in amorphous polymer regions, is assumed by a disorder-broadened Gaussian 

density of transport states. These Gaussian distributed energy states are considered independent 

from each other concerning their site position and energy, pictured in Figure 2.4b. Charge 

carrier transport can now happen by tunneling between these neighboring energy sites. The 

probability of these tunneling processes was first theoretically discussed by Marcus[74
⁠

, 75], 

however, Miller and Abrahams[76] follow a similar approach. Accordingly, the hopping rate 

(𝜈𝜈𝑖𝑖,𝑗𝑗) from one initial localized state (𝑖𝑖), with the energy (𝐸𝐸𝑖𝑖) to another localized but empty 

state (𝑗𝑗), with the energy (𝐸𝐸𝑗𝑗) can be described as follows: 

𝜈𝜈𝑖𝑖,𝑗𝑗 = 𝜈𝜈0 exp�−2Δ𝑅𝑅𝑖𝑖,𝑗𝑗𝛾𝛾��
exp �−

𝐸𝐸𝑗𝑗−𝐸𝐸𝑖𝑖
𝑘𝑘𝐵𝐵𝑇𝑇

�  ;  𝐸𝐸𝑗𝑗 > 𝐸𝐸𝑖𝑖  

              1             ;  𝐸𝐸𝑗𝑗 ≤ 𝐸𝐸𝑖𝑖
(2.1) 

In Equation (2.1), 𝜈𝜈0 is the maximum hopping rate, and the first term represents the tunnel 

factor, with Δ𝑅𝑅𝑖𝑖,𝑗𝑗 being the distance between the two tunnel sites and 𝛾𝛾 being the inverse 

localization length. The second term represents the temperature (𝑇𝑇) dependent Boltzmann 

factor, with 𝐸𝐸𝑗𝑗−𝐸𝐸𝑖𝑖 being the energy difference between the two states and 𝑘𝑘𝐵𝐵 being the 

Boltzmann constant. From this model, it becomes clear that a charge transport towards an 

energetically higher target state (𝐸𝐸𝑗𝑗 > 𝐸𝐸𝑖𝑖) requires thermal activation, and thus, the conductivity 

of usual semiconducting polymers increases with temperature. If the target site energy is below 

the initial site energy (𝐸𝐸𝑗𝑗 ≤ 𝐸𝐸𝑖𝑖) relaxation of the charge occurs, which is independent of the 

temperature. However, band-like and hopping transport mechanisms need to be considered to 

describe the charge carrier transport processes in real conducting polymers, as both take place 

but with different dominance depending on the polymer crystallinity, morphology, and thermal 

energy.[70] Figure 2.4 pictures a sketch that combines the transport mechanism in the framework 

of the Gaussian disorder model.[77
⁠

–80] The possible hopping sites are distributed depending on 

the disorder of the system, resulting in a Gaussian density of states (DOS, black curve), with 

the width 𝜖𝜖 being a measure of the energetic disorder. The DOS is partially occupied, which 

results in a Gaussian distributed charge carrier density (CCD, blue curve), with its center being 
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shifted by 𝜖𝜖2(𝑘𝑘𝐵𝐵𝑇𝑇)−1 to lower energies compared to the DOS, resulting from the thermalization 

of charge carriers. As sketched in Figure 2.4c, charge carriers which are located in hopping sites 

that lie energetically between the centers of the DOS and the CCD, and thus near the defined 

transport energy 𝐸𝐸𝑇𝑇, can be thermally activated. If 𝑘𝑘𝐵𝐵𝑇𝑇 > 0, these charge carriers can potentially 

hop to adjacent higher energy states, while if 𝑘𝑘𝐵𝐵𝑇𝑇 = 0, these charge carriers relax towards lower 

energy states. 

Figure 2.4 Charge transport mechanism in conductive polymers. a) Schematical illustration of the morphology 

in a semicrystalline polymer, with crystalline and amorphous regions. The grey dashed lines indicate possible 

charge transport sites. b) Possible energetic states of a conductive polymer, marked as grey lines, within the 

Gaussian disorder model, including the corresponding DOS (black curve) and CCD (blue curve). c) Possible 

energetic states as a function of the position. The green arrows present the charge carrier relaxation and the hopping 

transport possible near the transport energy (𝐸𝐸𝑇𝑇). Adapted from the dissertation of Lorenz Bießmann.[81] 

The resulting macroscopic charge carrier drift in a conducting polymer comes from the 

interplay of the inter- and intra-chain transport, and the charge carrier drift velocity 𝜐⃗𝜐 is given 

as:[60] 

𝜐⃗𝜐 = 𝜇𝜇𝐸𝐸�⃗  (2.2) 

With 𝐸𝐸�⃗  being the applied electric field and 𝜇𝜇 the macroscopic charge carrier mobility. Using 

Equation (2.2) and additionally considering the charge 𝑞𝑞 of the transported QPs and the charge 

carrier density 𝑛𝑛𝑞𝑞, the current density 𝚥𝚥 can be obtained by:[60] 

𝚥𝚥 = 𝜎𝜎𝐸𝐸�⃗ = 𝑛𝑛𝑞𝑞𝑞𝑞𝑞𝑞𝐸𝐸�⃗  (2.3) 

This equation shows that the conductivity 𝜎𝜎 depends on the charge carrier density, charge 

carrier mobility, and the charge. 

Overall, the conductivity in polymer systems can be improved in two ways, via primary or 

secondary doping.[82] The primary doping aims to generate more charge carriers within the 
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polymer backbones, which results in an increased amount of available energy states that can 

overlap and contribute to the charge transport. This charge carrier generation is achieved with 

either oxidizing or reducing agents by creating positively or negatively charged polaronic and 

bipolaronic states, respectively. Secondary doping attempts to improve the polymer structure 

to enhance the inter-chain transport. This improvement can be achieved, for example, by 

increasing the polymer crystallinity or optimizing the polymer morphology, which consists of 

highly conductive crystalline regions surrounded by amorphous polymer chains. Secondary 

doping is usually accomplished via the adjustment of the polymer film preparation procedure 

or via the addition of additive solvents. In general, both doping mechanisms can be applied to 

a polymer, whereby primary doping is, in principle, a reversible process, while secondary 

doping is irreversible. In Section 2.1.3 the primary and secondary doping processes are 

discussed in more detail for the polymer blend PEDOT:PSS. 

2.1.2 PEDOT:PSS 

The polymer blend poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate), short 

PEDOT:PSS, is very popular and widely used as an organic semiconductor due to its water-

solubility, mechanical flexibility, optical transparency as a thin film, and potentially high 

conductivity. It consists of the electrically conductive polymer PEDOT and the electrically 

insulating but water-soluble polymer PSS. The respective chemical structures are depicted in 

Figure 2.5a.[62] PEDOT belongs to the class of polythiophene and, is due to its π-conjugated 

backbone, a positively charged semiconducting polymer that can reach conductivities of up to 

10³ S cm-1 in its oxidized state.[21] However, PEDOT is insoluble and infusible, and thus hinders 

the wide usage in its pure form, which can be overcome when it is, for example, combined with 

the water-soluble polyanion PSS. The polymer blend synthesis happens via an oxidative 

polymerization process of PEDOT in the presence of PSS and, in this way, creates a structure 

of shorter positively charged PEDOT chains electrostatically interacting with the negatively 

charged PSS chains.[62] In an aqueous solution, PEDOT:PSS forms core-shell particles where 

the hydrophobic PEDOT is mainly located in the core, surrounded by a hydrophilic PSS shell, 

as schematically shown in Figure 2.5b. Summarizing, PSS enhances the solubility and stabilizes 

the positive charges in PEDOT, while PEDOT is the actual conductive polymer. Therefore, a 

variation of the PEDOT-to-PSS ratio also affects the polymer blend features like electrical, 

optical, or rheological properties. Stöcker et al. systematically investigated different 
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PEDOT-to-PSS ratios from 1:1 to 1:30 regarding the influence on thermoelectric properties and 

found a 1:2 ratio to be the most favorable.[83] Hence, in this thesis, an aqueous PEDOT:PSS 

solution in a 1:2.5 ratio was used, which is commercially available and whose features are 

detailed in Section 4.1.2. 

Figure 2.5 Structure of PEDOT:PSS. a) Chemical structures of PEDOT and PSS, which in aqueous solution 

form the in b) shown PEDOT:PSS polymer blend structure, of a core enriched with the hydrophobic PEDOT 

surrounded by a shell of water-soluble PSS. The dry PEDOT:PSS thin film morphology with pancake-shaped 

PEDOT-rich domains within a PSS matrix is depicted from side view c) and top view d). Adapted from Rivnay et 

al.[84] 

When the aqueous PEDOT:PSS dispersion is used to prepare thin films, the spherical core-shell 

particles form a film structure of pancake-shaped PEDOT-enriched domains embedded in a 

PSS matrix upon water evaporation.[19] A sketch of the resulting thin film morphology is 

pictured in Figure 2.5c and d. As mentioned before, PEDOT is the actual conductive polymer 

responsible for the transport of the positive charge carriers, namely polymeric holes, which will 

be called holes in the following of this thesis. Thus, the conductivity within the semicrystalline 

PEDOT-rich domains, referred to as intra-domain, is high, while, in contrast, the hole transport 

between the domains is hindered by the surrounding matrix of electronically insulating PSS. As 

the inter-domain hole transport can only happen between adjacent PEDOT chains that reach 

inside the PSS matrix, the overall conductivity of pure PEDOT:PSS thin films is low, usually 

around 10 S cm-1.[21] However, this particular polymer blend structure of PEDOT:PSS gives 

room for a high tunability of the material properties, which will be discussed in more detail in 

the following section. 



Chapter 2  Theoretical background 

16 

2.1.3 Doping of PEDOT:PSS 

As introduced in Section 2.1.1, there are, in general, two types of doping methods that can be 

distinguished. Primary doping aims for the generation of charge carriers, and secondary doping 

aims for the structural optimization of the semiconductor. 

Primary doping in the case of the PEDOT:PSS polymer blend means the increase of positive 

charge carriers within the PEDOT backbone. This increase can be achieved during the PEDOT 

synthesis via a chemical or electrochemical polymerization procedure[85
⁠

–87], or it can be

achieved by a treatment with oxidizing agents, for example, oxidizing acids.[30
⁠

, 33
⁠

, 54
⁠

, 88
⁠

, 89] Figure 

2.6a shows the change in the chemical structure of a PEDOT chain upon primary doping, from 

top to bottom. In the upper row, the undoped neutral PEDOT is depicted, which does not 

comprise positive charge carriers and represents a semiconductor with a specific band gap 

(𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔). If the PEDOT backbone is oxidized, meaning an electron is removed, a positive polaron 

is produced and new energy states are formed within the energy gap. Further oxidation and 

removal of another electron results in a positive bipolaron with corresponding energy states 

within the band gap. At very high doping levels and thus a strongly increased concentration of 

polarons and bipolarons in the PEDOT chains, these energy states can overlap and form broad 

bands, as sketched in Figure 2.6b, which further minimize the band gap and enable high 

conductivities.[82] The level of primary doping in the PEDOT:PSS polymer can be observed 

with UV-Vis spectroscopy, as the energy of the absorption wavelength correlates to the 

excitation energy of the respective transitions between states.[62] Figure 2.6c shows exemplary 

UV-Vis absorption curves of rather undoped, medium, and highly doped PEDOT:PSS. 

Absorption from neutral states appears roughly around a wavelength of 500 nm, marked with 

red, polaronic states lead to absorption usually around 900 nm and 1900 nm, marked green, and 

bipolaronic states result in an absorption peak at wavelengths above 1250 nm, marked cyan and 

purple.[11
⁠

, 41
⁠

, 90] As mentioned before, primary doping is, in principle, reversible, meaning that 

a reduction and thus a decrease in the positive charge carrier concentration, called dedoping, is 

also possible. For some applications, including thermoelectrics, this dedoping is favorable and 

can be achieved, for example, with inorganic[27
⁠

, 28
⁠

, 38
⁠

–40] or organic[41
⁠

–43] reducing agents. 

Secondary doping in the case of PEDOT:PSS polymer blend includes a wide variety of 

different mechanisms aiming for structural optimization.[91
⁠

, 92] In general secondary doping can 

be achieved via the addition and treatment with polar solvents like tetrahydrofuran[93], dimethyl 

sulfoxide[34
⁠

, 37
⁠

, 44
⁠

, 93
⁠

–96], dimethylformamide[26
⁠

, 93], sorbitol[97], glycerol[24
⁠

, 96
⁠

, 98], ethylene 

glycol[24
⁠

, 94
⁠

, 95], or polyethylene glycol[99]. 
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Figure 2.6 Primary doping of PEDOT:PSS. a) Change in the chemical structure of an undoped neutral PEDOT 

chain upon primary doping, more precisely, the formation of a positive polaron and bipolaron when chemically 

reducing the oxidation level of PEDOT. b) Schematical view of the band structure and exemplary absorption 

spectra of PEDOT:PSS in the different oxidation states: undoped (N), slightly doped (P+), medium doped (B+) and 

highly doped (bipolaron band). Adapted from Bubnova et al.[11] 

Furthermore, the presence of surfactants like Zonyl®[34
⁠

, 36
⁠

, 37] or the addition of salts[28
⁠

, 29] and 

ionic liquids (ILs)[44
⁠

, 46
⁠

, 48
⁠

, 49
⁠

, 100
⁠

–103] have proven to be beneficial, and also a treatment with 

acids[30
⁠

–32] can strongly increase the conductivity of PEDOT:PSS. These various doping 

treatments cause different underlying effects, which partially mutually define each other and 

thus enhance the charge carrier transport. For example, polar molecules can reduce the 

coulombic attraction between the positively charged PEDOT chains and the negatively charged 

PSS chains, as sketched in Figure 2.7a.[91
⁠

, 92] This effect, often referred to as the screening effect, 

has several beneficial consequences, like a plastification of the polymer chains, which allows 

an eased rearrangement towards a more rigid orientation of the PEDOT chains. In this way, the 

positive charge carriers can travel more unhindered along the PEDOT backbone, which is 

further boosted by the reduced ionic interaction towards the PSS polyanion. Additionally, this 

more linear chain arrangement allows for a closer packing of the polymer chains, thus 

increasing the chain order and crystallinity, which contributes to a higher inter-chain transfer 

probability of the charge carriers. If the screening is strong enough, the separation of the 

PEDOT and PSS chains can be achieved, resulting in a partial removal of the insulating PSS 

polymer, which can also lead to a better ordering of the PEDOT chains. Additionally, this 
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diminishment of the PSS matrix enables a morphology rearrangement towards smaller and finer 

distributed PEDOT-domains with shorter distances between each other, which strongly 

enhances the inter-domain conductivity. Another effect is the chain confirmation modification, 

describing the change from a benzenoid towards a quinoid PEDOT chain confirmation, 

depicted in Figure 2.7b.[91
⁠

, 92] 

Figure 2.7 Secondary doping of PEDOT:PSS. a) Screening effect, caused by a reduction of the coulombic 

attraction between the charged PEDOT and PSS chains due to the introduction of polar molecules. Adapted from 

Mengistie et al.[99] b) Change of the PEDOT chain from the benzoid to the quinoid confirmation. c) Enhancement 

of the ordering and crystallinity of PEDOT chains, causing an improved intra- and inter-chain conductivity and 

narrowing of the energy gap. d) Optimization of the PEDOT:PSS morphology towards smaller and more finely 

distributed PEDOT domains, which increases the inter-domain charge carrier transport. Adapted from Muñoz et 

al.[104] 

In the benzenoid conformation, a distorted PEDOT chain structure with localized charge 

carriers is favored, while compared to that in the quinoid conformation, the PEDOT molecule 

owns a more planar structure, allowing for an extended linear PEDOT backbone. Therefore, 

the from secondary doping resulting preference towards a quinoid structure enables a better 

intra-chain conductivity, but also a better inter-chain conductivity due to a facilitated PEDOT 
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arrangement. Overall, two achievements in increasing the charge carrier transport can be 

distinguished, which are schematically depicted in Figure 2.7c and d, respectively. First, the 

enhancement of ordering and crystallinity of the PEDOT chains leads to a better intra-chain and 

inter-chain conductivity, as the overlapping of different energy states increases and narrows the 

energy gap due to the formation of QP bands.[62
⁠

, 104] Second, the optimization of the 

PEDOT:PSS morphology towards a PEDOT domain arrangement that improves the inter-

domain charge carrier transport, by reducing domain distances and creating PEDOT bridges in 

between.[24] 

2.2 Thermoelectric principles in organic polymers 

Thermoelectricity, as the name suggests, describes phenomena resulting from a correlation 

between the electrical potential gradient (∇𝜑𝜑) and the temperature gradient (∇T). It was 

discovered in 1822 by Thomas Johann Seebeck,[105] a Baltic German physicist, who detected 

the first of three separately identified thermoelectric (TE) effects, namely the Seebeck effect. 

Followed by that, the Peltier effect was described in 1834 by the French physicist Jean Charles 

Athanase Peltier,[106] and finally, Lord Kelvin (William Thomson) predicted and observed the 

Thomson effect in 1851.[107] In this section, the basic principles behind thermoelectricity with 

the encompassed effects are outlined, and the characteristics of PEDOT:PSS as TE material are 

described more closely. 

2.2.1 Basics of thermoelectric effects 

For the explanation of processes happening within a TE system, it is essential to mention that 

they are not in equilibrium and thus are beyond classical thermodynamics. Therefore, the 

concept of Onsager reciprocal relations in irreversible processes is necessary to describe these 

non-equilibrium states.[108] This theory establishes linear relations between driving forces and 

resulting fluxes using proportionality coefficients to present direct- and cross-correlations. 

Simple examples of these relations are Ohm’s law and Fourier’s law, which state that the 

electrical current flow (𝐽𝐽) is proportional to the electrical potential gradient (∇𝜑𝜑), and, in the 

case of the latter, that the heat current flow (𝑄𝑄) is proportional to the temperature gradient (∇T). 

However, as mentioned before, in a TE system, the correlated driving forces ∇𝜑𝜑 and ∇𝑇𝑇 can 
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both simultaneously influence the electrical and heat current flow, which results in direct- and 

cross-correlations. Using the Onsager reciprocal relations, the TE system can now be expressed 

with Equation (2.4) and Equation (2.5):[109
⁠

, 110]

−𝐽𝐽𝑁𝑁 = 𝐿𝐿11
1
𝑇𝑇
∇µ� + 𝐿𝐿12∇

1
𝑇𝑇

(2.4) 

𝑄𝑄 = 𝐿𝐿21
1
𝑇𝑇
∇µ� + 𝐿𝐿22∇

1
𝑇𝑇

(2.5) 

Hereby, 𝐽𝐽𝑁𝑁 describes a particle (charge carrier) current flow, which relates to the electrical 

current flow as 𝐽𝐽 = 𝑒𝑒 ∙ 𝐽𝐽𝑁𝑁 via the elementary charge 𝑒𝑒. The particle current flow and the heat 

current flow both depend on the electrochemical potential gradient (∇µ�) and the reciprocal 

temperature gradient (∇ 1
𝑇𝑇
). The proportionality coefficients 𝐿𝐿𝑖𝑖𝑖𝑖 of the Onsager theorem 

represent the direct-correlation (𝐿𝐿11 and 𝐿𝐿22) and the cross-correlation (𝐿𝐿12 = 𝐿𝐿21), and can be 

determined as follows. 

First, the case of no temperature gradient (∇ 1
𝑇𝑇
 = 0) is considered. Equation (2.9) becomes: 

−𝐽𝐽𝑁𝑁 = 𝐿𝐿11
1
𝑇𝑇
∇µ� (2.6)

With ∇µ� = 𝑒𝑒∇𝜑𝜑 and 𝐽𝐽 = 𝑒𝑒 ∙ 𝐽𝐽𝑁𝑁 the electrical current flow results as: 

𝐽𝐽 = −𝐿𝐿11
𝑒𝑒2

𝑇𝑇
∇𝜑𝜑 = −𝜎𝜎∇𝜑𝜑 (2.7)

According to Ohm’s law, the proportionality factor between the electrical current flow and the 

electrical potential is the electrical conductivity 𝜎𝜎, and thus, the first proportionality coefficient 

𝐿𝐿11is given as: 

𝐿𝐿11 =
𝜎𝜎𝜎𝜎
𝑒𝑒2

 (2.8)

The second case considers the electrochemical potential gradient to be zero (∇µ� = 0). For 

Equation (2.5) this leads to: 

𝑄𝑄 = 𝐿𝐿22∇
1
𝑇𝑇

= −𝐿𝐿22
1
𝑇𝑇2

∇𝑇𝑇 = −𝜅𝜅𝐸𝐸∇𝑇𝑇 (2.9) 

with ∇ 1
𝑇𝑇

= − 1
𝑇𝑇2
∇𝑇𝑇 

Thereby, the second proportionality coefficient 𝐿𝐿22 can be determined. With 𝜅𝜅E, the thermal 

conductivity in the case of ∇µ� = 0, being the proportionality factor between the heat current 

flow and the temperature gradient according to Fourier’s law. 

𝐿𝐿22 = 𝜅𝜅𝐸𝐸𝑇𝑇2 (2.10) 
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With this, the direct-correlations are explained, and following the cross-correlation will be 

derived. For this, again assuming the case of ∇ 1
𝑇𝑇
 = 0, resulting in Equation (2.6), which then 

can be transformed to: 

∇µ� = −
𝐽𝐽𝑁𝑁𝑇𝑇
𝐿𝐿11

= −
𝐽𝐽𝐽𝐽
𝑒𝑒𝐿𝐿11

(2.11) 

Inserting this equation and ∇ 1
𝑇𝑇
 = 0 into Equation (2.5), it results in the relation between the heat 

current flow and the electrical current flow, with Π being the Peltier coefficient. 

𝑄𝑄 = −
𝐿𝐿21
𝐿𝐿11

1
𝑒𝑒
𝐽𝐽 = Π𝐽𝐽 (2.12) 

Using Equation (2.8) this gives us the proportionality coefficients for the cross-correlations: 

𝐿𝐿21 = 𝐿𝐿12 = −
ΠσT
𝑒𝑒

 (2.13)

Furthermore, the case of no particle current flow (𝐽𝐽𝑁𝑁 = 0) can be considered to find the relation 

between the electrochemical potential and the temperature gradient. Therefore, Equation (2.4) 

is used to get the electrical current flow, which is also zero, see Equation (2.14), and by inserting 

∇ 1
𝑇𝑇
 = − 1

𝑇𝑇2
∇𝑇𝑇 and ∇µ� = 𝑒𝑒∇𝜑𝜑 this leads to Equation (2.15). 

𝐽𝐽 = 𝑒𝑒𝐽𝐽𝑁𝑁 = −𝐿𝐿11
𝑒𝑒2

𝑇𝑇
∇𝜑𝜑 + 𝐿𝐿12

𝑒𝑒
𝑇𝑇2

∇T = 0 (2.14) 

∇𝜑𝜑 =
𝐿𝐿12
𝐿𝐿11

1
𝑒𝑒𝑒𝑒

∇𝑇𝑇 = 𝑆𝑆∇𝑇𝑇 (2.15) 

Hereby, 𝑆𝑆 is defined as the Seebeck coefficient, which can be also written as 𝑆𝑆 = −Π
𝑇𝑇
. 

By using Equation (2.15) and ∇µ� = 𝑒𝑒∇𝜑𝜑 , and inserting both into Equation (2.5), one can obtain 

the thermal conductivity 𝜅𝜅𝐽𝐽 for the case of no electrical current flow: 

𝑄𝑄 = −
𝐿𝐿22𝐿𝐿11 + 𝐿𝐿122

𝐿𝐿11
1
𝑇𝑇2

∇𝑇𝑇 = −𝜅𝜅𝐽𝐽∇𝑇𝑇 (2.16) 

With Equation (2.8), (2.10), and (2.13) a correlation between the thermal conductivities 𝜅𝜅𝐽𝐽 and 

𝜅𝜅𝐸𝐸 can be obtained. These thermal conductivities respectively represent the cases of no 

electrical current flow and no electrochemical gradient. 

𝜅𝜅𝐽𝐽 = 𝜅𝜅𝐸𝐸 − 𝑇𝑇𝑆𝑆2𝜎𝜎 (2.17) 

𝜅𝜅𝐸𝐸
𝜅𝜅𝐽𝐽

=
𝑆𝑆2𝜎𝜎
𝜅𝜅𝐽𝐽

𝑇𝑇 + 1 (2.18) 

In a TE material the thermal conductivity in an open-circuit configuration (𝜅𝜅𝐽𝐽) is expected to 

be minimal, and maximal in the short-circuit configuration (𝜅𝜅𝐸𝐸). Therefore, the division of 𝜅𝜅𝐸𝐸 
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by 𝜅𝜅𝐽𝐽 in Equation (2.18) should be maximized whereby the first term on the right side of the 

equation represents the thermoelectric figure of merit (𝑍𝑍𝑇𝑇�), which will be introduced in more 

detail in Section 2.2.3. 

Summarizing, with the Onsager reciprocal relations, the correlations between the driving 

forces, electrochemical potential ∇𝜑𝜑 and temperature gradient ∇T, and the occurring fluxes, 

electrical current flow 𝐽𝐽 and heat current flow 𝑄𝑄 can be determined. The resulting relations, 

which explain the different identified TE effects, can be expressed as follows:[110] 

𝐽𝐽 = −𝜎𝜎 ∇𝜑𝜑 + 𝑆𝑆𝑆𝑆 ∇𝑇𝑇 (2.19) 

𝑄𝑄 = 𝑆𝑆𝑆𝑆𝑆𝑆 ∇𝜑𝜑 − (𝜅𝜅𝐽𝐽 + 𝑆𝑆2σT) ∇𝑇𝑇 (2.20) 

In the next section the three different thermoelectric effects, namely Seebeck effect, Peltier 

effect, and Thomson effect, will be described on a macroscopic and more applied level. 

2.2.2 Thermoelectric effects 

In principle three different TE effects, as sketched in Figure 2.8, can be distinguished; referred 

to as Seebeck effect, Peltier effect, and Thomson effect.[111
⁠

–113] 

Figure 2.8 Thermoelectric effects. a) Seebeck effect, describing the emergence of an electrical thermovoltage 

upon the application of a temperature gradient (𝑻𝑻𝒉𝒉𝒉𝒉𝒉𝒉 and 𝑻𝑻𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄). b) Peltier effect, describing the formation of a 

heat current flow (𝑸𝑸, dark red arrows) upon the application of an electric current flow (𝑱𝑱, black arrows) through a 

material junction. c) Thomson effect, describing the appearance of an additional heat flow along a material (𝑸𝑸, 

dark red arrows), if an electrical current flow (𝑱𝑱, black arrows) and a temperature gradient (𝑻𝑻𝒉𝒉𝒉𝒉𝒉𝒉 and 𝑻𝑻𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄) are 

applied simultaneously. Adapted from the dissertation of Olga Bubnova.[114] 

The Seebeck effect, sketched in Figure 2.8a, describes the emergence of an electrical 

thermovoltage (∆𝑉𝑉𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒) upon the application of a one-dimensional temperature gradient 

(∆𝑇𝑇 = 𝑇𝑇ℎ𝑜𝑜𝑜𝑜 - 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) on the conjunctions of two dissimilar TE materials (𝐴𝐴 and B).  
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The Seebeck coefficient (𝑆𝑆) is defined as:[111] 

𝑆𝑆 = 𝑆𝑆𝐴𝐴 − 𝑆𝑆𝐵𝐵 =
∆𝑉𝑉𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒

∆𝑇𝑇
(2.21) 

The Seebeck effect, which will be discussed in a bit more detail later, can be potentially used 

for waste-heat recovery or temperature sensing. 

The Peltier effect, sketched in Figure 2.8b, can be observed if an electrical current flow (𝐽𝐽) 

is applied through two different TE materials (𝐴𝐴 and B), which leads to a heat current flow (𝑄𝑄) 

and results in a heating or cooling of the respective material conjunctions. The Peltier 

coefficient (Π) defines as:[111] 

Π = Π𝐴𝐴 − Π𝐵𝐵 =
𝑄𝑄
𝐽𝐽

(2.22) 

The Peltier effect is complementary to the Seebeck effect and can be used for heat pump 

construction or as refrigerator. 

The Thomson effect, sketched in Figure 2.8c, represents a combination of the Seebeck and 

Peltier effect, namely if an electrical current flow and a temperature gradient are applied on a 

TE material. This results in an additional heat current flow along the material (𝑑𝑑𝑑𝑑). The extend 

of the Thomson effect is very small and can be described by the Thomson coefficient (Γ):[111] 

Γ =
𝑑𝑑𝑑𝑑
𝐽𝐽𝐽𝐽𝐽𝐽

(2.23) 

All three effects and their corresponding coefficients are linked with each other as can be 

described with the Thomson (Kelvin) relations: 

Π = 𝑆𝑆𝑆𝑆 (2.24) 

Γ = 𝑇𝑇
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 (2.25) 

It needs to be mentioned that even though these three thermoelectric effects are all reversible, 

there are additional thermoelectric effects occurring, which are irreversible and prone to reduce 

the performance of thermoelectric devices.[111
⁠

–113] First, the Joule heating describes the 

conversion of useful electric energy, in the form of moving charge carriers, into heat that 

dissipates and is thus lost. Second, the thermal heat conduction, which leads to an equalization 

of the different temperatures within a material, and thus a reduction of the temperature gradient. 

However, as the focus of this present thesis lies on the application of TE materials in 

thermoelectric generators to convert a temperature gradient into electric voltage, the Seebeck 

effect is the most relevant and will be discussed in more detail.[111] Figure 2.9a shows an 



Chapter 2  Theoretical background 

24 

exemplary thermoelectric material with free positive charge carriers, also called a p-type 

semiconducting thermoelectric material. Upon application of a temperature gradient 

(∆𝑇𝑇 = 𝑇𝑇ℎ𝑜𝑜𝑜𝑜 - 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) along the material, as depicted in Figure 2.9b, the free positive charge 

carriers on the hot side have more thermal energy, gain a higher kinetic energy and are thus 

more agile in their movement, compared to the ones on the cold side. Eventually this leads to a 

net diffusion of free charge carriers (diffT, black arrow) towards the cold side, resulting in an 

accumulation there and depletion on the hot side. As depicted in Figure 2.9c this charge 

separation along the semiconducting TE material causes the formation of an electrical voltage 

between the cold and the hot end. However, the increased charge carrier concentration and the 

arising electrical field due to the charge separation yield to a charge carrier drift (driftE, green 

arrow) in the opposite direction. Ultimately an equilibrium is reached and the thermovoltage 

∆𝑉𝑉𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒 arises. 

Figure 2.9 Seebeck effect and thermoelectric generators. a) Schematic depiction of a thermoelectric material 

containing positive charge carriers at thermal equilibrium. b) Arise of a positive charge carrier diffusion towards 

the cold side upon the application of a temperature gradient. c) The emergence of the resulting thermal voltage 

along the thermoelectric material and graphical description of the thermoelectric parameters, electrical 

conductivity 𝝈𝝈 (pink), thermal conductivity 𝜿𝜿 (orange), and Seebeck coefficient 𝑺𝑺 (green). d) Thermoelectric 

circuit containing a positive (p) and negative (n) semiconducting thermoelectric material. e) Assembly of 

thermoelectric generator built up by several in series connected thermoelectric elements. 

There are three main parameters that can be distinguished to evaluate the goodness of a 

thermoelectric material. First, the electrical conductivity 𝜎𝜎, which should be as high as possible 

to enable an easy charge carrier transport through the material. Second. the thermal conductivity 
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𝜅𝜅, which should be ideally low to maintain the applied temperature gradient. Third, the Seebeck 

coefficient 𝑆𝑆, which is defined by the amount of resulting thermovoltage upon application of a 

defined temperature gradient; hence, should be maximal. All three parameters will be discussed 

more precisely in the following section. The above example considers a p-type material, 

however, there are also n-type thermoelectric materials. For them, the major charge carriers are 

negative, which results in the drift and accumulation of negative charge carriers towards the 

cold side and thus a reversed sign of the resulting thermovoltage as well as the Seebeck 

coefficient. As pictured in Figure 2.9d, the Seebeck coefficient is defined to be positive for p-

semiconducting (𝑆𝑆𝑝𝑝 > 0) and negative for n-type (𝑆𝑆𝑛𝑛 < 0) TE materials. The combination of 

both creates a thermoelectric element, by connecting them thermally in parallel and electrically 

in series, linked via a metal conductor. By this the thermovoltages arising in each leg upon the 

application of a defined temperature gradient add up and thus the overall resulting voltage can 

be increased. Figure 2.9e shows the typical design of a thermoelectric generator, comprising 

multiple (𝑁𝑁) thermoelectric elements, which are connected in an array to form a thermoelectric 

module, with a total resulting open circuit thermovoltage of: 

∆𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑁𝑁(∆𝑉𝑉𝑝𝑝𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒 − ∆𝑉𝑉𝑛𝑛𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒) = 𝑁𝑁(𝑆𝑆𝑝𝑝 − 𝑆𝑆𝑛𝑛)Δ𝑇𝑇  (2.26) 

2.2.3 Characterization of thermoelectric materials 

The performance of a thermoelectric material for thermal to electric energy conversion is 

influenced by different material properties, the Seebeck coefficient 𝑆𝑆, the electrical conductivity 

𝜎𝜎, the thermal conductivity 𝜅𝜅, and the temperature of operation 𝑇𝑇�. All these parameters are 

comprised in the thermoelectric figure of merit 𝑍𝑍𝑇𝑇�, mentioned before in Section 2.2.1. This 

dimensionless TE figure of merit can be determined via Equation (2.27) and directly shows that 

in general for a good TE material, 𝑆𝑆 and 𝜎𝜎 should be maximized, while 𝜅𝜅 should be 

minimized.[112] Furthermore, 𝑍𝑍𝑇𝑇� is correlated to the maximal reachable conversion efficiency 

𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚, as defined in Equation (2.28).[16] 

𝑍𝑍𝑇𝑇� =
𝑆𝑆2𝜎𝜎
𝜅𝜅

𝑇𝑇� (2.27) 

𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑇𝑇ℎ𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑇𝑇ℎ𝑜𝑜𝑜𝑜

�1 + 𝑍𝑍𝑇𝑇� − 1

�1 + 𝑍𝑍𝑇𝑇� + 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑇𝑇ℎ𝑜𝑜𝑜𝑜

(2.28) 
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The first term in Equation (2.28) corresponds to the Carnot efficiency, which described the 

maximum reachable efficiency of a heat engine that operates between a hot and a cold reservoir. 

The second term incorporates the TE figure of merit and thus the thermoelectric parameters of 

a certain material at the average temperature 𝑇𝑇�. Figure 2.10a shows a graphical representation 

of the relationship between 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚, 𝑍𝑍𝑇𝑇� and Δ𝑇𝑇. 

Figure 2.10 Thermoelectric efficiency and parameters. a) Graph showing the maximal achievable efficiency of 

a thermoelectric material depending on the temperature gradient 𝚫𝚫𝑻𝑻 and the thermoelectric figure of merit 𝒁𝒁𝑻𝑻�, in 

comparison to the Carnot efficiency (dashed line). b) Schematic plot of the thermoelectric parameters, namely 

electrical conductivity 𝝈𝝈 (pink), thermal conductivity 𝜿𝜿 (orange), and Seebeck coefficient 𝑺𝑺 (green), thermoelectric 

figure of merit 𝒁𝒁𝑻𝑻� (red) and thermoelectric power factor 𝑷𝑷𝑷𝑷 (black), in dependence of the charge carrier 

concentration. Adapted from Snyder et al.[12] 

However, as it is usually very complicated to determine 𝜅𝜅 of a thin film material, often 

thermoelectric power factor 𝑃𝑃𝑃𝑃, is utilized to evaluate the goodness of a thermoelectric 

materials, which is also used in the frame of this thesis:[112] 

𝑃𝑃𝑃𝑃 = 𝑆𝑆2𝜎𝜎  (2.29) 

Figure 2.10b graphically shows the correlations of the thermoelectric figure of merit and 

thermoelectric power factor with the Seebeck coefficient, electrical conductivity, and thermal 

conductivity.[12] It can also be seen in the graph that nearly all these parameters are dependent 

on the charge carrier concentration 𝑛𝑛𝑞𝑞, which results in a dependency of them among each other 

and thus complicate the selective improvement of a thermoelectric material.[112] 

The Seebeck coefficient, which defines the property of a material to convert a temperature 

gradient into electrical voltage, can be defined with the Boltzmann constant 𝑘𝑘𝐵𝐵, the elementary 

charge 𝑒𝑒, and the Fermi temperature 𝑇𝑇𝐹𝐹, as follows:[12] 

|𝑆𝑆| =
𝜋𝜋2

3
𝑘𝑘𝐵𝐵
𝑒𝑒
𝑇𝑇
𝑇𝑇𝐹𝐹

(2.30) 
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It shows that the Seebeck coefficient is proportional to the fraction of charge carriers that are 

free and are effectively contributing to the temperature gradient driven transport of charges, 

which is expressed by the relation of 𝑇𝑇 and 𝑇𝑇𝐹𝐹. Hereby underlying is the condition that only 

charge carriers with energies in proximity of the Fermi level are allowed to participate in the 

charge transport. The definition of the Fermi temperature is given by Equation (2.31) with the 

Planck constant ℎ, the effective charge carrier mass 𝑚𝑚∗, and the charge carrier concentration 

𝑛𝑛𝑞𝑞. 

𝑇𝑇𝐹𝐹 =
ℎ2

8𝑚𝑚∗𝑘𝑘𝐵𝐵
�

3𝑛𝑛𝑞𝑞
𝜋𝜋
�
2
3 (2.31) 

For a good TE material, the Seebeck coefficient should be maximized, and thus, a low charge 

carrier concentration is favorable according to the resulting proportionality (𝑆𝑆 ~ 𝑛𝑛𝑞𝑞−2/3). 

The electrical conductivity of a thermoelectric material can basically be expressed with:[12] 

𝜎𝜎 = 𝑛𝑛𝑞𝑞𝑒𝑒µ (2.32) 

The direct proportionality with the charge carrier density, 𝜎𝜎 ~ 𝑛𝑛𝑞𝑞, becomes apparent, and µ 

represents the charge carrier mobility within the thermoelectric material. As the conductivity in 

a TE material should be as high as possible, a high charge carrier concentration and a high 

charge carrier mobility is advantageous.  

The thermal conductivity 𝜅𝜅, is in general composed of two parts, the contribution of phonons 

𝜅𝜅𝑝𝑝ℎ, describing the heat transport via lattice vibrations, and the contribution of charge carriers 

𝜅𝜅𝑐𝑐ℎ, which not only transport charge, but also carry heat through the system.[112] 

𝜅𝜅 = 𝜅𝜅𝑝𝑝ℎ + 𝜅𝜅𝑐𝑐ℎ (2.33) 

𝜅𝜅𝑐𝑐ℎ
𝜎𝜎

= 𝐿𝐿𝐿𝐿 =
𝜋𝜋2

3
�
𝑘𝑘𝐵𝐵
𝑒𝑒
�
2

𝑇𝑇 (2.34) 

The phonon thermal conductivity is independent of 𝑛𝑛, while the contribution of 𝜅𝜅𝑐𝑐ℎ increases 

at high charge carrier concentrations, indicated in Figure 2.10b. Hereby, the charge carrier 

thermal conductivity is related to the electrical conductivity via the Wiedemann-Franz law,[115] 

defined in Equation (2.34), with the empirical proportionality constant 𝐿𝐿 = 2.44 × 10-8 WΩ K-2 

being the Lorenz number.[116] Therefore, this leads to the proportionality 𝜅𝜅𝑐𝑐ℎ ~ 𝑛𝑛𝑞𝑞 and the 

charge carrier concentration should be reduced, to keep the total thermal conductivity low and 

improve the thermoelectric figure of merit. 

It becomes clear from these considerations that the optimization of thermoelectric materials 

by influencing their individual TE properties is always a juggling act, as they are interconnected 

with each other. Figure 2.10b shows that in materials with low charge carrier concentration, 
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usually insulators, the Seebeck coefficient is high and 𝜅𝜅 is low, however, also 𝜎𝜎 is low, thus 

resulting in a low 𝑍𝑍𝑇𝑇�. In the metals region, where 𝑛𝑛𝑞𝑞 is high, the electrical conductivity is 

strongly increased, however, 𝑆𝑆 is low and 𝜅𝜅 increases, which also results in a non-optimal 𝑍𝑍𝑇𝑇�. 

Therefore, medium charge carrier concentrations like achieved in semiconducting 

thermoelectric materials are preferable to reach a good thermoelectric performance with a high 

𝑍𝑍𝑇𝑇�, or, as investigated in the context of this thesis, a high 𝑃𝑃𝑃𝑃. 

2.2.4 PEDOT:PSS as thermoelectric materials 

Thermoelectric semiconductors can either be based on inorganic materials, like bismuth 

telluride metal alloys, or on organic materials, like conductive polymers. The focus of this 

present thesis lies on organic TE polymers, more precisely PEDOT:PSS, as they provide certain 

advantages.[58
⁠

, 117
⁠

, 118] For example, in contrast to their inorganic counterpart, thermoelectric 

polymers are usually low or non-toxic. Furthermore, they are often processable from solution, 

which allows for an easy and cost-efficient large-scale production with techniques like blade-

coating, printing, or spraying. Additionally, most organic TE materials allow for the fabrication 

of lightweight, flexible, and transparent thin film devices, which facilitates a huge field of 

possible applications. Another favorable property of TE materials based on semiconducting 

polymers, is their initially low thermal conductivity and their often-high electrical conductivity. 

As introduced in Section 2.1.3 for the case of PEDOT:PSS, the TE properties of polymers can 

be adjusted via doping. With primary and secondary doping, the electrical conductivity can be 

enhanced by an increase of the charge carrier concentration or the charge carrier mobility, 

respectively. While, with dedoping the charge carrier concentration can be decreased, which 

positively influences the Seebeck coefficient. By finding the right balance of doping, the 

thermoelectric performance of these organic TE materials, evaluated with the TE power factor 

or the TE figure of merit, can be tuned and optimized. 

However, for the case of some polymers, like the here investigated PEDOT:PSS, it is 

important to note that there is not only an electronic effect to the thermoelectric performance, 

but ionic contributions are also possible. Ions within the PEDOT:PSS, either anions, but most 

likely cations that were introduced into the polymer during fabrication or doping procedure can 

travel through the material and thus contribute with an ionic conductivity and ionic Seebeck 

effect.[62
⁠

, 119
⁠

, 120] The predominant part is the transport of cations through the PSS matrix, which 

can happen via the various mechanisms schematically depicted in Figure 2.11a, namely intra-
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chain or inter-chain hopping, directly or via ion clusters. Hereby different influences like the 

temperature, polymer chain motion mobility or the electrostatic interactions affect the ion 

transport properties.[21
⁠

, 121
⁠

, 122] 

Figure 2.11 Ionic influence on the thermoelectric behavior of PEDOT PSS. a) Possible intra-chain and inter-

chain hopping mechanisms, directly or via ion clusters. Shown for the case of cationic species (yellow) transport 

along the PSS polymer chains, which are depicted as grey lines with the grey dots representing the polar sulfonate 

group. Adapted from Xue et al.[123] b) Exemplary description of the initial but short-term contribution of ionic 

species to the arising thermovoltage, called Soret effect, when applying a temperature gradient on a mixed ionic 

and electronic conducting thermoelectric material. Adapted from Ail et al.[124] 

An ordered and directed ion charge transport can be caused either by a prevailing electric 

potential force, for example during conductivity measurements, or by a temperature gradient, 

like during the application as thermoelectric material. The latter being described as 

thermophoresis, or Soret effect, which can contribute to the total thermal voltage of a mixed 

conducting TE material, as shown in Figure 2.11b.[119
⁠

, 122
⁠

, 124] However, as the ions are not able 

to cross over into the electrodes, like it is possible for electronic charge carriers, this leads to 

the accumulation of the ions at the cold electrode interface and the formation of an ion 

concentration gradient. Thus, a driving force in the opposite direction arises, which eventually 

results in an equilibrium state corresponding to the contribution of only electronic charge 

carriers.[124] Therefore, even though the effect of ions on the TE properties can be high, it is 

only lasting for a short-time. Nevertheless, this dynamic influence needs to be considered when 

investigating thermoelectric materials with ionic and electronic charge carrier contributions, 

like PEDOT:PSS. 
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2.3 Scattering methods 

In this thesis, scattering techniques are used as main method to investigate the inner structure 

of PEDOT:PSS thin films to correlate it to their thermoelectric properties and characterize 

morphological changes upon different treatments and ambient influences. In general, these 

methods are based on elastic scattering, which means that the energy of the incident X-ray or 

neutron beam (𝐸𝐸𝑖𝑖) hitting the sample, does not change during the scattering event and is the 

same as for the final detected X-ray or neutron beam (𝐸𝐸𝑓𝑓 = 𝐸𝐸𝑖𝑖). More importantly, all scattering 

techniques conducted in this thesis allow the probing of a large thin film area, in the millimeter 

to centimeter range, and thus provide statistically relevant information about the inner structure 

of the sample. The basic principles of scattering and the hereby utilized techniques, grazing-

incidence small-angle X-ray scattering (GISAXS), X-ray reflectometry (XRR), and time-of-

flight neutron reflectometry (ToF-NR), are introduced in the following sections. 

2.3.1 Scattering basics 

The underlying principle of the scattering investigation concept is that an incident beam, of 

either X-rays or neutrons, responds to a variation of the refractive index (𝑛𝑛) at its surface or 

interfaces, respectively. The incident beam can be generally described as a wave, with the wave 

amplitude Ψ0, position vector 𝑟𝑟, and wave vector 𝑘𝑘𝚤𝚤���⃗ .[125] 

In general, the refractive index describes how a wave travels within a specific material, hence 

it is dependent on the wavelength 𝜆𝜆 and position 𝑟𝑟. It can be defined as:[125
⁠

, 126] 

Hereby, 𝛿𝛿(𝑟𝑟,𝜆𝜆) describes the dispersion and 𝛽𝛽(𝑟𝑟,𝜆𝜆) the absorption of the material. Both 

properties can be also expressed with the real and imaginary part of the scattering length 

density, ℜ(𝑆𝑆𝑆𝑆𝑆𝑆) and ℑ(𝑆𝑆𝑆𝑆𝑆𝑆), respectively. The scattering length density (𝑆𝑆𝑆𝑆𝑆𝑆) measures the 

extent of the scattering effect of a material and is dependent on its physical density and its 

intrinsic scattering power. X-rays scatter at the atomic shell, thus the scattering scales with the 

Ψ𝑖𝑖(𝑟𝑟) = Ψ0exp(𝑖𝑖𝑘𝑘𝚤𝚤���⃗ ∙ 𝑟𝑟) (2.35) 

with 𝑘𝑘 = �𝑘𝑘𝚤𝚤���⃗ � = 2𝜋𝜋
𝜆𝜆

 

𝑛𝑛(𝑟𝑟, 𝜆𝜆) = 1 − 𝛿𝛿(𝑟𝑟, 𝜆𝜆) + 𝑖𝑖𝑖𝑖(𝑟𝑟, 𝜆𝜆) (2.36) 

= 1 −
𝜆𝜆2

2𝜋𝜋
ℜ(𝑆𝑆𝑆𝑆𝑆𝑆) + 𝑖𝑖

𝜆𝜆2

2𝜋𝜋
ℑ(𝑆𝑆𝑆𝑆𝑆𝑆) (2.37) 
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electronic density of a material, while neutrons scatter at the atomic nuclei, hence, it is related 

to the nuclear scattering length.[127] Both will be detailed later in this section. In general, for 

hard X-ray (𝐸𝐸 ≳ 5 keV) and neutron scattering, the dispersion part is usually very small 

(1 ≫ 𝛿𝛿𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟 ≈ 10-5 ‒ 10-8) and the absorption part is nearly nonexistent 

(𝛿𝛿𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟 > 𝛽𝛽𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟 ≈ 10-7 ‒ 10-8 > 𝛽𝛽𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 ≈ 10-10 ‒ 10-12). This results for both, X-

ray and neutron beams, in refractive indices slightly below one, according to 

Equation (2.36).[125
⁠

, 128] 

Furthermore, for the scattering investigation of a sample morphology containing two 

materials, or a material and its surrounding, the scattering contrast can be defined as: 

This scattering contrast relates to the scattering intensity and the signal to noise ratio, and thus 

is desired to be high, meaning a strong difference between the refractive indices or 𝑆𝑆𝑆𝑆𝑆𝑆s of the 

two materials.[127] In the following, the scattering contrast in the case of X-ray or neutron 

scattering will be discussed in more detail. 

