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Abstract 

Polymer light-emitting diodes (PLEDs) are one of the most promising applications of 

organic semiconductors. Among others, PLED full color displays require the three pri-

mary colors blue, green and red for proper color presentation. Green and red light emit-

ting polymers have already been realized with the desired properties. Blue light emitting 

polymers, however, still suffer from their limited efficiency and stability. This work 

presents different approaches to investigate novel poly(indenofluorene) based homo- 

and copolymers with respect to the stated properties. One of the important values which 

determine the efficiency of light emitting materials is the photoluminescence quantum 

yield and an indirect method to measure this value was successfully applied here. Be-

sides that, a detailed study of the photoluminescence related stability with respect to 

different influences (thermal stress under air and under argon, UV irradiation and acidic 

environments) was carried out. Of special interest were any interactions of the emissive 

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

which has an acidic character and is used in almost every efficient PLED device as in-

jection and smoothing layer. Different influences on the components of the polymer 

chain were observed. Further on, the operational stability of PLED devices in oxygen 

and humidity containing atmospheres was investigated. The results strongly indicate 

static and dynamic quenching. Different single-layer and multi-layer PLED configura-

tions were tested with respect to luminance and efficiency. The best results were ob-

tained from anode/hole transporter/emitter/electron transporter/cathode architectures. 

The fabrication of such solution processed multi-layer devices is challenging, since one 

has to ensure that the solvent of the subsequent solution does not dissolve the layer be-

neath. Hence, a part of the work deals with fabrication aspects of such polymer het-

erostructures from solution.  
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Kurzfassung 

Polymer-basierende Licht emittierende Dioden (PLEDs) sind eine der vielen viel 

versprechenden Anwendungsmöglichkeiten von organischen Halbleitern. Für eine 

farbtreue Bildwiedergabe benötigen u.a. PLED Displays die drei Grundfarben Blau, 

Grün und Rot. Rot und Grün emittierenden Materialien wurden bereits erfolgreich mit 

den gewünschten Eigenschaften entwickelt. Blau emittierende Polymere sind jedoch 

nach wie vor in ihrer Effizienz und Stabilität eingeschränkt. Diese Masterarbeit hat sich 

zum Ziel gesetzt, neuartige Polyindenofluoren-basierende Homo- und Copolymere im 

Bezug auf diese zwei Eigenschaften zu untersuchen. Die Effizienz von Polymer-

basierenden Bauteilen ist unter anderem durch die Photolumineszenz-Quantenausbeute 

des emittierenden Materials definiert. Um diese messtechnisch zu erfassen wurde eine 

indirekte experimentelle Methode erfolgreich angewandt. Weiters wurde die spektrale 

Stabilität unter dem Einfluss von thermischem Stress, UV-Bestrahlung und sauren 

Medien untersucht. Von besonderem Interesse waren Interaktionen mit Poly-3,4-

ethylendioxythiophen Polystyrensulfonat (PEDOT:PSS), da dieses Polymer in nahezu 

jeder effizienten PLED als Injektions- und Glättungsschicht Anwendung findet. Diese 

Degradationsstudien zeigten verschiedenste Einwirkungen auf die Bestandteile der 

Polymerkette. Weiters wurde die Stabilität von PLEDs, die in einer künstlichen 

Sauerstoffhaltigen oder befeuchteten Atmosphäre betrieben wurden, untersucht. Die 

hier gemessenen Effekte deuten stark auf eine statische oder dynamische 

Fluoreszenzlöschung hin. Ebenso wurden verschiede Ein- und Mehrschicht PLED 

Strukturen bezogen auf ihre Helligkeit und Effizienz getestet. Dabei wurden mit 

Lochtransporter/Polymer/Elektronentransporter - Mehrschichtsystemen die besten 

Ergebnisse erzielt. Die Herstellung solcher Mehrschichtsysteme aus Lösung ist 

problematisch da das Lösungsmittel der aufzubringenden Schicht oft die 

darunterliegende Schicht wieder an- oder auflöst. Ein Teil dieser Arbeit beschäftigt sich 

daher auch mit fabrikationsbezogenen Aspekten von polymeren Mehrschichtsystemen. 
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1 Introduction and motivation 