X-ray contrast

For X-ray scattering, the X-ray photons interact with the electron clouds of the atoms present

inside the material under investigation. Thus, to approximate the materials scattering length

density (𝑆𝑆𝑆𝑆𝑆𝑆𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟), the atomic scattering factor 𝑓𝑓𝑗𝑗 of an atom 𝑗𝑗, first introduced by Henke et

al.[129], can be used as follows:

With 𝑍𝑍𝑗𝑗 being the total number of electrons in the atom 𝑗𝑗. Furthermore, 𝑟𝑟𝑒𝑒 and 𝜌𝜌𝑒𝑒(𝑟𝑟) represent 

the classical Thomson electron radius and the space-dependent electron density, respectively, 

which can be approximated via:[127] 

Hereby, 𝑒𝑒 is the elementary charge, 𝜖𝜖0 is the permittivity constant, 𝑚𝑚𝑒𝑒 is the electron mass, 𝑐𝑐 

is the speed of light, 𝜌𝜌(𝑟𝑟) is the materials mass density, 𝑁𝑁𝐴𝐴 is the Avogadro’s constant, and 𝑀𝑀𝑗𝑗 

|∆𝑛𝑛|2 = ∆𝛿𝛿2 + ∆𝛽𝛽2 (2.38) 

𝑓𝑓𝑗𝑗(𝜆𝜆) = 𝑓𝑓𝑗𝑗0 + 𝑓𝑓𝑗𝑗′(𝜆𝜆) + 𝑖𝑖𝑓𝑓𝑗𝑗′′(𝜆𝜆) (2.39) 

𝑆𝑆𝑆𝑆𝑆𝑆𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑟𝑟𝑒𝑒𝜌𝜌𝑒𝑒(𝑟𝑟)�
𝑓𝑓𝑗𝑗(𝜆𝜆)
𝑍𝑍𝑗𝑗

𝑁𝑁

𝑗𝑗=1

(2.40) 

𝑟𝑟𝑒𝑒 =
𝑒𝑒2

4𝜋𝜋𝜖𝜖0𝑚𝑚𝑒𝑒𝑐𝑐2
= 2.814 × 10−5 Å (2.41) 

𝜌𝜌𝑒𝑒(𝑟𝑟) = 𝜌𝜌(𝑟𝑟)𝑁𝑁𝐴𝐴�
𝑍𝑍𝑗𝑗
𝑀𝑀𝑗𝑗

𝑁𝑁

𝑗𝑗=1

(2.42) 
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is the molecular mass of the atom 𝑗𝑗. Using Equation (2.37) and Equation (2.40), the materials 

dispersion 𝛿𝛿(𝑟𝑟,𝜆𝜆) and absorption 𝛽𝛽(𝑟𝑟, 𝜆𝜆) during X-ray scattering result as:[125] 

It can be seen that 𝑓𝑓𝑗𝑗0+𝑓𝑓𝑗𝑗′(𝜆𝜆) describes the dispersive component of the atomic scattering factor, 

leading to refraction, while 𝑓𝑓𝑗𝑗′′(𝜆𝜆) is the absorption component, describing the strength of 

radiation absorption by the material. As mentioned before, elastic scattering is assumed, which 

means that the change in momentum occurs without energy change of the incident and final 

beam. Therefore, the momentum transfer defines as the scattering vector 𝑞⃗𝑞 = 𝑘𝑘𝑓𝑓����⃗  - 𝑘𝑘𝚤𝚤���⃗ . For in the 

frame of this thesis performed GISAXS, the momentum transfer is small, and thus, for the 𝑞⃗𝑞-

dependent atomic scattering factor component the approximation 𝑓𝑓𝑗𝑗0 ≈ 𝑍𝑍𝑗𝑗 and 𝑓𝑓𝑗𝑗′ ≪ 𝑓𝑓𝑗𝑗0 can be 

made. Consequently, the refractive index for a homogeneous material, far away from absorption 

edges, results as:[125
⁠

, 130]

whereby, µ(𝑟𝑟) represents the linear absorption coefficient of the material. 

Summarizing, the contrast for X-ray scattering depends on variations of the electron density 

between two different materials, or within one material as caused for example from 

concentration gradients. It is important to mention that the here discussed approximations only 

hold for hard X-rays (𝐸𝐸 ≳ 5 keV), while for soft X-rays (𝐸𝐸 ≲ 5 keV) a strong wavelength-

dependent absorption is observable, because this photon energy is in the right range to excite 

electrons. 

Neutron contrast 

Neutrons interact with the nucleus of an atom, which leads to a different scattering length 

density than for X-ray scattering. Hereby, the scattering length density (𝑆𝑆𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛) is 

dependent on how a neutron, with a distinct spin state, interacts with the respective nuclei.  

𝛿𝛿𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟(𝑟𝑟,𝜆𝜆) =
𝜆𝜆2

2𝜋𝜋
ℜ(𝑆𝑆𝑆𝑆𝑆𝑆𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟) =

𝜆𝜆2

2𝜋𝜋
𝑟𝑟𝑒𝑒𝜌𝜌𝑒𝑒(𝑟𝑟)�

𝑓𝑓𝑗𝑗0 + 𝑓𝑓𝑗𝑗′(𝜆𝜆)
𝑍𝑍𝑗𝑗

𝑁𝑁

𝑗𝑗=1

(2.43) 

𝛽𝛽𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟(𝑟𝑟,𝜆𝜆) =
𝜆𝜆2

2𝜋𝜋
ℑ(𝑆𝑆𝑆𝑆𝑆𝑆𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟) =

𝜆𝜆2

2𝜋𝜋
𝑟𝑟𝑒𝑒𝜌𝜌𝑒𝑒(𝑟𝑟)�

𝑓𝑓𝑗𝑗′′(𝜆𝜆)
𝑍𝑍𝑗𝑗

𝑁𝑁

𝑗𝑗=1

(2.44) 

𝑛𝑛𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟(𝑟𝑟,𝜆𝜆) = 1 − 𝛿𝛿𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟(𝑟𝑟,𝜆𝜆) + 𝑖𝑖𝛽𝛽𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟(𝑟𝑟,𝜆𝜆)

= 1 −
𝜆𝜆2

2𝜋𝜋
𝑟𝑟𝑒𝑒𝜌𝜌𝑒𝑒(𝑟𝑟) + 𝑖𝑖

𝜆𝜆
4𝜋𝜋

µ(𝑟𝑟) 
(2.45) 
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This can be described with the coherent scattering length 𝑏𝑏𝑗𝑗 of an atom 𝑗𝑗,[131] as follows: 

with 𝑉𝑉 being the investigated volume unit. As can be seen in Equation (2.46), the 𝑆𝑆𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 

can also be expressed using the materials mass density 𝜌𝜌, the molecular mass of the atom 𝑗𝑗, and 

the Avogadro’s constant 𝑁𝑁𝐴𝐴. 

According to Equation (2.36), the dispersion 𝛿𝛿(𝑟𝑟, 𝜆𝜆) and absorption 𝛽𝛽(𝑟𝑟,𝜆𝜆) part of the 

refractive index can be also expressed for neutrons:[127
⁠

, 130] 

Hereby, 𝑁𝑁 is the number density of atoms, 𝑏𝑏 is the bound coherent scattering length, and 𝛼𝛼𝑎𝑎 

represents the absorption cross section for neutrons. 

Summarizing, the neutron scattering interaction occurs at the nucleus of an atom and is thus 

strongly dependent on it. Therefore, neutron scattering is very sensitive to isotopes and enables 

the distinction of chemically similar elements and materials. This is often utilized in the case of 

hydrogen (H, 𝑏𝑏𝐻𝐻 = -3.74) and deuterium (D, 𝑏𝑏𝐷𝐷 = 6.67) where the difference of the two atoms 

coherent scattering length 𝑏𝑏𝑗𝑗 is useful to achieve high neutron contrast of certain material 

components by selective deuteration. Finally, is should be noted that the 𝑆𝑆𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 of a 

material can be negative, which corresponds to a 180° phase shift of the interacting neutrons 

during the scattering event.[127] 

Scattering geometry 

The scattering techniques used in this thesis are based on the two different scattering geometries 

depicted in Figure 2.12. XRR and ToF-NR are performed using the geometry depicted on the 

left, often described as specular scattering. GISAXS utilizes diffuse scattering, as depicted in 

the figure on the right. For both geometries an incident beam with the wave vector 𝑘𝑘𝚤𝚤���⃗  impinges 

on the sample under a defined incident angle 𝛼𝛼𝑖𝑖. This beam then interacts with the sample 

material and results in a final beam with the wave vector 𝑘𝑘𝑓𝑓����⃗  exiting the sample under a final 

angle 𝛼𝛼𝑓𝑓. 

𝑆𝑆𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 =
1
𝑉𝑉
�𝑏𝑏𝑗𝑗

𝑁𝑁

𝑗𝑗=1

= 𝜌𝜌𝑁𝑁𝐴𝐴�
𝑏𝑏𝑗𝑗
𝑀𝑀𝑗𝑗

𝑁𝑁

𝑗𝑗=1

(2.46) 

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟,𝜆𝜆) = 1 − 𝛿𝛿𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟,𝜆𝜆) + 𝑖𝑖𝛽𝛽𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟,𝜆𝜆) (2.47) 

𝛿𝛿𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟, 𝜆𝜆) =
𝜆𝜆2

2𝜋𝜋
𝑁𝑁𝑁𝑁 (2.48) 

𝛽𝛽𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟,𝜆𝜆) =
𝜆𝜆

4𝜋𝜋
𝑁𝑁𝛼𝛼𝑎𝑎 (2.49) 
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Figure 2.12 Scattering geometry for specular and diffuse scattering. a) Specular reflection geometry where 

only scattering within the 𝐱𝐱𝐱𝐱-plane is taken into account, resulting in 𝐪𝐪𝐲𝐲 = 0, and thus, only a 𝐪𝐪𝐳𝐳 component and 

only scattering at the final angle equal to the incident angle 𝛂𝛂𝐢𝐢 = 𝛂𝛂𝐟𝐟 is considered. b) For the diffuse scattering 

geometry, scattering outside of the 𝐱𝐱𝐱𝐱-plane is also recorded, with an additional scattering angle 𝛙𝛙𝐟𝐟, thus leading 

to 𝐪𝐪𝐳𝐳 and 𝐪𝐪𝐲𝐲 components. Additionally, also scattering is considered where the final angle can differ from the 

incident angle (𝛂𝛂𝐢𝐢 ≠ 𝛂𝛂𝐟𝐟). Adapted from the dissertation of Claudia Maria Palumbiny.[132] 

As mentioned before, only elastic scattering takes place, which means that during the scattering 

event no energy transfer occurs and thus the modulus of the incident and final beam is equal.[126
⁠

,

127]

However, the wave vector of the incident and final beam changes, which is described via the 

scattering vector 𝑞⃗𝑞, as follows: 

As can be seen in Figure 2.12a, for the specular reflection geometry, the scattering only takes 

place within the 𝑥𝑥𝑥𝑥-plane (𝑞𝑞𝑧𝑧, and 𝑞𝑞𝑦𝑦 = 0) and the incident and final scattering angles are equal 

𝛼𝛼𝑖𝑖 = 𝛼𝛼𝑓𝑓. However, for the diffuse scattering geometry, shown in Figure 2.12b, also scattering 

outside of the 𝑥𝑥𝑥𝑥-plane is possible, introducing an additional scattering angle 𝜓𝜓𝑓𝑓 in the 𝑥𝑥𝑥𝑥-

plane (𝑞𝑞𝑧𝑧 and 𝑞𝑞𝑦𝑦). Furthermore, in this case of scattering geometry the final exit angle can differ 

from the incident angle (𝛼𝛼𝑖𝑖 ≠ 𝛼𝛼𝑓𝑓). 

If an X-ray or neutron beam hits a sample material, also a transmitted beam with a wave 

vector 𝑘𝑘𝑡𝑡���⃗  and a refracted angle 𝛼𝛼𝑡𝑡 can result, according to the Snell’s law:[128] 

Δ𝐸𝐸 = ℏ𝜔𝜔𝑓𝑓 − ℏ𝜔𝜔𝑖𝑖 = ℏ𝑐𝑐 ��𝑘𝑘𝑓𝑓����⃗ � − �𝑘𝑘𝚤𝚤���⃗ �� = 0 (2.50) 

�𝑘𝑘𝑓𝑓����⃗ � = �𝑘𝑘𝚤𝚤���⃗ � =
2𝜋𝜋
𝜆𝜆

(2.51) 

𝑞⃗𝑞 = 𝑘𝑘𝑓𝑓����⃗ − 𝑘𝑘𝚤𝚤���⃗  (2.52) 

cos(𝛼𝛼𝑖𝑖) =
𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎

cos(𝛼𝛼𝑡𝑡) = 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐(𝛼𝛼𝑡𝑡) (2.53) 
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with the refractive index of the surrounding air (𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎 = 1) and 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, which represents the 

respective refractive index of the sample material for X-rays (𝑛𝑛𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟) or neutrons (𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛). 

As the dispersion part is small but always larger than zero (𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 > 0), and the absorption 

part is very small for hard X-rays and neutrons (𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 < 𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠), the refractive index of a 

sample is usually slightly smaller than one (𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 1 - 𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑖𝑖𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 < 1). Considering 

Snell’s law, a certain incident angle can be calculated below which no transmission takes place 

and total reflection occurs. This material specific critical angle 𝛼𝛼𝑐𝑐 can be determined from 

Equation (2.53), by defining 𝛼𝛼𝑖𝑖 = 𝛼𝛼𝑐𝑐, assuming 𝛼𝛼𝑡𝑡 = 0 and using the small angle 

approximation:[125
⁠

, 130] 

Equation (2.55) is valid for X-ray and neutron beams, however, the right part only holds if the 

absorption of the material is negligible small (𝛽𝛽 ≪ 𝛿𝛿). With that resulting in the critical angles 

for X-ray (𝛼𝛼𝑐𝑐
𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟) and neutron scattering (𝛼𝛼𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛), respectively expressed in 

Equation (2.56). 

The critical angle of a material is particularly interesting, for the diffuse scattering geometry, 

performed in this thesis for the GISAXS experiments. Here, the resulting scattering pattern 

shows a maximum in the intensity of the diffuse scattered beam under this critical angle, the 

Yoneda region.[133] This can be explained via the Fresnel reflection (𝑟𝑟𝐹𝐹) and transmission (𝑡𝑡𝐹𝐹) 

coefficients, containing the z-components of the modulus of the incident (𝑘𝑘𝑖𝑖,𝑧𝑧) and transmitted 

beam (𝑘𝑘𝑡𝑡,𝑧𝑧):[125
⁠

, 126
⁠

, 134] 

cos(𝛼𝛼𝑐𝑐) = 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ≈ 1 −
𝛼𝛼𝑐𝑐2

2
(2.54) 

𝛼𝛼𝑐𝑐 = �2 − 2𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝛽𝛽≪𝛿𝛿
��� �2𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜆𝜆�

𝑆𝑆𝑆𝑆𝑆𝑆
𝜋𝜋

(2.55) 

𝛼𝛼𝑐𝑐
𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜆𝜆�𝑟𝑟𝑒𝑒𝜌𝜌𝑒𝑒

𝜋𝜋
   and   𝛼𝛼𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜆𝜆�𝑁𝑁𝑁𝑁

𝜋𝜋
 (2.56) 

𝑟𝑟𝐹𝐹 =
𝑘𝑘𝑖𝑖,𝑧𝑧 − 𝑘𝑘𝑡𝑡,𝑧𝑧

𝑘𝑘𝑖𝑖,𝑧𝑧 + 𝑘𝑘𝑡𝑡,𝑧𝑧
(2.57) 

𝑡𝑡𝐹𝐹 =
2𝑘𝑘𝑖𝑖,𝑧𝑧

𝑘𝑘𝑖𝑖,𝑧𝑧 + 𝑘𝑘𝑡𝑡,𝑧𝑧
(2.58) 

with 𝑘𝑘𝑖𝑖,𝑧𝑧 = 𝑘𝑘 sin(𝛼𝛼𝑖𝑖) 

and 𝑘𝑘𝑡𝑡,𝑧𝑧 = 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘 sin(𝛼𝛼𝑡𝑡) = 𝑘𝑘�𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 − 𝑐𝑐𝑐𝑐𝑐𝑐2(𝛼𝛼𝑖𝑖)
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As the reflection and transmission coefficients are both dependent on the materials refractive 

index, they consequently depend on the materials critical angle. 

The intensities of the reflection and transmission can be calculated with 𝑅𝑅𝐹𝐹 = |𝑟𝑟𝐹𝐹|2 and 

𝑇𝑇𝐹𝐹 = |𝑡𝑡𝐹𝐹|2, respectively. The Fresnel reflection and transmission of an exemplary Si sample 

(𝛿𝛿 = 7.56 × 10-6, for 𝜆𝜆 = 1.54 Å) with varying absorption coefficients (𝛽𝛽), are shown in Figure 

2.13a and b dependent on the ratio of incident to critical angle.[126] 

Figure 2.13 Functions of the Fresnel reflection and Fresnel transmission. a) The Fresnel reflection 𝑹𝑹𝑭𝑭 and b) 

Fresnel transmission 𝑻𝑻𝑭𝑭plotted for an exemplary Si sample (𝜹𝜹 = 7.56 × 10-6, for 𝝀𝝀 = 1.54 Å), as function of 

𝜶𝜶𝒊𝒊/𝜶𝜶𝒄𝒄.[126] For 𝜶𝜶𝒊𝒊 < 𝜶𝜶𝒄𝒄, total reflection occurs, and a strong reflection decay happens for 𝜶𝜶𝒊𝒊 ≥ 𝜶𝜶𝒄𝒄. For the Fresnel 

transmission a maximum with a four times enhanced intensity is observable at 𝜶𝜶𝒊𝒊 = 𝜶𝜶𝒄𝒄, which is caused by the 

interference of the reflected and transmitted wave. For both reflection and transmission, the intensity is damped 

upon increased absorption (𝜷𝜷 > 0) of the material. Adapted from the dissertation of Lorenz Bießmann.[81] 

If the absorption is negligible and the incident angle is below the critical angle (𝛼𝛼𝑖𝑖 < 𝛼𝛼𝑐𝑐), the 

Fresnel reflection intensity shows a constant total reflection. Hereby, an evanescent wave along 

the interface occurs, which only probes the first few nanometers of the sample and thus only 

provides lateral structure information. With higher incident angles (𝛼𝛼𝑖𝑖 ≥ 𝛼𝛼𝑐𝑐), the beam 

penetrates into the material and the reflection intensity strongly decays towards zero. Compared 

to that, the Fresnel transmission intensity starts at zero for very small incident angles (𝛼𝛼𝑖𝑖 ≪ 𝛼𝛼𝑐𝑐), 

increases with increasing 𝛼𝛼𝑖𝑖, and reaches a sharp maximum if the incident angle corresponds to 

the critical angle of the material (𝛼𝛼𝑖𝑖 = 𝛼𝛼𝑐𝑐). This maximum arises, as at this exact angle, the 

reflected and transmitted beams are in phase with each other for a short vicinity along the 

surface, and thus, constructive interference occurs. This leads to the doubling of the transmitted 

beam amplitude and consequently the enhancement of the Fresnel transmission intensity by the 
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factor of four, all while conservation of energy applies. At higher incident angles (𝛼𝛼𝑖𝑖 > 𝛼𝛼𝑐𝑐), the 

transmission decays towards unity. For both, 𝑅𝑅𝐹𝐹 and 𝑇𝑇𝐹𝐹, an increased absorption 𝛽𝛽 of the 

material results in a dampening of the functions.[128] 

These trends describe why the transmitted beam intensity is enhanced if the incident beam 

angle matches the critical angle of the material (𝛼𝛼𝑖𝑖 ≈ 𝛼𝛼𝑐𝑐). However, the reciprocity theorem 

applies here, which basically states that light transmits in the same way, either from the source 

to the detector or reversed, from the detector to the source.[128
⁠

, 135
⁠

, 136] Thus, it means in this case 

that if the exit angle of a scattered beam is close to the critical angle of the material (𝛼𝛼𝑓𝑓 ≈ 𝛼𝛼𝑐𝑐) 

its intensity also gets enhanced, which results in an amplified scattering band, often referred to 

as Yoneda peak.[133] 

In the following chapter the three different scattering techniques applied in the frame of this 

thesis are introduced in more detail. Hereby, XRR and ToF-NR utilize the specular scattering 

geometry, while GISAXS uses the diffuse scattering geometry. 

2.3.2 X-ray reflectometry 

The XRR technique utilizes the specular scattering geometry shown in Figure 2.12a. Hereby, 

the incident angle (𝛼𝛼𝑖𝑖) is varied and the scattering intensity at the exit angle (𝛼𝛼𝑓𝑓 = 𝛼𝛼𝑖𝑖) is 

measured with a detector. The scattering is only detected in one plane, meaning that the out-of-

plane angle is 𝜓𝜓𝑓𝑓 = 0 and only the 𝑞𝑞𝑧𝑧 component of the scattering vector 𝑞⃗𝑞 is considered. As 

the modulus remains constant (𝑘𝑘𝑖𝑖 = 𝑘𝑘𝑓𝑓 = 2𝜋𝜋
𝜆𝜆

) for elastic scattering, 𝑞𝑞𝑧𝑧 results as: 

If and how an incident beam is scattered depends on the materials properties. Because as 

mentioned before and described with Snell’s law (Equation (2.53)), a beam gets partially 

reflected and refracted, respectively, if it experiences a change of the refractive index at the 

films surface or interfaces within the film. Furthermore, as introduced in Section 2.3.1 the 

corresponding reflectivity and transmission intensities are given via the Fresnel reflection and 

transmission coefficients as 𝑅𝑅𝐹𝐹 = |𝑟𝑟𝐹𝐹|2 and 𝑇𝑇𝐹𝐹 = |𝑡𝑡𝐹𝐹|2, respectively. 

Now, with XRR investigation of a thin film sample, which is usually prepared on a substrate 

and is surrounded by air, its vertical refractive index variations, film thickness, and film 

roughness can be determined. For an ideal thin film sample, which is completely homogeneous, 

reflection only happens at the interfaces between the air and material, and between the material 

𝑞𝑞𝑧𝑧 = 2𝑘𝑘𝑓𝑓 sin(𝛼𝛼𝑖𝑖) = 2𝑘𝑘𝑓𝑓,𝑧𝑧 (2.59) 
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and substrate. However, for a real thin film sample the situation is more complicated, and 

therefore a model using the Parratt's recursive formulae is needed.[137
⁠

, 138] 

Figure 2.14 X-ray reflectometry investigation method. a) Schematic illustration of the XRR method and basic 

principle behind the Parratt’s recursive formulae to model the reflectometry data of a sample with multiple (𝑵𝑵) 

stacked layers, with the thickness 𝒕𝒕𝒋𝒋 and refractive index 𝒏𝒏𝒋𝒋. b) Layer roughness model, which uses a Gaussian 

distribution of valleys and peaks, respectively to the mean layer height (pink dashed line). Adapted from Filies et 

al.[138] 

Hereby, the thin film is assumed to consist of multiple (𝑁𝑁) stacked layers, with the thickness 𝑡𝑡𝑗𝑗 

and refractive index 𝑛𝑛𝑗𝑗  = 1 - 𝛿𝛿𝑗𝑗 + 𝑖𝑖𝑖𝑖𝑗𝑗,which are sandwiched between an infinite air (𝑗𝑗 = 0) and 

an infinite substrate layer (𝑗𝑗 = 𝑁𝑁 + 1), as indicated in Figure 2.14a.[128] At each of the interfaces, 

a certain ratio of reflection and transmission occurs. According Equation (2.59), hereby, the 

wave vector transfer into the 𝑗𝑗 layer results as 𝑞𝑞𝑗𝑗 = 2𝑘𝑘𝑧𝑧,𝑗𝑗, and with that 𝑘𝑘𝑧𝑧,𝑗𝑗 can be expressed 

as:[128
⁠

, 131] 

With this, and by neglecting multiple reflections (indicated by the ′), the Fresnel reflection 

coefficient (see Equation (2.57)) at the interface between the layer 𝑗𝑗 and 𝑗𝑗 + 1, can be written 

as: 

𝑘𝑘𝑧𝑧,𝑗𝑗
2 = �𝑛𝑛𝑗𝑗𝑘𝑘𝑗𝑗�

2
− 𝑘𝑘𝑥𝑥,𝑗𝑗

2

𝑘𝑘𝑧𝑧,𝑗𝑗 ≈ �𝑘𝑘𝑗𝑗
2 − 2𝛿𝛿𝑗𝑗𝑘𝑘𝑗𝑗2 + 2𝑖𝑖𝛽𝛽𝑗𝑗𝑘𝑘𝑗𝑗2 

(2.60) 

𝑟𝑟𝑗𝑗,𝑗𝑗+1
′ =

𝑛𝑛𝑗𝑗sin (𝛼𝛼𝑖𝑖,𝑗𝑗) − 𝑛𝑛𝑗𝑗+1sin (𝛼𝛼𝑖𝑖,𝑗𝑗+1)
𝑛𝑛𝑗𝑗sin (𝛼𝛼𝑖𝑖,𝑗𝑗) + 𝑛𝑛𝑗𝑗+1sin (𝛼𝛼𝑖𝑖,𝑗𝑗+1)

=
𝑞𝑞𝑗𝑗 − 𝑞𝑞𝑗𝑗+1
𝑞𝑞𝑗𝑗 + 𝑞𝑞𝑗𝑗+1

(2.61) 
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By calculating the reflectivity starting from the bottom, namely at the interface between the 

lowest layer (𝑗𝑗 = 𝑁𝑁) and substrate (𝑗𝑗 = 𝑁𝑁 + 1), it results in Equation (2.62), as here no multiple 

reflections are present. However, for the next layer on top (𝑗𝑗 = 𝑁𝑁 − 1) the reflectivity now 

includes multiple reflections and thus results in Equation (2.63). 

Hereby, 𝑝𝑝𝑗𝑗2 is the phase factor, which considers how the X-ray beam travels through the layer 𝑗𝑗 

with a thickness 𝑡𝑡𝑗𝑗, gets attenuated.[128] This calculation is continued for the 𝑁𝑁 − 2 layer, 𝑁𝑁 − 3 

layer and so on until the top and infinity air layer (𝑗𝑗 = 0) is reached. 

However, the computation method only holds for ideal layers with sharp interfaces. 

Therefore, an additional roughness modeling is complemented to account for the interface 

roughness.[138
⁠

, 139] As depicted in Figure 2.14b a Gaussian distribution of the valleys and peaks 

with respect to the mean height of the layer, with the deviation parameter 𝜀𝜀𝑗𝑗, can be used to 

approximate the respective interface roughness. This results in the roughness coefficient 𝜉𝜉𝑗𝑗, 

which can be used to correct the before introduced reflectivity as follows:[125
⁠

, 138] 

Summarizing, during the XRR measurements, the incident angle (𝛼𝛼𝑖𝑖) is varied while a detector 

is mounted respectively to record the scattering intensity resulting at an exit angle of 𝛼𝛼𝑓𝑓 = 𝛼𝛼𝑖𝑖. 

The hereby measured intensity of the specular reflection in dependence of the incident angle, 

can then be used to model the vertical structure and composition of the samples, including 

different stack of multiple layers with thicknesses and interface roughnesses, according to the 

method introduced in this section. Thus, it can provide information about the inner films 

refractive index alterations resulting from concentration gradients or enrichment layers. A more 

precise description of the experimental execution and practical analysis of the XRR 

measurements preformed in the frame of this thesis are provided in Section 3.4.1. 

𝑟𝑟𝑁𝑁,𝑁𝑁+1
′ =

𝑞𝑞𝑁𝑁 − 𝑞𝑞𝑁𝑁+1
𝑞𝑞𝑁𝑁 + 𝑞𝑞𝑁𝑁+1

(2.62) 

𝑟𝑟𝑁𝑁−1,𝑁𝑁 =
𝑟𝑟𝑁𝑁−1,𝑁𝑁
′ − 𝑟𝑟𝑁𝑁,𝑁𝑁+1

′ 𝑝𝑝𝑁𝑁2

1 + 𝑟𝑟𝑁𝑁−1,𝑁𝑁
′ 𝑟𝑟𝑁𝑁,𝑁𝑁+1

′ 𝑝𝑝𝑁𝑁2

with 𝑝𝑝𝑗𝑗2 = exp (𝑖𝑖𝑞𝑞𝑗𝑗𝑡𝑡𝑗𝑗) 
(2.63) 

𝑟̃𝑟𝑗𝑗,𝑗𝑗+1 = 𝑟𝑟𝑗𝑗,𝑗𝑗+1𝜉𝜉𝑗𝑗 (2.64) 

𝜉𝜉𝑗𝑗 = exp (−2𝑘𝑘𝑧𝑧,𝑗𝑗𝑘𝑘𝑧𝑧,𝑗𝑗+1𝜀𝜀𝑗𝑗2) (2.65) 
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2.3.3 Grazing-incidence small-angle X-ray scattering 

The GISAXS technique utilizes, in contrast to XRR, the diffuse scattering geometry shown in 

Figure 2.12b. Hereby, the incident angle 𝛼𝛼𝑖𝑖 is fixed to a very shallow angle of 𝛼𝛼𝑖𝑖 < 1, so that 

the X-ray beam hits the sample in the grazing-incidence geometry. This results in a larger 

footprint of the beam allowing the examination of an increased sample volume, despite the thin 

film thickness, and thus provides a higher statistical relevance.[140] The diffuse scattering is then 

recorded on a 2-dimensional detector, which is placed in a certain sample-detector distance 

(SDD). In the case of GISAXS, the SDD is typically chosen in a range of 1.3 – 5 m to enable 

the investigation of the diffuse scattering with small exit angles, which provides information 

about inner film structural features of mesoscale size (≈ nm to µm).[141] In principle, for the 

grazing-incidence wide angle X-ray scattering (GIWAXS), the SDD can be reduced to a range 

of 0.1 – 0.5 m, to obtain information about inner film structures in the atomic distance range 

(≈ Å to nm), often used for crystallographic characterization.[141] However, the GIWAXS 

method was not used in the frame of this thesis, and thus, only the GISAXS method is discussed 

in the following. As mentioned before with the GISAXS method diffuse scattering is detected, 

meaning that also out-of-plane scattering with the angle 𝜓𝜓𝑓𝑓 ≠ 0 is considered. The scattering 

vector for the GISAXS geometry results as:[130
⁠

, 142] 

When treating scattering in the grazing-incidence geometry, additional reflection and refraction 

effects between the sample and substrate occur, which complicate the situation. These 

perturbation effects can be accounted for with the distorted-wave Born approximation 

(DWBA)[136
⁠

, 143], which is a theoretical first-order correction approach to the simpler Born 

approximation. Hereby, as graphically presented in Figure 2.15, four different scattering 

scenarios are accounted for in the DWBA: a) the simple scattering of an incoming wave, b) the 

scattering of an incoming wave with subsequent reflection at the sample-substrate interface, c) 

a reflection at the sample-substrate interface prior to scattering, and d) reflection prior and 

subsequent to the scattering.[141
⁠

, 144] This means that within the DWBA the resulting scattering 

intensity is considered a superposition of all the above-described scattering events. 

The analysis of the resulting scattering pattern recorded on the 2-dimensional detector can 

be carried out via simulation using different analysis tools.[142
⁠

, 145
⁠

–147] However, in this thesis 

𝑞⃗𝑞 = �
𝑞𝑞𝑥𝑥
𝑞𝑞𝑦𝑦
𝑞𝑞𝑧𝑧
� =

2𝜋𝜋
𝜆𝜆
�

cos�𝜓𝜓𝑓𝑓� cos�𝛼𝛼𝑓𝑓� − cos�𝛼𝛼𝑓𝑓�
sin�𝜓𝜓𝑓𝑓� cos�𝛼𝛼𝑓𝑓�

sin(𝛼𝛼𝑖𝑖) + sin�𝛼𝛼𝑓𝑓�
� (2.66) 
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only the lateral structure information are of interest and thus the data can be reduced to line cuts 

along the 𝑞𝑞𝑦𝑦 direction and obtained at a fixed 𝑞𝑞𝑧𝑧. These horizontal line cuts are usually extracted 

at the Yoneda peak position of the material of interest, because here the scattering intensity is 

enhanced, as explained in Section 2.3.1.[140] Furthermore, the effective interface approximation 

(EIA) is applied, which only considers lateral correlations by assuming that scattering takes 

place at only one effective interface.[144
⁠

, 148
⁠

–150] 

Figure 2.15 Scattering and reflection events in the frame of the DWBA. Graphical depiction of different 

scattering and reflection combinations, which are considered in the DWBA. a) Directly scattered beam, b) 

Scattering and subsequent reflection, c) reflection prior to the scattering, and d) reflection prior and subsequent to 

the scattering event. Adapted from Hexemer et al.[141] 

Thereby, usually time-consuming and computationally intensive simulations can be reduced, 

and the differential scattering cross-section of the incident X-ray beam with the sample results 

as:[144
⁠

, 148
⁠

, 149] 

The differential scattering cross-section defines the normalized amount of scattered photons 𝑑𝑑𝑑𝑑 

that exit in the elementary solid angle 𝑑𝑑Ω and thus is proportional to the scattering intensity. 

Hereby, as the incident angle 𝛼𝛼𝑖𝑖 is typically fixed during a measurement, the illuminated sample 

area 𝐴𝐴 is constant, and the X-ray wavelength 𝜆𝜆 and the scattering contrast |Δ𝑛𝑛|2 usually do not 

change during the experiment. Furthermore, when analyzing horizontal line cuts also the exit 

angle 𝛼𝛼𝑓𝑓 is fixed, and thus, the Fresnel transmission intensities of the incident and exiting X-

ray beam, �𝑡𝑡𝑖𝑖𝐹𝐹�
2
 and �𝑡𝑡𝑓𝑓𝐹𝐹�

2
, remain invariable. Consequently, the scattering cross-section and the

scattering intensity directly scale with the diffuse scattering factor 𝑃𝑃(𝑞⃗𝑞) as indicated in 

Equation (2.67).[140
⁠

, 148] In the case of GISAXS, the diffuse scattering factor incorporates 

information about mesoscale sized scattering structures within the sample. As expressed in 

Equation (2.68), 𝑃𝑃(𝑞⃗𝑞) is proportional to the number of scattering objects 𝑁𝑁, the form factor 

𝐹𝐹(𝑞⃗𝑞) describing the respective size and shape of a scattering object with approximately 

𝑑𝑑𝑑𝑑
𝑑𝑑Ω

=
𝐴𝐴𝜋𝜋2

𝜆𝜆4
|Δ𝑛𝑛|2�𝑡𝑡𝑖𝑖𝐹𝐹�

2
�𝑡𝑡𝑓𝑓𝐹𝐹�

2
𝑃𝑃(𝑞⃗𝑞) ∝ 𝑃𝑃(𝑞⃗𝑞) (2.67) 

𝑃𝑃(𝑞⃗𝑞) ∝ 𝑁𝑁|𝐹𝐹(𝑞⃗𝑞)|2𝑆𝑆(𝑞⃗𝑞) (2.68) 
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homogeneous refractive index, and the structure factor 𝑆𝑆(𝑞⃗𝑞) describing the spatial distribution 

of these scattering objects.[136
⁠

, 144
⁠

, 151] However, a real sample does not only contain 

monodisperse scattering objects which are homogeneously distributed, but usually contains a 

variety of different sized scattering objects with diverse spatial distributions. To account for 

that, an effective average form factor is introduced according to the local monodisperse 

approximation (LMA).[141
⁠

, 142
⁠

, 152] Based on this, 𝑃𝑃(𝑞⃗𝑞) can be expressed as an incoherent 

superposition of 𝑗𝑗 types of scattering objects with different counts, form factors, and structure 

factors as expressed in Equation (2.69).[153
⁠

, 154] 

Hereby, only coherent scattering for objects of the same group is presumed, and the 

contributions of the different types of scatterers with their respective form and structure factors 

are independent of each other. Furthermore, correlated to these form and structure factors, the 

sizes (radius 𝑅𝑅𝑗𝑗) and distances (center-to-center distance 𝐷𝐷𝑗𝑗) of the scattering objects are 

described with a Gaussian distribution.[153
⁠

, 154] For the modeling of the PEDOT:PSS thin films 

investigated in this thesis, standing cylindrical form factors were assumed for the PEDOT 

domains,[144
⁠

, 148
⁠

, 152] as this shape approximation works reasonable well, due to the rotational 

symmetry of the real pancake-shaped PEDOT domains[19] described in Section 2.1.2. The 

structure factor was defined by assuming a 1-dimensional para-crystal lattice arrangement[144] 

to introduce a short-range order of the scattering PEDOT domains according to Hosemann et 

al.[155] A more elaborated description of the model, applied in the frame of this thesis to analyze 

GISAXS data, can be found in the dissertation of Dr. Christoph Schaffer.[153] The detailed 

specification of the experimental procedure, selected measurement parameters and preformed 

analysis of the GISAXS investigation is provided in Section 3.4.2. 

2.3.4 Time-of-flight neutron reflectometry 

The ToF-NR investigates the specular scattering similar to XRR introduced in Section 2.3.2. 

However, both techniques differ in obtaining the data. For XRR a monochromatic X-ray beam 

is used and the incident angle (𝛼𝛼𝑖𝑖) is varied, while the scattering intensity at the exit angle 

(𝛼𝛼𝑓𝑓 = 𝛼𝛼𝑖𝑖) is measured. However, compared to the brilliance, high flux, and low energy 

divergence that synchrotron X-ray sources enable, neutron sources usually provide a neutron 

𝑃𝑃(𝑞⃗𝑞) ∝�𝑁𝑁𝑗𝑗 〈�𝐹𝐹𝑗𝑗(𝑞⃑𝑞)�
2〉 𝑆𝑆𝑗𝑗(𝑞⃑𝑞)

𝑗𝑗
(2.69) 
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flow with a broad energy distribution and lower flux.[127] If this polychromatic neutron beam is 

narrowed down to be nearly monochromatic, the neutron flux would be reduced even further. 

Therefore, the time-of-flight mode is usually applied to perform neutron reflectometry.[156
⁠

–158]
⁠ 

Hereby, the incident angle is fixed, and the energy or wavelength of the neutrons is varied. This 

is done by cropping the continuous incident neutron beam with a system of different choppers, 

into sets of neutrons of defined velocity and travel time. These neutrons are then guided onto 

and interact with the sample, and are afterwards recorded on a detector along with their 

respective time of arrival.[134
⁠

, 159] With this information the velocity of the neutrons (𝑣𝑣𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛) 

and consequently their wavelength (𝜆𝜆𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛) can be obtained according to the de Broglie 

wavelength equation:[134] 

Hereby, ℎ is the Plack’s constant and 𝑚𝑚𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 is the mass of the neutrons. Another 

characteristic that must be considered is that due to the mass of neutrons, they are subject to 

gravity, in contrast to X-rays.[160] This effect of gravity, which is more severe for slower and 

lower energetic neutrons, influences the incident angle (𝛼𝛼𝑖𝑖) as well as the impact position on 

the detector. 

Figure 2.16 Gravitational effect in neutron scattering methods. a) Neutron scattering without the gravitational 

effect. b) Influence of the neutron mass and effect of gravitation on neutron scattering events, which lead to a 

divergent neutron trajectory (red line) and altered real angles 𝜶𝜶𝒊𝒊′ and 𝜶𝜶𝒇𝒇′ . Adapted from the dissertation of Monika 

Rawolle.[160] 

Compared to Figure 2.16a without gravity influence, Figure 2.16b shows how the actual 

incident angle (𝛼𝛼𝑖𝑖′) changes due to the gravitational effect dependent on the energy of the 

respective neutron, which can be described as 𝛼𝛼𝑖𝑖′ = 𝛼𝛼𝑖𝑖 + 𝛾𝛾. Using the specular scattering 

geometry and considering that the incident, the directly transmitted and the reflected neutron 

𝜆𝜆𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 =
ℎ

𝑚𝑚𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑣𝑣𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
(2.70) 
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beams are all subjected to the same gravitational effect, 𝛼𝛼𝑖𝑖′ = 𝛼𝛼𝑓𝑓′  applies and the actual incident 

angle can be geometrically obtained via:[160] 

Eventually, the single neutrons within the different arriving neutron sets are recorded in single-

neutron mode and are then binned according to their wavelength. Depending on the chosen 

binning size, the desired energy resolution can be customized.[159
⁠

, 161
⁠

, 162] For ToF-NR 

experiments, only the specular reflection geometry is of interest, thus the scattering vector 

results as:[134] 

This equation is the same as Equation (2.59) and the resulting reflectivity curves are similar to 

the curves obtained from XRR. However, both techniques provide a different sensitivity due to 

the in Section 2.3.1 introduced scattering contrast of X-rays and neutrons. Nevertheless, the 

basic theory and data interpretation is equal as described in Section 2.3.2 and further 

information about the ToF-NR technique and analysis are detailed by Cubitt et al.[159
⁠

, 162] The 

measurement procedure, experiment and setup details for the in this thesis conducted ToF-NR 

investigations are provided in Section 3.4.3. 

tan�𝛼𝛼𝑖𝑖′ + 𝛼𝛼𝑓𝑓′ �
𝛼𝛼𝑖𝑖
′=𝛼𝛼𝑓𝑓

′

����� tan(2𝛼𝛼𝑖𝑖′) =
Δ𝑧𝑧′

𝑆𝑆𝑆𝑆𝑆𝑆
(2.71) 

q𝑧𝑧 =
4𝜋𝜋
𝜆𝜆

sin (𝛼𝛼𝑖𝑖′) (2.72)
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3 Characterization methods 
This chapter contains the description of all characterization methods used throughout this thesis 

to investigate the properties of PEDOT:PSS thin films post-treated with ionic liquids (ILs). 

First, in Section 3.1, the spectroscopic characterization techniques are provided, and the 

electronic characterization techniques are detailed in Section 3.2. The structural 

characterization was split into two parts depending on if the data were obtained in real space, 

given in Section 3.3, or in reciprocal space, given in Section 3.4. The last Section 3.5 in this 

chapter describes the sample environments and experimental setups used for the in situ 

characterizations. Parts of the characterization method specifics provided in this present chapter 

are based on previous publications.[50
⁠

–52
⁠

, 163] 

3.1 Spectroscopic characterization 

For spectroscopic characterization of the thin PEDOT:PSS films the following three methods, 

described briefly in this section, were used. Utilizing ultraviolet-visible (UV-Vis) spectroscopy, 

the optical absorption of the differently treated samples was investigated. Furthermore, Fourier-

transform infrared (FTIR) spectroscopy gave insight into the molecular polymer-ionic liquid 

interaction and spectral reflectance (SR) provided information about the thickness and 

refractive index of the polymer films. 

3.1.1 Ultraviolet-visible spectroscopy 

Ultraviolet-visible spectroscopy was performed to determine the oxidation level of the treated 

PEDOT:PSS thin film samples. More precisely, this method allows for the detection of neutral, 

polaron and bipolaron states in the PEDOT polymer chain, as described in Section 2.1.3, and 

provides information on the charge carrier concentration. As mentioned in Section 2.2.3, the 

electrical conductivity and Seebeck coefficient are dependent on the charge carrier 
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concentration. Therefore, the effect from different sample treatments on the thermoelectric 

properties can be correlated to changes in the oxidation level using UV-Vis spectroscopy. This 

is demonstrated in Chapter 5 and Chapter 6. 

Figure 3.1 Working principle of UV-Vis spectroscopy. Schematic depiction of the UV-Vis spectroscopy setup 

and the optical path of the light. The light provided by two light sources is transformed into monochromatic light 

of defined wavelength and then split into two beams, both with the intensity 𝑰𝑰𝟎𝟎. One of the beams is guided through 

an empty substrate as a reference and one is guided through the thin film sample. Both resulting wavelength-

dependent intensities 𝑰𝑰𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 and 𝑰𝑰𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 are then collected on photodetectors and further processed to obtain the 

UV-Vis absorption spectra. Adapted from Rocha et al.[164] 

For the UV-Vis spectroscopy examinations in this thesis, a Lambda 35 spectrometer by 

PerkinElmer was used. This spectrometer contains a deuterium and a tungsten-halogen light 

source that enables a maximum wavelength range of 280 – 1100 nm, thus covering the entire 

visible light spectrum from the ultraviolet range to the infrared range. The measurements were 

performed in transmission mode, which required the usage of transparent substrates like glass 

and ITO glass. The slit width was 1 nm, and the scanning speed was set to 480 nm min-1. Before 

every measurement series, a 100 % transmission baseline, and a 0 % transmission blocked-

beam baseline calibration was performed. For the in situ UV-Vis measurements a MBB1D1 

broadband (360 – 1020 nm) light-emitting diode (LED) from Thorlabs Inc. was placed below 

a small hole in the sample stage and a CAS 140 CT Compact Array spectrometer from the 

company Instrument Systems GmbH was mounted above the hole into the lid of the 

measurement chamber, as detailed in Section 3.5.1. The in situ measurements were also 

performed in transmission mode and a glass substrate was used as reference sample. The 

working principle of UV-Vis spectroscopy is sketched in Figure 3.1 and the basics are explained 

in the following. 
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First, the wavelength spectrum coming from the installed light sources, is transformed by a 

grating monochromator into a beam with a specific tunable wavelength. The monochromatic 

light is then split into two beams, both with the wavelength-dependent initial intensity 𝐼𝐼0(𝜆𝜆): 

One beam is guided through a reference substrate and one beam is guided through the sample. 

The respective resulting intensity spectra of the reference substrate 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜆𝜆), and the sample 

𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜆𝜆), are recorded on photodetectors. The collected intensity data are then processed and 

the wavelength-dependent transmission spectra of the PEDOT:PSS thin film is obtained. 

The transmittance of a sample 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜆𝜆), which in this case is composed of the 

transmittance of the substrate 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜆𝜆) and the transmittance of the thin film 𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝜆𝜆), 

compares the intensity of the light before passing through the sample and after passing through 

the sample. This results in the following Equation (3.1):  

𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜆𝜆) = 𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝜆𝜆) 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜆𝜆) =
𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜆𝜆)
𝐼𝐼0(𝜆𝜆)

(3.1) 

Accordingly, the transmittance of the reference substrate is defined as: 

𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜆𝜆) =
𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜆𝜆)
𝐼𝐼0(𝜆𝜆)

 (3.2) 

Combining Equation (3.1) and Equation (3.2), the transmittance of the investigated polymer 

thin film is obtained as: 

𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝜆𝜆) =
𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜆𝜆)
𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜆𝜆)

= 𝑒𝑒−𝛼𝛼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝜆𝜆) 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (3.3) 

Furthermore, as shown in Equation (3.3), the transmittance of the investigated film can be 

associated with the films absorption coefficient 𝛼𝛼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝜆𝜆) and the thickness of the film 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, via 

the Lambert Beer law, which neglects losses due to reflection and scattering on the sample. 

Additionally, the absorbance 𝐴𝐴(𝜆𝜆) of a material, which is often of interest in spectroscopy, 

is related to the transmittance 𝑇𝑇(𝜆𝜆) with: 

𝐴𝐴(𝜆𝜆) = −log10 𝑇𝑇(𝜆𝜆) (3.4) 

Combining Equation (3.3) with Equation (3.4) the absorption coefficient 𝛼𝛼(𝜆𝜆) of the 

investigated thin film can be expressed either as a function of its absorbance 𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝜆𝜆) or its 

transmittance 𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝜆𝜆): 

𝛼𝛼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝜆𝜆) =
1
𝑡𝑡
𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝜆𝜆) ln 10 = −

1
𝑡𝑡

ln𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝜆𝜆) (3.5) 
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In this thesis, the transmittance spectra of the examined thin films were measured and the 

respective film thicknesses, obtained from surface profilometer characterization described in 

Section 3.3.1, were used to calculate and plot the respective absorption coefficient spectra with 

the unit [nm-1]. 

3.1.2 Fourier-transform infrared spectroscopy 

Fourier-transform infrared spectroscopy enables the examination of the molecular structure 

within the PEDOT:PSS thin film samples, after post-treatment with ILs. More precisely, FTIR 

spectroscopy was utilized in Chapter 5 to determine the presence and interactions of the 

respectively applied IL molecules within the PEDOT:PSS film. 

For this, an attenuated total reflectance (ATR) FTIR spectrometer Frontier™ from the 

company PerkinElmer® with a diamond/zinc selenide crystal was used. The in this thesis 

presented ATR-FTIR measurements were conducted with the help Shujin Hou. The thin film 

samples were pressed onto the crystal with an electronic force gauge to ensure reproducible 

contact, and a wavenumber range of 650 – 4000 cm-1 was investigated. The PerkinElmer® 

software Spectrum™ was used to perform the baseline correction on the measured FTIR 

spectra. The basic measurement principle and device structure is depicted in Figure 3.2 and is 

described in short in the following.  

FTIR spectroscopy measures the absorption of IR radiation by the investigated sample 

material to gain information about the state and local environment of the molecules inside the 

sample. This is possible as different vibrational modes of molecules can be excited by the 

absorption of a respective radiation energy. In the case of IR radiation absorption, only 

vibrational modes which result in a change of the molecules dipole moment can be activated. 

Hereby, the respective absorbed radiation and the excited molecule vibration match in their 

frequency. A sketch of the different IR-active vibrational modes is provided in Figure 3.2a. As 

the molecular vibrational frequency is strongly influenced by the associated atom masses, the 

potential energy surface, and the vibronic coupling of a molecule, FTIR spectroscopy provides 

extensive information about the functional group interaction of the molecules inside the sample. 

The basic outline of the ATR-FTIR measurement setup is given in Figure 3.2b. 
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Figure 3.2 Working principle of ATR-FTIR spectroscopy. a) Graphical depiction of the different molecular 

vibration modes activatable by IR radiation. b) Schematic setup of an ATR-FTIR, where the beam coming from 

the IR light source is first guided through a Michelson interferometer, to obtain a beam with optical path difference 

(∆𝑥𝑥) dependent intensity. This beam is then guided through a crystal to measure the IR absorption of the sample 

in ATR mode geometry, before the reflected beam intensity is recorded on a detector. Adapted from the dissertation 

of Lucas Philipp Kreuzer.[161] 

First, a light source produces light in the IR wavelength region, which is guided through a 

collimator and onto a beam splitter. Here, ideally 50 % of the light is reflected towards a 

stationary mirror (red arrow) and 50 % of the light is refracted towards a movable mirror (blue 

arrow). Both light beams are reflected at the respective mirrors and are then recombined at the 

beam splitter and guided towards the sample. In the ATR geometry, the resulting light beam 

(green arrow) is not directly guided through the sample but is sent into a crystal in an angle 

which is below the critical angle, thus resulting in the internal reflection of the beam through 

the crystal. At the beam reflection points on the sample-crystal interface, an evanescent wave 

forms, interacts with the sample, and information about the vibrational and chemical 

information of the material is acquired. Finally, the beam is collected and directed to the 

detector to record the FTIR absorption data. 

The special feature in the entire working principle of the FTIR spectroscopy method is the 

Michaelson interferometer. Because of its geometry, the two light beams (blue and red) 

interfere with each other in a destructive or constructive way that is dependent on the optical 

path difference ∆𝑥𝑥 and the wavelength 𝜆𝜆. Equation (3.6) and Equation (3.7) show the respective 

conditions for destructive or constructive interference, with 𝑚𝑚 being an integer. As a result, 

Equation (3.8) gives the intensity of the superposition of two light beams with the same 

wavelength. 
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∆𝑥𝑥 = �𝑚𝑚 −
1
2
� 𝜆𝜆 (3.6) 

∆𝑥𝑥 = 𝑚𝑚 𝜆𝜆 (3.7) 

I(∆x) = 𝐼𝐼0[1 + cos(2𝜋𝜋𝜆𝜆−1∆𝑥𝑥)] (3.8) 

However, both beams consist of light with multiple wavelengths or wavenumbers (𝜈𝜈� = 𝜆𝜆−1). 

Therefore, following the Euler equation, the intensity of the total resulting beam can be 

mathematically expressed in dependence of the optical path difference as: 

I(∆𝑥𝑥) = ∫ 𝐼𝐼(+∞
−∞ 𝜈𝜈�)𝑒𝑒2𝜋𝜋𝜈𝜈�∆𝑥𝑥𝑑𝑑𝜈𝜈� (3.9) 

With Fourier-transformation of Equation (3.9) this corresponds to the wavenumber-dependent 

beam intensity of: 

I(𝜈𝜈�) = ∫ 𝐼𝐼(+∞
−∞ ∆𝑥𝑥)𝑒𝑒−𝑖𝑖2𝜋𝜋𝜈𝜈�∆𝑥𝑥𝑑𝑑∆𝑥𝑥 (3.10) 

This means that by varying the moveable mirror position and thus changing the optical path 

difference, wavenumber-dependent information can be acquired, which is exemplarily depicted 

in Figure 3.3. Therefore, the intensity spectra of a reference substrate and of the thin film sample 

are measured in dependence of ∆𝑥𝑥, named 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(∆𝑥𝑥) and 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(∆𝑥𝑥), respectively. Using 

Fourier-transformation the intensity spectra in dependence of the wavenumber, 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜈𝜈�) and 

𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜈𝜈�) are obtained, with which the absorption spectra 𝐴𝐴(𝜈𝜈�) can be calculated: 

𝐴𝐴(𝜈𝜈�) = −𝑙𝑙𝑙𝑙𝑙𝑙10 �
𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜈𝜈�)
𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜈𝜈�)

� (3.11) 

Figure 3.3 Exemplary FTIR spectra and their processing into an absorption spectrum. The graphs on the left 

shows the optical path length ∆𝒙𝒙-dependent intensity spectra of an empty substrate (blue) and the thin film sample 

(orange). With Fourier-transformation the respective wavenumber 𝝂𝝂�-dependent intensity spectra can be obtained 

and with these spectra, the wavenumber 𝝂𝝂�-dependent absorption spectrum (green) can be calculated. Modified 

from Zwick et al.[165] 
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3.1.3 Spectral reflectance 

Spectral reflectance was conducted to determine the thickness and the effective refractive index 

evolution of post-treated PEDOT:PSS thin film samples during exposure to various relative 

humidities. This non-destructive method utilizes interference effects in the with different IL 

post-treated thin films to follow in situ their different water uptake and film swelling behavior, 

as investigated in Chapter 8. 

A Filmetrics® F20 Film Thickness Measurement Instrument from the KLA company 

Filmetrics Inc. was used for the SR measurements. The instrument was equipped with a 

Filmetrics® LS-DT2 light source that contains a deuterium lamp and a halogen lamp, thus 

providing light in the UV range (180 – 360 nm) or the visible and near-IR range 

(360 – 1100 nm). For the SR measurements in this thesis only the light of the halogen lamp was 

used, which was guided with an optical fiber to the thin film sample. The incident light beam 

was adjusted to have a spot size of around 2 mm by modifying the sample fiber distance 

(~ 100 mm) and using a lens assembly. Before the start of every measurement, a cleaned silicon 

reference substrate was placed onto the sample holder. By tuning the incident angle of the beam 

and the lamp positioning, the intensity of the raw signal was maximized. Then, a reference 

spectrum of the silicon substrate was recorded and additionally a measurement of the 

background illumination spectrum, caused by interfering light, was conducted by placing a 

piece of black cardboard onto the sample holder. Afterwards, the thin film sample prepared on 

silicon substrate was mounted onto the sample holder and the reflected light spectrum was 

recorded in 10 s intervals. The obtained data were analyzed using the FILMeasure software 

from Filmetrics Inc. to extract the thin film thickness and the effective refractive index via a 

fitted model. Hereby, best fits were obtained when a two-layer system was assumed, comprised 

of the SiO2 substrate and a PEDOT:PSS polymer layer. A sketch of the principle behind the SR 

measurements is provided in Figure 3.4 and the basic theory is introduced in the following. 

The working principle of the SR method, depicted in Figure 3.4a, is based on the reflection 

and refraction of an incident light when it crosses the interface between materials with different 

optical constants. These optical constants are, the real refractive index 𝑛𝑛, which describes the 

ratio between the velocity of a wave traveling through vacuum and the velocity of a wave 

traveling through a medium, and the extinction coefficient 𝑘𝑘, which represents the energy 

absorption by describing the attenuation of a wave amplitude when it travels through a medium. 

Both optical constants are combined in the complex refractive index 𝑛𝑛� = 𝑛𝑛 ‒ 𝑖𝑖𝑖𝑖. 
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Figure 3.4 Working principle of the SR method. a) Schematic setup of the SR method in which a beam coming 

from a light source (yellow arrow) is directed perpendicular onto the sample surface. This beam is then partially 

reflected at the air/film interface (blue arrow) and partially refracted and then reflected at the film/substrate 

interfaces (orange arrows). Interference between the two reflected beams (blue and green arrows) results in a beam 

with wavelength-dependent diminished or magnified intensity. In the sketch the incident and exit angles are 

sketched larger than zero for a better visibility. The resulting beam is then collected with a spectrometer and 

provides the in b) shown exemplary reflectance curve (blue line), which can then be fitted (red line) to obtain the 

thickness and refractive index of the sample. Adapted from Filmetrics Inc.[166] 

For the samples investigated in this thesis, reflection at the interface between air (𝑛𝑛�𝑎𝑎𝑎𝑎𝑎𝑎) and 

polymer thin film (𝑛𝑛�𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 > 𝑛𝑛�𝑎𝑎𝑎𝑎𝑎𝑎), and reflection at the interface between polymer thin film 

(𝑛𝑛�𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) and the silicon substrate (𝑛𝑛�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 > 𝑛𝑛�𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) occur. For the special case of the Fresnel 

equations at normal incidence, where the incident angle is zero, the reflection coefficients 𝑟̂𝑟 at 

the two interfaces result in Equation (3.12) and Equation (3.13), respectively: 

𝑟̂𝑟𝑎𝑎𝑎𝑎𝑎𝑎,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =
𝑛𝑛�𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑛𝑛�𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑛𝑛�𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑛𝑛�𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

(3.12) 

𝑟̂𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑛𝑛�𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑛𝑛�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑛𝑛�𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 + 𝑛𝑛�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(3.13) 

Due to the SR measurement geometry, both respectively reflected light waves interfere with 

each other, which results in a wavelength-dependent diminished or magnified intensity of the 

reflected light recorded with the spectrometer. More precisely, this interference can be 

constructive or destructive, and is dependent on the refractive index of the film 𝑛𝑛�𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, the film 

thickness 𝑡𝑡𝑆𝑆𝑆𝑆, the wavelength coming from the light source 𝜆𝜆, and 𝑚𝑚 being an integer. The 

respective conditions for the constructive or destructive interference are given in 

Equation (3.14) and Equation (3.15), respectively: 
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2 𝑛𝑛𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑆𝑆𝑆𝑆 = �𝑚𝑚 −
1
2
� 𝜆𝜆 (3.14) 

2 𝑛𝑛𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑆𝑆𝑆𝑆 = 𝑚𝑚 𝜆𝜆 (3.15) 

Overall, in the case of a sample consisting of a single polymer thin film on a silicon substrate, 

the resulting reflection coefficient as a function of the wavelength is given as: 

𝑟̂𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜆𝜆) =
𝑟̂𝑟𝑎𝑎𝑎𝑎𝑎𝑎,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 + 𝑟̂𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑒𝑒−𝛽𝛽𝛽𝛽

1 + 𝑟̂𝑟𝑎𝑎𝑎𝑎𝑎𝑎,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑟̂𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  𝑒𝑒−𝛽𝛽𝛽𝛽
(3.16) 

with 𝛽𝛽 = 4𝜋𝜋𝑛𝑛�𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑆𝑆𝑆𝑆
𝜆𝜆

The wavelength-dependent reflectance of the thin film sample 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, can be obtained with 

Equation (3.18) and the resulting graph of an exemplary sample is depicted in Figure 3.4b as 

the blue line: 

𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜆𝜆) = �𝑟̂𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜆𝜆)�
2
 (3.17)

The data were then analyzed by finding a model film, red line in Figure 3.4b, where the 

following least square expression is minimized: 

��𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑒𝑒𝑒𝑒𝑒𝑒 (𝜆𝜆) − 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝜆𝜆)�

2

𝜆𝜆
(3.18) 

with 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑒𝑒𝑒𝑒𝑒𝑒 (𝜆𝜆) being the experimentally obtained reflectance at a specific wavelength, and 

𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝜆𝜆) being the theoretical calculated reflectance of the model film at a specific 

wavelength. The goodness-of-fit for all the in Chapter 8 presented SR model fits was between 

0.8 and 1.0 for all samples at the different humidity stages. 

3.2 Electrical characterization 

In this thesis, the electrical characteristics of the thin film PEDOT:PSS samples were unraveled 

by using different methods. With measurements of the Seebeck coefficient (𝑆𝑆) changes in the 

Seebeck effect of the thin films were characterized depending on the ionic liquid post-treatment. 

With two-point and four-point measurements the respective electrical conductivity of the 

differently treated thin films was determined. Additional electrochemical impedance 

spectroscopy (EIS) was preformed to gain a more detailed understanding of the charge carrier 

transport processes within the PEDOT:PSS films. The basic principles and features of these 

characterization methods are described in short in this section. 
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3.2.1 Seebeck coefficient measurement 

Seebeck coefficient measurements provide information about the degree of a thermovoltage 

forming within a material upon the application of a temperature gradient, which is crucial for 

the implementation as thermoelectric material. In this present thesis, 𝑆𝑆 measurements were 

performed on differently treated PEDOT:PSS thin film samples, to investigate the influence of 

the post-treatment with various ILs, as demonstrated in Chapter 5, and to investigate the effect 

of heat treatment as presented in Chapter 6. The Seebeck coefficients were measured using a 

custom-designed device, sketched in Figure 3.5, which was developed and build by Xaver 

Lamprecht.[167] 

Figure 3.5 Seebeck coefficient measurement setup. Schematic sketch of the setup used to measure the Seebeck 

coefficient of a thin film sample. Hereby, the sample is placed with one edge on a hot block, which is heated by a 

heating cartridge, and with the other edge on a cool block, which is cooled via water cooling. The sample is fixed 

with two sample fixtures and connected with a temperature sensor and voltage sensor on each side. With this the 

temperature gradient and the arising thermovoltage can be measured, to determine the materials Seebeck 

coefficient. Adapted from the bachelor thesis of Xaver Lamprecht.[167] 

In principle, this device consists of a copper made “cool block”, which is connected to an 

external water-cooling system, and a copper made “hot block”, which contains a heating 

cartridge. Both blocks are mounted, with thermal insulating poly(tetrafluoroethylene) (PTFE) 

spacer in between onto a copper bridge, in a way that allows the flexible adjustment of their 

distance. On top of each block PTFE made “sample fixtures” are attached, each containing a 

platinum-100 (Pt-100) resistance temperature sensor and a copper pin as voltage sensor. As 

sketched in Figure 3.5 the polymer thin film samples are placed with one edge onto the “hot 

block” and one edge onto the “cold block”. Then all four sensors are lowered on the silver paint 
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covered edges of the sample, described in Section 4.5.1, and are pressed on with a spring, 

exerting a contact force of ~1 N to ensure a good contacting of the sensors to the thin film 

sample. The temperature sensors are each connected to a Model 330 Autotuning Temperature 

Controller by the company LakeShore Cryonics®. Hereby the temperature controller on the 

“cold block” measures the temperature 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, which is controlled by a JULABO FP50 HL 

thermal water bath cycle. While the controller on the “hot block” is connected to a HQ Power™ 

PS3010 DC Power Supply, which powers the heating cartridge and thus allows the temperature 

regulation 𝑇𝑇ℎ𝑜𝑜𝑜𝑜 of the “hot block”. With this a defined temperature gradient ∆𝑇𝑇 can be applied 

on the sample, which results in the formation of a thermovoltage along the thermoelectric thin 

film sample. This arising thermovoltage ∆𝑉𝑉𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒 is then measured via the copper pins with a 

Keithley SourceMeter® 2400. 

The Seebeck coefficient 𝑆𝑆 is calculated with the following Equation (3.19): 

𝑆𝑆 =
∆𝑉𝑉𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒

𝑇𝑇ℎ𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
=
∆𝑉𝑉𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒

∆𝑇𝑇
(3.19) 

To minimize temperature gradient fluctuations, the “hot block” and “cold block” were pre-

tempered to the desired temperatures, usually 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 25 °C and 𝑇𝑇ℎ𝑜𝑜𝑜𝑜 = 100 °C yielding a ∆𝑇𝑇 of 

75 K. Only then the sample was placed into the setup and the measurement started using a 

MATLAB script, which continuously recorded ∆𝑉𝑉𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒 and ∆𝑇𝑇 for 25 min with a speed of 12 

measurements per minute. From these obtained 300 measurement points the first 50 were ruled 

out as the sample temperature was still reaching equilibrium, and only the last 250 were 

included to calculate the average Seebeck coefficient. 

3.2.2 Two-point probe resistance measurements 

With two-point probe resistance measurements the conductivity of the in this thesis 

characterized PEDOT:PSS thin film samples can be determined. Furthermore, the described 

measurement technique allows the investigation of the film resistance 𝑅𝑅 while they are being 

subjected to different external influences. In Chapter 6 and Chapter 7 the resistance evolution 

of PEDOT:PSS thin films post-treated with different EMIM DCA concentrations are examined, 

while being exposed to elevated temperatures or elevated humidities, respectively. The two-

point probe measurements were performed using a converted version of the by Xaver 

Lamprecht custom-designed Seebeck coefficient measurement setup[167] mentioned before and 

it is sketched in Figure 3.6. 
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Figure 3.6 2-point probe resistance measurement setup. For measurement of the electrical resistance of a 

sample in 2-point geometry, the sample is placed on a copper bridge and fixed with two sample fixtures. The 

sample is connected to two temperature sensors and two voltage sensors, each of which placed on one edge of the 

sample. A hot block, which can be heated with a heating cartridge, is placed below the copper bridge and with this 

the electrical resistance of a thin film sample can be measured at different temperatures. Adapted from the bachelor 

thesis of Xaver Lamprecht.[167] 

For the two-point-probe resistance measurements, the copper block containing the heating 

cartridge, the “hot block”, is fixed in direct thermal contact below the copper bridge, which is 

elevated with PTFE mountings for this purpose. On top of the copper bridge two “sample 

fixtures” made of PTFE are attached, which contain a Pt-100 resistance temperature sensor and 

a copper pin as voltage sensor each. The sample is then placed directly onto the heatable copper 

bridge and connected to the sensors with a spring (contact force of ~1 N) pressing them onto 

the silver paint covered edges of the sample, described in Section 4.5.1. The temperature 

sensors are each connected to a Model 330 Autotuning Temperature Controller by the company 

LakeShore Cryonics®, with one of them controlling the sample temperature 𝑇𝑇 to the desired 

set temperature via a HQ Power™ PS3010 DC Power Supply powering the heating cartridge. 

The voltage copper pins are connected to a Keithley SourceMeter® 2400, with which a defined 

voltage 𝑉𝑉 was applied between the pins connected to the thin film sample, and the resulting 

current 𝐽𝐽 flowing through the sample was measured. With that the resulting film resistance 𝑅𝑅 

was calculated using Equation (3.20). 

An applied MATLAB script facilitates the continuous reading of the resistance 𝑅𝑅 and sample 

temperature 𝑇𝑇 with a speed of 12 measurements per minute. By now considering the sample 

geometry with 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 being the thickness of the thin film, 𝑤𝑤 being the width of the sample and 𝑙𝑙 

𝑅𝑅 =
𝑉𝑉
𝐽𝐽 (3.20) 
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being the length of the sample, therefore, the distance between the silver paint contact areas, 

the conductivity 𝜎𝜎 of the thin film can be obtained with Equation (3.21) as follows: 

𝜎𝜎 =
1
𝑅𝑅

𝑙𝑙
𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑤𝑤

(3.21) 

For in situ investigation of the differently post-treated PEDOT:PSS thin film conductivity while 

exposing them to either various temperatures or various relative humidities, this two-point 

resistance measurement setup was mounted into the X-ray analysis voltage-emulation rig, 

which is described in detail in Section 3.5.1. For the measurements in Chapter 6 the applied 

constant voltage for the EMIM DCA post-treated samples was 0.01 V and 1 V for the reference 

sample, while in Chapter 7 a constant voltage of 0.03 V was applied to all samples. 

3.2.3 Four-point probe resistance measurements 

Four-point probe resistance measurements are commonly applied to acquire the sheet resistance 

of a thin film sample. In Chapter 5 it was utilized to obtain the conductivity of the PEDOT:PSS 

thin films in dependency of the for post-treatment used various ILs and their concentrations. 

Furthermore, the four-point probe resistance measurements were performed as pre-

characterization technique to probe and guarantee the successful EMIM DCA doping of the 

throughout the rest of this present thesis investigated thin film samples. A schematic sketch of 

the four-point probe resistance measurement technique is presented in Figure 3.7 and the basic 

concepts are provided in the following. 

Figure 3.7 4-point probe resistance measurement setup. For the electrical resistance measurement of a thin film 

sample in 4-point geometry, four pins, with a defined distance to each other, are placed onto the thin film sample. 

Now an electrical current is applied between pin 1 and 4, while the resulting electrical voltage is measured between 

pin 2 and 3, and thus, the electrical resistance can be determined. Adapted from the dissertation of Nitin Saxena.[168] 

As the name suggests, for the four-point probe resistance measurement four contacting 

electrodes are placed onto the sample of interest. Hereby the external two electrodes, 1 and 4 in 
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Figure 3.7, are carrying the current 𝐽𝐽, while the inner two electrodes, 2 and 3 in Figure 3.7, are 

sensing the voltage 𝑉𝑉. Compared to the two-point probe resistance measurement, this 

measurement geometry is more sensitive and provides more accurate results, as the contact and 

lead resistances of the measurement setup are eliminated. In this present thesis, a Cascade 

Microtech® Inc. C4S 54/5 four-point probe head is used, consisting of four tungsten carbide 

tips with tip radii of 125 µm that are placed with an equidistant spacing of 1 mm onto the thin 

film sample and which are slightly and evenly pressed onto the film for good contacting. With 

a Keithley SourceMeter® 2400 connected to the four measurement electrodes, the current 𝐽𝐽 is 

swept from –1e-5 A to +1e-5 A in 200 steps, while the resulting voltage 𝑉𝑉 is simultaneously 

recorded. With this measurement geometry the lateral thin film sample dimensions are much 

larger, and the film thickness is much smaller than the distance between the tungsten carbide 

tips. Thus, a possible impairment on the current flow, between tip 1 and 4, due to edge effects 

of the sample can be neglected and the sheet resistance 𝑅𝑅𝑠𝑠ℎ is be given as: 

𝑅𝑅𝑠𝑠ℎ =
𝑉𝑉
𝐽𝐽
𝜋𝜋

ln 2
(3.22) 

𝜎𝜎 =
1

𝑅𝑅𝑠𝑠ℎ𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
(3.23) 

By including the thin film thickness 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, the conductivity 𝜎𝜎 of the sample can be obtained 

with Equation (3.23). In this thesis, the 4-point probe measurements were performed on seven 

different positions on the investigated sample and with corresponding film thicknesses acquired 

on the same seven positions, the conductivity was calculated and then the results averaged. 

3.2.4 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy is a useful method to characterize the resistance 

specifics of a material and thus gives information about its charge carrier transport behavior. 

EIS is used in Chapter 7 and Chapter 8 to examine differently post-treated PEDOT:PSS thin 

films in respect to their electronic and ionic charge carrier transport, while the films are being 

subjected to elevated relative humidities. 

In principle EIS can be performed in galvanostatic or potentiostatic mode, meaning either a 

sinusoidal alternating current is applied, and the potential response is recorded, or a sinusoidal 

alternating voltage is applied, and the current response is recorded. The latter mode is performed 

for the EIS measurements presented in this thesis and for this a VMP-300 Potentiostat from 
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BioLogic Science Instruments SAS was used. When conducting this sensitive measurement 

technique, it is especially important to ensure good contacting of the thin film samples. 

Therefore, a custom-made probe head was utilized to contact the samples in a four-pin-two-

electrode geometry. Additionally, the samples were fabricated to have a special electrode 

geometry, which has been demonstrated to ensure reliable measurements. As shown in Figure 

3.8a several preparations steps were necessary to obtain the special EIS electrode geometry. 

Figure 3.8 EIS sample geometry and measurement setup. a) Schematic depiction of the sample preparation 

steps to obtain the specific sample geometry for EIS measurements. b) Sketch of the custom-made probe head to 

conduct in-plane EIS measurements of a thin film sample. It contains a bottom part with a recess for the sample 

placement, and guiding rails, which allow a precise positioning of the top part. The top part contains four 

measurement pins that are linked via board to connection sockets, which can be used to connect it to the 

potentiostat. c) Photograph and outline of the connection geometry of the pins to the potentiostat, with the power 

cables, working (W, red) and counter (C, dark blue), the sensing cables, working sense (WS, light red) and counter 

sense (CS, blue), and the reference cable (R, white). Adapted from the master thesis of Tobias Schöner.[169] 

In the first step, readily purchasable indium tin oxide (ITO) coated glass was partly etched away 

leaving six ITO areas with a size of 4.3 mm to 9.7 mm, a lateral and longitudinal distance of 

3.0 mm and 3.6 mm, respectively. In the second step this structured ITO substrate is coated 

with the PEDOT:PSS polymer film and accordingly post-treated. In the third and final step gold 

electrodes of the same size and at the same position as the ITO areas are evaporated onto the 

polymer film surface. This special geometry of embedded ITO and top gold electrodes has been 

shown to enable a more stable film contacting and provides reproducible EIS measurements.[169] 

The more detailed fabrication procedure for the used EIS samples is provided in Chapter 4. 
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Figure 3.8b shows the custom-made probe head, which consists of a bottom part, where the 

sample can be placed in a recess to prevent movement during the measurement. Furthermore, 

it comprises a top part, which can be, aided by guiding rails, precisely placed in three different 

positions at a defined height above of one of the three electrode pairs on the sample. The top 

part contains sockets for the potentiostat cables that are connected via a board to four gold 

covered pins, ED90389-ND, provided by Digi-Key Corporation. The pins with respective 

spacing of 5.08 mm are placed and slightly pressed onto the sample in a way that always two 

pins are positioned on one electrode. As shown in Figure 3.8c, the outer two pins are connected 

to the power cables (working W red and counter C blue) while the inner pins are connected to 

the working sense (WS light red) and the reference plus counter sense lead (R & CS 

white & light blue). With this four-terminal-two-electrode contacting geometry, where the 

power and sense cables are separated with one of each on the same electrode, the lead and 

contact impedances can be eliminated from the measurement. The connected thin films were 

then measured in potentiostat mode using a single sinusoidal signal with a 20 mV amplitude, 

while the applied frequency was swept from 7 MHz to 500-5 Hz. The average number of 

measurements per frequency was between 8 ‒ 12, and while the current measurement 

sensitivity was set to automatic, the working electrode potential was limited to a maximum 

measurement range of ‒ 0.07 V to + 0.07 V. The bandwidth factor was set to 8 and the quality 

indicator tracking was activated. For the measurement and evaluation of the resulting data by 

equivalent circuit modeling the BioLogic Science Instruments SAS software EC-Lab® Version 

V11.43 was used. The EIS experiments presented in this thesis were mainly performed in 

collaboration with the master student Tobias Schöner. The basic principle of the potentiostatic 

electrochemical impedance spectroscopy is described in the following. 

During the measurement, a sinusoidal alternating potential 𝑉𝑉 with the amplitude 𝑉𝑉0, the 

angular frequency 𝜔𝜔 = 2𝜋𝜋𝜋𝜋, and the phase angle 𝜙𝜙𝑉𝑉, as described in Equation (3.24), is applied 

to the sample: 

𝑉𝑉 = 𝑉𝑉0 sin(𝜔𝜔𝜔𝜔 + 𝜙𝜙𝑉𝑉) (3.24) 

This applied potential interacts with the investigated electrochemical system, unbalancing it 

and resulting in a phase-shifted sinusoidal alternating current response 𝐽𝐽, with the amplitude 𝐽𝐽0 

and the phase angle 𝜙𝜙𝐽𝐽, as described in Equation (3.25). 

𝐽𝐽 = 𝐽𝐽0 sin�𝜔𝜔𝜔𝜔 + 𝜙𝜙𝐽𝐽� (3.25) 

Inside the sample multiple processes are happening with divergent timescales, which thus 

respond to different excitation frequencies. Therefore, these processes can be separately 
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investigated by varying the frequency of the applied input potential signal. As shown in Figure 

3.9a, during the EIS measurement a frequency sweep of the input potential signal is done, and 

the respective amplitude and phase angle of the current response provide information about the 

different processes inside the investigated system. 

Figure 3.9 Operating principle of EIS. a) A sinusoidal alternating input potential 𝑽𝑽 (green) is applied, which is 

then influenced by then electrochemical system, resulting in a sinusoidal output current signal 𝑱𝑱 (orange). With 

these input and output signals, the impedance 𝒁𝒁 of the electrochemical system is determined, which can be, shown 

in b), graphically expressed with its real 𝒁𝒁’ and imaginary part 𝒁𝒁′′. c) Nyquist plots of the EC elements used in 

this thesis, a resistance, a capacitance, and a constant phase element. d) Exemplary Nyquist plot of an IL post-

treated PEDOT:PSS thin film sample (black dotted line), together with the ECM fitting curve (red line) and the 

for this used ECM, in the inset, containing an electronic 𝑹𝑹𝒆𝒆𝒆𝒆 and ionic resistance 𝑹𝑹𝒊𝒊𝒊𝒊𝒊𝒊, a geometric capacitance 

𝑪𝑪𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 and a constant phase element 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪. Adapted from the master thesis of Tobias Schöner.[169] 

Analogous to the Ohm’s law, with the input potential signal 𝑉𝑉�and the output current signal 𝐽𝐽 in 

their complex form, the impedance 𝑍𝑍 can be obtained as follows, with 𝜙𝜙 being the phase shift: 

𝑉𝑉� = 𝑉𝑉0𝑒𝑒𝑖𝑖(𝜔𝜔𝜔𝜔+𝜙𝜙𝑉𝑉) (3.26) 

𝐽𝐽 = 𝐽𝐽0𝑒𝑒𝑖𝑖�𝜔𝜔𝜔𝜔+𝜙𝜙𝐽𝐽� (3.27) 

𝑍𝑍 =
𝑉𝑉�

𝐽𝐽
=
𝑉𝑉0
𝐽𝐽0
𝑒𝑒𝑖𝑖�𝜙𝜙𝑉𝑉−𝜙𝜙𝐽𝐽� = 𝑍𝑍0𝑒𝑒𝑖𝑖𝑖𝑖 (3.28) 

Using the Eulers relationship the impedance can be split into its real 𝑍𝑍′ and imaginary 𝑍𝑍′′ part, 

as shown in Equation (3.29) and Figure 3.9b. 

𝑍𝑍0𝑒𝑒𝑖𝑖𝑖𝑖 = 𝑍𝑍0cos(𝜙𝜙) + 𝑖𝑖 𝑍𝑍0𝑠𝑠𝑠𝑠𝑠𝑠(𝜙𝜙) = 𝑍𝑍′ + 𝑖𝑖 𝑍𝑍′′ (3.29) 
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To visualize and analyze the obtained EIS measurement data they are usually plotted in a 

Nyquist diagram, with 𝑍𝑍′ as x-axis and 𝑍𝑍′′ as y-axis. Now by using circuit elements, some 

exemplarily shown in Figure 3.9c, the data can be fitted by finding a matching equivalent circuit 

model (ECM), and thus, information about the electrochemical contributions inside the thin 

film sample can be obtained. 

The EIS data of the IL post-treated PEDOT:PSS thin film samples investigated in this 

present thesis, could be well described with the ECM depicted in Figure 3.9d. It contains an 

electronic resistance (𝑅𝑅𝑒𝑒𝑒𝑒), a geometric capacitance (𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) accounting for the connector setup, 

an ionic resistance (𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖), and a constant phase element (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶), corresponding for charge 

trapping and accumulation in an ionic double layer formed at the electrodes. An exemplary fit 

of an EMIM DCA post-treated PEDOT:PSS sample is shown as Nyquist plot in Figure 3.9d, 

respectively. The vertical dashed lines in Figure 3.9d indicate how the 𝑅𝑅𝑒𝑒𝑒𝑒 and 𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖 of the 

sample could be obtained also graphically. Using these resistance values, the film thickness 

𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, and by including the EIS electrode geometry shown in Figure 3.8, the electronic 𝜎𝜎𝑒𝑒𝑒𝑒 and 

ionic 𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖 conductivities can be calculated as follows: 

𝜎𝜎𝑒𝑒𝑒𝑒 =
1
𝑅𝑅𝑒𝑒𝑒𝑒

𝑠𝑠
𝑏𝑏𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

(3.30) 

𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖 =
1
𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖

𝑠𝑠
𝑏𝑏𝑏𝑏 (3.31) 

As a general note, for EIS there are certain factors that need to be considered in respect to the 

accuracy and validity of the measurements. 

Figure 3.10 Validation factors for EIS. a) Stationarity condition, b) causality condition, and c) linearity 

condition, which must be met in order to declare the EIS measurements as valid. Adapted from the master thesis 

of Tobias Schöner.[169] 

The first factor, sketched in Figure 3.10a, is the stationarity of the investigated electrochemical 

system, meaning that during the time of the measurement the system should not undergo any 

changes, and after the applied signal is stopped, the system should return to its original state. 

Therefore, for example possible degradation processes happening inside the sample during the 
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measurement should be ruled out. The second factor is the causality, sketched in Figure 3.10b, 

which means that the response signal should solely be influenced by the electrochemical system 

investigated and be a result of the applied signal. Therefore, parasitic effects, for example due 

to long cables and bad contacting, should be reduced as much as possible. The third factor is 

the linearity of the investigated electrochemical system, meaning that the output signal 

demonstrates a linear response to the input signal. However, as most electrochemical systems 

are not naturally linear, this linearity factor can be met by the application of a very small signal 

amplitude and thus achieving pseudo-linearity, as indicated in Figure 3.10c. One way to verify 

the fulfillment of these factors is the Kramers-Kronig test. Hereby, a special fitting model circuit 

is used, which is always in accordance with the Kramers-Kronig relations, that are mathematical 

equations to connect the real and imaginary parts of a complex function, in this case the 

electrochemical impedance 𝑍𝑍. If the experimental EIS data can be represented with this model 

circuit, it gives a first indication that the three required factors are met by the electrochemical 

system. 

3.3 Structural characterization in real space 

For the structural characterization of the PEDOT:PSS thin film samples in real space, two 

different methods were applied, which will be briefly introduced in this section. With surface 

profilometry the thickness of the different post-treated thin film samples was determined. 

Conductive atomic force microscopy (c-AFM) provides surface information about the 

topography and the PEDOT:PSS domain structure of the thin film samples. 

3.3.1 Surface profilometry 

Surface profilometry was applied on the differently post-treated PEDOT:PSS samples to 

acquire the thickness of the thin films 𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝. The method procedure is sketched in Figure 3.11 

and described in the following. The film thicknesses of the different PEDOT:PSS samples 

mentioned in Chapter 5, 6, 7, and 8 were all obtained with surface profilometry, if not otherwise 

stated. 
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In this present thesis a DektakXT® profilometer from the company Bruker Nano Surface 

Division was utilized, which is equipped with a diamond tip with a stylus radius of 2 µm and a 

high precision 𝑥𝑥𝑥𝑥-stage. As the film thickness is the intended value, scratches of about 5 mm 

long and completely down to the substrate were made into the thin polymer films with a needle. 

Then the sample was placed on the 𝑥𝑥𝑥𝑥-stage and the diamond tip was pressed nearby to the 

scratch onto the film surface with a small contact pressure, corresponding to 1 mg. By moving 

the 𝑥𝑥𝑥𝑥-stage, as sketched in Figure 3.11a, the tip is moved perpendicular over the scratch and 

thereby following its height profile. The scanning speed and scan range were set to 35 µm s-1 

and 350 µm, respectively. 

Figure 3.11 Working principle of surface profilometry. a) Depiction of the profilometry measurement setup, 

with a tip that is slightly pressed with a constant force onto the film surface. By moving the sample in lateral 

direction, the height profile of the surface is measured. b) Exemplary resulting height profile, from which the 

height of the film surface 𝑯𝑯𝟏𝟏 (green area) compared to the height of the substrate surface 𝑯𝑯𝟐𝟐 (red area) can be 

used to calculate the film thickness 𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑. Adapted from the dissertation of Lucas Philipp Kreuzer.[161] 

The height profile, shown in Figure 3.11b, obtained from the vertical deflection of the tip, was 

analyzed with the Bruker software Vision64®. The average step height ASH of the scratch and 

thus the film thickness 𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 could be extracted by determining the mean height outside (𝐻𝐻1 

green area) and inside (𝐻𝐻2 red area) the scratch and calculating the height difference 

𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐻𝐻1 ‒ 𝐻𝐻2. It is important to mention that this method of thickness measurement can be 

more or less error-prone, depending on the fragility of the film, because a penetration of the 

film surface by the moving tip and residual film material within the scratch can affect the result. 

For the estimation of the medium film thickness of a sample, scratches were made on seven 

different positions and the determined thicknesses were averaged. 
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3.3.2 Conductive atomic force microscopy 

Conductive atomic force microscopy allows the simultaneous determination of the topography 

and the electrical current map of a sample surface. This characterization method was used in 

Chapter 5 to investigate ionic liquid post-treatment induced changes in the PEDOT:PSS thin 

film surface morphology, which comprises conductive PEDOT domains embedded in a non-

conductive PSS matrix. This section explains the basic working principle and specifics of the 

c-AFM measurements, as depicted in Figure 3.12.

The c-AFM measurements presented in this thesis were conducted by Dr. Hartmut Stadler

at the Bruker Nano Surfaces Division in Karlsruhe, using a Dimension Icon® SPM system that 

was operated in PeakForce TUNA™ Mode. An exemplary square area of 300 nm² was scanned, 

and the applied bias was set to 200 mV. 

Figure 3.12 Working principle of conductive AFM. a) Schematic depiction of the conductive AFM method, in 

which a measurement tip on a cantilever scans the sample surface. A laser directed on the cantilever and reflected 

on a detector determines the height profile as shown in the topography graph on the bottom right. Additionally, a 

voltage is applied between the measurement tip and the sample substrate, and the resulting current flow is detected 

while scanning the sample surface. As visible in the current graph on the top right, even if the topography of two 

sample features is similar, differences in their conductivity properties can be detected. Adapted from Park 

Systems.[170] b) Different measurement modes that can be applied when investigating a sample with conductive 

AFM; contact mode and tapping mode. Adapted from Asmatulu et al.[171] 

In Figure 3.12a the basic parts of the c-AFM device are sketched. The sample of interest is 

placed on a 𝑥𝑥𝑥𝑥-stage and an electrically conductive cantilever with a tip is lowered onto the 

sample. Utilizing a laser that is reflected on the cantilever surface towards a photodetector, the 

position and movement of the cantilever can be followed when moving the 𝑥𝑥𝑥𝑥-stage and 

scanning the sample surface. Hereby the forces between the tip and the sample surface follow 

the Lennard-Jones potential and for c-AFM two different scanning measurement modes can be 
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distinguished, as depicted in Figure 3.12b. The first one is the contact mode, whereby the tip 

touches the sample surface constantly and due to electronic orbital overlapping repulsive 

interactions are acting. The second and most frequently used mode is the tapping mode. Hereby 

the cantilever is stimulated to a vibration below its resonance frequency, in order to achieve 

only a very short physical contact between the sample surface and the tip, whereby both, 

attractive and repulsive interaction forces come to play. Compared to the contact mode, the 

tapping mode prevents mechanical surface damage from the lateral movement of the tip and 

additionally enables a more reasonable resolution compared to the non-contact mode. The 

PeakForce TUNA™ mode performed on the in this thesis investigated IL post-treated 

PEDOT:PSS thin films, is a special type of tapping mode. It allows the investigation of the 

fragile polymer films without damaging the surface and additionally allows the simultaneous 

examination of its electrical properties even at low conductivities. As shown in Figure 3.12a, 

for this a bias voltage is applied between the tip and the electrically conductive sample substrate, 

in this case an indium-doped tin oxide (ITO) substrate, as described in Section 4.1.1. Now while 

scanning the sample surface, a current amplifier is used to measure the current flow between 

the tip and the sample, whereby conductive sample areas allow the current to pass easily, while 

non-conductive areas do not. Therefore, with this c-AFM measurements in PeakForce TUNA™ 

mode topography maps and electrical current maps of a sample surface can be acquired 

simultaneously. 

3.4 Structure characterization in reciprocal space 

In this thesis the structural characterization of the PEDOT:PSS thin film samples was 

performed, additionally to the real space, also in the reciprocal space. Therefore, three different 

investigation methods were utilized, namely X-ray reflectometry (XRR), which allows for the 

investigation of the vertical structure within an investigated thin film. Grazing-incidence small-

angle X-ray scattering (GISAXS), which provides information about the inner films lateral and 

vertical morphology. Additionally, time-of-flight neutron reflectometry (ToF-NR) experiments 

were performed, which enable the observation of the vertical composition and multiple layer 

formation within the PEDOT:PSS thin film samples. A basic introduction into the theoretical 

background behind these characterization techniques is provided in Section 2.3. 
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3.4.1 X-ray reflectometry 

X-ray reflectometry was performed to investigate the vertical morphology of PEDOT:PSS thin

films post-treated with ionic liquids. Hereby the X-ray beam interacts with the electrons of the

atomic shell of a material, and therefore, this method provides information about the material

electron density and thus its X-ray scattering length density (𝑆𝑆𝑆𝑆𝑆𝑆𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟). Furthermore, this

method is performed in the specular scattering geometry introduced in Section 2.3.1, where no

scattering outside the 𝑥𝑥𝑥𝑥-plane is considered and the incident angle matches the exit angle

(𝛼𝛼𝑖𝑖 = 𝛼𝛼𝑓𝑓), thus the momentum transfer only happens along the surface normal (𝑞𝑞𝑧𝑧). Therefore,

the XRR technique provides accurate information about the vertical composition of a thin film

sample, including possible enrichment layers or phase segregations, with the related properties,

𝑆𝑆𝑆𝑆𝑆𝑆𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟, layer thickness and roughness. It is utilized in Chapter 8 for the investigation of

EMIM DCA post-treated PEDOT:PSS thin films.

The XRR measurements performed in the frame of this thesis, were conducted at ambient 

room conditions with a D8 ADVANCE diffractometer from Bruker. The X-ray beam was 

generated using a copper target (λCuKα = 1.54 Å), then monochromized and focused by a Goebel 

mirror, and finally vertically collimated with a 0.2 mm slit onto the sample. To prevent over-

illumination at very small incident angles, a tantalum knife-edge collimator was placed closely 

above the thin film. The at the sample reflected beam was then collimated with 0.1 mm and 

0.05 mm slits, and guided through an Cu 0.1 mm absorber, to avoid over-saturation on the 

detector. Before the measurement, the 2theta-scan, z-scan and rocking-scan were performed for 

calibration of the direct beam position and the samples height and parallel surface alignment, 

respectively. Then the absorber material was removed, the knife-edge collimator adjusted and 

finally the actual sample measurement was started. During this coupled 2theta/theta-scan, the 

thin film sample is fixed at one position, while the X-ray source and the detector are rotated 

along the 𝑥𝑥𝑥𝑥-plane, hereby always meeting the condition that incident angle and exit angle are 

equal. For the in this thesis performed XRR measurement a scan range of 2θ = 0.04 – 2.00° 

with an increment of Δ2θ = 0.002° was applied. The resulting incident angle dependent 

reflectivity intensities, recorded at the detector, were then modeled by using Parratt’s recursive 

formulae as introduced in Section 2.3.2. For this, the IGOR Pro 7.00 software by 

WaveMetrics[172] with the MOTOFIT plugin was utilized, and a three-layer model consisting of 

the silicon substrate with its oxide layer, a polymer bulk layer and a polymer-air interfacial 

layer, was applied for all three post-treated PEDOT:PSS films. The schematic sketch of an X-
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ray reflectometer is presented in Figure 3.13a. The exemplary XRR data shown in Figure 3.13b 

are used to shortly elaborate the effects of the material properties 𝑆𝑆𝑆𝑆𝑆𝑆, thickness and roughness 

on the reflectivity curves. 

Figure 3.13 XRR setup and working principle. a) Basic sketch of the XRR measurement setup. The X-ray beam 

coming from the X-ray source, is guided onto the thin film sample with an incident angle of 𝜶𝜶𝒊𝒊, and the reflected 

beam intensity at an exit angle of 𝜶𝜶𝒇𝒇 = 𝜶𝜶𝒊𝒊 is recorded with an accordingly positioned detector. Different slits, 

absorbers, and a knife edge, are introduced into the X-ray beam path to shape the beam and prevent over saturation 

of the detector. b) Exemplary XRR curves to elucidate the influence of the film properties. The black and light 

gray curves represent the reference curve of a sample consisting of a single thin film layer on a substrate. An 

increase in the 𝑺𝑺𝑺𝑺𝑺𝑺 (blue curve) shows in a shift of the critical edge, while a decrease in the film thickness (orange 

curve) results in a widening of the Kiessig fringes. Furthermore, an increase in the roughness of the substrate (pink 

curve) leads to a leveling of the Kiessig fringes, while a roughness increase of the film roughness (green curve) 

causes a steeper drop of the reflectivity curve. Adapted from the dissertation of Lucas Philipp Kreuzer.[161] 

From modeling the XRR curves, in principle the following material properties can be 

determined: 𝑆𝑆𝑆𝑆𝑆𝑆𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟, layer thickness and interface roughness. The 𝑆𝑆𝑆𝑆𝑆𝑆𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟 of a material is 

determinable from the critical edge in the XRR curve, marked with the blue dotted line in Figure 

3.13b. This strong drop in intensity marks the angle above which the X-ray beam starts to 

transmit into the thin film sample. This angle corresponds to the materials critical angle 𝛼𝛼𝑐𝑐 and 

thus correlates to the materials 𝑆𝑆𝑆𝑆𝑆𝑆𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟, as introduced in Section 2.3.1. The layer thickness 

of a sample can be obtained from the oscillations in the reflectivity pattern, named Kiessig 

fringes. As marked here in orange, the distance ∆𝑞𝑞𝑧𝑧 between neighboring Kiessig fringes is 

related to the layer thickness 𝑡𝑡𝑋𝑋𝑋𝑋𝑋𝑋 by:[173] 

𝑡𝑡𝑋𝑋𝑋𝑋𝑋𝑋 ≈
2𝜋𝜋
∆𝑞𝑞𝑧𝑧

(3.32) 
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Finally, the roughness of the interfaces between different layers or between a layer and the 

substrate or surrounding air, also has an influence on the reflectivity data, as indicated by the 

green and purple arrows in Figure 3.13b. For once, an increase in roughness strongly decreases 

the reflected intensity, leading to a steeper slope at higher incident angles and furthermore 

reduces the amplitude of the Kiessig fringes. Therefore, samples for XRR experiments are 

prepared on a smooth and highly reflecting silicon wafers substrate. 