The starting point of the rapid development of organic semiconductor technology is 

generally assigned to the discovery of electrical conductivity in doped polyacetylene by 

Heeger et al. in 1977.1 Since this, organic semiconductor technology is emerging and 

many different applications like organic light emitting diodes2, organic photovoltaic 

cells3, organic field effect transistors4 and many others were demonstrated and already 

play an industrial role. However, a drawback for a cheap and efficient 

commercialization of organic semiconductor technology like PLED displays still is the 

high reactivity of the devices to oxygen and humidity. Different inorganic, organic or 

hybrid sealings are used to exclude these two substances, but the desired low 

permeabilities (<10-6 g/m2d for water vapour and <10-6cm3/m2 d bar for oxygen) can 

only be reached in demanding processes so far.5,6  

The scope of this work is the investigation of photophysical and electrooptical proper-

ties of novel poly(indenofluorene) based homo- and copolymers with respect to their 

efficiency and stability in different environments. In the following chapter 2, a short 

overview of the physical fundamentals of organic semiconductors and an introduction 

into photophysics will be given. Chapter 3 deals with the working principle of polymer 

light emitting diodes and device degradation related processes. An indirect method to 

measure the photoluminescence quantum yield (PLQY) for solutions, which is a key 

property of every light emitting material, will be presented in chapter 4. The experimen-

tal results are split into four chapters: Chapter 5 shows the basic photophysical proper-

ties of the novel compounds: Absorbance and photoluminescence from solutions and 

from thin films as well as their photoluminescence quantum yield. In addition, the 

cross-linking property of a hole transporting material was investigated since this is a 

basic requirement for the fabrication of solution processed multi-layer PLEDs. Chapter 

6 presents the stability of the photoluminescence spectrum with respect to different en-

vironments (thermal stress under air and under argon atmosphere, UV irradiation, acidic 

environments). The influence of oxygen and humidity to the emitted light intensity of 

PLED devices will be shown in chapter 7. In chapter 8, the optimization of PLED archi-

tectures with respect to luminance and efficiency will be presented. Especially, a novel 

solution processed hole transport layer will be applied. 
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2 Light emitting organic semiconductors 

The following sections 2.1 and 2.2 deal with fundamentals of organic semiconductors 

and about the basic design of blue emitting polymers. The sections 2.3 - 2.5 outline ra-

diative and non-radiative processes in organic semiconductors and the influences of 

impurities and the presence of other molecular species to them. 

2.1 Fundamentals 

The semiconducting properties of various organic compounds arise from the special 

structure of this class of materials. The main component of an organic semiconductor is 

carbon. Carbon is the 4th main group element with 6 electrons and hence a 1s2 2s2 2p2 

ground state configuration. This configuration allows only two electrons to form bonds, 

which is in strong contrast to experimental observations where four equal binding orbi-

tals were found. In 1931, Linus Pauling7 formulated the theory of orbital hybridization 

and explained this discrepancy: Parts of the binding energy are used to promote one 

electron from the 2s orbital to the unoccupied 2p orbital. A linear combination of the 

wave functions of the 2s orbital and either one, two or three 2p orbitals lead to energeti-

cally equal hybrid orbitals, correspondingly denoted as sp, sp2 or sp3  hybridization. 

Figure 2.1 presents the described formation of four sp3 orbitals. 

 

Figure 2.1: The principle of the sp3 hybridization. Taken from [8] 

The alternation of carbon double and single bounds is the foundation of organic semi-

conductors: This is based on a sp2-hybridization of the carbon atoms (Figure 2.2). Three 

energetically equal sp2 orbitals form strong σ-bonds (rotation symmetric to the bond 

axis) with the neighboring atoms. The remaining p orbital is perpendicular oriented to 
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the plane of the sp2 orbitals and forms a weaker π-bond with a neighboring p orbital of a 

carbon atom. The electrons in such a π-bond are strongly delocalized. Find the orbital 

structure of ethylene as an example for a material with a carbon double bond in figure 

2.2 (right). 

             

Figure 2.2: The sp2 hybridization of carbon. From left to right: Side and top view of the orbitals of a sin-
gle carbon atom. Carbon double bond in the case of ethylene, C2H4. (Taken from [8] and modified) 

As mentioned, the semiconducting properties of an organic compound arise from con-

jugation, which refers to alternating single and double bonds. However, this is just a 

model assumption, in fact, in a conjugated system all bonds are equal and the π-bonds 

form a strongly delocalized molecular orbital over the whole system. The benzene ring, 

C6H6, is given as example in figure 2.3.  

 

Figure 2.3: The benzene ring with localized p-orbitals (left) and with a strongly delocalized molecular 
orbital (right). Taken from [8]. 

The molecular orbital theory predicts that the two atomic orbitals which form the bond 

split up into a binding molecular orbital - π, and into an anti-binding molecular orbital - 

π*. Pauli's exclusion rule tells that each orbital can contain two electrons and since the 

π-bond is lower in energy, the electrons contributed by the p-orbitals of the carbon at-

oms (one electron per atom) fill this band completely. The π*-orbital remains unoccu-

pied. If the energy gap between the bonding orbital (or highest occupied molecular or-

bital - HOMO) and the anti-bonding π*-orbital (or lowest unoccupied molecular orbital 

- LUMO) is correspondingly small, the material can be denoted as semiconductor. The 
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energy of HOMO and LUMO, and thus the band gap can be tuned by structural modifi-

cations of the polymer. Since the band gap corresponds to the emission color, different 

emission colors can be obtained in this way. 

2.2 Design and properties of poly(para-phenylene)-type blue emitting 
polymers 

Efficient and stable blue electroluminescence emission is a basic demand for full colour 

light emitting devices such as displays. The human brain interprets electromagnetic ra-

diation in the range from 435 nm (2.85 eV) to 480 nm (2.58 eV) as blue colour, thus 

blue emitting polymers are high band gap materials.9 In order to achieve bright blue 

emission, the band gap of the emitter has to be optimized with respect to the visual sen-

sitivity of the human eye (Figure 2.4, black line/squares) as well as to emitted colour. It 

can be seen that the sensitivity for blue colour is low (<10%) compared to the sensitivity 

maximum at 555 nm which corresponds to a green to yellow colour. Therefore, blue 

emitters have to emit higher radiant intensities to create an equal brightness impression.  

Poly(para-phenylene)-type (PPP-type) materials are a promising class of polymers with 

respect to their emission colour as well as to their efficiency. The basic PPP structure is 

made up of para-linked benzene rings (aryl groups) and optional side chains. Table 2.1 

summarizes five PPP-type polymers with an increasing degree of aryl bridging.  

Polymer 1, a poly(para-phenylene), typically shows a single unstructured emission peak 

around 390 nm which is to far in a violet spectral region and hence not suitable for the 

human eyes colour perception.9  

The repeating unit of the probably most famous blue emitting polymer, poly(fluorene) 

(#2), consists of two methylene bridged phenylenes. The 9-position can be substituted 

with different side-chains such as alkyls10, aryls11 or dendritic structures12. Its typical 

emission maximum appears at around 422 nm and is therefore suitable as blue emitter. 

However, frequently an unwanted low energy emission around 530 nm can be observed 

which is generally assigned to an oxidative degradation.13 
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Table 2.1: PPP-type polymers and their typcial emission maxima 

# Name Chemical structure Typcial λmax 

1 Poly(para-phenylene) 

R

R

n

 

390 nm 

2 Poly(fluorene) 

RR
n
 

422 nm 

3 Poly(indenofluorene) 

RR

RR

n

 

428 nm 

4 
Poly(ladder-type pen-

taphenylene) R
R

R
R

R
R

R
R

n  

448 nm 

5 Fully planarized ladder-PPP 
R

R

R
R

R
R

n  

460 nm 

  

The polymer consisting of three aryl groups with two methylene bridges are denoted as 

poly(indenofluorene) (#3) - the material of interest in this work. Its synthesis was re-

ported in 1999 by Müllen et al.14 Poly(indenofluorenes) with alkyl and aryl15 substituted 

side-chains were published so far, where the latter exhibits an increased resistance to 

oxidization. Its emission maximum is again slightly red shifted and appears around 

428 nm, which comes close to the desired wavelength region for blue emitters. 