3.4.2 Grazing-incidence small-angle X-ray scattering 

Grazing-incidence small-angle X-ray scattering is a non-destructive technique that was used in 

the frame of this thesis to examine the inner film morphology of IL post-treated thin 

PEDOT:PSS films. In this method, the X-ray beam is guided on the sample in a very shallow 

angle, to enlarge the beam footprint and thus allow the statistical relevant investigation of a 

greater sample volume. The X-ray beam is then scattered on structures within the film and the 

diffuse scattering, as introduced in Section 2.3.3, is recorded as 2-dimensional scattering 

pattern, providing information about the size, shape, and amount of the inner film structures in 

the mesoscale range. In this thesis, GISAXS was utilized in Chapter 5 to investigate the 

influence of different IL post-treatments on the PEDOT:PSS morphology. Furthermore, it was 

used to unravel the effects of elevated temperature and elevated relative humidity on the inner 

film structure of EMIM DCA post-treated PEDOT:PSS thin films, as described in Chapter 6 

and Chapter 7, respectively. 

The GISAXS investigations in this thesis were conducted with an X-ray beam energy of 

8 keV at the Austrian SAXS beamline at the Elettra-Sincrotrone in Trieste, Italy. For this, the 

samples were placed and measured in the custom-built measurement chamber described in 

Section 3.5.1, as it features X-ray transparent Kapton® windows. The incident beam was guided 

on the sample surface with a shallow incident angle 𝛼𝛼𝑖𝑖 of 0.4 °, for the experiments detailed in 

Chapter 5 and Chapter 6, and 0.41 ° for the experiments detailed in Chapter 7. The incident 

angle was selected to be above the materials critical angle (𝛼𝛼𝑖𝑖 > 𝛼𝛼𝑐𝑐), which was calculated to 

be 0.169 ° for PEDOT:PSS, to probe the inner film structure and to ensure that the Yoneda 

region (YR 𝛼𝛼𝑓𝑓 = 𝛼𝛼𝑐𝑐) is distinguishable from the specular reflection (SR 𝛼𝛼𝑓𝑓 = 𝛼𝛼𝑖𝑖). For recording 

of the resulting 2-dimensional diffuse scattering pattern in the 𝑞𝑞𝑧𝑧𝑞𝑞𝑦𝑦-plane, a PILATUS 1M 

detector from DECTRIS Ltd, with a pixel size of 172 µm × 172 µm and a total dimension of 

981 px × 1043 px, was placed in a sample-detector distance (SDD) of 1949 mm (Chapter 5 and 
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Chapter 6) and 1800 mm (Chapter 7), respectively. To protect the detector from oversaturation 

and damage, a beam stop is placed at the position of the specular reflected beam and the 

transmitted direct beam (DB). Before starting a GISAXS experiment series, a calibration 

measurement with silver behenate standard is performed to obtain the precise SDD and DB 

position. Furthermore, after every sample change, an alignment procedure is performed to 

ensure the precise alignment of the samples angle and height, which is crucial for the correct 

analysis of the resulting GISAXS data. The schematic experimental setup of the GISAXS 

experiment and an exemplary 2D detector image is depicted in Figure 3.14a. 

Figure 3.14 GISAXS measurement geometry and evaluation. a) Graphical depiction of the GISAXS 

measurement geometry, where an incident beam is guided onto the sample in a very shallow incident angle αi 

(red). The beam is then scattered within the film and the scattering pattern is recorded on a detector, which is 

placed at a certain SDD. The recorded 2D detector image collects the vertical αf and horizontal ψf (pink) scattering 

information, with increased scattering intensity occurring at the specular reflection peak SR (red, αf = αi, and 

ψf = 0) and at the Yoneda region YR (yellow, αf = αc). The SR and the direct beam DB (green, αf = −αi) are 

covered with beam stops to prevent over saturation of the detector. b) The pixel dependent detector image can be 

converted into a qyqz-dependent scattering pattern, which contains all the inner films structural information. 

Adapted from the dissertation of Lorenz Bießmann.[81] 

The resulting 2D detector image contains all the structural information about the inner film 

morphology. As indicated in Figure 3.14a and b, from this intensity pattern with the real space 

𝑥𝑥 and 𝑦𝑦 position of the SR, DB, and the SDD and the pixel size (𝑝𝑝), the relevant angles 𝛼𝛼𝑖𝑖, 𝛼𝛼𝑓𝑓 

and 𝜓𝜓𝑓𝑓 can be obtain with: 

𝛼𝛼𝑖𝑖 =
1
2
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 �

(𝑦𝑦𝑆𝑆𝑆𝑆 − 𝑦𝑦𝐷𝐷𝐷𝐷)𝑝𝑝
𝑆𝑆𝑆𝑆𝑆𝑆

� (3.33) 

𝛼𝛼𝑖𝑖 + 𝛼𝛼𝑓𝑓 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 �
�𝑦𝑦𝑓𝑓 − 𝑦𝑦𝐷𝐷𝐷𝐷�𝑝𝑝

𝑆𝑆𝑆𝑆𝑆𝑆
� (3.34) 
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𝜓𝜓𝑓𝑓 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 �
�𝑥𝑥𝑓𝑓 − 𝑥𝑥𝐷𝐷𝐷𝐷�𝑝𝑝

𝑆𝑆𝑆𝑆𝑆𝑆
� (3.35) 

Furthermore, due to the very small angles of the incident (𝛼𝛼𝑖𝑖) and exiting (𝛼𝛼𝑓𝑓 ,𝜓𝜓𝑓𝑓) beam, the 

small angle approximation can be reasonably applied. With this, the scattering vector 𝑞⃗𝑞 can be 

expressed via Equation (3.36), and the real space 𝑥𝑥𝑥𝑥-detector image can be converted into a 

reciprocal 𝑞𝑞𝑦𝑦𝑞𝑞𝑧𝑧-image. 

𝑞⃗𝑞 = �
𝑞𝑞𝑥𝑥
𝑞𝑞𝑦𝑦
𝑞𝑞𝑧𝑧
� =

2𝜋𝜋
𝜆𝜆
�

0
2𝜓𝜓𝑓𝑓

𝛼𝛼𝑖𝑖 + 𝛼𝛼𝑓𝑓
� (3.36) 

This data conversion of the detector image was performed using the open source Python-based 

software DPDAK v1.4.1.[174] Furthermore, this tool was also utilized to then reduce the 2D 

GISAXS data by extracting horizontal line cuts at the fixed 𝑞𝑞𝑧𝑧 value of the PEDOT Yoneda 

peak (calculated critical angle of 0.169 °), as explained in Section 2.3.3. Due to the 

measurement chamber being designed to cause a very low scattering influence, no background 

subtraction was performed. The thus obtained horizontal line cuts, which contain the inner films 

lateral information, were then quantitatively analyzed by modeling them with a Python 2.7 

script created by Dr. Christoph J. Schaffer.[153] The here underlying model is described in detail 

in Section 2.3.3, and is based on the local monodisperse approximation (LMA)[142
⁠

, 152] in the 

framework of the distorted-wave Born approximation (DWBA)[142
⁠

, 143], while additionally 

possible vertical correlations between interfaces are neglected according to the effective 

interface approximation (EIA).[148
⁠

, 150] This results in the diffuse scattering factor defined in 

Equation (2.69), which is proportional to the recorded scattering intensity distribution. For the 

in this thesis investigated PEDOT:PSS thin films, a cylindrical form factor[144
⁠

, 148] was assumed 

to approximate the rotational symmetry of the real pancake-shaped PEDOT domain 

structure.[16
⁠

, 19] Furthermore, the structure factor is approximated by a 1-dimensional 

paracrystalline lattice[155], accounting for the short-range order of the domain structures within 

the PEDOT:PSS material. For this horizontal line cut modeling, the respective parameters were 

adjusted accordingly to obtain an optimized goodness-of-fit parameter χ².  

For the modeling of the PEDOT domains present within the PSS matrix, exemplarily shown 

in Figure 3.15, it was found that the best fit results were obtained when assuming three main 

scattering structures, named large (𝑙𝑙), medium (𝑚𝑚), and small (𝑠𝑠) PEDOT domains. For each of 

the three domain structures a cylindrical form factor with a Gaussian distribution of the mean 

associated domain radii (𝑟𝑟𝑙𝑙, 𝑟𝑟𝑚𝑚, 𝑟𝑟𝑠𝑠) could be distinguished. Additionally, for the large and 
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medium domains, a structure factor with a Gaussian distribution of the mean correlated domain 

center-to-center distances (𝐷𝐷𝑙𝑙, 𝐷𝐷𝑚𝑚) was identifiable. 

Figure 3.15 GISAXS data modeling. Representative horizontal line cut of an IL post-treated PEDOT:PSS thin 

film (black dots), shown together with the model fit curve (red). Hereby for the modeling of the GISAXS results, 

different contributions of large (blue), medium (yellow) and small (pink) PEDOT domains are taken into account, 

which are schematically depicted on the right with their respectively associated radii (𝑟𝑟𝑙𝑙, 𝑟𝑟𝑚𝑚, 𝑟𝑟𝑠𝑠) and center-to-

center distances (𝐷𝐷𝑙𝑙 , 𝐷𝐷𝑚𝑚). Adapted with permission from American Chemical Society, Copyright 2022.[50] 

As introduced in Section 2.3.3, the intensity of the respectively obtained form factors scales 

linearly with the count of the according sized domains.[141] From this approach, the respective 

quantity distribution of large (𝑁𝑁𝑙𝑙), medium (𝑁𝑁𝑚𝑚), and small (𝑁𝑁𝑠𝑠) PEDOT domains of each 

investigated sample could be extracted. With this the domain size distribution was computed 

from the superposition of the Gaussian distributions using the radii (𝑟𝑟𝑙𝑙,𝑚𝑚,𝑠𝑠) with the respective 

correlated deviation, and the quantity (𝑁𝑁𝑙𝑙,𝑚𝑚,𝑠𝑠) of the respective form factors. Additionally, with 

𝑟𝑟𝑙𝑙,𝑚𝑚,𝑠𝑠, 𝑁𝑁𝑙𝑙,𝑚𝑚,𝑠𝑠, and the assumption of a cylindrical shape (height ℎ), the relative volume (𝑉𝑉𝑙𝑙,𝑚𝑚,𝑠𝑠) 

and with this the respective volume fraction (𝑁𝑁𝑁𝑁𝑙𝑙,𝑚𝑚,𝑠𝑠) of the different presented PEDOT 

domains was calculated via: 

𝑉𝑉𝑙𝑙,𝑚𝑚,𝑠𝑠 = 𝜋𝜋 𝑟𝑟𝑙𝑙,𝑚𝑚,𝑠𝑠
2  ℎ 𝑁𝑁𝑙𝑙,𝑚𝑚,𝑠𝑠 (3.37) 

𝑁𝑁𝑁𝑁𝑙𝑙,𝑚𝑚,𝑠𝑠 =
𝑉𝑉𝑙𝑙,𝑚𝑚,𝑠𝑠

𝑉𝑉𝑙𝑙 + 𝑉𝑉𝑚𝑚 + 𝑉𝑉𝑠𝑠
(3.38) 
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3.4.3 Time-of-flight neutron reflectometry 

Time-of-flight neutron reflectometry is a useful method to non-destructively examine the 

vertical layer morphology and material properties of PEDOT:PSS thin films post-treated with 

ILs. Since neutrons interact with the nucleus of an atom, as introduced in Section 2.3.1, this 

technique provides information about the vertical composition of the neutron scattering length 

density (𝑆𝑆𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛). Similar to the XRR technique (Section 2.3.2), only the specular 

scattering geometry is of interest. However, while during an XRR measurement the wavelength 

𝜆𝜆 is fixed and the incident angle 𝛼𝛼𝑖𝑖 is varied, for ToF-NR measurements it is vice versa. Hereby, 

the variation of the neutron wavelength is achieved with the time-of-flight method, where 

choppers crop the neutron beam into bundles of a defined wavelength band. The single neutrons 

are then detected with their impact position on the detector and their respective time of flight, 

giving their velocity and thus their corresponding wavelength. In Chapter 8 of this thesis, ToF-

NR is utilized to examine different IL post-treated PEDOT:PSS thin films, on their ability to 

incorporate deuterated water (D2O) and the influence on their properties, if the ambient relative 

humidity is increased. 

The ToF-NR measurements were performed at the D17 instrument[159
⁠

, 175] at the neutron 

source Institut Laue-Langevin (ILL) in Grenoble, France. For these experiments, the custom-

built environment chamber introduced in Section 3.5.3 was utilized, as it allows a defined 

relative humidity control, and contains neutron-permeable aluminium windows. At the D17 

instrument, schematically depicted in Figure 3.16, the chopper system crops the continuous 

neutron beam into pulses with a wavelength band of 2 to 27 Å, the SDD was set to 3.10 m, and 

the sample inside the measurement chamber was placed vertically. The operation in ToF-mode 

was selected to allow the acquisition of data sets across a large 𝑞𝑞𝑧𝑧 range for the thin post-treated 

PEDOT:PSS films when they are in, or close to equilibrium at the end of each humidity stage; 

called ‘static data’. Furthermore, the ToF-mode also enabled to obtain data with a high time 

resolution during the swelling of the thin films, performed at the beginning of every humidity 

stage; called ‘kinetic data’. For the static ToF-NR measurements two incident angles 𝛼𝛼𝑖𝑖 = 0.5 ° 

(acquisition time 15 min) and 𝛼𝛼𝑖𝑖 = 2.5 ° (acquisition time 30 min) were used, to comprise a 

wide qz-range. The kinetic ToF-NR measurements were performed with a fixed incident angle 

of 𝛼𝛼𝑖𝑖 = 1.0 °, or 𝛼𝛼𝑖𝑖 = 1.5 °, and with a time resolution of 5.5 s. Additionally, the out-of-

reflection-plane divergent incident beam was used to exploit the full available neutron flux. 

Namely by using a re-binning algorithm for these out-of-reflection-plane divergent beam 
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measurements, the obtained ToF-NR data were reduced and their resolution was improved,[162
⁠

, 

176] reaching a Δ𝑞𝑞
𝑞𝑞

 of 10 %. 

Figure 3.16 ToF-NR setup of the D17 beamline at ILL. Schematic drawing of the ToF-NR measurement setup, 

where the neutron beam, provided by the neutron source, is copped into neutron pulses with a double disc chopper 

system and is then guided with a focusing guide. After passing through a collimator, the neutrons impact onto the 

sample and the reflected neutrons are recorded together with the time of impact on a detector. For the ToF-NR the 

incident angle is fixed, while the wavelengths of the neutron pulses can be adjusted via the chopper system. 

Adapted from Saerbeck et al.[175] 

The obtained specular reflectivity data were then evaluated similarly as explained in 

Section 3.4.1 for the XRR method. Using the MOTOFIT plugin for IGOR Pro 7.00 

(WaveMetrics)[172], the experimentally obtained ToF-NR reflectivity curves 𝑅𝑅(𝑞𝑞𝑧𝑧) were fitted 

with a multilayered thin film sample model. Hereby it was found that the thin post-treated 

PEDOT:PSS films are best described with a three-layered model, consisting of the silicon 

substrate (𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 2.07 × 10-6 Å-2) with its oxide layer (𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 3.47 × 10-6 Å-2), 

and a bulk layer of IL containing PEDOT:PSS polymer. The 𝑆𝑆𝑆𝑆𝑆𝑆 value for D2O was calculated 

to be 𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷2𝑂𝑂
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 6.36 × 10-6 Å-2.[177] 

The time-dependent volume fraction 𝜙𝜙(𝑡𝑡) of D2O inside the thin polymer was obtained via 

Equation (3.39), containing the experimentally measured polymer bulk 𝑆𝑆𝑆𝑆𝑆𝑆 at the time 𝑡𝑡 

(𝑆𝑆𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡)), the 𝑆𝑆𝑆𝑆𝑆𝑆 of the dry film in equilibrium at the end of the first drying stage (𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑), 

and the 𝑆𝑆𝑆𝑆𝑆𝑆 of D2O (𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷2𝑂𝑂). 

𝜙𝜙(𝑡𝑡) =
𝑆𝑆𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡) − 𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑
𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷2𝑂𝑂 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑

(3.39) 

Additionally, to get a more detailed idea about the kinetic ToF-NR data, the time constant for 

the D2O uptake (𝜏𝜏) can be obtained. This can be done by first calculating the relative D2O uptake 

(𝜙𝜙𝑟𝑟𝑟𝑟𝑟𝑟
𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡)) via Equation (3.40), using the maximal amount of absorbed D2O (𝜙𝜙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) of the 

respective sample. With this, the for every humidity step resulting 𝜙𝜙𝑟𝑟𝑟𝑟𝑟𝑟
𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡)curves were fitted 
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(𝜙𝜙𝑟𝑟𝑟𝑟𝑟𝑟
𝑓𝑓𝑓𝑓𝑓𝑓(𝑡𝑡)) by adapting a humidity sensitive model introduced by Magerl et al.[178

⁠

, 179], utilizing 

Equation (3.41). 

 
𝜙𝜙𝑟𝑟𝑟𝑟𝑟𝑟
𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡) =

𝜙𝜙(𝑡𝑡)
𝜙𝜙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

 (3.40) 

 
𝜙𝜙𝑟𝑟𝑟𝑟𝑟𝑟
𝑓𝑓𝑓𝑓𝑓𝑓(𝑡𝑡) =

𝜙𝜙(𝑡𝑡)
𝜙𝜙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

− �
𝜙𝜙(𝑡𝑡)

𝜙𝜙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
− 𝜙𝜙𝑟𝑟𝑟𝑟𝑟𝑟,0� exp �−

𝑡𝑡
𝜏𝜏ℎ𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢

� (3.41) 

Hereby, 𝜙𝜙(𝑡𝑡) is the time-dependent volume fraction of D2O, 𝜙𝜙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the maximal 

absorbed D2O at the end of the respective humidity step, 𝜙𝜙𝑟𝑟𝑟𝑟𝑟𝑟,0 is the relative D2O volume at 

the beginning of every humidity step and 𝜏𝜏ℎ𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 is the time constant for the D2O uptake. 

 

3.5 In situ characterization environments 

Specific requirements on the experiment environment had to be met for the different performed 

in situ characterizations within this present thesis, which was achieved by applying the in this 

section described in situ characterization environments. The X-ray analysis voltage-emulation 

rig (XAVER) was utilized to perform GISAXS measurements while simultaneously examining 

the electrical characteristics of an investigated sample under different environmental influences. 

The gas flow system provides a nitrogen gas flow that can be adjustably enriched with a defined 

relative humidity and can be flexibly connected to the different experiment chambers. The 

universal chamber for observation of reflectivity with neutrons (UNICORN) allows the 

simultaneous examination of the thin film sample with ToF-NR and SR, while applying a 

defined humidity protocol. 

 

3.5.1 X-ray analysis voltage-emulation rig 

The X-ray analysis voltage-emulation rig is a custom-made measurement chamber, designed 

and built by Xaver Lamprecht[167], which allows the performance of in situ GISAXS 

experiments on thin film samples, while simultaneously exposing them to different ambient 

influences. In Chapter 5, the chamber was used to create a stable measurement environment of 

dry nitrogen gas flow at 25 °C, while the morphology of PEDOT:PSS thin film samples post-

treated with different ionic liquids and concentrations is investigated. In Chapter 6 the XAVER 

chamber was combined with the two-point resistance probe setup, described in Section 3.2.2, 
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and was equipped with an LED below the sample stage and a spectrometer in the sample lid, 

details in Section 3.1.1. Thus, the temperature-dependent conductivity of EMIM DCA post-

treated PEDOT:PSS thin films could be recorded while simultaneously collecting GISAXS data 

and performing UV-Vis measurements, all under a stable dry nitrogen gas flow environment. 

 
Figure 3.17 XAVER measurement chamber. Photograph of the XAVER measurement chamber, developed by 

by Xaver Lamprecht[167], showing the lid with the acrylic glass window, the two Kapton® windows for the 

incoming and scattered X-ray beam, the inlet and outlet for the external water cooling, as well as the inlet for a gas 

stream. Furthermore, the chamber comprises different vacuum flanges, which can be used for example to airtight 

insert cables or sensors into the chamber. 

In Chapter 7, the XAVER chamber combined with the two-point resistance probe setup was 

connected to the gas flow system, introduced in Section 3.5.2. This allowed the investigation 

of the resistance behavior and the morphology alterations of EMIM DCA post-treated 

PEDOT:PSS thin films, when being exposed to elevated relative humidities. Additionally, by 

installing the EIS probe head, presented in Section 3.2.4, instead of the two-point resistance 

probe setup, the charge transport behavior of the thin film samples could be examined as 

function of the relative humidity of the environment, which is presented in Chapter 7 and 

Chapter 8. To allow all these various in situ measurements, the XAVER environment, sketched 

in Figure 3.17, was appropriately designed and some of the chamber features are highlighted in 

the following. 
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The XAVER chamber, shown in Figure 3.17, is completely made of aluminium and has a 

external size of 23.5 × 15.5 × 15.0 cm³ (l × w × h). It contains two windows to allow for the 

in situ GISAXS measurements, one small slit in the front, for the incoming beam and a wider 

window on the back for the scattered X-ray beam. Both windows are covered with Kapton® 

polyimide sheets, as this material owns a high X-ray transmittivity and thus the windows can 

be sealed airtight without causing a strong influence on the scattering experiments. On the top 

of the chamber the lid can be fixed with O-rings and screws to hermetically seal the chamber. 

The lid can either contain an acrylic glass window to allow the observation of the experiments, 

or it can be changed and equipped with a holder for a spectrometer, to allow for in situ UV-Vis 

measurements. On the sides of the chamber an in- and outlet for an external water-cooling 

circuit is built in, to allow for the Seebeck measurements. Furthermore, six vacuum flanges are 

recessed into the sides of the chamber, which enable a flexible and airtight insertion of cables 

and sensors necessary for the various experiments or can be used as in- and outlets for a dry or 

humidified nitrogen gas stream, to adjust the chambers ambient environment. An additional 

adapter plate allows the easy mounting of the chamber onto the positioning goniometer setups 

at the X-ray beamlines, which is important for the position and angle settings for the scattering 

experiment. Overall, this XAVER chamber can be versatilely adjusted and combined with 

different measurement setups to enable a wide variety of in situ experiments. 

 

3.5.2 Gas flow system 

The gas flow system is custom-made to enable the generation of a stable gas flow, which can 

be adjusted to a defined relative humidity. The gas flow system was developed by Widmann et 

al.[180] and is used in Chapter 7 in combination with the two-point probe resistance setup and 

the XAVER chamber, detailed in Section 3.2.2 and Section 3.5.1 respectively. With this, in situ 

investigations of the humidity-dependent electrical resistance and morphology changes of 

EMIM DCA post-treated PEDOT:PSS thin films were performed. In Chapter 8 the system was 

combined with the UNICORN chamber equipped with the SR setup, introduced in Section 3.5.3 

and Section 3.1.3, or the EIS probe head, described in Section 3.2.4. This allowed for further 

examination of the humidity-dependent swelling behavior and electrochemical response of the 

EMIM DCA post-treated PEDOT:PSS thin films with in situ ToF-NR, in situ SR and in situ 

EIS. Figure 3.18 shows a schematic sketch of the parts and function principle of the gas flow 

setup. 
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Figure 3.18 Gas flow setup. The gas flow setup, developed by Widmann et al.[180], enables the defined enrichment 

of a dry nitrogen gas stream (green) with a solvent, in this thesis D2O or H2O. For this, a defined volume flow 

(channel 2) of the dry nitrogen stream is bubbled through a bottle with the respective solvent, and the thus saturated 

gas stream is then recombined with another defined volume flow (channel 1) of the dry nitrogen gas. The combined 

gas stream is then guided through the measurement chamber containing the sample. An additional water 

temperature control system (blue) allows for temperature regulation of the measurement chamber and the gas flow 

system, enabling the precise adjustment of humidity and preventing condensation effects. Adapted from Widmann 

et al.[180] 

The gas flow setup consists of a dry nitrogen flow (N2), which is split into two streams. Each 

leading to gas flow meter valves, whose flow rate can be individually tuned with the gas flow 

control. Gas stream 2 is then directed through a gas washing bottle filled with de-ionized (DI-

H2O) or D2O, hereby the N2 bubbles through the liquid via a filter disc and is thus enriched with 

D2O. Now the dry N2 gas stream 1 and the humidity enriched N2 stream 2 are recombined and 

directed into the respective measurement chamber. The relative humidity of the gas stream 

reaching the experiment chamber can now be adjusted by setting the flow rate of the respective 

gas flow meter valves accordingly. By using an additional external JULABO FP50 HL thermal 

bath cycle, the temperature of the gas flow system, including the tubing and gas washing bottles, 

were collectively regulated to a stable temperature of 25 °C. Additionally, the UNICORN 

chamber, which is introduced in the next Section 3.5.3, can also be connected to this thermal 

bath cycle for its temperature regulation. 
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3.5.3 Universal chamber for observation of reflectivity with neutrons 

The universal chamber for observation of reflectivity with neutrons is a measurement chamber, 

which is custom designed and fabricated to enable neutron scattering experiments of a thin film 

sample while exposing them to a defined relative humidity. The UNICORN chamber developed 

by Widmann et al.[180] was used to investigate the swelling and water uptake behavior of EMIM 

DCA post-treated PEDOT:PSS thin films, with humidity-dependent in situ ToF-NR and in situ 

SR experiments. The measurement methods are introduced in Section 3.4.3 and Section 3.1.3, 

respectively, and the results are presented in Chapter 8. The specific chamber design and 

specifications of the UNICORN chamber are depicted in Figure 3.19 and outlined in the 

following. 

Figure 3.19 UNICORN measurement chamber. a) Photograph of the UNICORN measurement chamber, 

developed by Widmann et al.[180], showing the aluminium windows for the neutron scattering experiments, and the 

gas stream in- and outlet, which allow the defined adjustment of the sample environment humidity. An additional 

vacuum flanch allows the insertion of cables and sensors into the chamber, and with four connectors, the internal 

liquid channels of the lid and chamber can be connected to a water temperature control. b) Photograph of the L-

shaped sample holder inside the chamber, in which the sample is placed vertically and with as little as possible 

contact to the holder, thus allowing the reduction of measurement disturbances caused by a solid sample holder. 

Adapted from Widmann et al.[180] 

Figure 3.19a shows photographs of the UNICORN chamber. The chamber was designed in a 

spherical shape and with liquid channels inside the walls and lid, which enables a homogenous 

temperature control of the chamber and sample, to prevent condensation effects. The chamber 

was 3D printed from an AlSi10Mg aluminium alloy via selective laser sintering. The internal 
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liquid channels can be connected to a JULABO FP50 HL thermal bath cycle to keep the 

chamber temperature stable at 25 °C. Furthermore, the UNICORN chamber comprises a gas 

inlet, which can be connected to the gas flow system described in Section 3.5.2 and a gas outlet, 

enabling the adjustment of the sample environment to a defined relative humidity. With a 

sensor, inserted airtight via a vacuum flange, the relative humidity and temperature inside the 

measurement chamber can be monitored. The UNICORN chamber has two elliptical windows 

on opposite sides, both covered and hermetically sealed with aluminium foil. These aluminium 

covered windows allow the transmission of incoming neutrons and exiting reflected neutrons 

during the ToF-NR experiments. In addition, the UNCORN lid can be equipped with a CaF2 

window and a holder for the spectral reflectance measurement setup to perform SR experiments. 

The sample holder inside the chamber, consists of a L-shaped plate in which the sample can be 

placed and fixed along its lower end with a screw. By this, the sample is only touching the 

holder along one side while the rest is free standing. This specific sample mounting, depicted 

in Figure 3.19b, helps to avoid disturbances on the neutron scattering experiments that would 

result from a solid sample holder. 
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4 Sample preparation 
This chapter covers the materials, substrates preparation and thin film device fabrication 

procedures, which were used to manufacture the samples investigated within this thesis. In 

Section 4.1 all used materials are listed with their characteristics and supplier details. 

Subsequently, Section 4.2 gives a precise preparation description for the different types of 

substrates. The exact sequence of the thin polymer film fabrication and the ionic liquid doping 

procedure is given in Section 4.3 and Section 4.4, respectively. The final sample contacting 

steps, varying for the corresponding characterization method, can be found in Section 4.5. The 

sample preparation specifics provided in this present chapter are based on previous 

publications.[50
⁠

–52
⁠

, 163] 

4.1 Materials 

4.1.1 Substrate materials 

In order to meet the respective requirements for the various characterization techniques used in 

this present thesis, three different substrate materials were utilized as basis for the thin film 

samples, which will be described in more detail in the following. 

Glass substrates 

Most of the electronic, structural, and spectroscopic characterizations were conducted on thin 

film samples prepared on glass substrates; as glass is especially beneficial because of its broad 

optical transparency and electrically insulating properties. Therefore, standard soda-lime glass 

microscope slides with a size of 76 × 26 mm² and a thickness of 1 mm, were purchased from 

Carl Roth GmbH + Co. KG. and were cut with a diamond cutter into 30 × 26 mm² sized 

substrates. These obtained substrates were then subjected to a cleaning procedure, described in 

Section 4.2.1, before the thin film deposition. 
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Silicon substrates 

For time-of-flight neutron reflectivity (ToF-NR), spectral reflectance (SR), and X-ray 

reflectometry (XRR) investigations silicon (Si) wafers were used, because they provide 

excellent substrate conditions for these techniques, namely a very flat surface with a low 

roughness. The silicon wafers (p/Bor <100>), with a diameter of 100 mm, a thickness of 

525 ± 25 µm, a resistivity of 10 ‒ 20 Ω cm, and one side being polished to a roughness < 5 nm, 

were obtained from Silicon Materials e. K.. All silicon wafers were scratched, on their 

unpolished backside, with a diamond cutter into the desired substrate size of 70 × 70 mm², 

before subjecting them to the hot acid cleaning, described in Section 4.2.2. 

Indium-doped tin oxide substrates 

Indium-doped tin oxide (ITO) substrates were used for thin film analysis with electrochemical 

impedance spectroscopy (EIS) and conductive atomic force microscopy (c-AFM) to meet the 

respective measurement requirements, namely a patterned or completely conductive substrate 

surface. Glass slides of 1.1 mm thickness with an ITO layer coating of 100 nm, named ITO 

SOL 30 substrates, where purchased from Solems S.A. The substrates own a sheet resistance of 

25-30 Ω sq-1 and were precut to a size of 25 × 25 mm² and 17 × 17 mm²  for EIS and c-AFM

respectively. As described in Section 4.2.3, these substrates were subjected either directly to

the appropriate cleaning procedure or in case of the EIS samples, were first patterned by

chemical etching.

4.1.2 Poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) 

The main research focus of this thesis lies on the investigation of the polymer blend poly(3,4-

ethylene dioxythiophene):poly(styrene sulfonate), short PEDOT:PSS, which consists of the p-

semiconducting PEDOT and the electrically insulating PSS polymers. The structure and 

characteristics of this commonly used conductive polymer blend are described in detail in 

Section 2.1.2. For all thin film samples characterized in the frame of the present thesis, Heraeus 

Clevios™ type PH 1000 PEDOT:PSS was used. The polymer blend was provided by Ossila 

Ltd. with a PEDOT:PSS ratio of 1:2.5, a solid content of 1.0 ‒ 1.3 wt.% in water, a work 

function of 4.8 ‒ 5.0 eV and a viscosity of < 50 mPa s, according to the supplier. After delivery, 

the PEDOT:PSS was stored in dark conditions at 4 °C, until it was used without further 

purification for the thin film preparation, as described in Section 4.3. 
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4.1.3 Ionic liquids 

In the frame of this thesis, ionic liquids (ILs) are used as post-treatment agents, to improve the 

properties of thin PEDOT:PSS films. In literature ILs are usually defined as liquid electrolytes, 

which are solely composed of ions, and differ from molten salt by having a melting point below 

100 °C.[181] Due to versatile combination possibilities of cations and anions, ILs allow a high 

tunability of their characteristics eligible for various applications.[182] In this thesis three 

different ILs were chosen and their different influence on the PEDOT:PSS film properties is 

investigated in Chapter 5. The chemical structures of these three chosen ILs, namely 1-allyl-3-

methylimidazolium dicyanamide (AMIM DCA), 1-ethyl-3-methylimidazolium dicyanamide 

(EMIM DCA), and 1-ethyl-3-methylimidazolium tetracyanoborate (EMIM TCB) are shown in 

Figure 4.1a-c, respectively.  

Figure 4.1 Ionic liquids. Chemical structures of the ILs used for post-treatment, a) AMIM DCA, b) EMIM 

DCA, and c) EMIM TCB. 

Hereby it becomes apparent that for the different ILs either the cation or the anion was kept 

constant compared to EMIM DCA, which allows the exploration of possible effects from the 

cation or anion features. AMIM DCA (CAS: 917956-73-1) with a given molecular weight of 

189.22 g mol-1 and density of 1.11 g mL-1 at 25 °C, and EMIM DCA (CAS: 370865-89-7) with 

a molecular weight and density of 177.21 g mol-1 and 1.10 g mL-1 at 25 °C, respectively, were 

both purchased from Sigma-Aldrich with a purity of ≥ 98.5 %. EMIM TCB was supplied by 

Merck KGaA (CAS: 742099-80-5) with a purity of ≥ 99.5 % and a given molecular weight of 

226.05 g mol-1 and a density of 1.04 g mL-1 at 25 °C The different ILs were directly used 

without additional treatment for the IL post-treatment procedure of the PEDOT:PSS films, for 

which a carrier solvent was facilitated, as described in more detail in Section 4.4. 
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4.1.4 Additives, solvents, and cleaning agents 

In this section all additives, solvents, and cleaning agents utilized in this thesis are listed with 

their specifics and their chemical structure is shown in Figure 4.2. Sulfuric acid, hydrogen 

peroxide, hellmanex II, zinc powder, hydrochloric acid, acetone, and isopropanol, are cleaning 

agents, used during the different substrate preparations described in Section 4.2. The 

fluorosurfactant Zonyl® FS-300 was used as additive during the PEDOT:PSS film preparation, 

as detailed in Section 4.3.1. Tetrahydrofuran was facilitated as carrier solvent for the ILs post-

treatment, mentioned in Section 4.4.1, and deuterated water was used during in situ ToF-NR 

and in situ SR for humidification of the measurement chamber, as described in Section 3.5.2. 

De-ionized water was applied throughout this thesis for cleaning procedures, as carrier solvent 

and for humidification in in situ investigations. All purchased chemicals in this section were 

directly used without further purification. 

Figure 4.2 Additive, solvents, and cleaning agents. Chemical structures of a) sulfuric acid, b) hydrogen peroxide, 

c) zinc powder, d) hydrochloric acid, e) acetone, f) isopropanol, g) Zonyl® FS-300, h) tetrahydrofuran, i) deuterated

water and j) de-ionized water.

Sulfuric acid 

Sulfuric acid (H2SO4) with a concentration of 95 % ‒ 98 % was supplied by Carl Roth GmbH 

+ Co. KG. (CAS: 7664-93-9). The chemical structure of this high oxidizing inorganic acid is

depicted in Figure 4.2a, and its density and molar mass at 25 °C are given as 1.84 g mL-1 and

98.08 g mol-1, respectively. The concentrated H2SO4 was used for the hot acid bath substrate

cleaning, described in Section 4.2.
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Hydrogen Peroxide 

Hydrogen peroxide (H2O2), shown in Figure 4.2b, was also utilized for the hot acid bath 

cleaning of the glass and silicon substrates, as detailed in Section 4.2. The strong oxidizing 

agent H2O2 was purchased with an assay of 30 ‒ 31 % from Carl Roth GmbH + Co. KG. (CAS: 

7722-84-1) and owns a declared density of 1.11 g mL-1 and a molar mass of 34.02 g mol-1 at 

25 °C. 

Zinc powder 

Zinc (Zn) powder, stabilized, with a particle size of < 63 µm, a purity of ≥ 98 %, a density of 

7.14 g mL-1 and a molar mass of 65.37 g mol-1 at 25 °C, was obtained from Carl Roth GmbH 

+ Co. KG. (CAS: 7440-66-6). The Zn powder, Figure 4.2c, was used during the etching process

to pattern the ITO glass substrates as described in detail in Section 4.2.3.

Hydrochloric acid 

The strong inorganic acid, hydrochloric acid (HCl), was supplied with a purity of 37 % by Carl 

Roth GmbH + Co. KG. (CAS: 7647-01-0) and was used for the ITO etching process described 

in Section 4.2.3. The chemical structure is depicted in Figure 4.2d, and at 25 °C the density and 

the molar mass are given as 1.19 g mL-1 and 36.46 g mol-1, respectively. 

Acetone 

Acetone, with a noted molar mass of 58.08 g mol-1 and a density of 0.79 g mL-1 at 25 °C, was 

purchased from Carl Roth GmbH + Co. KG. (CAS: 67-64-1) in a purity of ≥ 99.8 %. Its 

chemical structure is depicted in Figure 4.2e and the organic solvent was used for the ITO 

substrate cleaning as described in Section 4.2.3. 

Isopropanol 

Isopropanol is a commonly used alcohol, shown in Figure 4.2f, with a noted molar mass of 

60.10 g mol-1 and a density of 0.79 g mL-1 at 25 °C. It was obtained in an assay of ≥ 99.8 % 

from Carl Roth GmbH + Co. KG. (CAS: 67-63-0) and was used as cleaning agent for the ITO 

substrates as detailed in Section 4.2.3. 

Hellmanex II 

Hellmanex II is a special alkaline cleaning concentrate supplied by Hellma GmbH + Co. KG., 

with a concentrate density of 1.42 g mL-1. As outlined in Section 4.2.3 hellmanex II was used 

in diluted form to clean the ITO coated substrates. 
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Zonyl® FS-300 

As described in Section 4.3.1, the fluorosurfactant Zonyl® FS-300 (Zonyl®) was applied in this 

present thesis as additive to modify the PEDOT:PSS structure.[36] The chemical structure of this 

non-ionic fluorosurfactant is depicted in Figure 4.2g. It has a given density of 1.10  g mL-

1 ± 0.05 g mL-1 at 20 °C and an concentration of ~ 40 % solids in water. Zonyl® FS-300 is a 

registered trademark of E. I. du Pont de Nemours and Company (CAS: 197664-69-0) and for 

this thesis Zonyl® was acquired via Sigma-Aldrich, as it is been produced by the company’s 

affiliate Fluka™. 

Tetrahydrofuran 

Tetrahydrofuran (THF) is a cyclic ether, depicted in Figure 4.2h, which is commonly used as 

versatile organic solvent. In this thesis, THF in anhydrous, inhibitor-free from was used as 

carrier solvent for the ILs post-treatment procedure, described in Section 4.4. It was purchased 

from Sigma-Aldrich (CAS: 109-99-9) and has a declared molecular weight of 72.11 g mol-1 and 

a density of 0.89 g mL-1 at 25 °C. 

Deuterated water 

The chemical structure of deuterated water (D2O), with a given density of 1.11 g mL-1 and a 

molecular mass of 20.03 g mol-1, is depicted in Figure 4.2i. It was obtained from Deutero GmbH 

(CAS: 7789-20-0) with a purity of 99.95 % and was utilized for the in situ ToF-NR 

investigations in Chapter 8. 

De-ionized water 

In this present thesis de-ionized water (DI-H2O), depicted in Figure 4.2j, was used for multiple 

purposes during the sample preparation procedure and sample characterization. Water was 

purified and deionized with an ELGA LabWater System PURELAB® Chorus 1 from Veolia 

Water Solutions & Technologies, achieving a resistivities of 18.2 MΩ cm at 25 °C. 

4.1.5 Additional materials for sample fabrication 

This section contains a list of additional materials that were utilized during the various thin film 

sample preparation steps. Polyvinylidene fluoride syringe filter, during PEDOT:PSS solution 

preparation in Section 4.3.1, Kapton® polyimide tape during the ITO glass patterning outlined 

in Section 4.2.3, and silver paint and fine gold for sample contacting as detailed in Section 4.5. 
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Polyvinylidene fluoride syringe filter 

Polyvinylidene fluoride (PVDF) syringe filters were used for the PEDOT:PSS solution 

preparation, detailed in Section 4.3.1. The in this thesis used Whatman® Puradisc 25 syringe 

filter with PVDF as filter material and a pore size of 0.45 µm were purchased from Sigma-

Aldrich. 

Kapton® polyimide tape 

Kapton® polyimide (Kapton®) tape, is a heat resistant sticky tape, which was used during the 

ITO glass patterning described in Section 4.2.3. It was purchased from Conrad Electronic SE. 

Silver paint 

Conductive silver (Ag) paint was applied for electrical contacting of the thin film samples, as 

detailed in Section 4.5.1. The in this present thesis used Ag paint was acquired from Ferro 

GmbH through Conrad Electronic SE. 

Fine gold 

Gold (Au) with a fineness of 99.99 % was obtained from Goldkontor Hamburg GmbH. As 

described in detail in Section 4.5.2, it was evaporated on the samples for electrical contacting. 

4.2 Substrate preparation 

For the fabrication of polymer thin film samples, the substrate properties, as well as a good 

interaction between the polymer layer and the substrate, are essential to obtain high quality, 

defect free thin films. Even small impurities or wettability differences on the substrate surface 

have an impact on the homogeneity and morphology of the prepared polymer films. Therefore, 

the in this thesis utilized substrates, glass, silicon, and ITO layered glass, were subjected to the 

various cleaning procedures and treatments, described in this section. 

4.2.1 Glass substrates 

All glass substrates were cut to a size of 30 × 26 mm² and were then cleaned through a hot acid 

bath treatment.[183] For this, 45 mL of DI-H2O was filled into a glass beaker, which is placed in 

a water bath on a hotplate. Then 70 mL of H2O2 was poured into the beaker and after that 

165 mL H2SO4 was added slowly, to prevent an overreaction. The beaker was then covered 



Chapter 4  Sample preparation 

88 

with a watch glass to inhibit evaporation, as the water bath was heated to 80 °C. During the 

heating of the acid bath, the glass substrates were rinsed thoroughly with DI-H2O, which 

ensured the removal of dust and glass splinters from the substrate cutting. Afterwards, they 

were placed into a custom-made acid resistant substrate holder, made of 

poly(tetrafluoroethylene) (PTFE). As the water bath reached 80 °C, the substrates were 

immersed into the hot acid bath with the substrate holder. After 15 min the substrates were 

taken out of the acid bath and subsequently dipped into two 500 mL beakers filled with DI-H2O 

to wash off acid residues. An additional thorough rinsing step of every glass substrate with DI-

H2O, before drying them under a nitrogen stream, guaranteed the complete removal of any 

acidic remnants. 

Shortly before the spin-coating procedure the acid bath cleaned, and dried substrates were 

exposed to an oxygen plasma treatment, using a Nano Plasma Cleaner from Diener Electronics 

GmbH + Co. KG. Therefore, these substrates were spread into a glass petri dish, which was put 

into the plasma oven and exposed to a vacuum of ≤ 0.1 mbar. Then an oxygen atmosphere with 

0.4 mbar pressure was applied, by respectively adjusting a simultaneous oxygen flow and 

vacuum, which allowed the continuous removal of reaction products during the plasma 

treatment. The plasma was generated by applying a power of 250 W with a frequency of 

40 kHz. After 10 min the oxygen flow was turned off while the vacuum was still applied until 

≤ 0.1 mbar was reached, to ensure the removal of residual reaction products. 

With this two-step cleaning procedure organic compounds on the substrate surface are, on 

the one hand, removed by the highly reactive and oxidizing hot acids, and on the other hand, 

are decomposed by oxygen radicals resulting from the oxygen plasma. Furthermore, the 

hydrophilicity of the substrate surface is increased by activating polar chemical bonds, which 

enhances the wettability of polar solvents, like the aqueous PEDOT:PSS solutions used in this 

thesis. However, as this effect only lasts for a couple of minutes, it is necessary to perform the 

thin film deposition directly after the plasma treatment, to profit from an improved substrate-

film interface. 

4.2.2 Silicon substrates 

The silicon wafers were scratched with a diamond cutter on their unpolished backside, into the 

desired substrate size of 70 × 70 mm², but not yet broken. The pre-scratched silicon substrates 

were then subjected to a similar hot acid bath cleaning procedure with subsequent oxygen 
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plasma treatment as described in Section 4.2.1, above. The only difference in the process was 

an increased volume of the hot acid bath ingredients, namely 54 mL of DI-H2O, 84 mL of H2O2, 

and 198 mL of H2SO4, to ensure a complete immersion of the silicon substrates into the hot 

acid bath. For this substrate type, the oxygen plasma treatment was also performed directly 

before the spin-coating procedure, to benefit from the effect of enhanced surface hydrophilicity 

and thus improved wettability with polar solvents. 

4.2.3 Indium-doped tin oxide glass substrates 

The ITO substrates for the c-AFM investigation, described in Section 3.3.2, were obtained with 

a size of 17 × 17 mm² and were directly subjected to a cleaning procedure using isopropanol. 

For this, the substrates were first rinsed with DI-H2O to remove any dust, then mechanically 

cleaned with an isopropanol-soaked cotton wipe, and subsequently placed into a custom-made 

PTFE substrate holder. The holder with the substrates was immersed into a beaker filled with 

isopropanol, which was covered with a watch glass and placed into an ultrasonic bath for 10 min 

at RT. Afterwards, the isopropanol was replaced and the ultrasonic treatment was repeated once 

more. Then the substrates were thoroughly rinsed with DI-H2O and dried under a nitrogen 

stream. Directly before the thin film deposition, these ITO substrates were subjected to an 

oxygen plasma treatment procedure, as detailed in Section 4.2.1. 

Figure 4.3 Chemical etching of ITO substrates. Chemical etching and cleaning procedure of ITO substrates to 

create specific patterned ITO electrode geometry. 

The ITO substrates for the EIS investigation were acquired in a size of 25 × 25 mm². As 

described in Section 3.2.4, for this sensitive measurement technique, the ITO layer had to be 

partly removed to obtain a specific ITO electrode geometry displayed in Figure 3.8. Therefore, 

the chemical etching process, schematically depicted in Figure 4.3, was performed with the ITO 

substrates. For this, the areas of the electrodes, meaning the regions where the ITO should not 

be removed, were first covered with sticky Kapton® tape. Then the uncovered parts were 

partially sprinkled with a small amount of Zn powder, which serves as catalyst for this chemical 

etching process. Afterwards, a diluted HCl solution, containing HCl (37 %) and DI-H2O in a 
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ratio of 1:1, was dropped onto the unmasked regions of the ITO substrate, and was spread and 

mechanically wiped with a cotton swab. At last, the etched ITO substrates were thoroughly 

rinsed with DI-H2O to ensure complete removal of all reagents, before the sticky Kapton® tape 

was removed. These patterned ITO substrates were then cleaned via an organic cleaning 

procedure. For this, the DI-H2O rinsed substrates were placed into a PTFE substrate holder and 

immersed into a bath of Hellmanex II diluted with DI-H2O to 2 vol%, which was placed into 

an ultrasonic bath for 20 min. Then the substrates were removed with the substrate holder, 

thoroughly rinsed with DI-H2O and wetted with acetone, before being immersed into an acetone 

bath and treated for 20 min with ultrasound. Afterwards, the substrates and the holder were 

removed from the acetone bath and again thoroughly rinsed with DI-H2O before they were 

wetted with isopropanol and subjected to ultrasonic treatment for 20 min, while being 

submerged into an isopropanol bath. After this final cleaning step, all substrates were 

individually rinsed with DI-H2O to guarantee no residues of the cleaning agents are left and 

were then dried under a nitrogen stream. For these patterned ITO substrates also an oxygen 

plasma treatment, as described in Section 4.2.1, was performed directly before the spin-coating 

procedure. 

4.3 PEDOT:PSS thin film preparation 

Even though the usage of different substrates was necessary to meet the respective requirements 

of the various characterization techniques, the PEDOT:PSS thin film preparation process, 

described in this section, was kept similar, to ensure the comparability of the different samples. 

Only the applied solution volume dropped onto the substrates during the spin-coating and 

doping steps were adjusted to the respective substrate size and material. The different steps of 

the complete sample preparation procedure are displayed in Figure 4.4. 

4.3.1 PEDOT:PSS solution preparation 

For the preparation of the spin-casting solution, first the respectively required amount of 

aqueous PEDOT:PSS solution was treated in an ultrasonic bath for 10 min. This ultrasonic 

treatment was performed to break down large agglomerates of PEDOT:PSS colloidal particles 

present in the aqueous solution and thus decrease the risk of film inhomogeneities. 



4.3 PEDOT:PSS thin film preparation 

91 

Figure 4.4 Sample preparation procedure. First the first layer of PEDOT:PSS is spin-coated, followed by an 

annealing step, then the second layer PEDOT:PSS is spin-coated, again followed by an annealing step. IL solution 

is evenly applied on the cooled down PEDOT:PSS thin film, and after a soaking time of 1 min additional ionic 

solution is applied, directly followed by a spin-coating step. After a final annealing step, the sample is ready for 

characterization. Adapted with permission from American Chemical Society, Copyright 2022.[50] 

Afterwards, the PEDOT:PSS solution was additionally filtered through a hydrophilic PVDF 

filter with a pore size of 0.45 µm, to extract remaining large agglomerates and colloidal 

particles. This filtered PEDOT:PSS solution was then added into a screwcap glass vial, 

containing the fluorosurfactant Zonyl®. Zonyl® was used as additive because it has been 

reported to optimize the wettability of the PEDOT:PSS solution with different substrate 

surfaces, and tune the polymer film morphology towards the achievement of better electrical 

characteristics.[36] The amount of the surfactant in the screwcap glass vial was chosen to obtain 

an overall weight content of roughly 1 wt% Zonyl® per aqueous PEDOT:PSS solution. The 

mixture was then covered with aluminium foil and placed onto a shaker for 2 h to ensure good 

intermixing, before further usage in the spin-coating process. 

4.3.2 Spin-coating and annealing 

The respective prepared and cleaned substrates, as detailed in Section 4.2, were used for the 

thin film coating procedure, immediately after the oxygen plasma treatment. Therefore, they 

were placed onto a Delta 6 RT CC spin-coater from the company Süss MicroTec SE and were 

fixed there via vacuum suction. As depicted in Figure 4.4 a defined amount (1. layer volume) 

of the prepared PEDOT:PSS solution, described before in Section 4.3.1, was completely spread 

onto the substrate. Directly afterwards the spin-coating process was started with a total duration 

of 60 s, a speed of 1500 rpm, and an acceleration level of 9, which results in 4.5 s acceleration 

and deceleration time, respectively. Subsequently, the PEDOT:PSS coated sample was placed 
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on a 140 °C hot heating plate for a 10 min annealing step and was then cooled down to room 

temperature (RT). In order to achieve a thicker polymer film, a second PEDOT:PSS layer was 

applied. Therefore, the already coated samples were placed and fixed onto the spin-coater, and 

again covered completely with a defined amount (2. layer volume) of the prepared PEDOT:PSS 

solution. The parameters of the ensuing spin-coating process were kept similar with a speed of 

1500 rpm, an acceleration level of 9, and a duration of 60 s. For the second polymer layer, also 

a 10 min annealing step on a 140 °C hot heating plate was performed before the samples were 

cooled down to RT and stored dust-free until further usage. Depending on the used substrate 

material and size, different amounts of the prepared PEDOT:PSS solution, were utilized for the 

thin film fabrication. A list of the applied solution volumes during the first and second layer 

deposition step for the various substrate types, is provided in Table 4.1. 

Table 4.1 Amount of PEDOT:PSS solution for different substrate types. 

characterization 

methods 

substrate 

material 

substrate 

size [mm²] 

1. layer

volume [µL] 

2. layer

volume [µL] 

c-AFM ITO glass 17 × 17 330 435 

EIS ITO glass 25 × 25 440 440 

ToF-NR and SR silicon 70 × 70 5500 5500 

others glass 26 × 30 550 550 

4.4 Ionic liquid doping 

The doping of the PEDOT:PSS with ionic liquids was performed via a post-treatment 

procedure, meaning the doping solution was deposited on the already prepared PEDOT:PSS 

layers. This approach was selected, because the addition of the ILs directly into the aqueous 

PEDOT:PSS solution led to a gelation of the entire mixture, which made the preparation of thin 

and homogeneous polymer films unfeasible. 

4.4.1 Doping solution preparation 

For the application of the ILs onto the PEDOT:PSS layers a carrier solvent was utilized, to be 

able to adjust different doping concentrations, and to achieve an uniform distribution of the ILs. 

THF was used as carrier solvent for the samples characterized in Chapter 5, Chapter 6 and 

Chapter 7, as it showed more significant improvements of the PEDOT:PSS electrical 
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characteristics. However, for the sample investigations in Chapter 8, DI-H2O was chosen as 

carrier solvent, because it allowed the fabrication of films with less surface roughness, which 

was especially important for the ToF-NR and SR measurements. 

Table 4.2 Concentrations of ionic liquid doping solutions. 

AMIM DCA 

𝜌𝜌𝑁𝑁 = 5.87 mol × L-1 

EMIM DCA 

𝜌𝜌𝑁𝑁 = 6.21 mol × L-1 

EMIM TCB 

𝜌𝜌𝑁𝑁 = 4.60 mol × L-1 

concentration 

[M] 

[µl] per 1 mL 

carrier solvent 

concentration 

[M] 

[µl] per 1 mL 

carrier solvent 

concentration 

[M] 

[µl] per 1 mL 

carrier solvent 

0.0087 1.48 0.0100 1.61 0.0100 2.17 

0.0218 3.71 0.0250 4.03 0.0250 5.43 

0.0437 7.44 0.0500 8.05 0.0500 10.87 

0.0874 14.89 0.1000 16.10 0.1000 21.74 

0.1747 29.76 0.2000 32.21 0.2000 43.48 

0.3058 52.10 0.3500 56.36 0.3500 76.09 

0.4370 74.45 0.5000 80.52 0.5000 108.70 

The three different ILs, AMIM DCA, EMIM DCA and EMIM TCB, introduced in 

Section 4.1.3, were used for the post-treatment doping procedure. Depending on their number 

density (𝜌𝜌𝑁𝑁), calculated from the division of density and molar mass, they were mixed in 

respective quantities with the according carrier solvent, to obtain the desired concentrations of 

the IL doping solutions. All the in this thesis investigated concentrations of the different ILs 

and the applied amounts, are listed in Table 4.2. Additionally, as reference samples 

PEDOT:PSS films post-treated with the pure carrier solvent, THF or DI-H2O, were also 

investigated, in the following denoted with 0 M concentration. The IL doping solutions were 

subjected to a short ultrasonic treatment, directly before being deposited onto the PEDOT:PSS 

layer, to ensure a good intermixing. 

4.4.2 Doping and annealing 

For the doping procedure, the PEDOT:PSS coated substrates fabricated according to 

Section 4.3, were placed onto the spin-coater and fixed via vacuum suction. As depicted in 

Figure 4.4, a defined amount of the respective doping solution (1. doping volume) was dropped 

onto the polymer film, whereby the full coverage of the surface was ensured. The doping 
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solution was allowed to soak in and react with the film for 1 min, before another quantity of the 

doping solution (2. doping volume) was added. Immediately after, the excess doping solution 

was spun off, by operating the spin-coater for 60 s with an acceleration level of 9 at a speed of 

1500 rpm. Then the post-treated samples were placed for 10 min onto a 140 °C hot heating plate 

for annealing and complete evaporation of any solvent residues. Afterwards, the prepared doped 

PEDOT:PSS samples were stored in a container and sealed dust-free until characterization. 

Similar to the PEDOT:PSS film fabrication, also for the post-treatment procedure, the applied 

doping solution amounts were adjusted depending on the used substrate base. Table 4.3 lists all 

utilized doping solution volumes for the different substrate types, during the first and second 

doping step. 

Table 4.3 Amount of doping solution for different substrate types. 

characterization 

methods 

substrate 

material 

substrate 

size [mm²] 

1. doping

volume [µL] 

2. doping

volume [µL] 

c-AFM ITO glass 17 × 17 437 437 

EIS ITO glass 25 × 25 400 400 

ToF-NR and SR silicon 70 × 70 5000 5000 

others glass 26 × 30 500 500 

4.5 Sample contacting 

For some of the characterization techniques the application of electrodes on the post-treated 

PEDOT:PSS surfaces was necessary, to provide a good contacting with the thin film. Therefore, 

as described in this section, either conductive silver paint or evaporated gold electrodes were 

applied. 

Figure 4.5 Sample contacting. Schematical sketches of a) silver paste contacting geometry, b) gold electrode 

contacting geometry and mask for gold contact evaporation. 
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4.5.1 Silver paint contacting 

For the Seebeck Coefficient and the two-point probe resistance measurements, described in 

Section 3.2.1 and Section 3.2.2, respectively, the electrical contacting of the thin polymer film 

was achieved with conductive silver paint. Therefore, a thin layer of silver paint was applied 

with a width of roughly 5 mm along the shorter edges of the post-treated PEDOT:PSS samples, 

as depicted in Figure 4.5a. The silver paint was left to dry for at least 3 min before the samples 

could be used for investigation. 

4.5.2 Gold contact evaporation 

As already mentioned in Section 3.2.4, the sample and contacting geometry for the EIS 

investigations had to be a bit more advanced to ensure a stable measurement. To achieve the 

desired electrode geometry as shown in Figure 4.5b the gold contacts were deposited via 

thermal evaporation. For this, the readily prepared post-treated PEDOT:PSS samples were 

inserted into a glove box under nitrogen atmosphere and placed upside down into a custom-

designed shadow mask, which provided space for 14 samples and was designed by Tobias 

Schöner.[169] Then the evaporation chamber was subject to a vacuum with a pressure in the 

magnitude of 10-5 – 10-6 bar. For the first 10 nm gold layer deposition step, the evaporation rate 

was kept small to 0.2 Å s-1, which minimizes the penetration depth of the gold particles. 

Afterwards the evaporation rate was increased to 0.6 Å s-1 until the entire gold layer reached a 

thickness of around 80 nm. Overall, around 400 mg fine gold were utilized for each gold 

electrode evaporation step to prepare 14 samples. At last, the evaporation chamber was returned 

to normal pressure before the samples could be extracted from the glovebox for further 

investigation. 
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5 Ionic liquid post-treatment of thin 
PEDOT:PSS films 

This chapter is based on the publication “Correlation of Thermoelectric Performance, 

Domain Morphology and Doping Level in PEDOT:PSS Thin Films Post-Treated with 

Ionic Liquids” (A. L. Oechsle, J. E. Heger, N. Li, S. Yin, S. Bernstorff, P. Müller-

Buschbaum, Macromolecular Rapid Communications 2021, 42, 20, 2100397; DOI: 

10.1002/marc.202100397). Reprinted with permission from Wiley‐VCH GmbH, 

Copyright 2021. 

In this chapter the ionic liquid (IL) post-treatment of poly(3,4-ethylene 

dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) thin films with 1-ethyl-3-

methylimidazolium dicyanamide (EMIM DCA), 1-allyl-3-methylimidazolium dicyanamide 

(AMIM DCA), and 1-ethyl-3-methylimidazolium tetracyanoborate (EMIM TCB) is compared. 

Doping level modifications of PEDOT are characterized using UV-Vis spectroscopy and 

directly correlate with the observed Seebeck coefficient enhancement. With conductive atomic 

force microscopy (c-AFM) changes in the topographic-current features of the PEDOT:PSS thin 

film surface due to IL treatment are investigated. Grazing-incidence small-angle X-ray 

scattering (GISAXS) demonstrates the morphological rearrangement towards an optimized 

PEDOT domain distribution upon IL post-treatment, directly facilitating the inter-conductivity 

and causing an increased film conductivity. Based on these improvements in Seebeck 

coefficient and conductivity, the power factor is increased up to 236 µW m-1K-2. Subsequently, 

a model is developed indicating that ILs, which contain small, sterically unhindered ions with 

a strong localized charge, appear beneficial to boost the thermoelectric performance of post-

treated PEDOT:PSS films. 
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5.1 ILs as doping agent for PEDOT:PSS 

Thermoelectric (TE) materials, introduced in Section 2.2, enable the direct conversion of 

thermal energy, via temperature gradient, into electrical power, which can be used for example 

in waste heat recovery or solar thermal energy harvesting.[3⁠

, 120] Thus, they provide a promising 

contribution to global sustainable energy solutions and have gained a lot of attention in recent 

years.[184
⁠

–186] So far conventional TEs are mainly based on inorganic compounds of heavy 

elements like bismuth, tellurium, silver, or lead. These inorganic TE materials achieve 

auspicious high thermoelectric efficiencies and high-temperature stability, but have many 

disadvantages, such as being toxic, scarce, expensive, and difficult to process.[5 ⁠

, 187] Thus, 

current research focuses more and more on the use of organic compounds as TE materials. By 

using conducting organic polymers, non-toxic, lightweight, flexible, and cost-efficient TE 

devices could be accessible.[9 ⁠

, 188
⁠

, 189] Commonly used conductive polymers are usually based 

on a conjugated backbone structure, like in polyacetylene, polypyrrole, polyaniline or 

polythiophene.[190] With different techniques of doping[191
⁠

–193], side chain variations[193] or 

backbone modifications[194] the thermoelectric performance can be positively influenced. 

As one of the most popular and widely investigated TE polymers, PEDOT:PSS, described 

in Section 2.1.2, combines desirable advantages.[10
⁠

, 17
⁠

, 195] First of all, PEDOT:PSS is water-

soluble and hence allows for processability from an aqueous solution, which prevents the need 

for toxic solvents. Moreover, coupled with its easy and cheap commercial availability, this 

paves the way for an inexpensive industrial upscaling of production with deposition techniques 

like roll-to-roll printing or spray coating. Besides, this polymer has high mechanical flexibility 

and high optical transparency when prepared as thin films, opening a wide range of possible 

TE applications. Most important, however, with PEDOT:PSS high hole conductivities of up to 

10³ S cm-1 can be reached.[196] This favorable combination of properties is a result of the special 

polymer blend structure of PEDOT:PSS. On one part, the poorly soluble π-conjugated polymer 

PEDOT is the origin of a positive charge carrier conductivity. On the other part, the water-

soluble but electrically insulating PSS is ionically bound by arbitrarily directed pendant 

functionalities on its non-conjugated linear backbones. In aqueous solution and for 

PEDOT:PSS film fabrication, PSS is required to enable the solubility of PEDOT and to 

introduce and stabilize the positive charge carriers within the PEDOT backbone.[16
⁠

, 18] However, 

when coating the aqueous PEDOT:PSS solution, upon water evaporation a particular film 

structure of pancake-like shaped PEDOT-rich domains embedded in a PSS-rich matrix is 
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formed, as depictured in Figure 2.5.[19] In these obtained PEDOT:PSS thin films, the insulating 

PSS matrix acts as a barrier for inter-domain charge carrier transport between the PEDOT-rich 

domains, diminishing the film conductivity.[16] 

Consequently, research to enhance the electrical conductivity (𝜎𝜎) of PEDOT:PSS films, is 

mostly aiming at the removal of excess PSS.[91] Some successfully exemplified approaches 

from previous studies, showed that treatments of PEDOT:PSS thin films with acids and 

bases[30
⁠

–32
⁠

, 88
⁠

, 89] and with solutions of inorganic salts[28
⁠

, 29] can improve the electrical 

conductivity. Also, the addition of polar solvents like dimethyl sulfoxide (DMSO)[34
⁠

, 37
⁠

, 44
⁠

, 94
⁠

, 95], 

dimethylformamide (DMF)[93], or a surfactant[34
⁠

, 36
⁠

, 37] into the aqueous PEDOT:PSS solution 

leads to a positive effect on 𝜎𝜎. Furthermore, Palumbiny et al. showed how the post-treatment 

with the high-boiling-point solvent ethylene glycol can lead to charge transport preferred edge-

on orientation of the PEDOT crystal phase during printing[23], increasing 𝜎𝜎 up to 1000 S cm-

1.[24] In all these studies, the improvement of the film 𝜎𝜎 is based on changing the PEDOT:PSS 

thin film morphology, more detailed in Section 2.1.3. 

However, to assess the thermoelectric efficiency of one material not only its 𝜎𝜎 is important, 

but also its Seebeck coefficient (𝑆𝑆). 𝑆𝑆 defines the measure of an arising thermovoltage within a 

material, upon application of a defined temperature gradient. Therefore, 𝜎𝜎 and 𝑆𝑆 are usually 

combined in the power factor (𝑃𝑃𝑃𝑃, Section 2.2.3) to evaluate the performance of TE 

materials.[11] Some previous study showed that 𝑆𝑆 increases up to 50 µV K-1, when reducing the 

positively charged PEDOT backbone by addition of readily available inorganic redox-active or 

basic salts into the aqueous PEDOT:PSS solution.[27] Though, the hereby induced decrease in 

the positive charge carrier concentration improved 𝑆𝑆, on the downside it caused a decrease of 

𝜎𝜎, as explained in Section 2.1.3. Hence, 𝑆𝑆 and 𝜎𝜎 show a direct dependency of each other, and 

therefore a simultaneous improvement of both parameters to obtain a clear rise of the 

thermoelectric 𝑃𝑃𝑃𝑃 is quite challenging. However, this obstacle was overcome when research 

showed that treatment of PEDOT:PSS with ILs simultaneously increases 𝜎𝜎 and 𝑆𝑆.[44
⁠

–48] ILs are 

salts that are liquid at room temperature (RT) due to their very low melting points, and enable 

a flexible combination of ions to easily tune their properties for different applications.[182] It 

turned out that for PEDOT:PSS the ILs influence the morphology of the polymer blend via 

interacting with the polymer chains. Besides, the IL anions interact with the PEDOT chain, 

simultaneously leading to changes in the doping level of the resulting PEDOT:PSS film. So far, 

a variety of different ILs have been used to improve the PEDOT:PSS properties. Especially, a 

majority of investigations was focusing on different 1-ethyl-3-methylimidazolium[47
⁠

, 49
⁠

, 101
⁠

, 197] 
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ILs, such as 1-ethyl-3-methylimidazolium tricyanomethanide (EMIM TCM)[102
⁠

, 198
⁠

, 199], 1-

ethyl-3-methylimidazolium tetrafluoroborate (EMIM BF4)[44], or ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imid (EMIM TFSI)[103]. For example, Kee et al. achieved 𝜎𝜎 up to 

2000 S cm-1 using mixtures of PEDOT:PSS with EMIM TCB.[200] Besides, post-treatment of 

PEDOT:PSS thin films with the IL EMIM DCA showed a 𝑃𝑃𝑃𝑃 enhancement up to 

170 µW m-1K-2.[100] 

In this chapter, the focus lies on the post-treatment approach, using two promising ILs with 

different anions, EMIM DCA[100
⁠

, 201] and EMIM TCB.[200
⁠

, 202] To also allow comparison 

between different cations, the IL AMIM DCA is probed as well. These different ILs are used 

in varying concentrations to post-treat the as-prepared PEDOT:PSS thin films and investigate 

the concentration-dependent effect on the thermoelectric parameters 𝑆𝑆 and 𝜎𝜎. It is important to 

mention that the film preparation procedure, like spin coating settings, ambient conditions, 

annealing temperatures, and annealing times, etc. could also have an influence on the TE 

performance of the thin films. Therefore, as the aim is to focus mainly on the effect of the 

respective ILs, all the film preparation steps are kept as constant as possible to ensure the 

comparability of the different treated samples. With measurements of UV-Vis spectra, the 

influence of the ILs on the doping level of the PEDOT:PSS films is revealed. Furthermore, c-

AFM measurements performed on selected films, give an insight into the surface-related 

morphological changes due to IL post-treatment. Existing studies mainly investigate the surface 

morphology with AFM[44
⁠

, 46
⁠

, 95
⁠

, 199
⁠

, 202], or investigate the crystalline structure of PEDOT[34
⁠

, 198
⁠

, 

200]. A detailed investigation of IL treatment effects on the PEDOT:PSS morphology with a 

focus on the PEDOT domain structure inside the film, so far seems to be missing in the 

literature. Therefore, the scope of this study is to find a correlation between the thermoelectric 

performance and the PEDOT:PSS domain morphology upon ILs post-treatment. By using 

GISAXS a large sample volume is probed to detect structures, of sizes ranging from several to 

hundreds of nanometers, with high statistical relevance.[148] 

For this, PEDOT:PSS thin films are prepared by spin-coating from the aqueous solution and 

post-treated with three different ILs (EMIM DCA, AMIM DCA, or EMIM TCB) with varying 

concentrations in THF. The respectively applied IL concentrations are given in Table 4.2. 

Additionally, PEDOT:PSS films post-treated with pure THF were prepared as a reference 

sample. A complete description of the used materials, the PEDOT:PSS thin film preparation 

and IL post-treatment procedures are detailed in Chapter 4, furthermore, the in this chapter 

utilized investigation methods are described in Chapter 3. 
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5.2 Effect of ILs on the PEDOT:PSS oxidation level 

Figure 5.1a comprises the measured Seebeck coefficients for the respectively IL post-treated 

PEDOT:PSS thin films. Indicated by the dashed lines, an increase of 𝑆𝑆 upon treatment with 

increasing concentrations of the respective ILs can be seen. The strongest increase of the 𝑆𝑆 is 

obtained for samples treated with EMIM DCA. With this IL, the overall highest 𝑆𝑆 of 46 µV K-

1 at a concentration of 0.35 M was reached. PEDOT:PSS films treated with AMIM DCA show 

the second strongest increase in 𝑆𝑆 up to 40 µV K-1. The weakest increase in the 𝑆𝑆 is found for 

the EMIM TCB post-treated thin films. Nevertheless, the for this IL highest 𝑆𝑆 value of 32 µV K-

1 (at 0.5 M EMIM TCB) still means an improvement compared to the reference sample with 

𝑆𝑆 = 22 µV K-1. In the literature, the reported 𝑆𝑆 increasements for IL treated PEDOT:PSS are 

usually achieved by directly mixing the ILs into the aqueous PEDOT:PSS solution. By this, 

values of at most 35 µV K-1 were obtained for EMIM DCA[201] or 31 µV K-1 for 1-butyl-3-

methylimidazolium bromide (BMIM Br).[45] In comparison to this, the here performed EMIM 

DCA post-treatment approach appears to be more effective. 

Figure 5.1 ILs post-treatment effect on the oxidation level of PEDOT:PSS. a) Seebeck coefficient and b) UV-

Vis spectra of PEDOT:PSS thin films post-treated with solutions of varying IL concentrations in THF. The bottom 

row in a) shows the chemical structures of the used ILs. EMIM DCA (purple triangles; 0.01, 0.025, 0.05, 0.1, 0.2, 

0.35 & 0.5 M), AMIM DCA (green squares; 0.0087, 0.0218, 0.0437, 0.0874, 0.1747, 0.305 & 0.437 M), EMIM 

TCB (orange circles; 0.01, 0.025, 0.05, 0.1, 0.2, 0.35 & 0.5 M) and the reference sample PEDOT:PSS post-treated 

with pure THF (black rhombus). In a), the colored dashed lines act as guides to the eye for the Seebeck 

coefficients. Furthermore, the UV-Vis spectra in b) are presented from bottom to top with respectively increasing 

IL concentrations, illustrated by gradually lighter colors, and are shifted vertically for sake of clarity. Adapted with 

permission from Wiley‐VCH GmbH, Copyright 2021.[163] 
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As mentioned in Section 2.2.3, the Seebeck coefficient was reported to have an inverse 

dependence on the charge carrier concentration of the TE materials.[12
⁠

, 112
⁠

, 203
⁠

, 204] Depending on 

its oxidation level, the PEDOT polymer backbone can exist as a neutral chain, can contain 

radical cation charge carriers (i.e. polarons), or can contain dication charge carriers (i.e. 

bipolarons), more detailed in Section 2.1.3.[16
⁠

, 41] The presence of these different charge carrier 

states can be investigated with UV-Vis measurements, as each of them refers to different 

excitation energy of PEDOT, schematically depicted in Figure 2.6. Therefore, to investigate the 

effect of the IL post-treatment on the doping level of the PEDOT:PSS films, UV-Vis 

spectroscopy measurements for all thin films were performed, shown in Figure 5.1b. Based on 

how PEDOT is synthesized by electrochemical or chemical oxidative polymerization, followed 

by an electrostatic stabilization of the hereby produced positive charges, due to the addition of 

the negatively charged counterpart PSS. 

The pristine PEDOT:PSS is expected to already possess a high bipolaron concentration. In 

fact, looking at the absorption curve for the reference sample (bottom black curves in Figure 

5.1b), no strong absorption peaks within the measured wavelength range of 280-1100 nm can 

be observed. However, the absorption seems to grow significantly at wavelengths above 

1100 nm, which indicates the beginning of the absorption band attributed to bipolaronic and 

band states.[27
⁠

, 41] For the UV-Vis spectra of the EMIM DCA post-treated PEDOT:PSS films 

(purple; Figure 5.1b), it can be seen that with increasing concentrations of the IL, indicated by 

gradually lighter colors, the spectra are changing. Already at the lowest EMIM DCA 

concentration of 0.01 M the emergence of an absorption peak at around 900 nm is observed, 

which originates from the formation of polaronic states. These polaronic states are formed at 

the detriment of bipolaronic charge carriers due to a reduction of the PEDOT chain.[41] With 

increasing EMIM DCA concentrations this peak becomes more pronounced. Moreover, at 

higher EMIM DCA concentrations (e.g. 0.2 M) a weak absorption band appears at around 

600 nm, which arises from the formation of neutral states, i.e. a further reduction of PEDOT. 

For the PEDOT:PSS thin films post-treated with the IL AMIM DCA (green; Figure 5.1b), 

similar UV-Vis absorption spectra can be observed. Namely strongly growing absorption bands 

arising around 900 nm upon the post-treatment with increasing AMIM DCA concentrations, as 

well as the appearance of weak bands at around 600 nm. It indicates that for this IL the reduction 

of PEDOT also occurs, which contributes to a transformation of bipolaronic to polaronic and 

even neutral states. In contrast to EMIM DCA and AMIM DCA, only minor changes are 

observable in the UV-Vis absorption spectra for PEDOT:PSS thin films post-treated with the 
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IL EMIM TCB (orange; Figure 5.1b). No noticeable changes are detected for the two lowest 

EMIM TCB concentrations. With concentrations > 0.025 M the spectra towards the bipolaronic 

absorption band (at > 1100 nm) seem to flatten and the formation of a slight polaronic 

absorption peak at around 900 nm is found. This finding indicates that the IL EMIM TCB does 

cause a not as strong reduction of the PEDOT chain. 

For the reduction of the charge carrier concentration and the increase in the Seebeck 

coefficient, the IL anions are responsible, as during the post-treatment process they react, due 

to their basicity, with the positively charged PEDOT chains.[100
⁠

, 201] This also fits well with the 

observation that the post-treatments with EMIM DCA and AMIM DCA show the most 

pronounced effects, as both ILs contain the strong basic dicyanamide anion, with a highly 

localized negative charge. Whereas the tetracyanoborate anion in EMIM TCB has a lower 

basicity[205], a weaker localized negative charge and is also larger and more sterically hindered 

than the DCA anion. Therefore, explaining its less pronounced reducing effect on PEDOT and 

thus the just minor increase of Seebeck coefficients. 

As introduced in Section 2.2.4, when measuring the Seebeck coefficient of IL post-treated 

PEDOT:PSS films the contribution of the so called Soret effect, which describes the thermo-

diffusion of particles, must be considered.[120] When the IL ions diffuse into the PEDOT:PSS a 

mixed ionic-electronic conductor (MIEC) is formed. This means that upon application of a 

temperature gradient, both holes and IL cations can diffuse and accumulate at the cold side, 

leading to an electronic and ionic Seebeck coefficient.[124
⁠

, 206] Though, as reported by Wang et 

al., this ionic contribution to 𝑆𝑆 for MIECs is only short-term in the very beginning and decreases 

after a few 100 s due to the incapacity of the ions to pass through the external circuit.[119] 

Therefore, the Seebeck coefficient measurements in this thesis were designed to contain an 

initial heating up phase and an additional waiting time. With that the short-term ionic influence 

on 𝑆𝑆 has already leveled out before starting the data collection and only the stable electronic 

Seebeck coefficient is measured, as exemplarily shown in Figure 5.2.  

However, an additional possible enhancement of the Seebeck coefficient can arise from an 

energy filtering caused by a layer of ionic conductor, here ILs, on top of the PEDOT:PSS 

film.[207] Like Guan et al.[208] and Fan et al.[209] explained, a 𝑆𝑆 enhancement could be caused by 

the generation of potential barriers for the hole transport, filtering the charge carriers with low 

energy and therefore increasing the electronic Seebeck coefficient. In contrast to the samples 

from Fan et al.[209], however, for the ILs post-treated PEDOT:PSS films in this thesis, the 

possible ionic conductor layer on the surface is expected to be very thin in relation to the 
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PEDOT:PSS layer, as the excess IL solution is spun off. Furthermore, as obvious from the UV-

Vis data, the occurring dedoping of the PEDOT:PSS alone leads to a considerable enhancement 

of the Seebeck coefficient. Moreover, as this ionic contribution is known to be most effective 

at high humidities and the 𝑆𝑆 measurements in this investigation were performed at a low relative 

humidity (RH), not higher than 40 % RH. It is assumed that the contribution of the energy 

filtering caused by the Soret effect of the ions has a negligible effect on the Seebeck coefficients 

values measured of these samples. 

Figure 5.2 Exemplary Seebeck coefficient measurement procedure. Thermovoltage and temperature difference 

values over the time of Seebeck coefficient measurement of a PEDOT:PSS thin film post-treated with a solution 

of 0.35 M EMIM DCA in THF. The first 50 measurement points (indicated by grey area) were ruled out in the 

calculation of the average 𝑺𝑺 of this sample, to ensure the measurement is performed at equilibrium. Adapted with 

permission from Wiley‐VCH GmbH, Copyright 2021.[163] 

5.3 Effect of ILs on the PEDOT:PSS morphology 

The influence of IL post-treatment on the conductivity of PEDOT:PSS thin films is shown in 

Figure 5.3. Indicated by the dashed lines, a strong increase of the conductivities for all three ILs 

is observed in comparison to the reference sample (𝜎𝜎 = 1 S cm-1). The most pronounced 

improvement occurs in the EMIM DCA post-treated PEDOT:PSS, where a maximum 𝜎𝜎 of 

1126 S cm-1 is achieved at a concentration of 0.35 M. The AMIM DCA post-treated samples 

reach up to 881 S cm-1 at 0.437 M. Although PEDOT:PSS thin films post-treated with EMIM 

TCB show the lowest 𝜎𝜎 increase, still a conductivity of 440 S cm-1 at the highest IL 

concentration can be measured. Interestingly, demonstrated for example by Badre et al.[202] and 
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Kee et al.[200] with a different treatment approach such as directly mixing EMIM TCB into the 

aqueous PEDOT:PSS solution, film conductivities of above 2000 S cm-1 are possible. 

Nonetheless, compared to literature also investigating the in this study conducted ILs post-

treatment approach of PEDOT:PSS, the achieved conductivities are within the norm or even 

higher. For example, Lou et al. reported 𝜎𝜎 of around 110 S cm-1 for EMIM BF4 post-

treatment[44], Yun et al. reached 1038 S cm-1 with TFSI post-treatment[210], while post-treatment 

with EMIM DCA so far lead to 𝜎𝜎 of up to 900 S cm-1.[100] 

Figure 5.3 ILs post-treatment effect on PEDOT:PSS thin film properties. a) Conductivity and b) film thickness 

of PEDOT:PSS thin films post-treated with solutions of EMIM DCA (purple triangles), AMIM DCA (green 

squares), EMIM TCB (orange circles) in THF and pure THF (black rhombus). Colored dashed lines act as guides 

to the eye. C-AFM images of a PEDOT:PSS thin film post-treated with c) pure THF and with d) a solution of 

0.05 M EMIM DCA in THF measured with 300 nm scan range and an applied bias of 200 mV. Adapted with 

permission from Wiley‐VCH GmbH, Copyright 2021.[163] 

Known from literature and described in Section 2.1.3, the increase in 𝜎𝜎 was demonstrated to 

usually originate from the removal of the non-conductive PSS polymer and conductivity-

benefiting morphology changes in the PEDOT:PSS thin films.[24
⁠

, 44
⁠

, 91
⁠

, 95] The film thicknesses 

of the post-treated PEDOT:PSS films are shown in Figure 5.3b. For EMIM DCA and AMIM 
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DCA treated films, at small IL concentrations (< 0.05 M) the film thickness increases. 

However, at higher IL concentrations, a strong decrease in the film thickness results in a value 

of 60-65 nm, which is about half of the thickness of the reference sample (138 nm). This 

decrease shows the successful removal of some nonconductive PSS and can be explained as 

follows: The positively charged IL cations are expected to connect to the partly negatively 

charged PSS during the post-treatment process. Now by spinning off the excess IL/THF 

solution, some of the PSS is detached as well. With the reduced amount of insulating PSS matrix 

around the PEDOT-rich domains, a better inter-domain conductivity can be explained, 

matching the observed 𝜎𝜎 trend shown in Figure 5.3a. 

Surprisingly, for the post-treatment with the IL EMIM TCB an increase in the film 

thicknesses up to 240 nm is observed at the highest IL concentration. This permanent increase 

in the film thickness for EMIM TCB and probably also the initial increase for EMIM DCA and 

AMIM DCA can probably be explained by the intake of the different IL ions. During the post-

treatment step of the PEDOT:PSS thin film, the ILs are expected to diffuse into the polymer 

film and arrange within the polymer chains. As mentioned before, the cations start interfering 

with the PSS chains, while the anions interfere with the PEDOT chains, thus accumulating 

within the PEDOT-rich domains. This additional intake of ions and a probable disruption of the 

polymer chain ordering could explain the increase in film thickness. Despite spinning off the 

excess ILs solution and removing a part of the PSS together with the cations, the anions stay 

inside the film as counterparts for the positively charged PEDOT. 

To proof this conjecture and ascertain the presence of the IL ions within the films, FTIR 

spectra are measured as detailed in Section 3.1.2. The FTIR spectra are presented in Figure 5.4 

and overall support the assumption by showing typical FTIR bands for the respective IL anions 

and IL cations. The black dashed lines in Figure 5.4a indicate the FTIR bands assigned to 

PEDOT:PSS, namely the C=C aromatic skeletal vibrations at 1570 cm-1, the C=C vibration in 

the thiophene rings at 1514/1455 cm-1, and at 1170/1114/1060/1035 cm-1 showing the sulfonate 

group of PSS.[211
⁠

–213] The blue dashed lines in Figure 5.4b indicate the FTIR bands for the C-H 

vibration in imidazole at 3450/3140/3090 cm-1, showing the existence of the IL cations.[214] The 

DCA anion is detectable in Figure 5.4c, by the FTIR bands dedicated to the C≡N stretching in 

the DCA anion (for AMIM DCA and EMIM DCA treated samples) at 2245/2195/2130 cm-1, 

highlighted with red dashed lines.[214] Furthermore, the shift of the symmetric stretching 

vibration of –SO3
-, observable in Figure 5.4c, from 1060 cm-1 for the reference sample (black 

dashed line), to 1067 cm-1 (EMIM TCB, orange dashed line), 1068 cm-1 (EMIM DCA, purple 
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dashed line) and 1070 cm-1 (AMIM DCA, green dashed line), respectively, shows the 

electrostatic interaction of PSS with the IL cations.[215] 

Figure 5.4 ATR-FTIR spectra of IL post-treated PEDOT:PSS films. ATR-FTIR spectra of PEDOT:PSS thin 

films post-treated with solutions of different concentrated ILs in THF; 0 M reference sample (black), 0.05 M 

EMIM TCB (orange), 0.35 M EMIM TCB (light orange), 0.0437 M AMIM DCA (green), 0.3058 M AMIM DCA 

(light green), 0.05 M EMIM DCA (purple) and 0.35 M EMIM DCA (light purple). a) Spectra of the entire 

measurement range 4000-650 cm-1. Close-up spectra of the wave number range b) of 3750-2750 cm-1, c) of 2400-

2000 cm-1, and d) of 1100-1020 cm-1. Adapted with permission from Wiley‐VCH GmbH, Copyright 2021.[163] 

Interestingly, for EMIM DCA and AMIM DCA the overall film thickness decreases again at 

increasing ILs concentrations, as apparent in Figure 5.3b, which is explainable by the surpassing 

of the PSS removal over the thickness gain from ion intake. In contrast to that, for the IL EMIM 

TCB, the thickness growth effect from the ion intake is expected to be larger, as the ions 

themselves are bigger than compared to other ILs. Besides, the higher steric hindrance of these 
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ions is also stronger, leading to a weaker diffusion into the polymer film, which could cause a 

reduced removal of PSS and thus explains the observed lack of thickness decrease upon 

treatment with EMIM TCB. 

Figure 5.5 Exemplary 2D GISAXS data of IL post-treated PEDOT:PSS films. Exemplary 2D GISAXS data 

of PEDOT:PSS thin films post-treated with pure THF, 0.35 M EMIM DCA in THF, 0.3058 M AMIM DCA in 

THF, and 0.35 M EMIM TCB in THF. The red lines mark the position where the horizontal line cuts were taken, 

corresponding to the Yoneda region of PEDOT. Adapted with permission from Wiley‐VCH GmbH, Copyright 

2021.[163] 

To get a more detailed understanding of the morphological changes induced by the IL post-

treatment and to visualize the PSS removal, additional conductive AFM (c-AFM) 

measurements are performed, as detailed in Section 3.3.2. For the reference sample, 

PEDOT:PSS treated with pure THF, shown in Figure 5.3c, and for the PEDOT:PSS thin film 

treated with 0.05 M EMIM DCA, shown in Figure 5.3d. Comparing both c-AFM images, the 

removal of non-conductive PSS can be directly recognized, as for the EMIM DCA treated film 

more conductive domains on the film surface are observable, whereas for the reference sample 

larger low conductive areas are visible. Interestingly, the conductive domains themselves 

appear less conductive for the IL post-treated film compared to the reference sample. This 
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decrease in conductivity is attributed to the in Section 5.2 discussed reduction of the charge 

carrier concentration of the PEDOT chains, caused by the IL post-treatment. Moreover, a 

change from a face-on to a more edge-on PEDOT stacking direction was reported upon EMIM 

DCA post-treatment by Saxena et al.[100] Such change in the orientation of the crystalline 

PEDOT domains can give rise to a lower conductivity in the c-AFM measurements since c-

AFM measures the conductivity in the out-of-plane direction.  

Figure 5.6 Horizontal line cuts of IL post-treated PEDOT:PSS films. Horizontal line cuts together with their 

fits (red lines) from 2D GISAXS data of PEDOT:PSS thin films post-treated with solutions of EMIM DCA (purple 

triangles, left), AMIM DCA (green squares, middle), and EMIM TCB (orange circles, right) in THF. The cuts 

from bottom to top are with increasing IL concentrations, shown by gradually lighter colors, and are shifted along 

the y-axis for the sake of clarity. The respective lowest line cuts (rhombus black) are the data of the reference 

sample PEDOT:PSS treated with pure THF. Adapted with permission from Wiley‐VCH GmbH, Copyright 

2021.[163] 

However, as c-AFM measurements are limited to a small local sampling area and provide only 

the surface information, the inner PEDOT:PSS thin film morphology is probed with GISAXS. 

This method is introduced in Section 2.3, explaining that due to the grazing-incidence 

geometry, statistically significant morphology information is accessible with GISAXS.[144] A 

detailed description of the GISAXS measurement parameters and the data modeling procedure 

is provided in Section 3.4.2. Exemplary 2D GISAXS images of selected samples are provided 

in Figure 5.5, with the red lines indicating the position where the horizontal line cuts are 

performed at the Yoneda region of PEDOT. The resulting horizontal line cuts of all the ILs 
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post-treated PEDOT:PSS thin films are shown in Figure 5.6, with their model fits for further 

analysis. 

 
Figure 5.7 ILs post-treatment effect on the inner morphology of PEDOT:PSS films. Film morphology in 

terms of a) structure domain radii, b) domain distances and c) domain size distribution of PEDOT domains in 

PEDOT:PSS thin films post-treated with different concentrations of EMIM DCA (purple triangles), AMIM DCA 

(green squares), EMIM TCB (orange circles) dispersed in THF. As a reference, the data of a PEDOT:PSS thin 

film post-treated with pure THF (black rhombus) are shown. In a) and b) the colored dashed lines serve as guides 

to the eye. Adapted with permission from Wiley‐VCH GmbH, Copyright 2021.[163] 
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For modeling of the horizontal line cuts, detailed in Section 3.4.2, three different form factors 

can be distinguished with the associated domain radii plotted in Figure 5.7a: Large PEDOT 

domains with radii 𝑟𝑟𝑙𝑙 > 30 nm, medium PEDOT domains with radii 𝑟𝑟𝑚𝑚 = 7-10 nm, and small 

PEDOT domains with radii 𝑟𝑟𝑠𝑠 = 2-3 nm. The used model also reveals structure factors related 

to the large and medium-sized PEDOT domains with respective domain center-to-center 

distances (𝐷𝐷𝑙𝑙 and 𝐷𝐷𝑚𝑚) shown in Figure 5.7b. For the small-sized domains, no reliable structure 

factors could be obtained. Looking at the PEDOT domain radii, upon IL post-treatment a strong 

shrinkage of the large domains and a small increase of medium-sized domains is observable, 

while the small domains remain constant in size. Again, EMIM DCA shows the most 

pronounced effect with a decrease of the large PEDOT domain radius from 68 nm to 39 nm and 

an increase of the medium PEDOT domain radius up to 11 nm, as compared to the reference 

sample with 7 nm. AMIM DCA shows a shrinkage of 22 nm of the large, and a growth of 2 nm 

of the medium domain radii. The weakest effects are observable for EMIM TCB post-treatment 

and can again be dedicated to the more sterically hindered ions mentioned before. Indicated by 

dashed lines in Figure 5.7b, additionally a significant increase of the center-to-center distances 

between the large PEDOT domains is recognizable upon IL post-treatment, which is most 

considerable again for EMIM DCA and AMIM DCA. This observation means that these large 

PEDOT-rich domains not only shrink in size, but are on average also further apart from each 

other, which thus suggests their disintegration. For the medium-sized domains, an increase in 

the domain distances is also recognized, indicating a decrease in their number, though with a 

small growth in size.  

However, implied by the increase in conductivity and the presumption of PSS removal, at 

first glance a heightened amount of PEDOT domains would be expected rather than a 

diminishment. Unfortunately, it was not possible to reliably model the structure factor for the 

small-sized PEDOT domains from GISAXS data, which would provide the distances for small-

sized domains. Nevertheless, as these small domain structures are expected to matter and 

explain the promotion in the film conductivity, a calculation of the domain size distribution for 

the IL post-treated PEDOT:PSS thin films was conducted and is presented in Figure 5.7c. This 

domain size distribution allows for a closer investigation of these small domain structures, and 

a verification of the disintegration of the large and medium PEDOT domains. The details of 

this calculations are provided in Section 3.4.2, and the resulting respective quantity 

distributions (𝑁𝑁𝑙𝑙,𝑚𝑚,𝑠𝑠), meaning the share of the large, medium, and small domains, are listed in 

Table 5.1. 
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Table 5.1 Quantity distribution of PEDOT domains upon IL treatment. Quantity distribution of large, 

medium, and small PEDOT domains 𝑵𝑵𝒍𝒍,𝒎𝒎,𝒔𝒔 within PEDOT:PSS thin films, dependent on the concentration of the 

respective ionic liquids, EMIM DCA (purple), AMIM DCA (green), and EMIM TCB (orange), compared to the 

reference THF sample. 

 concentration 
quantity distribution [%] 

𝑁𝑁𝑙𝑙 𝑁𝑁𝑚𝑚 𝑁𝑁𝑠𝑠 

EMIM DCA 

0.35 M 0.06 0.32 99.62 
0.2 M 0.10 0.42 99.48 
0.1 M 0.11 0.43 99.46 
0.05 M 0.10 0.46 99.45 

0.025 M 0.35 0.59 99.06 
0.01 M 0.69 0.81 98.50 

AMIM DCA 

0.3058 M 0.07 0.33 99.60 
0.1747 M 0.08 0.36 99.57 
0.0874 M 0.12 0.41 99.47 
0.0437 M 0.22 0.60 99.19 
0.0218 M 0.60 0.88 98.52 
0.0087 M 1.27 1.07 97.66 

EMIM TCB 

0.35 M 0.15 0.74 99.11 
0.2 M 0.15 0.76 99.09 
0.1 M 0.20 0.83 98.98 
0.05 M 0.43 0.89 98.68 

0.025 M 0.86 0.92 98.22 
0.01 M 1.10 0.98 97.92 

THF 0 M 1.43 1.05 97.52 
 

From Figure 5.7c (top right, bottom right and bottom left) and Table 5.1, the following general 

trend upon IL post-treatment is clearly visible: The large PEDOT domains decrease in size and 

number; the medium-sized PEDOT domains grow a little in size but decrease in number; 

whereas the small domains stay constant in size but increase strongly in number. To sum this 

up, the IL post-treatment leads to a morphological rearrangement towards finer distributed 

PEDOT domains, with overall reduced domain-domain distances. Since in such films less 

insulating PSS matrix is separating the conductive PEDOT domains, the charge transport 

between these conductive PEDOT grains is facilitated. From literature it is known for other 

PEDOT:PSS morphology changing methods, for example with acid[15
⁠

, 30] or polar solvents[23
⁠

, 

24
⁠

, 53
⁠

, 216
⁠

–219], that this kind of morphological restructuring and enhancement in the “inter-grain” 

or “inter-domain” charge transport, leads to an increase in the charge carrier mobility (µ). As 

introduced in Section 2.2.3, the charge carrier mobility is directly related to the electrical 

conductivity by 𝜎𝜎 = 𝑛𝑛𝑞𝑞𝑒𝑒µ, as introduced in Section 2.2.3, with 𝑒𝑒 being the elementary charge 

and 𝑛𝑛𝑞𝑞 being the carrier density.[34] Therefore, the selective removal of PSS with ILs post-
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treatment and the thus improved inter-domain charge transport due to denser packed conductive 

PEDOT domains, explains the observed increase in film conductivity. 

This general morphological change can be recognized for all three tested ILs. However, as 

the direct comparison of the respective domain size distributions in Figure 5.7c (top left graph) 

shows, again the strongest effect can be observed for EMIM DCA, second strongest for AMIM 

DCA, and third strongest for EMIM TCB. 

 

5.4 Model description of IL post-treatment effect 

The with 𝑆𝑆 and 𝜎𝜎 calculated thermoelectric power factor 𝑃𝑃𝑃𝑃 = 𝑆𝑆²𝜎𝜎 for all investigated samples 

is plotted in Figure 5.8. Elucidated by the dashed lines, for all tested ILs an increase in the 𝑃𝑃𝑃𝑃 

is observed with increasing IL concentration. The strongest increase is clearly visible for EMIM 

DCA post-treatment, where a 𝑃𝑃𝑃𝑃 of 236 µW m-1K-2 is achieved for the 0.35 M concentration. 

For 0.437 M AMIM DCA, a power factor of 139 µW m-1K-2 is reached, and the EMIM TCB 

treatment with a concentration of 0.5 M gives rise to a maximum 𝑃𝑃𝑃𝑃 of 45 µW m-1K-2; which 

is still an immense improvement compared to the not IL treated reference sample 

(𝑃𝑃𝑃𝑃 = 0.07 µW m-1K-2). These findings that the treatment of PEDOT:PSS with EMIM DCA 

shows stronger 𝑃𝑃𝑃𝑃 improvements compared to other ILs, are in good accordance with previous 

reports. For example, Saxena et al. investigated the post-treatment of PEDOT:PSS with EMIM 

DCA, EMIM TCB and EMIM BF4 and obtained a maximum 𝑃𝑃𝑃𝑃 of 167 µW m-1K-2 for the IL 

EMIM DCA.[100] Nevertheless, the here reached power factor of 236 µW m-1K-2 (0.35 M EMIM 

DCA) is among the highest reported 𝑃𝑃𝑃𝑃 obtained for the IL post-treatment approach on 

PEDOT:PSS. Higher 𝑃𝑃𝑃𝑃s like shown by Fan et al. reaching 754 µW m-1K-2, so far seem only 

possible via a combination of IL treatment with other preceding methods such as acid and base 

treatments.[209] 

The in this thesis observed huge positive effect of IL post-treatment on the thermoelectric 

properties of PEDOT:PSS thin films, results from the combined doping level and 

morphological changes enabled by the special ionic composition of the ILs. For a better 

understanding of the results, Figure 5.8b illustrates the molecular structures of the PEDOT and 

PSS polymer chains. It also schematically pictures how these chains arrange within the aqueous 

PEDOT:PSS solution, forming the typical PEDOT-rich-core PSS-shell like structure, as 

introduced in Section 2.1.2. By spin-coating this aqueous PEDOT:PSS solution and allowing 

the water solvent to evaporate, a related pattern remains in the dry film’s inner morphology 
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with PEDOT-rich domains (blue spots) embedded in a PSS matrix (grey area) as visualized in 

the sketch of Figure 5.8c. 

 
Figure 5.8 Model description of the IL doping effect on PEDOT:PSS films. a) Concentration-dependent power 

factor of PEDOT:PSS thin films post-treated with the ILs EMIM DCA (purple triangles), AMIM DCA (green 

squares), EMIM TCB (orange circles) dispersed in THF and treated with pure THF as reference (black rhombus). 

Colored dashed lines serve as guides to the eye. b) Schematic illustration of the molecular structure of PEDOT 

and PSS shown together with the sketch of the polymer blend structure inside the PEDOT:PSS thin film, with 

PEDOT-rich domains embedded in a PSS matrix. c) Schematic illustration of the morphological and doping level 

changes of the PEDOT:PSS domain structure, induced by the IL post-treatment with EMIM TCB (second from 

top), AMIM DCA (third from top) and EMIM DCA (fourth from top), shown in comparison to the reference 

sample (top). All domain size parameter and quantity ratios are in accordance with the results from the GISAXS 

investigation. The bluish shifted color of the PEDOT-rich domains from light to dark blue indicates the with UV-

Vis observed reduction of the PEDOT chains and with this the decrease of charge carrier concentration. Adapted 

with permission from Wiley‐VCH GmbH, Copyright 2021.[163] 

In the case of the reference sample, a high number of large PEDOT-rich domains exist together 

with a few medium-sized domains, and some small-sized domains. The light blue color of these 

domains indicates the initial high charge carrier concentration within the PEDOT chain. Upon 

post-treatment with the ILs EMIM TCB, AMIM DCA, or EMIM DCA, depicted from top to 

bottom in Figure 5.8c, a respectively pronounced diminishing of the large PEDOT domains and 

a strong increase in the number of smaller domains is observed. In addition to these results, a 

previous GIWAXS study by Saxena et al.[100] demonstrated that a post-treatment of 
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PEDOT:PSS with the ILs, EMIM DCA and EMIM TCB, resulted in a decrease of the π-π-

stacking distances and a preferred edge-on orientation. Therefore, it is presumed that due to the 

IL cations caused PSS removal an overall finer and denser packed PEDOT domain morphology 

appears, yielding an improved conductivity of the PEDOT:PSS film. Furthermore, indicated by 

the darker blue color of the PEDOT-rich domains, the charge carrier concentration 

simultaneously decreases, induced by the IL anion interaction with the PEDOT chain, which 

leads to an increase of the Seebeck coefficients. Like this, the special composition of concurrent 

reacting IL cation and IL anion allows for the improvement of both TE parameters 𝜎𝜎 and 𝑆𝑆. In 

this thesis, it was found that the most pronounced effects can be achieved for post-treatment 

with ILs that contain small, sterically unhindered ions with a strong localized charge. However, 

even though the increase in conductivity is mainly dedicated to the morphological change and 

the increase in the Seebeck coefficient is mainly dedicated to the doping level change; it is 

important to mention that a completely clear separation between both observed effects cannot 

be made. As 𝜎𝜎 and 𝑆𝑆 are physically connected, they always indirectly affect each other, as 

described in Section 2.2.3. 

 

5.5 Film-aging investigation 

Additionally, for possible future applications of PEDOT:PSS thin films as TE materials, it is 

important to get an understanding of the long-term air stability of these samples. Therefore, the 

reference sample and PEDOT:PSS samples post-treated with two different concentrations of 

the respective ILs, were measured again after a storage time of 22 months at ambient room 

conditions. The results of the aged samples are compared with the values of the freshly prepared 

samples in Figure 5.9.  

Summarizing the results, for all samples a decrease in electrical conductivity, Seebeck 

coefficient and power factor, is detected, while for most samples (except the ones post-treated 

with EMIM TCB) an increase in film thickness is observable. From literature it is known that 

this observed loss in the TE performance of treated PEDOT:PSS samples can have different 

reasons. For example, while being stored at ambient room conditions, aging of the samples can 

be induced by potentially detrimental influences of e.g. oxygen, moisture, light or impurities, 

while being stored at ambient room conditions.[179
⁠

, 201
⁠

, 220
⁠

–222] However, a detailed study of the 

aging mechanisms and influences of ambient conditions in IL post-treated PEDOT:PSS thin 

films is beyond the scope of the work in this chapter, however, it will be focus of the 
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investigations presented in the following Chapter 6, 7, and 8. Nevertheless, even after almost 

two years of storage time, the IL post-treated PEDOT:PSS thin films examined in this thesis, 

still show > 62 % of the initial electrical conductivity and between 56-76 % of the initial 

Seebeck coefficient. Therefore, presenting quite reasonable long-term stabilities under ambient 

room conditions. 

 
Figure 5.9 Aging investigation of IL post-treated PEDOT:PSS films. a) Conductivity, b) Seebeck coefficient, 

c) power factor and d) film thickness of PEDOT:PSS thin films post-treated with solutions of EMIM DCA (purple 

triangles), AMIM DCA (green squares), EMIM TCB (orange circles) in THF and pure THF (black rhombus). Full 

symbols present the values measured for the freshly prepared samples; hollow symbols show the values of the 

samples measured after being stored for 22 months at ambient room conditions (20-23 °C and 40-60 % RH). 

Adapted with permission from Wiley‐VCH GmbH, Copyright 2021.[163] 
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5.6 Summary 

It can be concluded that post-treatment of PEDOT:PSS thin films with ILs simultaneously 

affects the doping level and morphological features, and strongly enhances the thermoelectric 

properties. On the one hand, the work presented in this chapter has shown that the interaction 

of the IL anions leads to a decrease in the charge carrier concentration of the conductive 

polymer PEDOT, and thus result in a strong increase of the Seebeck coefficients. On the other 

hand, the investigation has proven that an IL post-treatment causes a rearrangement of the 

PEDOT:PSS film morphology towards smaller and more densely packed PEDOT-rich 

domains. Hereby, the formation of this fine domain distribution is assigned to the removal of 

non-conductive excess PSS, by the interaction with IL cations, which leads to an improved 

inter-domain conductivity and thus an overall increased film conductivity. Furthermore, 

evidenced by studies of the doping level and by inner film morphological investigations, a 

model sketch of the synergetic effects of IL anion and cation on the PEDOT:PSS thin films is 

presented. This model also reveals the influence of the IL ions characteristics, like basicity, 

charge localization, and steric hindrance, on the optimization potential of thermoelectric 

properties. This presented study on the IL post-treatment approach, not only demonstrates an 

approach to reach power factors of up to 236 µW m-1K-2, but also it provides a substantial 

contribution for future research on boosting the thermoelectric performance of PEDOT:PSS 

films, by suggesting criteria for the ILs selection: Beneficial are ILs that contain small, sterically 

unhindered ions with a strong localized charge. 
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6 Temperature influence on ionic 
liquid post-treated PEDOT:PSS 
films 

This chapter is based on the publication “In Situ Observation of Morphological and 

Oxidation Level Degradation Processes within Ionic Liquid Post-treated PEDOT:PSS 

Thin Films upon Operation at High Temperatures” (A. L. Oechsle, J. E. Heger, N. Li, S. 

Yin, S. Bernstorff, P. Müller-Buschbaum, ACS Applied Materials & Interfaces 2022, 14, 

27, 30802-30811; DOI: 10.1021/acsami.2c05745). Reprinted with permission from 

Oechsle et al.[50] Copyright 2022 American Chemical Society. Experiments were 

performed in collaboration with the bachelor student Andreas Steinhart. 

In this chapter, organic thermoelectric thin films are investigated in terms of their stability at 

elevated operation temperatures. For this, the electrical conductivity of PEDOT:PSS thin films 

post-treated with different EMIM DCA concentrations is measured for 4.5 h while heating the 

films at 50 °C or 100 °C. The changes in the electrical performance are correlated with changes 

in the film morphology, evidenced by in situ GISAXS. It is shown that due to overall increased 

PEDOT domain distances, the resulting impairment of the inter-domain charge carrier transport 

can be directly correlated with the observed electrical conductivity decay. With in situ UV-Vis 

measurements, a simultaneously occurring reduction of the PEDOT oxidation level is found to 

have an additional electrical conductivity lowering contribution due to the decrease of the 

charge carrier density. Finally, the observed morphology and oxidation level degradation is 

associated with the deterioration of the thermoelectric properties and hence a favorable 

operation temperature range is suggested for EMIM DCA post-treated PEDOT:PSS based 

thermoelectrics. 
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6.1 In situ temperature investigation of ILs post-treated 

PEDOT:PSS 

Whether in lightweight organic photovoltaics[223
⁠

–225], flexible organic light-emitting diodes[226
⁠

–

228], organic sensors[229
⁠

–231], organic field-effect transistors[198
⁠

, 232
⁠

–234], transparent organic 

electrodes[30
⁠

, 235
⁠

, 236], or organic thin-film thermoelectrics[8
⁠

, 10
⁠

, 11
⁠

, 118], nowadays organic 

semiconductors play a fundamental part in the development of new trendsetting devices and 

applications. The reason for this lies in the advantageous properties of organic semiconductors, 

like their easy and low-temperature processability from solution, which facilitates a low-cost 

and energy-efficient film fabrication with large-scale deposition techniques like printing, spray 

or dip coating.[6⁠

, 7] Furthermore, the raw materials are usually abundantly available and enable 

low or non-toxic, lightweight, and mechanical flexible devices. Besides organic small 

molecules, like oligothiophenes, fullerene, perylene, or anthracene derivatives, an intense 

research interest lies in polymer-based organic semiconductors, usually based on polyacetylene, 

polypyrrole, polyphenylene vinylene, or polythiophene backbones.[237
⁠

–239] In particular, great 

attention is paid to the blend PEDOT:PSS, introduced in Section 2.1.2, which comprises the 

insoluble, however, excellent p-type semiconductor PEDOT, and PSS, a water-soluble partly 

negative charged polyanion.[16
⁠

, 17] Besides the before mentioned advantages of organic 

semiconductors, PEDOT:PSS also exhibits a tunable and potentially high hole conductivity of 

up to 103 S cm-1, which even competes with commonly used transparent electrode materials 

like indium tin oxide (ITO).[13
⁠

–15] The key to the easy tunability of its optoelectronic properties 

lies in the particular polymer blend morphology of PEDOT:PSS.[16
⁠

, 18
⁠

, 19] As detailed in 

Section 2.1.2, in an aqueous solution, the insoluble π-conjugated PEDOT chains agglomerate, 

forming a PEDOT enriched core, which is surrounded and stabilized by a shell of water-soluble 

PSS. Upon deposition, the dried PEDOT:PSS thin film forms a morphology of pancake-shaped 

conductive PEDOT domains embedded in a non-conductive PSS matrix. As a consequence, 

this insulating PSS matrix forms a barrier for the hole transport between adjacent PEDOT 

domains, inhibiting the overall electrical conductivity (𝜎𝜎) of the PEDOT:PSS thin film.[20
⁠

, 21
⁠

, 34] 

To overcome this issue, most research concepts focus on the weakening of the electrostatic 

interaction between the PEDOT and the PSS chains, using various approaches, which 

consequently allows the removal of excessive PSS, which is described in Section 2.1.3 as 

secondary doping. For instance, treatments of PEDOT:PSS thin films with acids or bases[30
⁠

–32], 

high boiling solvents like ethylene glycol[23
⁠

–25], or solutions of inorganic salts[27
⁠

, 28
⁠

, 31], 
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successfully result in removal of PSS and an increased inter-domain charge carrier transport. 

An additional way to improve the electrical conductivity of the PEDOT:PSS film is the 

optimization of its domain morphology via a post-treatment using various solvents, or via the 

addition of surfactants or polar solvents into the aqueous solution before film deposition.[26
⁠

, 36
⁠

, 

91
⁠

, 93] For instance, Gasiorowski et al. achieved conductivities of 966 S cm-1 by adding 10% v/v 

dimethylsulfoxide (DMSO).[240] Further approaches try to combine different treatment methods 

to increase not only the electrical conductivity but, for example, also the films stretchability 

with a combined addition of FS-300 Zonyl® and DMSO shown by Dauzon et al.[34] 

Since PEDOT:PSS is very promising for the application as an organic thermoelectric 

material, some research also aims to improve its Seebeck coefficient (𝑆𝑆).[8 ⁠

, 10
⁠

, 199] Successful at 

simultaneously increasing 𝜎𝜎 and 𝑆𝑆 is the combination of DMSO and salt treatment[38], or the 

post-treatment of PEDOT:PSS thin films with ionic liquids (ILs)[46
⁠

, 48
⁠

, 49
⁠

, 100
⁠

, 210]. Hereby, the IL 

post-treatment is especially beneficial as with only one treatment step the thermoelectric 

properties of PEDOT:PSS thin films can be strongly improved. In the study presented in the 

previous Chapter 5, PEDOT:PSS thin films were post-treated with different ILs in varying 

concentrations and the resulting effects examined.[100
⁠

, 163] On the one hand, with investigations 

of the inner film morphology, it was possible to show the before-mentioned removal of excess 

PSS and a thereby induced formation of an 𝜎𝜎-conducive fine arrangement of small but densely 

packed PEDOT domains. On the other hand, a doping level change of the PEDOT chains was 

observed with spectroscopic studies, resulting in a decrease of the charge carrier concentration, 

which is favorable to the Seebeck coefficient. With this approach, the electrical conductivity 

could be increased from 1 S cm-1 to 1126 S cm-1 and the Seebeck coefficient from 22 µV K-1 to 

46 µV K-1 compared to the untreated film.[163] 

However, besides the studies concerning the improvement of the optoelectronic properties 

of PEDOT:PSS thin films, a topic that is rarely investigated and not so well understood to date 

is the possible degradation of these films under respective operation conditions. When in use 

as thermoelectric materials, PEDOT:PSS thin films will face high temperatures since a 

temperature gradient is needed to establish a current flow. Therefore, it is essential to explore 

their thermal stability and possible temperature-induced degradation processes to verify the 

applicability and determine usage parameters for a future commercial deployment. To address 

this issue, in this present study, the thermal stability EMIM DCA post-treated PEDOT:PSS thin 

films is investigated. This IL was chosen, because EMIM DCA contains small and sterically 

rather weakly impaired ions, with strongly localized charges, which was found in the previous 
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studies to be beneficial for the optimization of thermoelectric properties.[163] With 

measurements of the electrical conductivity of the films over the time of heating at elevated 

temperatures, the extent of thermal degradation dependent on the applied temperature and the 

EMIM DCA post-treatment concentration is studied. To reveal a possible morphological 

rearrangement of the PEDOT:PSS domains upon heating, in situ GISAXS is performed. 

Moreover, with in situ ultraviolet-visible (UV-Vis) spectroscopy measurements possible 

simultaneous occurring changes in the oxidation level are examined. Additional measurements 

of the Seebeck coefficient before and after the heat treatment complement the results. The scope 

of the work presented in this chapter, is to find a linkage of the thermoelectric properties 

degradation upon heating, with the changes in the morphological and oxidation level features 

of EMIM DCA post-treated PEDOT:PSS thin films. With these in situ studies, a detailed 

systematical investigation of the thermal degradation mechanism that is substantial for the 

applicability of organic thermoelectric devices is provided. 

For this study, PEDOT:PSS thin films are prepared and post-treated with varying 

concentrations of EMIM DCA (0 M as a reference sample, 0.01 M, 0.05 M, and 0.35 M). An 

extensive description of the PEDOT:PSS film preparation and post-treatment steps, including 

the used material details, can be found in the Chapter 4. In addition, specifications for the used 

investigation methods are provided in Chapter 3. 

 

6.2 Evolution of the electrical conductivity 

First, the electrical conductivity of the prepared EMIM DCA post-treated PEDOT:PSS thin 

films is measured over 4.5 h of heating at 100 °C or 50 °C. The respective results are shown in 

Figure 6.1a, with the greyed-out area marking the heating up process over the first 20 min. For 

these in situ conductivity measurement, the two-point resistance geometry, introduced in 

Section 3.2.2, was utilized, and the electrical conductivity was determined using the average 

thicknesses calculated from thicknesses of the respective post-treated thin films before and after 

heat treatment, as listed in Table 6.1. 

In Figure 6.1a, it can be observed that during the heating-up phase, the electrical conductivity 

of all the EMIM DCA post-treated films first rises a little and then decreases to a different 

extent. In contrast, the electrical conductivity of the pure THF post-treated reference film 

steadily rises. This increase might indicate that upon EMIM DCA post-treatment, the type of  
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Table 6.1 Thin film thicknesses before and after heat treatment. Film thicknesses 𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 of EMIM DCA post-

treated PEDOT:PSS thin films before and after heating for 4.5 h at 100 °C or 50 °C. 

 thickness 𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
[nm] 

thickness deviation 
[nm] 

0 M 185 ± 15 
0 M - 100°C 190 ± 21 

0.01 M 172 ± 21 
0.01 M - 100°C 166 ± 26 

0.05 M 66 ± 11 
0.05 M - 100°C 74 ± 18 

0.35 M 71 ± 10 
0.35 M - 100°C 73 ± 19 

0.05 M 70 ± 4 
0.05 M - 50°C 87 ± 28 

 

primary charge carrier transport is changing from a hopping-like semiconductor behavior to a 

more band-like metallic charge transport, as introduced in Section 2.1.1.[21] In literature this 

kind of temperature-dependent charge transport observed for EMIM DCA treated samples, is 

referred to as fluctuation induced tunneling charge transport.[21]. It could be the result from the 

rearrangement of the PEDOT:PSS morphology towards smaller and more densely packed 

PEDOT domains upon IL post-treatments, as shown in the study presented in Chapter 5.[163] 

Hereby, the formation of closer conductive domains strongly facilitates the inter-domain charge 

carrier transport and improves the overall electrical conductivity.[21
⁠

, 93] While, for the untreated 

PEDOT:PSS thin films, the distances between conductive PEDOT domains are more 

significant, and the heating enhanced hopping to adjacent energy states for the charge carrier 

transport is the confining factor here. 

However, in this present study, the focus lies on degradation processes happening within post-

treated PEDOT:PSS thin films upon the application of a constant, elevated temperature 

observable in Figure 6.1a between 20 and 270 min of the recorded electrical conductivity 

evolution. For the 0 M reference sample the electrical conductivity stays nearly constant during 

the heat treatment at 100 °C. At the same time, the conductivities of 0.01 M, 0.05 M, and 

0.35 M EMIM DCA treated samples gradually decrease, more prominent for higher EMIM 

DCA concentrations. Compared to that, heating a PEDOT:PSS thin film post-treated with 

0.05 M EMIM DCA at a constant temperature of 50 °C does not noticeably change the electrical 

conductivity. Additionally, to ascertain that the electrical conductivity decrease is irreversible, 

a 0.05 M post-treated PEDOT:PSS thin film is first heated up to 100 °C, kept stable at 100 °C 
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for around 4 h and then cooled down to 30 °C, with the results of the relative electrical 

conductivity evolution shown in Figure 6.2.  

Concluding the observations of Figure 6.1a and Figure 6.2, an irreversible thermal 

degradation processes is happening within the post-treated PEDOT:PSS thin films, which 

seems to be less severe for the untreated films. 

 
Figure 6.1 Heat treatment dependent electrical conductivity of EMIM DCA treated PEDOT:PSS films. a) 

Electrical conductivity evolution over 4.5 h heating of post-treated PEDOT:PSS thin films. Pure THF treated 

reference sample (black hexagons), 0.01 M (dark purple triangles), 0.05 M (purple squares), 0.35 M (light purple 

diamonds) EMIM DCA post-treated films heated at 100 °C, and a 0.05 M EMIM DCA post-treated film heated at 

50 °C (cyan circles). Greyed-out area marks the heating up process. After 20 min, the respective temperatures were 

reached and kept constant. Dashed lines indicate the initial conductivities of the samples before the heating 

experiment. b) Natural logarithm of this electrical conductivity evolution (symbols) plotted together with fits 

(lines) versus time of stable heating temperature between 20-270 min. With the respective fit parameters listed in 

the table below. Adapted with permission from Oechsle et al.[50] Copyright 2022 American Chemical Society. 

In literature, it is supposed that the increase of potential barriers between the conductive 

domains, by thermally caused morphological changes, introduces the decrease of the overall 

film electrical conductivity in pure PEDOT:PSS thin films.[241
⁠

, 242] For this kind of degradation 

process upon heat treatment with a stable temperature, the electrical conductivity evolution over 

the treatment time (𝑡𝑡) corresponds to the following Equation (6.1): 

 
𝜎𝜎 = 𝜎𝜎0𝑒𝑒𝑒𝑒𝑒𝑒 �−�

𝑡𝑡
𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

�
𝛼𝛼

� (6.1) 

With 𝛼𝛼 = 0.5 for the PEDOT:PSS typical charge transport, representing holes tunneling 

between PEDOT conductive domains separated by an insulating PSS matrix.[241] Here, 𝜎𝜎0 is the 
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initial electrical conductivity, and 𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the parameter characteristic for the electrical 

conductivity decay. 

 
Figure 6.2 Reversibility test of the heat treatment dependent conductivity. Relative conductivity evolution 

(purple squares, left y-axis) of a 0.05 M EMIM DCA post-treated PEDOT:PSS thin film during a heating and 

cooling procedure (blue, right y-axis). First the film is heated up to 100 °C (left grey marked area), kept at 100 °C 

for 4 h and then again cooled down to 30 °C. The conductivity, which drops during heating at 100 °C, is not rising 

again during cooling of the film; therefore, the film degradation appears to be irreversible. Adapted with 

permission from Oechsle et al.[50] Copyright 2022 American Chemical Society. 

Figure 6.1b shows the experimental and fitted electrical conductivity evolution, during the time 

of stable temperature between 20 and 270 min, plotted in a logarithmic scale versus 𝑡𝑡0.5 

according to Equation (6.1). The respective fit parameters are listed in the table below. First of 

all, it can be seen that 𝜎𝜎0 of the post-treated PEDOT:PSS thin films increases with increasing 

EMIM DCA concentrations, being highest for the 0.35 M sample with 1610 S cm-1. This trend 

is in excellent agreement with the results presented in Chapter 5, showing the positive effect of 

IL treatments on the electrical conductivity.[163] The 0.05 M EMIM DCA post-treated film 

heated at 100 °C shows with 𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 800 min the most rapid decay in electrical conductivity. 

The second fastest thermal degradation is observed for the 0.35 M treated film, with 

𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 1000 min. For samples with even lower EMIM DCA concentration, the 𝜏𝜏 parameter 

further increases, meaning a slower thermal degradation process. Interestingly, for the 0.05 M 

post-treated PEDOT:PSS thin film heated at a temperature of 50 °C an extremely high 𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 

value is obtained, which indicates that nearly no thermal degradation happens, and therefore 

the film seems stable at this operation temperature. 
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In general, the fits for the electrical conductivity evolution according to Equation (6.1) match 

very well with the experimental data and encourage the presumption that the electrical 

conductivity decrease results from structural changes within the PEDOT:PSS films, which will 

be examined in the following with GISAXS. However, the higher the EMIM DCA post-

treatment concentration is, the poorer the fits seem to match the experimental data, as evident 

from the root mean square error (𝑅𝑅2). This suggests additional 𝜎𝜎 decreasing processes such as 

changes in the oxidation level, which will be also discussed following. 

 

6.3 Evolution of the morphology 

For the direct investigation and evidence of possible morphology alterations inside the 

PEDOT:PSS thin films, in situ GISAXS measurements are performed during the heat 

treatment. GISAXS gives access to statistically significant morphology information of thin 

films by making use of the grazing-incidence geometry.[141
⁠

, 144
⁠

, 148] The over the time of heating 

obtained 2D GISAXS data of the different post-treated samples are shown in Figure 6.3. A 

complete description of the in situ GISAXS measurement specifics and the used procedure to 

model the obtained data is provided in Section 3.4.2.  

The corresponding horizontal line cuts, obtained from the 2D GISAXS data at the critical 

angle of PEDOT, are shown in Figure 6.4 for all the post-treated PEDOT:PSS thin films from 

bottom to top over the time of heat treatment. As these horizontal line cuts are performed at the 

Yoneda region of PEDOT, the model fits, shown as red lines, provide information about the 

PEDOT structure, namely the PEDOT domain radii, domain distances, and domain size 

distributions, which are presented in Figure 6.5. 
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Figure 6.3 2D GISAXS data of EMIM DCA post-treated PEDOT:PSS films upon heating. 2D GISAXS data 

of the different EMIM DCA post-treated PEDOT:PSS thin films presented from bottom to top over the time of the 

heat treatment. No GISAXS image could be obtained for the 0.35 M EMIM DCA sample heated at 100 °C for 

260 min, due to an interruption of the X-ray beam at the synchrotron facility. Adapted with permission from 

Oechsle et al.[50] Copyright 2022 American Chemical Society. 
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Figure 6.4 Horizontal line cuts of EMIM DCA post-treated PEDOT:PSS films upon heating. From 2D 

GISAXS data acquired horizontal line cuts of EMIM DCA post-treated PEDOT:PSS thin films, from left to right, 

0 M reference sample (black), 0.01 M (dark purple), 0.05 M (purple), 0.35 M (light purple) heated at 100 °C, and 

0.05 M (cyan) heated at 50 °C. Indicated by gradually lighter colors and shifted along the y-axis for the sake of 

clarity, the horizontal line cuts are presented from bottom to top over progressive time of heating. The red lines 

show the resulting fits of GISAXS data modeling. Adapted with permission from Oechsle et al.[50] Copyright 2022 

American Chemical Society. 

The best horizontal line cut modeling results are obtained with three cylindrical form factors of 

different radii. The domain radii of PEDOT domains associated with these form factors are 

𝑟𝑟𝑙𝑙 = 39-68 nm for large-, 𝑟𝑟𝑚𝑚 = 7-11 nm for medium-, and 𝑟𝑟𝑠𝑠 = 2-3 nm for small-sized domains, 

plotted in Figure 6.5a and respectively marked with light blue, blue, and dark blue areas. The 

model also reveals structure factors with corresponding domain center-to-center distances of 

𝐷𝐷𝑙𝑙 = 180-235 nm for the large domains (light blue area) and 𝐷𝐷𝑚𝑚 = 38-50 nm for the medium-

sized domains (blue area), shown in Figure 6.5b. No reliable structure factors and therefore no 

center-to-center distance could be extracted for the small-sized domains.  

Apparent from Figure 6.5a and b, for the 0 M reference sample heated at 100 °C and the 

0.05 M EMIM DCA post-treated PEDOT:PSS thin film heated at 50 °C, the domain radii and 

domain distances barely change over time of heat treatment. In contrast, for the 0.01 M, 0.05 M, 

and 0.35 M EMIM DCA post-treated films a radius increase of the large PEDOT domains, a 

small decrease of the medium domain radii, and unchanged small domain radii are observed 

over the 4.5 h of heating at 100 °C. Furthermore, these samples show a decrease in distances 

between the large-sized domains, and between the medium-sized PEDOT domains, 

respectively, which means an increase in their corresponding number. 
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Figure 6.5 Morphological evolution of EMIM DCA post-treated PEDOT:PSS films upon heating. a) Radii 

of PEDOT domains, b) center-to-center distances between these PEDOT domains, and c) domain size distributions 

over the time of heat treatment (denoted by lightening up of colors). For the samples 0 M (black), 0.01 M (dark 

purple), 0.05 M (purple), 0.35 M (light purple) EMIM DCA post-treated PEDOT:PSS thin films heated at 100 °C 

for 4.5 h and for a 0.05 M EMIM DCA post-treated PEDOT:PSS thin film heated at 50 °C for 4.5 h (cyan). Colored 

dashed lines and arrows serve as guides to the eye. Adapted with permission from Oechsle et al.[50] Copyright 2022 

American Chemical Society. 

Overall, these domain radii and distances changes indicate that the large PEDOT domains 

become bigger and more during heating, while the medium-sized domains become smaller but 

also increase in amount. At first, one would expect that this number increase of large- and 

medium-sized conductive domains reduces the inter-domain distances and therefore should be 

favorable for the overall film electrical conductivity. However, as discussed and presented in 

the previous Chapter 5 and some literature, the amount of the small PEDOT domains turned 



Chapter 6  Temperature influence on ionic liquid post-treated PEDOT:PSS films 

 
130  
 

out to be crucial when considering the overall inter-domain electrical conductivity within 

PEDOT:PSS thin films.[22
⁠

, 24
⁠

, 46
⁠

, 163] Therefore, a calculation of the domain size distributions for 

all the post-treated films during heat treatment was done as described in Section 3.4.2, which 

gives information about the heat-caused change in the quantity ratio of large, medium, and more 

important also of the small PEDOT domains. The received quantity fraction values are listed in 

Table 6.2, and the associated plots are shown in Figure 6.5. These data indicate, elucidated by 

arrows, a PEDOT:PSS structure rearrangement due to heating the samples at 100 °C. Overall, 

the large PEDOT domains become larger in size and number, the medium PEDOT domains 

decrease in size and grow in number. While in contrast, the small-sized PEDOT domains remain 

constant in their radii, however, strongly decrease in their amount. This alteration can be 

understood as kind of a merging of the small PEDOT domains towards the formation of larger 

domains. Interestingly, these observed changes are most prominent for the high EMIM DCA 

post-treatment concentrations of 0.05 M and 0.35 M when heated at 100 °C and fit well with 

the measured electrical conductivity degradation trends.  

The correlation between the domain morphology and the heat treatment becomes particularly 

clear when calculating the volume fraction according to Equation (3.38) in Section 3.4.2. Also 

listed in Table 6.2, the volume fraction of large (light blue), medium (blue), and small (dark 

blue) PEDOT domains and the electrical conductivity of the respective post-treated films are 

both plotted in Figure 6.6 versus the time of the heat treatment. First, for the 0 M reference 

sample, the main volume contribution results from large PEDOT domains. With increasing 

EMIM DCA post-treatment concentration, the volume fraction shifts towards a more significant 

contribution of the small domains, clearly showing the formation of an electrical conductivity 

enhancing finer and denser packed domain morphology. During the 4.5 h heating of the 0 M 

reference sample at 100 °C, the volume fraction and the electrical conductivity barely change. 

Also, for the 0.05 M EMIM DCA post-treated sample heated at 50 °C, the electrical 

conductivity and volume fraction stay nearly constant, except for a slight drop during the 20 min 

heating-up phase. 

In contrast, during the heat treatment of the EMIM DCA post-treated PEDOT:PSS thin films 

at 100 °C, a continuous shift of the volume fraction towards a more significant contribution of 

the large domains is observed, strongest for 0.05 M from 20 % to 70 %, and for 0.35 M from 

10 % to 30 %. These data also demonstrate and support the hypothesis of the coarsening of the 

domain morphology for the EMIM DCA post-treated PEDOT:PSS thin film by coalescence of 

the small domains. Although thereby the volume fraction of large- and medium-sized domains 
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increases, the number of small-sized PEDOT domains surrounding them decreases 

significantly. 

Table 6.2 Quantity and volume distribution of EMIM DCA post-treated PEDOT:PSS films upon heating. 

Quantity and volume fraction changes of the large, medium, and small PEDOT domains within the post-treated 

PEDOT:PSS thin films, respectively listed from bottom to top over the time of heating. 

 heating 
time [min] 

quantity fraction [%] volume fraction [%] 
𝑁𝑁𝑙𝑙 𝑁𝑁𝑚𝑚 𝑁𝑁𝑠𝑠 𝑁𝑁𝑁𝑁𝑙𝑙 𝑁𝑁𝑁𝑁𝑚𝑚 𝑁𝑁𝑁𝑁𝑠𝑠 

THF 
100°C 

260 0.80 2.57 96.64 79.74 2.99 17.27 
200 0.83 2.49 96.69 80.40 2.81 16.79 
140 0.78 2.67 96.56 79.25 3.17 17.58 
80 0.79 2.45 96.76 80.54 2.92 16.53 
20 0.75 2.39 96.87 78.77 2.94 18.29 
0 0.88 2.83 96.28 82.91 2.95 14.13 

0.01 M 
100°C 

260 1.16 3.03 95.81 87.33 2.75 9.92 
200 1.11 2.99 95.90 86.71 2.85 10.44 
140 1.05 2.94 96.01 85.98 2.96 11.06 
80 0.98 2.81 96.22 84.99 3.12 11.88 
20 0.89 2.66 96.45 82.67 3.23 14.11 
0 0.83 2.62 96.56 81.40 3.49 15.10 

0.05 M 
100°C 

260 0.59 1.54 97.88 70.57 4.62 24.81 
200 0.53 1.46 98.01 67.72 4.93 27.35 
140 0.47 1.34 98.19 64.62 5.12 30.26 
80 0.39 1.15 98.47 59.25 5.36 35.39 
20 0.26 0.88 98.86 48.68 5.41 45.91 
0 0.09 0.61 99.30 22.00 8.35 69.66 

0.35 M 
100°C 

260 - - - - - - 
200 0.15 0.95 98.90 30.78 8.74 60.47 
140 0.13 0.85 99.03 26.69 8.85 64.46 
80 0.10 0.74 99.16 20.82 9.06 70.12 
20 0.08 0.66 99.26 17.45 9.80 72.76 
0 0.06 0.55 99.39 12.59 9.25 78.16 

0.05 M 
50°C 

260 0.15 0.84 99.01 32.11 9.17 58.71 
200 0.15 0.83 99.03 32.33 9.05 58.62 
140 0.14 0.86 98.99 30.47 9.59 59.94 
80 0.14 0.83 99.03 30.32 9.47 60.20 
20 0.13 0.83 99.04 28.78 9.68 61.54 
0 0.09 0.63 99.29 21.94 8.60 69.46 

 

Consequently, the overall distances between the conductive domains increase, for example 

between large- and small-sized domains, medium-, and small-sized domains, or small- and 

small-sized domains, impeding the inter-domain charge carrier transport. Eventually, this 

behavior reduces the charge carrier mobility (µ) and as 𝜎𝜎 = 𝑛𝑛𝑞𝑞𝑒𝑒µ, with 𝑛𝑛𝑞𝑞 charge carrier density 
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and 𝑒𝑒 elementary charge, as introduced before, and therefore this directly leads to a reduction 

of the film electrical conductivity.[34] In perfect agreement with that, it can be seen in Figure 

6.6 that the electrical conductivity during heat treatment directly follows the volume fraction 

trend and decreases with declining volume fraction of small domain. 

 
Figure 6.6 Domain volume fraction evolution in EMIM DCA post-treated PEDOT:PSS films upon heating. 

The blue bars, left y-axis, indicate the distribution evolution of the volume fraction of large (light blue), medium 

(blue), and small (darker blue) PEDOT domains over the time of heating. For a) 0 M (black), c) 0.01 M (dark 

purple), d) 0.05 M (purple), e) 0.35 M (light purple) EMIM DCA post-treated PEDOT:PSS thin films heated at 

100 °C, and b) a 0.05 M (cyan) EMIM DCA post-treated PEDOT:PSS thin films heated at 50 °C. The symbols 

connected with lines, right y-axis, present the in situ electrical conductivity of these films at the respective time of 

the heat treatment. Adapted with permission from Oechsle et al.[50] Copyright 2022 American Chemical Society. 
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The reason for observing the strongest effects for higher EMIM DCA concentrations is likely 

explained by the plasticizing effect of ILs reported in literature.[47
⁠

, 102
⁠

, 199
⁠

, 201
⁠

, 243] During the 

post-treatment step, the ILs ions migrate, intercalate, and interact between the polymer chains, 

which weakens the electrostatic interaction between PEDOT and PSS chains, and can even 

cause a break of the ionic crosslinks. Thereby the segmental motion of the polymer chains is 

enhanced, enabling an easier reorientation, and therefore explaining the more pronounced 

coarsening of the PEDOT:PSS morphology for high EMIM DCA post-treatment 

concentrations. 

 

6.4 Evolution of the oxidation level 

Known from literature, as introduced in Section 2.1.3 and demonstrated in the previous 

Chapter 5, the IL post-treatment can also influence the oxidation state of PEDOT.[48
⁠

, 100
⁠

, 163
⁠

, 201] 

Consequently, it is very likely that the heating at high temperatures of the EMIM DCA post-

treated PEDOT:PSS thin films also affects the oxidation level. Therefore, possible changes in 

the oxidation level of the samples are investigated during the heat treatment with in situ UV-

Vis measurements, which are detailed in Section 3.1.1. Figure 6.7a shows the in situ changes 

of the characteristic spectra between 400 and 1000 nm of the used broadband LED, shining 

through the respective samples, upon heat treatment at 100 °C or 50 °C. For the 0.01 M, 0.05 M, 

and 0.35 M EMIM DCA post-treated thin films, the spectra are changing over the 4.5 h of 

heating at 100 °C, which indicates a change in the oxidation level. While on the contrary, the 

0 M reference sample heated at 100 °C and the 0.05 M EMIM DCA post-treated sample heated 

at 50 °C only show minor changes in the spectra, suggesting only minor changes in the 

oxidation level. For a more detailed analysis of possible oxidation level changes, the absorption 

coefficient in dependence of the wavelength is determined for the all the different post-treated 

samples, before and after heating. The obtained data presented in Figure 6.7b, show no 

noticeable changes for the 0 M reference sample between the spectra before and after heat 

treatment.  

However, as indicated by colored arrows, for the EMIM DCA post-treated thin films, a 

decrease of absorption coefficient is visible around 900 nm and the formation of a new 

absorption peak around 600 nm. As introduced in Section 2.1.3, it is known from the literature 

that the polaronic states of PEDOT show up at around 900 nm and neutral states appear at 

600 nm.[16
⁠

, 27
⁠

, 41] 
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Figure 6.7 Oxidation level evolution of EMIM DCA post-treated PEDOT:PSS films upon heating. a) In situ 

changes in the characteristic spectra of the used broadband LED, shining through the respective EMIM DCA post-

treated PEDOT PSS thin films, during 4.5 h heating at 100 °C or 50 °C and b) before and after heat treatment 

comparison of absorption coefficient versus wavelength for EMIM DCA post-treated PEDOT:PSS thin films. 

Reference sample 0 M post-treated with pure THF (black), 0.01 M EMIM DCA (dark purple), 0.05 M EMIM 

DCA (purple), 0.35 M EMIM DCA (light purple) heated at 100 °C respectively, and 0.05 M EMIM DCA heated 

at 50 °C (cyan). Spectra measured at proceeded heating times are displayed with incrementally lighter colors. 

Adapted with permission from Oechsle et al.[50] Copyright 2022 American Chemical Society. 

Therefore, it can be deduced that upon 4.5 h heating of EMIM DCA post-treated PEDOT:PSS 

thin films, the oxidation level of PEDOT is reduced. The strongest heat caused formation of 

neutral states, and therefore the strongest reduction of PEDOT is observed for the EMIM DCA 

concentration of 0.35 M. As a reduction of the PEDOT oxidation level means a decrease in the 

number of free positive charge carriers, and therefore a decrease in the charge carrier density 

𝑛𝑛𝑞𝑞. With 𝜎𝜎 = 𝑛𝑛𝑞𝑞𝑒𝑒µ, this confirms the before suspected additional contribution to the electrical 

conductivity drop, caused by thermal treatment.[34] For this, a possible explanation is the 

heating-enhanced IL ion migration between the polymer chains. Furthermore, as the IL anions 

are responsible for the PEDOT reduction, higher EMIM DCA post-treatment concentrations 

result in a more pronounced oxidation level change at elevated temperatures. 
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6.5 Model description of the temperature-dependent 

thermoelectric behavior 

As PEDOT:PSS thin films are highly interesting for thermoelectric application, it is necessary 

to understand how the heat treatment influences their thermoelectric properties. Therefore, in 

this study also the effects on 𝑆𝑆 and consequently on the power factor (𝑃𝑃𝑃𝑃 = 𝜎𝜎𝜎𝜎²) of these films 

before and after heating is determined, and the results are listed in Table 6.3. In general, as 

discussed in previous sections, the heating of EMIM DCA post-treated PEDOT:PSS thin films 

at elevated temperatures induces a coarsening of the morphology of the PEDOT domains and 

an additional reduction of the PEDOT oxidation level. Consequently, both lead to a gradual 

decrease in the film electrical conductivity. 

 
Figure 6.8 Model description of EMIM DCA post-treated PEDOT:PSS films upon heat treatment. Simplistic 

depiction of the morphology and oxidation level evolution for post-treated PEDOT:PSS thin films upon heating, 

showing PEDOT domains (blue) in a PSS matrix (grey) with the oxidation level coded in the brightness of the 

blue color (bright = high). From left to right a) to e), films post-treated with EMIM DCA concentrations of 0 M, 

0.01 M, 0.05 M, 0.35 M EMIM DCA heated at 100 °C, and 0.05 M heated at 50 °C. The top row illustrates the 

initial state of the respective films, and the bottom row shows the state after heating for 4.5 h. Adapted with 

permission from Oechsle et al.[50] Copyright 2022 American Chemical Society. 

For a better understanding of the thermoelectric property evolution, Figure 6.8 schematically 

illustrates the changes within the morphology and oxidation level occurring upon heat 

treatment. The different-sized blue spots visualize the large, medium, and small PEDOT 

domains embedded within a non-conductive PSS matrix (grey). Looking at Figure 6.8a top 

illustration, which represents the 0 M reference sample, a lot of large and medium-sized 

PEDOT domains, but only some small-sized domains can be seen. The overall domain-domain 
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distance in this film is quite large, hampering the inter-domain hole transport and explaining 

the relatively low electrical conductivity of 2.72 S cm-1. 

Table 6.3 Thermoelectric properties of EMIM DCA post-treated PEDOT:PSS films upon heat treatment. 

Electrical conductivity 𝝈𝝈, Seebeck coefficient 𝑺𝑺 and thermoelectric power factor 𝑷𝑷𝑷𝑷 for 0 M, 0.01 M, 0.05 M and 

0.35 M EMIM DCA post-treated PEDOT:PSS thin films before and after heating at 100 °C or 50 °C for 4.5 h. 

 𝜎𝜎 
[S cm-1] 

𝑆𝑆 
[µV K-1] 

𝑃𝑃𝑃𝑃 
[µW m-1K-2] 

0 M EMIM DCA 2.72 19.53 0.10 

after heating at 100 °C 4.55 21.93 0.22 

0.01 M EMIM DCA 454.15 33.27 50.27 

after heating at 100 °C 227.45 34.36 26.85 

0.05 M EMIM DCA 1612.28 46.17 343.68 

after heating at 50 °C 1540.40 43.57 292.42 

after heating at 100 °C 433.02 44.39 85.33 

0.35 M EMIM DCA 1609.94 41.12 272.22 

after heating at 100 °C 885.65 39.70 139.59 

 

Furthermore, it is visible for this sample that the oxidation level of PEDOT is higher than for 

the EMIM DCA post-treated samples, depicted by the bright blue color of the spots. Therefore, 

the charge carrier concentration is higher, which leads to a low Seebeck coefficient of 

19.53 µV K-1 and a thermoelectric power factor of only 0.10 µW m-1K-2. As the PEDOT:PSS 

thin films are post-treated with increasing EMIM DCA concentration, top row Figure 6.8b to e, 

the also in Chapter 5 observed rearrangement in the domain morphology is noticeable. Leading 

towards a charge carrier transport enhancing finer and more densely packed PEDOT domains, 

which rises 𝜎𝜎 up to 1612.28 S cm-1. Because simultaneously the PEDOT chains and therefore 

the charge carrier concentration is reduced, indicated by the darker blue color of the spots, an 

𝑆𝑆 of 46.17 µV K-1 can be reached, which results in high 𝑃𝑃𝑃𝑃 = 343.68 µW m-1K-2.  

However, upon heating the EMIM DCA post-treated samples at 100 °C, a coarsening and 

further oxidation level reduction of the PEDOT domain structure is visible, depicted in the 

bottom row of Figure 6.8. As a consequence, the inter-domain charge carrier transport is 

increasingly hindered and causes a decrease of the electrical conductivity, for example, for the 

0.05 M EMIM DCA post-treated film from 1612.28 to 433.02 S cm-1. In principle one would 

expect that the onward reduction in the charge carrier concentration, which can be observed for 

the 0.05 M and 0.35 M EMIM DCA post-treated samples upon heating at 100°C, would 
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influence 𝑆𝑆 positively.[12
⁠

, 203] Though, the morphology caused strong impediment of the charge 

carrier transport seems to be more influencing and thus explains the observed small 𝑆𝑆, from 

46.17 to 44.39 µV K-1 for the 0.05 M-100°C sample and from 41.12 to 39.70 µV K-1 for the 

0.35 M-100°C sample. Overall, the 𝑃𝑃𝑃𝑃 decreases strongest for the 0.05 M treated sample by 

around 75% to 85.32 µW m-1K-2. Compared to that, the heat treatment of this sample at 50 °C, 

depicted in Figure 6.8e, affects the sample only slightly in its morphology and oxidation level, 

and the 𝑃𝑃𝑃𝑃 drops less pronounced to 292.42 µW m-1K-2. As presented in Table 6.3 and Figure 

6.8, the changes for the 0 M reference sample and thus the decrease of the thermoelectric 

properties are just minor. 

 

6.6 Summary 

In this chapter, the morphology and oxidation level changes happening within EMIM DCA 

post-treated PEDOT:PSS thin films are investigated under the impact of elevated temperatures 

for 4.5 h. With in situ GISAXS, it is proven that the domain morphology of PEDOT domains 

embedded in a PSS matrix undergo a coarsening process during heat treatment, namely, the 

formation and growth of large domains by coalescence of the small surrounding domains. This 

diminishing of small PEDOT domains leads to an increase of the overall domain-domain 

distances and causes higher energy barriers for inter-domain charge carrier transport. With the 

in situ GISAXS results matching very well the observed gradual decrease of the electrical 

conductivity, the electrical conductivity decrease can be explained with these morphology 

changes. Simultaneously, a reduction of the PEDOT oxidation level occurs, proven by the 

formation of neutral states to the detriment of polaronic states in UV-Vis absorption spectra. 

This decrease in charge carrier density also contributes to the observed electrical conductivity 

degradation. To summarize, the 100 °C heat treatment-initiated changes and downward 

electrical conductivity evolution is strongest for the best thermoelectric performing 

PEDOT:PSS thin films, in fact, the ones post-treated with high concentrations of EMIM DCA. 

However, a 0.05 M EMIM DCA post-treated film is stable when heated at 50 °C. Therefore, it 

is crucial to consider and more closely examine the temperature ranges in which respectively 

treated PEDOT:PSS thin films can be stably operated in future thermoelectric applications. In 

general, to avoid severe degradation, it is suggested to limit the long-term exposure of the in 

this thesis investigated EMIM DCA post-treated PEDOT:PSS thin films to moderate 

temperatures. 
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7 Humidity influence on ionic liquid 
post-treated PEDOT:PSS films 

This chapter is based on the publication “Ionic Liquid-Induced Inversion of the Humidity-

Dependent Conductivity of Thin PEDOT:PSS Films” (A. L. Oechsle, T. Schöner, L. 

Deville, T. Xiao, T. Tian, A. Vagias, S. Bernstorff, P. Müller-Buschbaum, ACS Applied 

Materials & Interfaces 2023, 15, 40, 47682-47691; DOI: 10.1021/acsami.3c08208). 

Reprinted with permission from Oechsle et al.[51] Copyright 2023 American Chemical 

Society. Experiments were performed in collaboration with the master student Tobias 

Schöner and the bachelor student Lewin Deville. 

In this Chapter, the humidity influence on the electronic and ionic resistance properties of thin 

post-treated PEDOT:PSS films is investigated. In particular, the resistance of these 

PEDOT:PSS films post-treated with three different concentrations (0 M, 0.05 M, and 0.35 M) 

of EMIM DCA is measured while being exposed to a defined humidity protocol. A resistance 

increase upon elevated humidity is observed for the 0 M reference sample, while the EMIM 

DCA post-treated samples demonstrate a reverse behavior. Simultaneously performed in situ 

GISAXS measurements evidence changes in the film morphology upon the varying humidity, 

namely an increase in the PEDOT domain distances. This leads to a detriment in the inter-

domain hole transport, which causes a rise in the resistance as observed for the 0 M reference 

sample. Finally, electrochemical impedance spectroscopy (EIS) measurements at different 

humidities reveal additional contributions of ionic charge carriers in the EMIM DCA post-

treated PEDOT:PSS films. Therefrom a model is proposed, which describes the hole and cation 

transport in different post-treated PEDOT:PSS films dependent on the ambient humidity. 
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7.1 Influence factor humidity o IL post-treated PEDOT:PSS 

PEDOT:PSS, introduced in Section 2.1.2, is one of the most important and well-known hole 

conducting polymers for organic electronics, as it brings a lot of positive features, such as its 

excellent hole conductivity, its low toxicity, its good optical and mechanical properties.[17
⁠

, 196
⁠

, 

244] All these advantages come along with being processable from aqueous solution, which 

enables an easy and cheap large-scale device fabrication by printing, spraying, or dip coating.[6 ⁠

, 

7
⁠

, 245] Therefore, nowadays the semiconductor PEDOT:PSS can be found in a wide variety of 

applications, like photovoltaics[54
⁠

, 246], transistors[55
⁠

, 247], thermoelectrics[10
⁠

, 56], light-emitting 

diodes[57
⁠

, 248
⁠

, 249], sensors[58
⁠

, 250], displays[251
⁠

, 252], bioelectronics[59
⁠

, 253], and many more. A lot of 

these advantages of PEDOT:PSS compared to other polymer-based organic semiconductors 

result from its unique polymer blend structure, consisting of the excellent p-type semiconductor 

PEDOT and the water-soluble polyanion PSS. In aqueous solutions, this polymer composition 

leads to the formation of a stable core-shell arrangement of hydrophobic PEDOT-rich cores 

enclosed by a hydrophilic PSS shell.[18] When using this aqueous solution to prepare thin 

PEDOT:PSS films, for example by spin-coating, this core-shell structure continues to exist in 

the form of pancake-shaped PEDOT enriched domains, which are surrounded by a PSS 

matrix.[16
⁠

, 19] However, with PEDOT being the hole conducting polymer, while PSS is blocking 

the hole transport, this PSS matrix around the PEDOT enriched domains represents a barrier 

for the charge carriers that needs to be overcome to facilitate the electrical conductivity of 

PEDOT:PSS films.[20
⁠

, 21] Literature suggests multiple approaches to improve the overall 

electrical conductivity and lower this hindrance of the inter-domain hole transport. Mainly 

achieved through the removal of excessive PSS, for example by treatment with high boiling 

solvents[22
⁠

–24], inorganic salts[27
⁠

, 28
⁠

, 38], acids or bases[30
⁠

–32
⁠

, 54], surfactants[34
⁠

–36], or polar 

solvents[26
⁠

, 34]. One of these approaches to improve the properties of PEDOT:PSS is the post-

treatment of thin PEDOT:PSS films with ionic liquids (ILs).[46
⁠

, 49
⁠

, 100] In the study presented in 

Chapter 5, which was performed to investigate different ILs for the PEDOT:PSS post-

treatment, it has been found that especially the IL EMIM DCA can strongly improve the 

PEDOT:PSS domain morphology towards smaller and finer distributed PEDOT domains.[50
⁠

, 

163] Thus, a better network of more closely located conductive domains with less insulating PSS 

in between is created, resulting in an increase of the electrical conductivity higher than 

1600 S cm-1.[50
⁠

, 163] A positive side effect of this IL treatment is the simultaneous improvement 

of the Seebeck coefficient of the thin PEDOT:PSS films, especially interesting for the use as 
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organic thermoelectric material.[100
⁠

, 163] However, the initial motivation to perform the in this 

chapter presented humidity study was given by the observation that the resistance of the 

PEDOT:PSS films is not just influences by temperature, as presented in Chapter 6, but also 

change with the ambient room humidity. More interestingly, this change seems to be different 

dependent on their post-treatment. In general, the influence of the humidity on PEDOT:PSS has 

been addressed in literature before, mainly describing an increase of the film’s resistance, and 

thus suggesting a deterioration of the conductivity upon increasing humidity.[254
⁠

–257] For 

example, Zhou et al. presented a PEDOT:PSS nanowire-based respiration sensor, which can 

measure the humidity of the breath by recording the changes in the nanowire resistance.[258] 

Furthermore, Kuş et al. studied the effect on the electrical properties of pure PEDOT:PSS up to 

a relative humidity (RH) of 90 %, whereby they discovered that below 80 % RH the film 

resistance increases with the humidity. However, above this humidity, the film reaches a water 

uptake saturation leading to the formation of a water film on top of the PEDOT:PSS film, 

resulting in a decline of its resistance behavior.[259] 

In the research work presented in this chapter, it is shown that the conductivity deteriorating 

effect of elevated humidity on thin PEDOT:PSS films is completely reversed when these films 

are post-treated with EMIM DCA. This change of the negative humidity dependency towards 

a positive one, meaning achieving an increase in the conductivity of PEDOT:PSS films with 

the humidity, could be of crucial importance for applications. Especially considering the wide 

range of PEDOT:PSS applications in which exposure of the polymer to the ambient humidity 

cannot always be ruled out, or is even desired as for example in sensor devices.[58] 

Therefore, the causes for this reversed film behavior are explored by first performing in situ 

resistance measurements of differently post-treated thin PEDOT:PSS films, while exposing 

them to a defined humidity protocol. Furthermore, to reveal changes happening in the special 

PEDOT:PSS domain morphology upon humidity variation, in situ GISAXS measurements are 

performed simultaneously. With additional in situ EIS measurements possible electronic and 

ionic contributions to the charge carrier transport are investigated, occurring differently at 

distinct RH steps. With this systematic examination, including in situ studies and a therefrom 

developed hole and cation transport model, it is contributed to a better understanding of the 

humidity dependency of post-treated PEDOT:PSS thin film properties, which is likely to be 

essential for a variety of applications. 

For this investigation of the influence of humidity on EMIM DCA post-treated PEDOT:PSS 

films, the samples are prepared via a spin-coating procedure as described in Chapter 4.[50] As 
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in this study the aim is to only examine the effect of the IL, three different EMIM DCA 

concentrations are chosen for the post-treatment, 0 M (reference sample), 0.05 M, and 0.35 M 

while keeping all the other sample preparations steps, i.a. the Zonyl® addition, constant. These 

concentrations are chosen based on the previous investigations presented in Chapter 5,[163] 

where we found that a EMIM DCA post-treatment with 0.35 M lead to outstanding 

thermoelectric properties, and the 0.05 M concentration provided the best compromise between 

improved thermoelectric properties and film fragility. A detailed description of all the used 

materials and film preparation steps is provided in Chapter 4, and the investigation methods 

details, including respective sample geometries can be found in the Chapter 3. 

 

7.2 Humidity-dependent film resistance 

First, the resistance of the respective prepared EMIM DCA post-treated PEDOT:PSS films is 

measured while they are placed inside a measurement chamber in which the air humidity is 

controlled. This approach allows to expose the samples to defined relative humidities, while 

simultaneously recording their resistance. Figure 7.1a shows the resistance evolution over time 

of the stepwise increase and decrease of the humidity, for each of the thin PEDOT:PSS films 

post-treated with different EMIM DCA concentrations. While Figure 7.1b shows the applied 

humidity protocol and Figure 7.1c the actual measured relative humidity within the chamber 

during the respective measurements.  

In Figure 7.1a the resistance of the 0 M reference PEDOT:PSS film is observed to be overall 

markedly higher than that of the 0.05 M and 0.35 M EMIM DCA post-treated films. At the 

starting point of 0 % RH the 0 M reference sample has a resistance of R = 23030 Ω, the 0.05 M 

a R = 135.3 Ω, and the 0.35 M sample a R = 151.5 Ω. Considering the sample geometry and 

using the different film thicknesses listed in Table 7.1, which are obtained with surface 

profilometry described in Section 3.3.1, a rough estimation of the corresponding initial 

conductivity of the thin films can be made according Section 3.2.2. For the 0 M reference 

sample, the conductivity is 3 S cm-1, which is significantly lower than the once of 0.05 M and 

0.35 M post-treated samples, with 1556 S cm-1 and 1242 S cm-1, respectively. 
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Figure 7.1 Humidity-dependent electrical resistance of EMIM DCA treated PEDOT:PSS films. a) Measured 

film resistance of differently post-treated PEDOT:PSS films while undergoing a stepwise increase in the ambient 

relative humidity over a total time period of 200 min. b) Applied humidity protocol and c) relative humidity 

recorded simultaneously within the measurement chamber. The different PEDOT:PSS films examined are post-

treated with pure THF 0 M (black hexagons), with 0.05 M EMIM DCA (purple squares) or with 0.35 M EMIM 

DCA (light purple diamonds), respectively. Adapted with permission from Oechsle et al.[51] Copyright 2023 

American Chemical Society. 

Table 7.1 Thin film thicknesses of IL post-treated PEDOT:PSS. Film thicknesses 𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 of the prepared 

PEDOT:PSS thin films post-treated with different concentrations of EMIM DCA. 

thickness 𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
[nm] 

thickness deviation 
[nm] 

0 M 144.3 ± 11.5 
0.05 M 54.8 ± 10.7 
0.35 M 61.3 ± 2.4 

These findings match very well with the in Chapter 5 discussed context that the increase of the 

EMIM DCA post-treatment concentration leads to an improvement of the PEDOT:PSS film 

conductivity.[50
⁠

, 163] Nevertheless, it is important to mention that the measurements of the film 

thicknesses, used to estimate the respective start conductivities, were only possible at lab room 

humidity of 30 % RH. However, in literature it has been reported that thin PEDOT:PSS films 
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experience swelling when exposed to high humidity conditions,[179] and hence the real start 

conductivity values might deviate slightly. Furthermore, the film swelling during the humidity 

alteration adds another change that would be necessary to be considered when discussing the 

film conductivities. As with the setup utilized for this study, it is not possible to measure the 

in situ thickness changes. This study only focuses on the film resistance and its respective 

evolution caused by the humidity variations. 

In Figure 7.1b it can be seen that the actual chamber humidity during the experiment 

behaves, except for minor setup-related differences, the same for all three samples, while the 

resistance profiles, shown in Figure 7.1a, differ from each other. For the 0 M reference sample, 

the resistance increases with increasing relative humidity from 23030 Ω at 0 % RH, over 

23690 Ω at 20 % RH and 28180 Ω at 50 % RH, to 34460 Ω at 80 % RH, and decreases again 

back to 17010 Ω when the humidity is decreased. On the contrary, the resistance of the 0.05 M 

and 0.35 M EMIM DCA post-treated PEDOT:PSS films decrease with increasing relative 

humidity, from 135.3 Ω and 151.5 Ω at 0 % RH to their minimum of 105.7 Ω and 93.7 Ω at 

80 % RH, respectively. A reduction of the RH at the end of the humidity cycle increases their 

resistance back to 126.8 Ω and 142.9 Ω. For all three samples measured, the slight reduction of 

the resistance compared to the starting value is probably explainable by the varying drying time 

(0 % RH) before and at the end of the humidity experiment. It might result in a different 

humidity level inside the thin film samples and thus can explain the irreversible seeming 

resistance. 

In previous research studies, the trend observed for the 0 M reference sample has already 

been mentioned, often in respect to a possible use in humidity sensor applications.[58
⁠

, 257
⁠

, 258] 

However, the here observed complete reversal of this humidity-dependent resistance behavior 

upon IL post-treatment of the PEDOT:PSS films is very contraintuitive and has so far not been 

reported. Thus, the subject of this study is its further investigation. 

 

7.3 Humidity-dependent morphology changes 

Multiple preceding research works and the studies presented in the previous chapters have 

shown that the specific domain structure of PEDOT:PSS plays a crucial role when considering 

its resistance. Therefore, in situ GISAXS measurements are also performed in this study, to 

investigate the inner film morphology of the different post-treated PEDOT:PSS films,[148] while 

simultaneously exposing them to varying relative humidities. A detailed description of the in 
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situ GISAXS experiment, containing all beamline specifics and analysis procedures can be 

found in Section 3.4.2.  

Figure 7.2 2D GISAXS data of EMIM DCA post-treated PEDOT:PSS films at different humidities. 

Exemplary 2D GISAXS data for 0 M (black, top), 0.05 M (purple, middle), and 0.35 M (light purple, bottom) 

EMIM DCA post-treated PEDOT:PSS thin films, from left to right shown respectively at different humidity steps. 

Adapted with permission from Oechsle et al.[51] Copyright 2023 American Chemical Society. 

Exemplary 2D GISAXS data of the three differently treated PEDOT:PSS films, are shown in 

Figure 7.2 for each exemplary at the different humidity steps, 0 % RH, 20 % RH , 50 % RH, 

80 % RH, and again 0 % RH. Horizontal line cuts were obtained from all the measured 2D 

GISAXS data at the Yoneda region of PEDOT. These contain information about the PEDOT 

domain structure, which is extracted by using the model described in Section 3.4.2. All 

horizontal line cuts are shown in Figure 7.3 together with their respective model fits as red lines. 

The structural information and values obtained from the model fits can be found in Figure 7.4a-

f and Table 7.2 for the 0 M, 0.05 M, and 0.35 M EMIM DCA post-treated PEDOT:PSS films, 

while undergoing the procedure of varying relative humidity. 
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Figure 7.3 Horizontal line cuts of EMIM DCA post-treated PEDOT:PSS films at different humidities. 

Horizontal line cuts of a)-c) 0 M (black, top), d)-f) 0.05 M (purple, middle), and g)-i) 0.35 M (light purple, bottom) 

EMIM DCA post-treated PEDOT:PSS thin films. From left to right upon facing different humidity steps (0-20 % 

RH, 20-50 % RH and 50-80-0 % RH). The data are displayed from bottom to top, indicated by gradually darker 

colors, over the processing time of the humidity step. The red lines show the GISAXS data modeling results. For 

sake of clarity, the horizontal line cuts and corresponding fits are shifted along the y-axis. Adapted with permission 

from Oechsle et al.[51] Copyright 2023 American Chemical Society. 
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Figure 7.4 Morphological features of EMIM DCA post-treated PEDOT:PSS films at different humidities. 

From horizontal line cut modeling acquired information about the morphology of the thin PEDOT:PSS films while 

facing different relative humidities; post-treated with 0 M (black), 0.05 M (purple), or 0.35 M (light purple) EMIM 

DCA, respectively. a) PEDOT domain radii, b) evolution of the PEDOT domains size distribution, normalized to 

the “small” domains and with gradually lighter colors depicting the progressing time, c) PEDOT domain distances, 

and d)-f) volume fractions of large (light blue), medium (blue), and small (dark blue) PEDOT domains. Adapted 

with permission from Oechsle et al.[51] Copyright 2023 American Chemical Society. 

Figure 7.4a shows the PEDOT domain radii (𝑟𝑟𝑙𝑙, 𝑟𝑟𝑚𝑚, 𝑟𝑟𝑠𝑠), whereby for each of the three different 

samples three different domain sizes, here named as large  (light blue area), medium (blue area), 

and small domains (dark blue area) can be distinguished. In good agreement with the work 

shown in the previous chapters,[50
⁠

, 163] it is found that the domain radii for the small domains 

have a size around 2 nm for all three samples, while the medium domain radii are a bit larger 
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for the 0.05 M and 0.35 M samples with ~ 12.5 nm, compared to the 0 M reference sample with 

~ 10 nm. Also matching the preceding results, the radii for the large PEDOT domains seem to 

become smaller with increasing EMIM DCA concentration, starting from around 62 nm, over 

48.5 nm to 45 nm. When looking at the evolution over time of the stepwise humidity variations, 

no obvious changes can be observed for any of the samples; suggesting that the size of the 

PEDOT domains is unaffected by the RH. 

Furthermore, the respective domain size distributions, shown in Figure 7.4b, match quite 

well with results reported in the previous chapters, evidencing a lower amount ratio of large 

𝑁𝑁𝑙𝑙 and medium domains 𝑁𝑁𝑚𝑚, and a significantly higher amount of small domains 𝑁𝑁𝑠𝑠 for the 

EMIM DCA post-treated PEDOT:PSS compared to the 0 M reference sample.[50
⁠

, 163] As 

overall the number of the small and medium domains exceeds by far the number of large 

domains, these small and medium domains can be seen as the primary promoter of hole 

transport, and thereby explain the initial lower film resistance of the IL treated samples.[24
⁠

,

163] This change of the PEDOT:PSS domain morphology upon IL post-treatment, which is

dedicated to the removal of excessive PSS,[100
⁠

, 200] can be outlined more noticeably when

comparing the volume fraction distributions 𝑉𝑉𝑉𝑉𝑙𝑙,𝑚𝑚,𝑠𝑠 of the different samples, shown in

Figure 7.4d-f.

Table 7.2 Quantity and volume fraction of EMIM DCA post-treated PEDOT:PSS films at different 

humidities. Exemplary quantity and volume fraction evolution of the large, medium, and small PEDOT-rich 

domains within the 0 M (top), 0.05 M (middle), and 0.35 M (bottom) EMIM DCA post-treated PEDOT:PSS thin 

films. The values are listed from bottom to top for the respective ambient relative humidity. 

relative 
humidity 

quantity fraction [%] volume fraction [%] 
𝑁𝑁𝑙𝑙 𝑁𝑁𝑚𝑚 𝑁𝑁𝑠𝑠 𝑁𝑁𝑁𝑁𝑙𝑙 𝑁𝑁𝑁𝑁𝑚𝑚 𝑁𝑁𝑁𝑁𝑠𝑠 

0 M 

0 0.49 2.83 96.68 72.65 12.34 15.01 
80 0.48 3.12 96.40 72.81 13.64 13.55 
50 0.49 3.65 95.86 70.76 14.97 14.27 
20 0.51 3.19 96.30 72.00 13.50 14.50 
0 0.54 3.08 96.38 74.31 11.79 14.00 

0.05 M 

0 0.06 0.28 99.66 25.42 7.89 66.69 
80 0.07 0.22 99.71 25.05 5.07 69.88 
50 0.06 0.25 99.69 23.55 6.16 70.29 
20 0.06 0.27 99.67 23.56 6.31 70.13 
0 0.06 0.28 99.66 24.36 7.30 68.34 

0.35 M 

0 0.01 0.20 99.79 6.50 7.08 86.42 
80 0.01 0.17 99.82 6.58 5.79 87.63 
50 0.02 0.24 99.74 7.60 7.73 84.67 
20 0.01 0.23 99.76 5.70 7.96 86.34 
0 0.01 0.24 99.75 6.13 8.37 85.50 
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Over the time of the experiment, indicated by progressively lighter colors in Figure 7.4b, the 

respective domain size distributions do not significantly change. Therefore, the quantity ratios 

of the large, medium, and small PEDOT domains, listed in Table 7.2, remain unchanged under 

varying relative humidity conditions. Expressed more precisely, the size and the amount of the 

respective sized PEDOT domains (large, medium, and small) do not change with the humidity 

variation. This finding can be exhibited more clearly when comparing the evolution of the 

volume fraction distribution of all three EMIM DCA post-treated PEDOT:PSS thin film 

samples, plotted in Figure 7.4d-f and listed in Table 7.2. 

A different behavior is observed for the inter-domain distances shown in Figure 7.4c. From 

the model fits it is possible to reveal domain center-to-center distances for the large 𝐷𝐷𝑙𝑙 and 

medium 𝐷𝐷𝑚𝑚 domains, being 125 nm and 90 nm for the 0 M reference sample, 145 nm and 

70 nm for the 0.05 M sample, and 155 nm and 70 nm for the 0.35 M sample, respectively, at 

the starting state of 0 % RH. When the relative humidity is stepwise increased, to 20 % RH, 

50 % RH and 80 % RH, it can be observed that all domain distances follow with a stepwise 

increase, with the reference sample reaching a maximum of 135 nm and 102 nm for the inter-

domain distances between the large and medium domains, respectively. For the 0.05 M and 

0.35 M EMIM DCA post-treated PEDOT:PSS films, it seems that the distances between the 

large domains increase stronger, reaching corresponding maxima of 185 nm and 198 nm, 

compared to the increase in medium domain distances with maxima of 73 nm and 75 nm, 

respectively. 

This increase in the distances between the PEDOT domains can be led back to the fact that 

these domains are embedded in a matrix of PSS. As PSS is a hydrophilic polymer, it absorbs 

water when increasing the relative ambient humidity of the surrounding atmosphere, as it has 

been shown by Bießmann et al.[179] This water-uptake then leads to a swelling of the PSS matrix 

and results in the observed increase of the distances between the embedded hydrophobic 

PEDOT domains. As in the PEDOT:PSS polymer blend, only the PEDOT is the actual 

conductive polymer, it means that the free charge carriers, in this case holes, need to travel 

within and from one PEDOT chain to another. Since the PEDOT:PSS thin film structure 

consists of PEDOT enriched domains embedded in the PSS matrix, this means that the holes 

also need to travel between these conductive domains to yield conductivity throughout the film; 

working best the closer together these domains are. Consequently, the determined expansion in 

the PEDOT domain distances, caused by a swelling of the electrical insulating PSS matrix, 

means a reduction in the hole mobility. By this resulting in an increase of the electrical 
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resistance,[58
⁠

, 258
⁠

, 259] as observed for the 0 M reference sample, shown in Figure 7.1a. This 

explanation matches well with the reversible behavior of the domain-domain distances, plotted 

in Figure 7.4c, when drying the thin films at 0 % RH and removing the water molecules again 

at the end of the experiment. 

However, if an increasingly hindered inter-domain hole transport would be the only 

consequence of elevated humidity, it cannot explain why the film resistances of the 0.05 M and 

0.35 M EMIM DCA post-treated samples show a completely reversed behavior. In fact, it 

suggests that additional effects are coming from the EMIM DCA post-treatment, which need to 

be considered. 

 

7.4 Investigation of different conductivity contributions 

During a post-treatment of PEDOT:PSS films with ILs, not only the domain morphology will 

be tailored by removal of the excessive PSS, but also the IL ions, in this case EMIM+ and DCA- 

will partially diffuse and stay inside the PEDOT:PSS structure.[100
⁠

, 163] Subsequently, the thin 

PEDOT:PSS films now also comprise ionic species, which could contribute to the 

electrochemical behavior and, by this contribution, provide a reason why the resistance 

evolution under varying humidity is reversed.[119
⁠

, 122
⁠

, 124] To further investigate this effect, EIS 

measurements are performed with the IL post-treated and untreated PEDOT:PSS films. All 

specifics for the EIS sample geometry, measurement parameters, and equivalent circuit fitting 

are provided in Section 3.2.4. Furthermore, the applied humidity protocol and the actual R 

recorded within the measurement chamber are plotted in Figure 7.5. Unfortunately, for the 

0.35 M EMIM DCA post-treated PEDOT:PSS sample it was not possible to measure EIS, 

because of difficulties with evaporation of the gold contacts as the gold did not stick on the thin 

film in the defined geometry and blurred out completely. Therefore, Figure 7.6 shows the 

Nyquist plots and equivalent circuit fitting results only for the 0 M and 0.05 M samples, for 

each sample examined at the relative humidity steps of 0 %, 20 %, 50 %, 80 %, and again 0 %. 
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Figure 7.5 Humidity evolution during EIS examination of EMIM DCA treated PEDOT:PSS films. a) 

Relative humidity protocol applied during the EIS measurements. b) Relative humidity recorded simultaneously 

within the measurement chamber. Data shown for PEDOT:PSS thin films post-treated with pure THF 0 M (black 

hexagons) or with 0.05 M EMIM DCA (purple squares), respectively. Adapted with permission from Oechsle et 

al.[51] Copyright 2023 American Chemical Society. 

In Figure 7.6a the Nyquist EIS data of the 0 M reference sample at different humidity steps are 

plotted, which all show one semicircle. This single semicircle implies that there is only one 

measurable contribution to the observed resistance behavior, namely an electronic one. By 

equivalent circuit modeling of these Nyquist data, using the model described in Figure 3.9d, the 

electronic resistance values displayed in Figure 7.6c are determined.[260] 

The EIS resistance values for the 0 M reference sample are in the range of 105 Ω, thus 

matching with the results of Figure 7.1a; although the exact values differ which is explainable 

by the use of completely different measurement techniques and geometries. Additionally, the 

resistance values obtained from EIS also show an increase/decrease of the electronic resistance 

upon increasing/decreasing the humidity similar to the results in Figure 7.1a. This can be also 

observed in the Nyquist plots in Figure 7.6a by the shift of the interception point with the Z’ 

axis towards higher and then again lower Z’ values. Overall, this behavior matches very well 

with the trend provided by the in situ resistance measurements in Section 7.2. Furthermore, it 

fits well with the assumption of increasing PEDOT domain distances, caused by reversible 

swelling of the PSS matrix at elevated humidities, and hence an increased hindrance of the hole 

transport; explaining the observed increase in the electronic resistance.[58
⁠

, 258
⁠

, 259] 

In contrast to the reference sample, the Nyquist EIS data plots for the 0.05 M EMIM DCA 

post-treated PEDOT:PSS films in Figure 7.6b, show two semicircles instead of one; one 

depressed semicircle at the low frequency range and a segmented circle at the MHz frequency 

region. 
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Figure 7.6 Humidity-dependent EIS results of EMIM DCA treated PEDOT:PSS films. Nyquist plots of the 

PEDOT:PSS films post-treated with a) 0 M and b) 0.05 M EMIM DCA, respectively measured at 0 % (gray), 20 % 

(green), 50 % (light blue), 80 % (blue), and 0 % (red) relative humidity values. c) Electronic (orange lines) and 

ionic resistance (cyan lines) values obtained from equivalent circuit fitting of the respective Nyquist plots at 

different relative humidities, for 0 M (black hexagons) and 0.05 M (purple squares) EMIM DCA post-treated 

PEDOT:PSS films. Adapted with permission from Oechsle et al.[51] Copyright 2023 American Chemical Society. 

This finding indicates that there are two conduction contributions, namely an electronic and an 

ionic one.[119
⁠

, 124
⁠

, 260] Also for these Nyquist plots, equivalent circuit modeling according 

Section 3.2.4 is preformed and the results for the electronic and ionic resistances are shown in 

Figure 7.6c. Again, the exact resistance values differ, but the much lower order of 10³ Ω for the 

resistance of the 0.05 M compared to the 0 M sample, matches well with the results of Figure 

7.1a. The for this sample detected ionic resistance is assumed to arise from cationic charge 

transport, enabled due to the insertion of the ILs into the thin PEDOT:PSS film. For this, the 

cationic species, EMIM+ and protons, are estimated to move within the PSS- matrix through a, 

in Section 2.2.4 detailed, continuous detachment and attachment along the polymer chains, 

which is facilitated by cation solvation and PSS chain movement.[21
⁠

, 122
⁠

, 261] When the ambient 

humidity increases, the ionic resistance decreases; and increases again, when the ambient 
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atmosphere drops back to 0 % RH. This behavior can be explained, as the higher amount of 

water molecules leads to a better screening of the electrostatic attractions between the immobile 

sulfonate groups in the PSS chain and the cations, which enables a higher mobility of the 

cations.[124] Interestingly and at first counterintuitive, the electronic resistance also appears to 

decrease with increasing humidity for the 0.05 M EMIM DCA sample. One likely explanation 

could be that, due to the higher humidity, the water molecules solvate the PSS- counter ion, 

which reduces the electrostatic traps for the holes. As a result, this increases the hole mobility 

and thus reduces the electronic resistance.[119] Upon removal of the water molecules by drying 

the films at the end of the experiment, the electronic resistance increases back, as consequently 

the electrostatic traps are exempt again. This effect on the electronic resistance possibly does 

not show for the 0 M reference sample, as here the conductive PEDOT domain distances and 

the amount of insulating PSS in between are so large that the hindrance of the inter-domain 

hole transport is the limiting factor.[163] Nevertheless, as the ionic resistance is the lowest, the 

ionic conduction appears to be the main contributor to the overall charge transport and by this 

explains why the combined resistance evolution, observed in Figure 7.1a, shows a reversed 

behavior for the films, which are post-treated with the IL. 

7.5 Model description of the PEDOT:PSS charge transport 

behavior 

Combining the information gained from the previously discussed in situ investigations, in this 

section a model is proposed, which describes the principles of the different behaviors of the 

with or without EMIM DCA post-treated PEDOT:PSS films. For a better perception this model 

is schematically depicted in Figure 7.7.  

Figure 7.7a schematically illustrates the inner film morphology of PEDOT:PSS thin films. 

Within the PEDOT:PSS polymer blend films, PEDOT polymer enriched domains with 

enhanced crystallinity are present and are embedded within a matrix that mainly consists of the 

polymer PSS. As depicted, these PEDOT-rich domains are not clearly delineated from each 

other, but free ends, entanglements, and tie chains of the PEDOT polymer reaching inside the 

PSS matrix are present. From literature it is known that tie chains are relevant for the electrical 

conductivity in conjugated polymers because they bridge crystallites or local aggregates.[262
⁠

, 263] 

In the case of PEDOT:PSS these tie chains can form connections between the PEDOT-rich 
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domains and thus overcome the insulating PSS barrier, which enhances the charge carrier 

transport by the formation of a percolative network.[264
⁠

, 265] In the graphical representation of 

this model the PEDOT-rich domains are presented as fringed blue dots, which are embedded 

inside the grey colored hole insulating PSS matrix. 

Figure 7.7 Model description of EMIM DCA post-treated PEDOT:PSS films at different humidities. a) 

Chemical structure of PEDOT and PSS, with a schematic illustration of the polymer blend inner film morphology, 

namely the PEDOT-rich domains embedded in a matrix of mainly PSS. b) Schematic representation of the 

morphology changes happening within the 0 M (top) and 0.05 M (bottom) EMIM DCA post-treated PEDOT:PSS 

films, upon the increase of the relative humidity (from left to right). Dashed orange arrows depict the electronic 

contribution, meaning the hole transport mainly via the PEDOT domains; and cyan arrows depict the ionic 

contribution, namely the cation transport predominantly happening through the PSS matrix. Adapted with 

permission from Oechsle et al.[51] Copyright 2023 American Chemical Society. 
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Figure 7.7b schematically shows the changes in the PEDOT:PSS thin film morphology upon 

humidity elevation, for the differently treated samples; reference sample without EMIM DCA 

treatment, upper row, and samples post-treated with EMIM DCA, bottom row. If first 

comparing the top left with the bottom left image, it can be seen that upon treatment with an 

IL, in this case EMIM DCA, the thereby induced removal of excess PSS leads to a change of 

the PEDOT:PSS morphology; from fewer and rather large PEDOT domains, towards smaller 

and more finely distributed PEDOT domains. In total shorter distances are achieved between 

the hole conductive domains, as seen from in situ GISAXS, resulting in an increased 

interconnection and coupling of the domains via tie chains, which enables the inter-domain hole 

transport.[264] This manifests in an increased electronic conductivity, depicted in Figure 7.7 by 

an increasing amount of dashed orange arrows in the bottom image. Furthermore, as observed 

by the EIS measurements, for the IL post-treated sample an additional transport of ionic charge 

carriers, in this case mainly cations, is detected, which is presented here by the cyan colored 

arrows. This additional transport is presumed to arise from the input of EMIM cations, which 

on the one hand can travel through the partially negatively charged PSS polymer matrix 

themselves, as detailed in Section 2.2.4. Or on the other hand, they can interact with the 

sulfonate groups in the PSS chain and thereby enable an easier dissociation of protons, which 

are smaller and thereby allow a higher transport mobility through the PSS matrix.[119] Overall, 

with this proposed model the considerably smaller resistances for the EMIM DCA post-treated 

samples compared to the 0 M reference sample in the dry state can be explained in a 

straightforward manner. 

Furthermore, the model shown in Figure 7.7b, also schematically describes what happens 

upon exposure of the differently treated samples to an elevated humidity; respectively shown 

from left (low humidity) to right (high humidity). For the reference sample the, with in situ 

GISAXS measurements observed, increase in the domain-domain distances upon humidity 

elevation are illustrated, which lead to an increase in the hole transport barrier and by this 

explains the, in Figure 7.1 monitored raise of the film resistance.[35
⁠

, 58
⁠

, 179
⁠

, 258
⁠

, 259] Also for the 

EMIM DCA post-treated PEDOT:PSS films, Figure 7.7b bottom row, the domain-domain 

distances increase upon the increase of the humidity, which would in principle lead to an 

increase in the electronic resistance. However, for this sample, especially the small and medium 

domains are the significant contributions to the hole conductivity, because of their way higher 

count apparent in the associated domain size distributions in Figure 7.4b. As these small and 

medium domains are even in the swollen state still not as far away from each other, as compared 
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to the domains in the reference sample, quite some PEDOT domain-domain interconnections 

are remaining, which facilitate the hole transport. As a result, the electronic resistance of the 

EMIM DCA post-treated samples is not as high.[163] More importantly, the EMIM DCA ions 

bring another resistance decreasing contribution into account, namely the screening of the PSS- 

attraction towards the holes in the PEDOT+, by increasing contributions from both water 

molecule solvation and EMIM+ cations. This screening effect reduces the electrostatic traps for 

the hole transport and can account as explanation for the observed humidity-dependent 

reduction in the electronic resistance.[119] Within this model, the hole transport (electronic 

resistance) enhancing effect upon elevated humidity is represented in Figure 7.7b bottom right 

by a high amount of dashed orange arrows. As evidenced by EIS measurements, especially at 

elevated humidities the additional ionic contribution, here transport of cations, comes into play. 

The observed decrease in the ionic resistance can be explained, on the one hand, by the water 

molecules, which solvate the sulfonate groups in the immobile PSS chain. With this, they cause 

the screening of the electrostatic attractions towards the cations, which themselves are also 

surrounded by a mobile hydration shell, and thus, an easier cation transport through the PSS 

matrix is achieved.[122
⁠

, 124
⁠

, 261] On the other hand, upon hydration the polymer gets plasticized 

by water molecules, which enables a better chain motion and consequently a better cation 

transport.[122] This high contribution of the ionic transport leads to the, in Figure 7.1 observed, 

strong decrease of the film resistance upon humidity increase, and is depicted in our model by 

an increased number of cyan colored arrows through the PSS matrix. As all the above-described 

effects upon elevated humidity are caused by the increased presence of water molecules within 

the PEDOT:PSS films, they consequently exhibit a reversible behavior as observed when the 

films are dried and the water molecules are extracted again. 

Summarizing, from the combination of knowledge gained from the in this chapter discussed 

in situ investigation methods, the schematic model is presented in Figure 7.7, which clarifies 

why the humidity induced resistance evolution of thin PEDOT:PSS films post-treated with 

0.05 M or 0.35 M EMIM DCA is completely reversed compared to that of a 0 M pure 

PEDOT:PSS reference sample. 
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7.6 Summary 

In this chapter, the contribution of electronic and ionic charge carrier transport to the resistance 

of thin PEDOT:PSS films post-treated with different concentrations of EMIM DCA (0 M, 

0.05 M, 0.35 M), is examined dependent on the ambient humidity. In situ resistance 

measurements performed while exposing the samples to a defined protocol of stepwise increase 

and decrease of the humidity, reveal a difference in the conductance behavior of 0.05 M and 

0.35 M EMIM DCA post-treated samples compared to the 0 M reference sample. For the 

reference sample the resistance increases with increasing humidity, which can be explained by 

a swelling of the PSS matrix, resulting in an increase of the overall domain-domain distances; 

as evidenced by in situ GISAXS measurements. This increase in the distances causes a higher 

hindrance of the inter-domain hole transport, proven by the increased electronic resistance 

observed in the EIS measurements. For the EMIM DCA post-treated samples on the one hand 

a morphological rearrangement towards smaller, more finely distributed, and thereby more 

densely packed PEDOT enriched domains is found, which boosts the hole transport and 

strongly decreasing the electronic resistance compared to the reference sample. On the other 

hand, by means of the EIS technique the emergence of an additional ionic charge transport 

contribution is shown, caused by the introduction of the IL ions. This ionic resistance decreases 

upon elevated humidity, due to the improved cation transport through water solvation and 

electrostatic screening of the PSS- charge; and explains the reversed film resistance evolution 

in comparison to a 0 M reference sample. Supported by these in situ morphology and 

impedance measurements a model is introduced, which describes the charge transport behavior 

under elevated humidity. This model provides a contribution to a better understanding of the 

possible influences of the ambient environment on the variety of PEDOT:PSS based devices. 
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8 Humidity influence on electric and 
ionic charge transport in 
PEDOT:PSS films 

This chapter is based on the publication “Unraveling the Humidity Influence on the 

Electrical Properties of Ionic Liquid Posttreated Poly(3,4-ethylene dioxythiophene): 

Poly(styrenesulfonate) Films” (A. L. Oechsle, T. Schöner, C. Geiger, S. Tu, P. Wang, R. 

Cubitt, P. Müller-Buschbaum, Macromolecules 2023, 56, 22, 9117-9126; DOI: 

10.1021/acs.macromol.3c01842). Reprinted with permission from Oechsle et al.[52] 

Copyright 2023 American Chemical Society. Experiments were performed in 

collaboration with master student Tobias Schöner. 

In this chapter, the conductive polymer blend PEDOT:PSS, popular for numerous organic 

applications, is investigated in terms of the influences that ionic liquid treatment and ambient 

humidity have on its conductivity properties. PEDOT:PSS thin films post-treated with different 

concentrations of the IL EMIM DCA are exposed to different relative humidity steps from 0 % 

RH up to 90 % RH. Simultaneously, the film swelling and increase in the scattering length 

density (𝑆𝑆𝑆𝑆𝑆𝑆), indicating a water uptake of the films, are monitored in situ with spectral 

reflectance (SR) and time-of-flight neutron reflectometry (ToF-NR). Additional in situ 

electrochemical impedance spectroscopy (EIS) shows that the pristine PEDOT:PSS only has 

an electronic conductivity, while for the IL treated samples an additional ionic conductivity 

contribution is observed. Upon humidity increase, the electronic conductivity of all 

PEDOT:PSS thin films decreases, while the ionic conductivity for IL post-treated thin films is 

enhanced by the intake of water molecules. 
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8.1 In situ humidity investigation of IL post-treated PEDOT:PSS 

Organic electronics are becoming of increasing importance in our everyday lives. Whether as 

organic light-emitting diodes[226
⁠

, 248], bioelectronics[245
⁠

, 266], displays[251
⁠

, 267], transistors[232
⁠

, 247
⁠

, 

268], solar cells[33
⁠

, 225], or sensors[58
⁠

, 217], organic electronics will be indispensable in the future, 

as they have huge advantages compared to their inorganic counterparts. Besides being typically 

low or non-toxic, lightweight, transparent, and mechanically flexible, organic electronics 

usually can be processed in a wet chemical route from solution, which allows for a fast and 

cost-efficient large-scale device fabrication process by making use of spraying, printing, or dip 

coating.[6 ⁠

, 7] In general, these devices are likely exposed to various environmental influences, 

during synthesis but also during their use in diverse applications, which can sometimes strongly 

condition the performance of the materials. Therefore, during the development of materials for 

future devices, it is essential to consider and investigate possible effects of different 

environmental influences like temperature or atmospheric composition, e.g. the presence of 

water and oxygen, on the performance and stability. Numerous organic materials, with a variety 

of characteristics, are presently under extensive investigation or already in use. Either based on 

organic small molecules, for example, anthracene derivatives, oligothiophenes and 

fullerenes,[269] or based on polymers, such as polythiophenes, polyacetylenes, and 

polypyrroles.[190] One particular organic polymer semiconductor is especially popular and is 

regularly used for multiple purposes in organic electronics, namely the polymer blend 

PEDOT:PSS.[17
⁠

, 21
⁠

, 244] On the one hand it consists of PEDOT with an oxidized polythiophene 

backbone, thus making it an excellent positive charge carrier conductor. On the other hand, it 

consists of PSS, which is a polyanion that stabilizes the positive charge carriers and additionally 

renders the entire polymer blend water-soluble.[16] Previous research with a view on the 

improvement of PEDOT:PSS properties for specific applications, for instance the electrical 

conductivity (𝜎𝜎) for organic photovoltaics,[24
⁠

, 30] the Seebeck coefficient (𝑆𝑆) for 

thermoelectrics,[38
⁠

, 53] or the flexibility for transparent electrodes,[34
⁠

, 35] mostly utilize the high 

and easy tunability of PEDOT:PSS, which is facilitated by its special nanoscale domain 

structure. As introduced in Section 2.1.2, if prepared as thin films, PEDOT:PSS forms pancake-

shaped PEDOT enriched domains embedded within a PSS matrix. This structure results from 

the typical fabrication out of aqueous solution, where the non-soluble PEDOT shapes into 

spherical cores that are surrounded by shells of water-soluble PSS.[19
⁠

, 84] As PEDOT is the actual 

p-conductor and PSS is an insulator, the free charge carriers need to travel from one PEDOT
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domain to another to enable the electrical conductivity of PEDOT:PSS thin films. With different 

treatment approaches, like inorganic salts[27
⁠

, 29], acids or bases[33
⁠

, 192], solvents[34
⁠

, 93], 

surfactants[36
⁠

, 37], or ionic liquids[46
⁠

, 100], this special domain structure can be tuned and the 

properties of PEDOT:PSS are desirably altered. As presented in Chapter 5, for the PEDOT:PSS 

application as a thermoelectric material, an IL treatment procedure where thin PEDOT:PSS 

films are post-treated with EMIM DCA turned out to be especially promising. With this 

treatment, a simultaneous strong increase of the electrical conductivity (1126 S cm-1) and the 

Seebeck coefficient (46 µV K-1) was achieved, thus facilitating a thermoelectric power factor 

of 236 µW m-1K-2.[163] Here, two main underlying effects caused this property improvement.[44
⁠

, 

48
⁠

, 100] On the one hand, the IL anions interact with the PEDOT, leading to a dedoping of the 

conductive polymer by reducing the positive charge carriers, i. e. polarons and bipolarons 

within the PEDOT chain. Such a reduction of the positive charge carriers is beneficial for the 

Seebeck coefficient in TE materials and results in an increased 𝑆𝑆. On the other hand, the IL 

cations simultaneously interact with the polyanion PSS, weakening the electrostatic attraction 

between the PEDOT and PSS chains, and thus enable a removal of some PSS from the films. 

This removal of excessive PSS, which was evidenced via XPS measurements by Saxena et 

al.[100] or Yemata et al.[48], induces a reorientation of the PEDOT:PSS domain morphology 

towards small and finely distributed PEDOT enriched conductive domains with less 

electronically insulating PSS matrix in between.[50
⁠

, 163] The thus resulting network of overall 

closer-packed conductive domains and hence a reduced energy barrier for the positive charge 

carrier-transport can explain the observed increase in electrical conductivity 𝜎𝜎.[24
⁠

, 163] However, 

as mentioned before, it is not enough to only tune the properties of a material to a desired extent, 

it is also necessary to consider and investigate possible effects of different environmental 

influences,[50
⁠

, 51
⁠

, 179] like the temperature influence discussed in Chapter 6, or the ambient 

humidity, which was already presented in Chapter 7, but will be more focused in the study 

presented in this chapter. The investigations discussed in the previous Chapter 7, have shown 

that the properties of PEDOT:PSS change strongly upon experiencing different humidity 

values, and even more interestingly that the trends of the humidity influence completely reverse 

dependent on if the films have been post-treated with the IL EMIM DCA or not.[51] 

To further determine the different underlying effects of the humidity influence, in this study 

PEDOT:PSS thin films post-treated with different concentrations of the IL EMIM DCA are 

exposed to a defined humidity protocol while simultaneously investigate the occurring property 

changes. With systematic in situ SR measurements the swelling behavior of the films is 
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followed and with in situ ToF-NR changes in the film 𝑆𝑆𝑆𝑆𝑆𝑆 profiles are determined. Both 

techniques give information about the film thickness, while ToF-NR further provides 

information about the amount of water incorporated into the film at different ambient humidity 

values. As the conductivity is the most important material parameter for the usage in various 

organic electronic applications, additionally in situ EIS is performed, to monitor the charge 

carrier conductance of the EMIM DCA post-treated PEDOT:PSS films. By combining all 

results from these in situ experiments, the influence of humidity on IL treated PEDOT:PSS thin 

films can be explained in more detail, and thus contribute crucial knowledge for the application 

of this popular material in numerous organic electronic devices. 

Based on the results in the Chapter 5, the two most promising EMIM DCA post-treatment 

concentrations of 0.05 M and 0.35 M are selected and an additionally 0 M reference sample is 

investigated. For this study, it was necessary to prepare two sets of samples, in order to meet 

the respective requirements of the utilized measurement techniques. For the ToF-NR & SR 

silicon wafers were used as substrates because they own a very smooth, well reflecting surface 

and are mechanically stable. Therefore, they facilitate a large sample size of 70 x 70 mm² with 

low substrate bending, which is especially important for the large footprint of the ToF-NR 

measurements. The samples for the EIS can be smaller, 25 x 25 mm², but need a defined 

geometry of conductive and non-conductive areas on the surface, which is possible to obtain 

by etching of ITO substrates. However, even though different geometries and sample substrates 

have to be used, the thin film fabrication is kept as similar as possible to sustain a comparability 

of the data. The precise descriptions of the respective sample preparation procedures are 

provided in Chapter 4. Furthermore, the pre-characterization and in situ measurement methods 

are detailed in Chapter 3. 

8.2 Humidity-dependent film swelling and water uptake 

For a closer investigation of the humidity influence on EMIM DCA post-treated PEDOT:PSS 

thin films SR and ToF-NR, respectively detailed in Section 3.1.3 and Section 3.4.3, were 

chosen as measurement techniques. Unfortunately, for the 0.35 M concentration the film 

surface is too rough to be measurable with ToF-NR & SR and therefore an additional sample 

with 0.01 M concentration is investigated. All measurements are performed in situ during 

exposure of the respective films with a defined humidity protocol shown for the 0 M and 0.05 M 

samples in Figure 8.1a, and for the 0.01 M sample in Figure 8.1b. 
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Figure 8.1 Humidity evolution during the SR & ToF-NR examination of EMIM DCA treated PEDOT:PSS 

films. a) & b) Applied humidity protocol, and c) & d) actual relative humidity recorded during in situ ToF-NR and 

SR measurements for the thin PEDOT:PSS films post-treated with 0 M (black hexagon) and 0.05 M (purple 

squares), and 0.01 M (dark purple triangle) EMIM DCA concentration. Solid lines in a) & b) show the 

measurement period when static ToF-NR and dashed lines when kinetic ToF-NR measurements were performed. 

The respective humidity stages are marked with different background colors; 0 % RH (gray), 0 – 20 % RH (green), 

20 – 60 % RH (light blue), 60 – 90 % RH (blue), and re-drying 90-0 % RH (orange). Adapted with permission 

from Oechsle et al.[52] Copyright 2023 American Chemical Society. 

Due to time-limited usage of the neutron facility, the protocol of the 0.01 M sample is 

shortened. However, this means that a complete achievement of the equilibrium state, especially 

at high RH, is not always guaranteed. Therefore, the results of this sample should be carefully 

regarded as merely additional input. The 0 M and 0.05 M samples (and 0.01 M in brackets) are 

exposed to the following set-point of the humidity: a first N2 drying stage at 0 % RH for 45 min 

(20 min), then an increase of the humidity to 20 % RH for 105 min (20 min), then to 60 % RH 

for 105 min (25 min), followed by a 90 % RH step for 135 min (73 min) and finally a further 

drying at 0 % RH for 105 min (35 min). During the experiments the actual humidity inside the 
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chamber was always recorded and is plotted in Figure 8.1c and d for the respective samples. 

Facilitated by a window in the chamber lid, SR measurements are conducted simultaneously, 

which allow to in situ observe the evolution of the film thickness following the defined 

humidity protocol. The results for the 0 M and 0.05 M samples, and the 0.01 M sample are 

plotted in Figure 8.2. 

Figure 8.2 Film thickness evolution of EMIM DCA post-treated PEDOT:PSS films at different humidities 

Humidity-dependent film thickness evolution obtained from in situ SR (full symbols) and static ToF-NR (hollow 

symbols) measurements of a) 0 M (black hexagon) and 0.05 M (purple squares), and b) 0.01 M (dark purple 

triangle) EMIM DCA post-treated PEDOT:PSS films. The respective humidity stages are marked with different 

background colors; 0 % RH (gray), 0 – 20 % RH (green), 20 – 60 % RH (light blue), 60 – 90 % RH (blue), and re-

drying 90-0 % RH (orange). Dashed lines mark the respective thicknesses for the dried and fully swollen state. 

Adapted with permission from Oechsle et al.[52] Copyright 2023 American Chemical Society. 

From Figure 8.2, the initial thickness values 𝑡𝑡𝑆𝑆𝑆𝑆 for the 0 M, 0.01 M, and 0.05 M samples 

determined with SR are 173 nm, 211 nm, and 223 nm, respectively. A comparison of these 

values with the thickness values obtained from the pre-characterization with surface 

profilometer 𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and X-ray reflectometry 𝑡𝑡𝑋𝑋𝑋𝑋𝑋𝑋, listed in the table in Figure 8.3a, shows that 

the values match well and thus confirms reliable SR results. The corresponding XRR curves 

are plotted in Figure 8.3b, and the surface profilometry and XRR measurement details are 

provided in Section 3.3.1 and Section 3.4.1, respectively. 

Furthermore, it can be seen in Figure 8.2 that upon a stepwise increase of the chamber 

humidity, all samples follow with a stepwise increase of the film thickness, whereby the most 

substantial swelling happens during the 90 % RH step. The maximum film thicknesses, and the 

corresponding relative thickness, calculated by dividing the actual bulk layer thickness by the 

respective initial value (𝑟𝑟𝑟𝑟𝑟𝑟. 𝑡𝑡𝑆𝑆𝑆𝑆 = 𝑡𝑡𝑆𝑆𝑆𝑆/𝑡𝑡𝑆𝑆𝑆𝑆,0), are: 369 nm and 2.13 for the 0 M sample, 451 nm 
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and 2.14 for the 0.01 M sample, and 526 nm and 2.36 for the 0.05 M sample. Therefore, 

indicating that the relative film swelling is more significant for a higher EMIM DCA post-

treatment concentration. All film thickness values of the different post-treated PEDOT:PSS 

samples, obtained with SR at the equilibrium of every humidity step, are listed in Table 8.1. 

 

 

 
NR & SR samples 

0 M 0.01 M 0.05 M 

tprofil  

[Å] 

1783  

± 209 

2059  

± 322 

2143  

± 321 

tXRR  

[Å] 

1811  

± 2 

2245  

± 2 

2344  

± 2 

SLDXRR 

[10-6 Å-2] 

13.34  

± 0.01 

12.55  

± 0.01 

12.56  

± 0.01 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑋𝑋𝑋𝑋𝑋𝑋 

[Å] 

23  

± 2 

38  

± 4 

20  

± 2 
 

 
Figure 8.3 Pre-characterization results of EMIM DCA post-treated PEDOT:PSS films for ToF-NR & SR. 

Table listing the from surface profilometry obtained thin film thickness values (𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑), and XRR fitting results 

for the thicknesses (𝒕𝒕𝑿𝑿𝑿𝑿𝑿𝑿), scattering length densities (𝑺𝑺𝑺𝑺𝑺𝑺𝑿𝑿𝑿𝑿𝑿𝑿) and roughnesses (𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒉𝒉𝑿𝑿𝑿𝑿𝑿𝑿) of the 0 M, 0.01 M, 

and 0.05 M EMIM DCA post-treated PEDOT:PSS films on silicon for the ToF-NR & SR measurements. XRR 

pre-characterization curves. X-ray reflectivity curves of the ToF-NR and SR samples, 0 M (black hexagon), 

0.01 M (dark purple triangle) and 0.05 M (purple squares) EMIM DCA post-treated PEDOT:PSS films together 

with their corresponding fit results (red lines). 

 
Table 8.1 Film thicknesses of EMIM DCA post-treated PEDOT:PSS films at different humidities obtained 

with SR. From SR data obtained sample thickness (𝒕𝒕𝑺𝑺𝑺𝑺) and the corresponding relative thickness (𝒓𝒓𝒓𝒓𝒓𝒓. 𝒕𝒕𝑺𝑺𝑺𝑺), 

calculated by dividing the actual bulk layer thickness by the respective initial value (𝒕𝒕𝑺𝑺𝑺𝑺/𝒕𝒕𝑺𝑺𝑺𝑺,𝟎𝟎), of 0 M, 0.01 M, 

and 0.05 M EMIM DCA post-treated PEDOT:PSS films, in equilibrium at different humidity stages. 

SR results 0 % RH 20 % RH 60 % RH 90 % RH re-dried 

0 M 
𝑡𝑡𝑆𝑆𝑆𝑆 [Å] 1728 1816 1993 3688 1763 

𝑟𝑟𝑟𝑟𝑟𝑟. 𝑡𝑡𝑆𝑆𝑆𝑆 1.00 1.05 1.15 2.13 1.02 

0.01 M 
𝑡𝑡𝑆𝑆𝑆𝑆 [Å] 2114 2241 2586 4508 2127 

𝑟𝑟𝑟𝑟𝑟𝑟. 𝑡𝑡𝑆𝑆𝑆𝑆 1.00 1.06 1.22 2.14 1.00 

0.05 M 
𝑡𝑡𝑆𝑆𝑆𝑆 [Å] 2229 2326 2618 5262 2232 

𝑟𝑟𝑟𝑟𝑟𝑟. 𝑡𝑡𝑆𝑆𝑆𝑆 1.00 1.04 1.17 2.36 1.00 
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Additionally, the custom-made sample environment, described in Section 3.5.3, allows to 

simultaneously perform in situ ToF-NR measurements, from which information about changes 

in the 𝑆𝑆𝑆𝑆𝑆𝑆 profiles along the direction perpendicular to the substrate surface can be obtained. 

From these 𝑆𝑆𝑆𝑆𝑆𝑆 profiles the water uptake as well as information about the polymer layer 

thickness evolution is independently extracted as described in Section 2.3.4. In general, 

displayed in Figure 8.1, static ToF-NR measurements are conducted at times when the films 

are in equilibrium or approaching equilibrium, and kinetic ToF-NR measurements with high 

time resolution are performed during the swelling of the post-treated PEDOT:PSS thin films. 

The static ToF-NR reflectivity (𝑅𝑅) curves of the three tested samples conducted at the different 

equilibrated humidity stages are presented in Figure 8.4a-c, together with their corresponding 

fit curves obtained by using the two-layered model described in Section 2.3.4.  

From these model fits, information about the equilibrated polymer film thicknesses 𝑡𝑡𝑁𝑁𝑁𝑁 at 

the end of each respective humidity step can be obtained, and the results are listed in Table 8.2 

and marked in Figure 8.2 as hollow symbols. Overall, it shows that the thickness evolution 

obtained from modeling the static ToF-NR data matches with the results from the SR 

measurements. 

Table 8.2 Static ToF-NR fitting results for EMIM DCA post-treated PEDOT:PSS films at different 

humidities. From static ToF-NR data fits obtained polymer bulk layer thickness (𝒕𝒕𝑵𝑵𝑵𝑵) and corresponding relative 

thickness (𝒓𝒓𝒓𝒓𝒓𝒓. 𝒕𝒕𝑵𝑵𝑵𝑵), calculated by dividing the actual bulk layer thickness by the respective initial value 

(𝒕𝒕𝑵𝑵𝑵𝑵/𝒕𝒕𝑵𝑵𝑵𝑵,𝟎𝟎), scattering length density (𝑺𝑺𝑺𝑺𝑺𝑺𝑵𝑵𝑵𝑵), and roughness (𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝑵𝑵𝑵𝑵) of 0 M, 0.01 M, and 0.05 M EMIM 

DCA post-treated PEDOT:PSS films, in equilibrium at different humidity stages. 

ToF-NR results 0 % RH 20 % RH 60 % RH 90 % RH re-dried 

0 M 

𝑡𝑡𝑁𝑁𝑁𝑁 [Å] 1730 ± 2 1816 ± 2 2008 ± 2 3719 ± 4 1798 ± 2 

𝑟𝑟𝑟𝑟𝑟𝑟. 𝑡𝑡𝑁𝑁𝑁𝑁 1.00 1.05 1.16 2.15 1.04 

𝑆𝑆𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁 [10-6 Å-2] 2.26 ± 0.01 2.84 ± 0.01 3.32 ± 0.01 4.83 ± 0.01 2.42 ± 0.01 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑁𝑁𝑁𝑁 [Å] 14 ± 1 15 ± 2 18 ± 2 23 ± 2 14 ± 1 

0.01 M 

𝑡𝑡𝑁𝑁𝑁𝑁 [Å] 2111 ± 2 - - 4549 ± 5 2128 ± 2 

𝑟𝑟𝑟𝑟𝑟𝑟. 𝑡𝑡𝑁𝑁𝑁𝑁 1.00 - - 2.16 1.01 

𝑆𝑆𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁 [10-6 Å-2] 2.01 ± 0.01 - - 4.30 ± 0.01 2.13 ± 0.01 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑁𝑁𝑁𝑁 [Å] 18 ± 2 - - 24 ± 2 16 ± 1 

0.05 M 

𝑡𝑡𝑁𝑁𝑁𝑁 [Å] 2246 ± 2 2348 ± 2 2626 ± 3 5271 ± 5 2239 ± 2 

𝑟𝑟𝑟𝑟𝑟𝑟. 𝑡𝑡𝑁𝑁𝑁𝑁 1.00 1.05 1.17 2.35 1.00 

𝑆𝑆𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁 [10-6 Å-2] 2.03 ± 0.01 2.30 ± 0.01 2.82 ± 0.01 4.48 ± 0.01 2.09 ± 0.01 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑁𝑁𝑁𝑁 [Å] 18 ± 2 19 ± 2 20 ± 2 24 ± 2 14 ± 1 
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Figure 8.4 In situ static ToF-NR data of EMIM DCA post-treated PEDOT:PSS films at different humidities. 

Static reflectivity R curves for a) the 0 M reference, b) 0.01 M and c) 0.05 M EMIM DCA post-treated 

PEDOT:PSS films, collected in equilibrium at the end of each humidity stage, namely 0 % RH (gray), 20 % RH 

(green), 60 % RH (light blue), 90 % RH (blue), and re-drying 0 % RH (orange). The reflectivity data are shifted 

along the y-axis for sake of clarity and the black arrows emphasize the shifts of the critical edge. The red solid 

lines present the fits to the data using a two-layer model. d), e) and f) Corresponding 𝑺𝑺𝑺𝑺𝑺𝑺 profiles obtained from 

fits of the static ToF-NR data, with dashed lines marking the 𝑺𝑺𝑺𝑺𝑺𝑺 values for the respective humidity step. Adapted 

with permission from Oechsle et al.[52] Copyright 2023 American Chemical Society. 
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As marked by black arrows in Figure 8.4a-c, the static ToF-NR data show a clear shift of the 

critical edge towards higher 𝑞𝑞𝑧𝑧-values with increasing humidity and back to lower 𝑞𝑞𝑧𝑧-values 

when redrying the thin film samples. As explained in Section 2.3, this shift means a change in 

the 𝑆𝑆𝑆𝑆𝑆𝑆 of the post-treated PEDOT:PSS films following the humidity increase and indicates 

the uptake of D2O into the thin films. From the results of the fits (red lines) of the static ToF-

NR data, listed in Table 8.2, the respective 𝑆𝑆𝑆𝑆𝑆𝑆 profiles along the surface normal of the different 

samples can be obtained, shown in Figure 8.4d-f. This representation gives a clear view of what 

is happening with the film thickness and 𝑆𝑆𝑆𝑆𝑆𝑆 of the EMIM DCA post-treated PEDOT:PSS 

films while experiencing the applied humidity protocol. After the initial N2 drying, the 𝑆𝑆𝑆𝑆𝑆𝑆 

value (𝑆𝑆𝑆𝑆𝑆𝑆0% = 2.26 × 10-6 Å-2) of the 0 M reference sample, is higher compared to the 0.01 M 

and 0.05 M post-treated films, with 2.01 × 10-6 Å-2 and 2.03 × 10-6 Å-2, which is ascribed to the 

intake of the IL molecules into the PEDOT:PSS polymer. If now stepwise increasing the 

chamber humidity, for all three studied films a stepwise swelling of the film thickness and an 

additional rise in the 𝑆𝑆𝑆𝑆𝑆𝑆 can be observed; achieving maxima for both values once the 

equilibrium is reached at 90 % RH. The 0 M reference sample hereby shows a strong increase 

of the 𝑆𝑆𝑆𝑆𝑆𝑆, to an overall maximum of 4.83 × 10-6 Å-2, while compared to this, the 0.05 M 

sample only reaches a maximum 𝑆𝑆𝑆𝑆𝑆𝑆 of 4.48 × 10-6 Å-2. Interestingly the PEDOT:PSS thin 

film post-treated with 0.01 M EMIM DCA reaches an even lower 𝑆𝑆𝑆𝑆𝑆𝑆 maximum of 4.30 × 10-

6 Å-2 at 90 % RH, which is strongly believed to be due to the shortened humidity protocol and 

thus caused insufficient time for the film to fully reach the swollen state equilibrium. In general, 

it can be concluded that the post-treatment with EMIM DCA shows an influence on the 𝑆𝑆𝑆𝑆𝑆𝑆 

evolution and therefore on the uptake of D2O into the PEDOT:PSS films. Additionally, it can 

be noted that the formation of a D2O enrichment layer on top or below the polymer bulk layer 

could not be detected. This finding indicates that the D2O molecules easily diffuse and evenly 

integrate into the polymer bulk layer, possibly favored due to the hygroscopic PSS matrix and 

the additional intake of the IL ions. As can also be seen clearly from Figure 8.4d-f, for all three 

samples the increase in the 𝑆𝑆𝑆𝑆𝑆𝑆 and the film thickness is nearly completely reversible upon 

redrying the samples at the very end of the humidity protocol.  

For a further investigation of the uptake of the D2O not only during the equilibrium stage, but 

also dynamically during the film swelling, kinetic ToF-NR measurements are also performed, 

as marked in Figure 8.1. Exemplary ToF-NR data of these kinetic experiments are shown in 

Figure 8.5 together with their fits as solid red lines. The increase in the film roughness (Table 
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8.2) upon higher relative humidities causes a smearing of the Kiessig fringes. Therefore, in the 

following only the shift of the critical edge and the kinetic evolution of the samples 𝑆𝑆𝑆𝑆𝑆𝑆s are 

discussed, with the results being presented in Figure 8.6a and b. 

 
Figure 8.5 Kinetic ToF-NR curves of EMIM DCA post-treated PEDOT:PSS films at different humidities. 

Kinetic ToF-NR curves for a)-d) 0 M, e)-h) 0.01 M, and i)-l) 0.05 M EMIM DCA post-treated PEDOT:PSS films, 

respectively shown from left to right during the different humidity steps. The reflectivity data are shifted along the 

y-axis for sake of clarity, from bottom to top with proceeding experiment time, and the red solid lines present the 

fits of the data. Adapted with permission from Oechsle et al.[52] Copyright 2023 American Chemical Society. 
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Figure 8.6 𝑺𝑺𝑺𝑺𝑺𝑺 and D2O content evolution of EMIM DCA post-treated PEDOT:PSS films at different 

humidities. a), b) 𝑺𝑺𝑺𝑺𝑺𝑺 evolution during the in situ ToF-NR experiment of the 0 M (black hexagon), 0.01 M (dark 

purple triangle), and 0.05 M (purple squares) EMIM DCA post-treated PEDOT:PSS sample, obtained from fits of 

the kinetic (full symbols) and static (hollow symbols) ToF-NR data. c), d) Corresponding incorporated D2O 

content, with dashed lines marking the maximum D2O content for each sample in the equilibrium state of the 90 % 

RH humidity stage. Adapted with permission from Oechsle et al.[52] Copyright 2023 American Chemical Society. 

As introduced in Section 3.4.3, following Equation (3.39), the D2O volume fraction (𝜙𝜙(𝑡𝑡)) 

inside the thin films can be calculated using the obtain 𝑆𝑆𝑆𝑆𝑆𝑆 evolution plotted in Figure 8.6: 

 
𝜙𝜙(𝑡𝑡) =

𝑆𝑆𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡) − 𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑
𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷2𝑂𝑂 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑

 (3.39) 

containing the experimentally measured polymer bulk 𝑆𝑆𝑆𝑆𝑆𝑆 at the time 𝑡𝑡 (𝑆𝑆𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡)), the 𝑆𝑆𝑆𝑆𝑆𝑆 

of the dry film in equilibrium at the end of the first 0 % RH humidity stage (𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑), and the 

𝑆𝑆𝑆𝑆𝑆𝑆 of D2O obtained from the literature (𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷2𝑂𝑂= 6.36 × 10-6 Å-2).[177] From the plotted D2O 

volume fraction in Figure 8.6c and d, it is clearly visible that with the stepwise raise in the 

chamber environment humidity, all three thin films increasingly incorporate D2O. In doing so 

they follow a similar kinetic trend for each humidity step, namely a strong initial incline and 
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then a slow leveling and reaching of the respective equilibrium, with the strongest D2O uptake 

happening during the 60 - 90 % RH stage. Maximum D2O contents of 63 %, 53 % and 57 % 

are obtained for the 0 M, 0.01 M, and 0.05 M EMIM DCA post-treated samples, respectively.  

Furthermore, it can be noted that the D2O uptake kinetics of the post-treated sample 

compared to the untreated samples do not strongly distinguish from each other. Meaning that 

both incorporate D2O nearly equally fast. This trend can be observed in Figure 8.7, where the 

relative D2O uptake is fitted to obtain the corresponding water uptake time constants 𝜏𝜏ℎ𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢, 

as detailed in the Section 3.4.3. Hereby, only the time constants for the 0 M and 0.05 M EMIM 

DCA post-treated films are compared, as they were applied to the same humidity protocol. It 

shows that even though the values for the 0.05 M sample are a bit smaller, implying a bit faster 

water uptake, overall, the values differ only minimally, so that no significant conclusion about 

differences in the water uptake kinetics can be ascertained. 

 

 

 

D2O uptake time constant 

𝜏𝜏ℎ𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢[min] 

0M 0.05 M 

0 - 20 % RH 5.55 4.55 

20 - 60 % RH 5.88 3.33 

60 - 90 % RH 14.29 12.5 

90 - 0 % RH 7.14 5.55 
 

 

Figure 8.7 D2O uptake kinetics of EMIM DCA post-treated PEDOT:PSS films at different humidities. 

Relative D2O uptake of the 0 M and 0.05 M EMIM DCA post-treated PEDOT:PSS samples, calculated from the 

respective D2O contents obtained from kinetic ToF-NR measurements. Corresponding fits are shown with red 

solid and dashed lines. Table listing the resulting D2O uptake time constants 𝝉𝝉𝒉𝒉𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖. Adapted with permission 

from Oechsle et al.[52] Copyright 2023 American Chemical Society. 

From in situ ToF-NR and SR experiment it can be concluded that the differently post-treated 

films all incorporate D2O when the humidity is increased inside the measurement chamber. 

However, the PEDOT:PSS films post-treated with EMIM DCA show a more significant 

swelling compared to the 0 M reference sample. While in contrast, the EMIM DCA post-

treatment seems to reduce the overall D2O uptake, which might be caused by the treatment 

accompanying effect of hygroscopic PSS removal and reorientation of the PEDOT:PSS domain 

structure.[100
⁠

, 163] 
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8.3 Electrochemical investigation of conductivity contributions 

One outstanding property of PEDOT:PSS, which makes it so popular for a wide range of 

organic electronic applications, is its conductivity. Therefore, in this thesis the humidity-

dependent conductivity behavior of PEDOT:PSS films post-treated with the different 

concentrations, 0 M, 0.05 M, and 0.35 M of EMIM DCA, is investigated. For this, in situ EIS 

measurements, detailed in Section 3.2.4, are performed on the differently prepared samples 

inside the custom-built measurement chamber, described in Section 3.5.1. Combining this 

chamber with the gas flow system introduced in Section 3.5.2, it allows to adjust the sample 

environment according to a defined humidity protocol plotted in Figure 8.8a Since the EIS 

measurement chamber is, in contrast to the ToF-NR & SR chamber, not optimized for high 

humidity experiments, the humidity is limited to a maximum of 80 % RH. The actual chamber 

humidity recorded during the respective EIS experiments is plotted in Figure 8.8b. 

 
Figure 8.8 Humidity evolution during the EIS examination of EMIM DCA treated PEDOT:PSS films. a) 

Applied humidity protocol and b) actual recorded relative humidity inside the measurement chamber, during the 

EIS measurements. The respective humidity stages are marked with different background colors; 0 % RH (gray), 

0 – 20 % RH (green), 20 – 50 % RH (light blue), 50 – 80 % RH (blue), and re-drying 90-0 % RH (orange). 

Adapted with permission from Oechsle et al.[52] Copyright 2023 American Chemical Society. 

From the EIS measurements acquired Nyquist plots of representative samples of each 

concentration, 0 M, 0.05 M and 0.35 M, are shown in Figure 8.9a-c, and the used EIS 

parameters are listed provided in Section 3.2.4. For all three samples the in situ EIS 

measurements were conducted during the kinetic humidity incline (bright lines), and in the 

equilibrium state (dark lines with dots) of the respective humidity stages. 



8.3 Electrochemical investigation of conductivity contributions 

 
173 

 

 
Figure 8.9 EIS results of EMIM DCA post-treated PEDOT:PSS films at different humidities. Nyquist plots 

of the PEDOT:PSS films post-treated with a) 0 M, b) 0.05 M, and c) 0.35 M EMIM DCA measured during (bright 

line) and at the end (dark line with dots) of the different humidity stages; 0 % RH (gray), 0 – 20 % RH (green), 

20 – 50 % RH (light blue), 50 – 80 % RH (blue), and re-drying 80-0 % RH (orange). d) Electronic and e) ionic 

conductivities of 0 M (black hexagons), 0.05 M (purple squares), and 0.35 M (light purple diamonds), obtained 

from equivalent circuit fits of the respective Nyquist plots. Adapted with permission from Oechsle et al.[52] 

Copyright 2023 American Chemical Society. 

The Nyquist plots of the 0 M reference sample show one segmented semicircle for all humidity 

steps, which implies the presence of just one, in fact, an electronic resistance contribution. The 

humidity-induced shift of the plots intersection with the x-axis towards higher Z’ values 

indicates an increase in the electronic resistance upon water uptake, which matches previous 

reports in the literature.[257
⁠

–260] For the 0.05 M EMIM DCA concentration, the Nyquist plots 

consist of a depressed semicircle at low frequencies and the indication of a segmented 

semicircle at the high frequency range, the latter becoming more pronounced for the 0.35 M 

sample. This evolution means that both EMIM DCA post-treated samples hold two resistance 

contributions, an electronic and ionic one.[119
⁠

, 124
⁠

, 260] As explained in Section 3.2.4 and depicted 

in Figure 3.9d, from the shifts of the right Z’-plot-intersection and of the semicircle crossings, 

the electronic and the ionic resistances of the thin films seem to be both influenced by the 

applied humidity. However, to get more precise details about the resistance behavior of the 
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post-treated PEDOT:PSS thin films, equivalent circuit model (ECM) fits as detailed in 

Section 3.2.4 are performed on the Nyquist plots of the one semicircle of the 0 M reference 

sample and the two semicircles of the 0.05 M and 0.35 M samples.[119
⁠

, 260] With the thickness 

values from pre-characterization with surface profilometry (𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) and the relative thickness 

evolution from the in situ static ToF-NR, the thickness changes of the EIS samples are 

approximated as listen in Table 8.3. With these thickness values and the resistance values 

obtained from the ECM fits, the electronic and ionic conductivity of the different post-treated 

samples can be calculated. The results are plotted in Figure 8.9d and e for the different humidity 

steps. 

Table 8.3 Thicknesses evolution of EMIM DCA post-treated PEDOT:PSS films for EIS. From surface 

profilometry obtained initial thin film thickness values (𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑), and the, with the relative thicknesses of static 

ToF-NR (𝒓𝒓𝒓𝒓𝒓𝒓. 𝒕𝒕𝑵𝑵𝑵𝑵), approximated thickness evolution (𝒕𝒕𝒄𝒄𝒄𝒄𝒄𝒄) of the 0 M, 0.05 M, and 0.35 M EMIM DCA post-

treated PEDOT:PSS films on etched ITO during the EIS measurements. 

 0 % RH 20 % RH 50 % RH 80 % RH re-dried 

0 M 

𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 [Å] 1303 ± 14 - - - - 

𝑟𝑟𝑟𝑟𝑟𝑟. 𝑡𝑡𝑁𝑁𝑁𝑁 1.00 1.05 1.16 2.15 1.04 

𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐 [Å] 1303 ± 14 1368 ± 14 1513 ± 16 2803 ± 30 1355 ± 14 

0.05 M 

𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 [Å] 1515 ± 29 - - - - 

𝑟𝑟𝑟𝑟𝑟𝑟. 𝑡𝑡𝑁𝑁𝑁𝑁 1.00 1.05 1.17 2.35 1.00 

𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐 [Å] 1515 ± 29 1584 ± 30 1772 ± 34 3556 ± 68 1511 ± 29 

0.35 M 

𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 [Å] 1425 ± 2 - - - - 

𝑟𝑟𝑟𝑟𝑟𝑟. 𝑡𝑡𝑁𝑁𝑁𝑁 1.00 1.05 1.17 2.35 1.00 

𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐 [Å] 1425 ± 2 1490 ± 2 1666 ± 2 3344 ± 4 1421 ± 2 

 

Since for the 0 M reference sample only an electronic resistance is observed, also only an 

electronic conductivity is obtained, which is furthermore far lower than the electronic 

conductivities achieved for the 0.05 M and 0.35 M EMIM DCA post-treated PEDOT:PSS 

films. The electronic conductivity reaches maxima values of 21 S cm-1, 282 S cm-1, and 

336 S cm-1, respectively for the 0 M, 0.05 M, and 0.35 M samples, during the first 0 % RH 

drying step. The higher conductivity values for the samples post-treated with EMIM DCA, very 

well demonstrate the already in the literature and previous chapters discussed effect of PSS 

removal and rearrangement of the conductive PEDOT-rich domains upon IL treatment, 

resulting in a better positive charge carrier mobility.[46
⁠

, 163] For all three samples the electronic 

conductivity decreases upon the increase of the RH inside the measurement chamber, and 



8.4 Model description of the humidity influence on PEDOT:PSS 

 
175 

 

increases when the thin films are re-dried, almost reaching the respective initial electronic 

conductivities. In doing so, the values still follow the trend of higher electronic conductivities 

for higher EMIM DCA concentrations, reaching values of 4 S cm-1 (0 M), 125 S cm-1 (0.05 M), 

and 166 S cm-1 (0.35 M) at the highest humidity stage of 80 % RH. In contrast to the electronic 

conductivity evolution, the ionic conductivity of the 0.35 M sample shows an opposite 

behavior, namely an increase upon increase of the relative humidity, from 1.8 × 10-3 S cm-1 at 

0 % RH, to 3.2 × 10-3 S cm-1 at 80 % RH, and back to 1.9 × 10-3 S cm-1 at 0 % RH. The ionic 

conductivity of the 0.05 M EMIM DCA post-treated PEDOT:PSS film starts at 1.3 × 10-3 S cm-

1, then first decreases during the 20 % RH and 50 % RH humidity stages to 1.1 × 10-3 S cm-1 

and 1.0 × 10-3 S cm-1 respectively, but then raises to 1.6 × 10-3 S cm-1 for the highest humidity 

stage of 80 % RH. Interestingly, for this sample, the ionic conductivity, even though decreasing 

again upon re-drying the film, stays quite high compared to the initial value.  

Nevertheless, from the EIS measurements it can be overall summarized that, on the one hand, 

only the EMIM DCA post-treated PEDOT:PSS films show an ionic conductivity contribution 

in addition to the electronic conductivity. On the other hand, while the electronic conductivity 

for all samples reciprocally decreases or increases with a raise or reduction of the RH, the ionic 

conductivity seems to be boosted by a higher RH and achieves maxima at the 80 % RH stage 

for both, the 0.05 M and 0.35 M, samples. 

 

8.4 Model description of the humidity influence on PEDOT:PSS 

The results from the in situ experiments conducted during this study can be combined in a 

model description, which is graphically illustrated in Figure 8.10, to make them easier 

comprehensible.  

As introduced in in Section 2.1.2, the polymer blend composition of PEDOT:PSS and its 

particular morphology formed in thin films, enables the broad property tunability of this popular 

material and affects its behavior under different ambient influences. When in aqueous solution, 

PEDOT:PSS forms a core shell-like structure where the hydrophobic PEDOT is accumulated 

in the core, surrounded, and stabilized by a shell of hydrophilic PSS. Spin-casting this solution 

to thin films and evaporating the water, causes the core-shell structures to form pancake-shaped 

PEDOT-rich domains, which are embedded in a matrix of PSS. 
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Figure 8.10 Model description of the humidity influence on the charge transport in EMIM DCA post-treated 

PEDOT:PSS films. Graphical illustration of the differences in morphology and charge carrier transport in 

PEDOT:PSS thin films a) without and b) with EMIM DCA post-treatment, from top to bottom upon increase of 

the relative humidity. Adapted with permission from Oechsle et al.[52] Copyright 2023 American Chemical Society. 

In Figure 8.10a this dried pristine PEDOT:PSS thin film is schematically pictured in the top 

image, with blue rods and areas representing PEDOT, and the grey lines and background 

representing PSS. In these initial films, free positive charge carriers (orange), namely polarons 

and bipolarons, are present in the PEDOT polymer chain, which will be denoted as polymeric-

holes in the following. These holes can travel within and from one PEDOT chain to another, 

depicted by the dashed orange arrows, thus leading to a high conductivity within the PEDOT-

rich domains. However, for electronic conductivity throughout the film the holes are required 

to overcome the electronically insulating PSS matrix to travel from one PEDOT-rich domain 

to another. In the pristine, untreated PEDOT:PSS thin films a fair amount of PSS is present and 

the distances between the PEDOT-rich domains are rather large, thus this explains why the 

electronic conductivity is locally hindered and the overall electronic film conductivity is quite 
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low, with 21 S cm-1, obtained from EIS. If now exposing this untreated PEDOT:PSS film to 

increasing humidity, an uptake of water into the thin film and a swelling of the entire film 

thickness is observed with in situ SR and in situ ToF-NR. Reaching 63 % water content and 

2.15 times swelling of the film thickness at the highest humidity stage of 90 % RH. Depicted 

in Figure 8.10a bottom image, the incorporated water accumulates inside the hygroscopic PSS 

matrix (light blue color), swelling it up, and causing the PEDOT-rich domains to further move 

away from each other. This results in an increase of the domain-domain distances, which was 

directly evidenced with in situ GISAXS as presented in the previous work in Chapter 7.[51] 

Because of that, the barrier, which the positive charge carriers need to overcome to travel from 

one conductive domain to another is heightened. Therefore, it can directly explain why the 

electronic conductivity of this film measured with EIS decreases to 4 S cm-1 at the equilibrium 

of the highest humidity stage. Overall, this model concludes and well explains why the 

electronic conductivity decreases for the 0 M sample upon increased RH. 

However, the previous investigations of Chapter 7,[51] and the present study show that 

PEDOT:PSS thin films, which have been post-treated with ILs appear to demonstrate a different 

conductivity behavior. Differences in the film structure become already visible when comparing 

the top images of Figure 8.10a and b. First of all, as previously discussed evidenced with 

performed GIWAXS and GISAXS studies,[100
⁠

, 163] upon post-treatment with EMIM DCA, the 

PEDOT:PSS domain morphology changes, towards smaller and finer distributed PEDOT-rich 

domains, with less electronically insulating PSS matrix in between. This change is caused by 

an interaction of the EMIM DCA ions with the polymer chains, which weakens the PEDOT to 

PSS attraction and thus allows a removal of excessive PSS during the post-treatment procedure. 

As thereby the PEDOT-rich domains move closer together, the holes can now easily travel from 

one to another (dashed orange arrows in Figure 8.10b top image), endowing these dry EMIM 

DCA post-treated thin films with high electronic film conductivities; of 282 S cm-1 (0.05 M) 

and 336 S cm-1 (0.35 M). Another difference is the within the PEDOT:PSS polymers 

incorporated IL ions. While the DCA anions (purple) interact with the positively charged 

PEDOT chain and therefore are mainly present inside the PEDOT-rich domains, the EMIM 

cations (turquoise) interact and accumulate inside the negatively charged PSS matrix. These 

EMIM cations are able to travel within the PSS matrix by intra-chain, interchain, or anionic 

site-to-site hopping mechanisms, already known from polymer electrolytes and facilitated by 

PSS chain movement, as detailed in Section 2.2.4.[270] This cation movement, depicted with 

turquoise arrows in Figure 8.10b, is giving rise to the with EIS measured additional ionic 
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conductivity contribution of 1.3 × 10-3 S cm-1 and 1.8 × 10-3 S cm-1 at 0 % RH for the 0.05 M 

and 0.35 M post-treated samples, respectively. Upon increase of the relative humidity inside 

the measurement chamber, similar to the pristine PEDOT:PSS thin film, a thickness swelling 

and water uptake for the EMIM DCA post-treated thin films is observed with in situ SR and 

in situ ToF-NR measurements. As mentioned before, the water incorporation is mainly 

happening within the hygroscopic PSS matrix, which is reduced due to the EMIM DCA post-

treatment, and therefore explains why the 0.05 M sample only reaches a water content of 57 % 

at the maximum humidity of 90 % RH. The enlarged distances between the conductive PEDOT 

domains, caused by the swelling of the PSS matrix, lead also for these samples to an impaired 

hole mobility and decreased electronic conductivity. This decrease in the electronic 

conductivity is evidenced with in situ EIS and is depicted in Figure 8.10b bottom image by a 

lower amount of orange arrows traveling between the blue PEDOT-rich domains. However, 

with in situ EIS it can be detected that in contrast to the electronic conductivity, the ionic 

conductivity increases upon higher humidity, illustrated by turquoise arrows, reaching 

maximum values of up to 1.6 × 10-3 S cm-1 (0.05 M) and 3.2 × 10-3 S cm-1 (0.35 M). This rise 

in the ionic conductivity is enabled by an eased movement of cationic species inside the swollen 

PSS matrix due to the water uptake.[271] More precisely, the water molecules (light blue) solvate 

the negatively charged sulfonate groups in the PSS chain and by this screen the electrostatic 

attraction towards the cations. Furthermore, also the cations themselves are enclosed in a 

hydration shell, facilitating an easier cation transport through the PEDOT:PSS thin film.[122
⁠

, 124
⁠

, 

261] In addition, the water molecules have a plasticizing effect on the polymer chains and can

assist the motion of the PSS for a better cation mobility.[122
⁠

, 271]

Overall, with this explicit and plain schematic sketch in Figure 8.10 combining the results 

from in this chapter presented in situ studies, the differences in the conductivity behavior 

between PEDOT:PSS thin films with or without IL post-treatment can be easily comprehended. 

The knowledge gained from this research, is crucial for the planning of future PEDOT:PSS 

applications in diverse organic electronic devices. 
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8.5 Summary 

To conclude, the humidity-dependent conductivity behavior of PEDOT:PSS thin films can be 

strongly influenced by a post-treatment with ILs. With in situ EIS at different relative humidity 

stages, it is shown that untreated PEDOT:PSS only possesses a low electronic conductivity of 

around 21 S cm-1, while thin films post-treated with EMIM DCA have a higher electronic 

conductivity of up to 336 S cm-1. This higher conductivity is caused by a removal of the positive 

charge carrier-transport impeding PSS between conducting PEDOT-rich domains. As 

evidenced by in situ SR and in situ ToF-NR, with higher RH the PSS matrix incorporates water 

molecules and swells up. This leads to an increased distance between the conductive domains 

and thus impairs the positive charge carrier mobility, which can be detected with EIS in the 

reduction of the electronic conductivity for all PEDOT:PSS samples. However, for the EMIM 

DCA post-treated samples, an additional ionic conductivity is observed, which comes from the 

intake of IL ions inside the polymer. This ionic conductivity is assumed to arise from mobile 

cations traveling inside the PSS polymer and it is found with in situ EIS to be enhanced by a 

rise in the RH up to 3.2 × 10-3 S cm-1. These findings contribute to a better understanding of the 

influences that an IL post-treatment of PEDOT:PSS thin films can have on the materials 

humidity-dependent conductivity behavior. Therefore, it is suggested, to take them into account 

when considering the usage of PEDOT:PSS for organic device applications exposed to various 

environmental conditions. 
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9 Conclusion 
Thermoelectric materials are in the spotlight of research, as they can be applied in solar thermal 

energy harvesting or waste heat recovery and thus have the potential to greatly contribute to 

global sustainable energy solutions. Organic semiconducting polymers offer the potential for 

non-toxic, cheap, lightweight, and flexible thin-film devices, and thus prove to be useful for a 

variety of organic electronic and thermoelectric applications. The organic polymer blend 

PEDOT:PSS is especially promising as it provides the possibility to easily tune and improve its 

properties by modifying its particular domain morphology. So far, the precise underlying effects 

of these different improvement approaches, like ionic liquid (IL) post-treatment, are poorly 

understood, and the effects of environmental influences on, and the stability of these post-

treated PEDOT:PSS based materials are not yet adequately known. These are crucial topics that 

need to be addressed to achieve a strategic improvement and successful usability of 

PEDOT:PSS in respective future applications. Therefore, in this thesis the following scientific 

topics were discussed by investigation of the PEDOT:PSS morphology, oxidation level, and 

property relations: 1) The unraveling of the underlying effects on PEDOT:PSS upon IL post-

treatment. 2) The investigation of the influence of elevated temperature on the properties and 

stability of these IL post-treated PEDOT:PSS thin films. 3) The impact of relative humidity 

with a focus on the function-morphology correlation and the charge carrier transport specifics 

of PEDOT:PSS thin films either with or without IL post-treatment. 

First, it is demonstrated that with a post-treatment approach using various concentrations of the 

different ILs (AMIM DCA, EMIM DCA, and EMIM TCB) a strong improvement of the 

thermoelectric properties of PEDOT:PSS thin films can be successfully achieved. More 

precisely, the Seebeck coefficient and the electrical conductivity of these thermoelectric films 

are simultaneously increased by this IL post-treatment. Stronger effects are seen for higher IL 

concentrations and most significantly when applying EMIM DCA. The underlying effect for 

the occurring Seebeck coefficient improvement upon IL post-treatment is shown to be caused 

by a decrease of the charge carrier concentration due to a reduction in the PEDOT oxidation 
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level. This oxidation level reduction, evidenced by UV-Vis spectroscopy, is attributed to the 

anions of the respective ILs, which migrate into the polymer blend and interact with the 

positively charged PEDOT chains. Furthermore, an additional IL post-treatment-caused effect 

on the PEDOT:PSS domain morphology, responsible for the simultaneously occurring 

electrical conductivity enhancement, is unraveled. Demonstrated using GISAXS and 

conductive AFM, the particular PEDOT:PSS thin film morphology, consisting of electrically 

conductive PEDOT-rich domains embedded in a non-conductive PSS matrix, undergoes a 

rearrangement upon the post-treatment with ILs. For this rearrangement, mainly the respective 

IL cations are responsible, as they diffuse into the PEDOT:PSS thin film and interact with the 

negatively charged PSS chains, thereby they weaken the PEDOT-to-PSS interactions and thus 

induce a partially removal of PSS during the post-treatment procedure. Consequently, the 

PEDOT-rich domains become smaller, more evenly distributed, and overall more densely 

packed upon IL post-treatment. Due to the reduced amount of non-conductive PSS matrix in 

between these domains, the inter-domain charge carrier mobility is facilitated, thus enhancing 

the electrical conductivity. A fundamental understanding is developed combining the respective 

underlying effects of IL anions and cations on the oxidation level and domain morphology of 

PEDOT:PSS thin films, promoting the comprehension of the IL post-treatment influences on 

the thermoelectric film properties. Furthermore, it shows the importance of IL selection for the 

strategic improvement towards desired PEDOT:PSS applications, and reveals that especially 

ILs that contain small, sterically unhindered ions with a strong localized charge, like EMIM 

DCA, are favorable for the thermoelectric property enhancement. 

The properties of these PEDOT:PSS thin films successfully improved with EMIM DCA 

post-treatment are promising for a potential future thermoelectric application. However, for an 

accurate assessment of their applicability as a thermoelectric material, an examination of their 

thermal stability over time is crucial. Time-resolved investigations are achieved by performing 

in situ conductivity, in situ GISAXS, and in situ UV-Vis measurements of PEDOT:PSS thin 

films post-treated with various concentrations of EMIM DCA at elevated temperatures for 

4.5 h. Heating of EMIM DCA post-treated films at 100 °C results in a continuous and 

irreversible decrease in their electrical conductivity, which is proven to be mainly caused by 

coarsening of the inner PEDOT:PSS domain morphology. Hereby the large PEDOT domains 

embedded in the non-conductive PSS matrix undergo a growth in size to the detriment of 

coalescing and disappearing small domains, which results in increased distances between the 

conductive PEDOT domains and thus an impeded inter-domain hole transport. Furthermore, 
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the oxidation level, and consequently the charge carrier concentration of PEDOT decreases 

during the heat treatment at 100°C, which also contributes to the decrease in the electrical 

conductivity. These temperature-dependent conductivity degradation processes are shown to be 

more pronounced for PEDOT:PSS thin films treated with high EMIM DCA concentrations, 

which is dedicated to the plasticizing effect of ILs and the thereby facilitated domain 

rearrangement. Consequently, an untreated PEDOT:PSS reference sample demonstrates no 

significant conductivity change upon being heated at 100 °C. Furthermore, heating of 

EMIM DCA post-treated PEDOT:PSS thin films at 50 °C does not lead to a decrease 

in their conductivity, nor does it result in a coarsening of the domain morphology or a 

reduction of the PEDOT oxidation level. The hereby gained understanding of the temperature 

driven irreversible degradation effects underlines the significance of a careful IL 

concentration-dependent selection of moderate operation temperatures for the long-term 

thermoelectric applications of EMIM DCA post-treated PEDOT:PSS thin films. 

For commercialization purposes, the operational capability of these EMIM DCA 

post-treatment improved PEDOT:PSS thin films in terms of the impact of the 

environmental factor, relative humidity, on the material’s properties is of great interest and is 

evaluated in the next step. Untreated PEDOT:PSS thin films demonstrate a stepwise 

increase in their electrical resistance directly following a stepwise increase of the relative 

humidity. This effect is shown to be caused by the incorporation of water molecules into the 

PEDOT:PSS thin film, which is driven by the hygroscopic PSS matrix and directly 

verifiable with in situ ToF-NR and in situ SR measurements. The water uptake leads to a 

swelling of the PSS matrix and results in continuously increasing distances between the 

PEDOT-rich domains, demonstrated by in situ GISAXS, which consequently impedes the 

inter-domain hole conductivity and causes the electrical resistance to increase. However, 

especially notable is the finding that with an EMIM DCA post-treatment, this 

disadvantageous humidity-dependent resistance evolution can be completely reversed. 

Thus, for PEDOT:PSS thin films post-treated with different concentrations of EMIM 

DCA, the electrical resistance is shown to decrease with increasing relative humidity. 

Hereby, the water uptake and morphology investigations with in situ ToF-NR, in situ SR, 

and in situ GISAXS, evidence a similar behavior as the untreated PEDOT:PSS thin films, 

namely an incorporation of water and swelling of the PSS matrix, which results in a distance 

increase between the PEDOT domains. However, compared to the untreated films the water 

uptake is lower, as the EMIM DCA post-treatment procedure results in a partial removal of 

the hygroscopic PSS matrix. Eventually, it is demonstrated that the observed reversed 
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humidity-dependent behavior stems from an additional ionic charge carrier transport 

contribution, attributed to the intake of EMIM DCA ions into the PEDOT:PSS thin film. Proven 

by in situ EIS experiments, this ionic conductivity contribution arises in the PEDOT:PSS thin 

film upon EMIM DCA post-treatment and increases with increasing relative humidity. Hereby 

the EMIM cations are the cause as they are predominantly located and can freely move within 

the PSS matrix. Upon increasing relative humidity and water uptake into the PSS matrix, these 

cations become more mobile through water solvation and electrostatic screening, consequently 

increasing the ionic conductivity and with this determining the reversed behavior for the EMIM 

DCA post-treated PEDOT:PSS films. Finally, the discovered and investigated reversible 

conductivity enhancement of PEDOT:PSS thin films upon increasing relative humidity, which 

is induced by the IL post-treatment, is visually described in an explanation model combining 

the morphology correlations and charge carrier transport specifics. From this model, it becomes 

clear how the humidity-dependent property behavior can be favorably tuned with a selected 

EMIM DCA post-treatment approach, and this provides a promising new aspect for respective 

potential applications of PEDOT:PSS thin films. 

In summary, the underlying effects of IL post-treatment on PEDOT:PSS thin films are 

unraveled, which enables a more efficient and application-focused selection of the utilized IL 

ions. A deeper understanding of the temperature influence on the properties and stability of 

these EMIM DCA post-treated PEDOT:PSS thin films is provided, suggesting a limitation to 

moderate operation temperatures. Furthermore, the humidity-dependent function-morphology 

correlations and charge carrier transport specifics of PEDOT:PSS thin films are demonstrated 

to present a way for a favorable reversible conductivity enhancement upon increasing relative 

humidity, induced by the EMIM DCA post-treatment. The combined findings of this thesis 

provide a better understanding of the basic underlying effects and impact of different influences 

on PEDOT:PSS, significantly contributing to its usability in organic electronics and 

thermoelectric applications. 

An interesting aspect for the future research is the investigation of additional ionic contributions 

from IL post-treatment to the Seebeck coefficient of PEDOT:PSS thin films at increasing 

relative humidity. Thermal conductivity measurements of these promising EMIM DCA post-

treated PEDOT:PSS thin films are beneficial to determine the capability of these materials for 

thermoelectric applications more precisely. Additionally, the steps for future implementation 

of these thermoelectric thin films into application are worth considering, in terms of realization 
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of large-scale film deposition and post-treatment experiments, and regarding the development 

of a suitable device design. For this, it is also necessary to select and further develop a matching 

n-type thermoelectric material, for example, one candidate could be poly[3-(potassium-6-

hexanoate)thiophene-2,5-diyl], which is a water-soluble organic polymer that demonstrates 

promising Seebeck coefficients when doped with chloroauric acid. 
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