A further increase in the degree of bridging and thus rigidity was achieved with 

poly(ladder-type pentaphenylene)16. A full aryl-substitution of every bridgehead led to 

the best spectral stability.17 The emission spectrum of this material shows an ideal 

match with the above defined desired wavelength region.  
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The fully planarized ladder-PPP18 (#5) is the most rigid species of PPP type materials 

with the lowest band gap. Its emission maximum appears around 460 nm which is al-

ready to far in the green spectral region for applications as pure blue emitter.9  

Figure 2.4 depicts the emission spectra of poly(fluorene), poly(indenofluorene), 

poly(ladder-type pentaphenylene) and ladder PPP and compares it to the sensitivity of 

the human eye. 
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Figure 2.4: Comparison of the electroluminescence emission spectra of different PPP-type polymers to 
the sensitivity of the human eye. 

2.3 Fundamental excitations 

Polarons - charged quasiparticles 

If an electron is taken away from the HOMO or is added to the LUMO, the polymer 

reacts to this additional charge with a structural relaxation and energetic states within 

the band gap are the result. In strong contrast to inorganic semiconductors, where the 

charge can move freely within the conduction and valence band of the crystal, polarons 

are strongly localized states. An additional electron in the LUMO is called negative po-

laron, while a missing electron (or hole) in the HOMO is called positive polaron. Corre-

spondingly, two additional electrons or holes are denoted as negative or positive bipola-

rons, respectively. A scheme of these energetic states is depicted in figure 2.5. 
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Figure 2.5: Energy levels of positive and negative polaron and bipolaron. 

Excitons - neutral quasiparticles 

Two electrostatically bound polarons of opposite charge are called exciton. Those exci-

tons are strongly localized and weakly bound (~0.3 eV in poly(fluorene)19) and can thus 

be denoted as Frenkel excitons.20 Predicted by basic quantum mechanics, two spin-1/2 

particles (i.e. the excited electron from the LUMO and the hole from the HOMO) can 

form one out of four spin wave functions: 

Singlet state  )(
2

1 ↓↑−↑↓=Ψs   

Triplet states ↑↑=Ψt  )(
2

1 ↓↑+↑↓=Ψt  ↓↓=Ψ t  

The upper wave function exhibits a total spin of 0 and is denoted as singlet state, 

whereas the remaining three wave functions are triplet states with a total spin of 1.  

 
Transport of polarons in organic semiconductors 

In a microscopic picture the transport of charge within an organic semiconductor can be 

described by a phonon assisted tunneling process. The charges hop from their localized 

state to other localized states on adjacent polymer units, driven by lattice vibrations. The 

charge transfer rate is described by the Marcus theory21. 

2.4 Photoexcitation, luminescence and non-radiative deactivation 

The fundamental radiative and non-radiative processes which an organic semiconductor 

can undergo are based on its electronic and vibrational states. Typically these energy 
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levels and transitions between these states are visualized in a Jablonski diagram (Figure 

2.6).  

 

Figure 2.6: Jablonski diagram of an arbitrary organic semiconductor. The horizontal lines show the elec-
tronic end vibrational energy levels. The arrows show the possible radiative and non-radiative transitions 
between the participating energy levels. 

The electronic ground state of an organic semiconductor is a singlet state – S0 with sev-

eral vibrational modes. The excited states are either singlet states or triplet states, while 

the first singlet and triplet state is depicted in the diagram. Correspondingly, each of the 

excited states have several vibrational energy levels. 

During the absorption process, an electron from the HOMO is excited to the LUMO and 

forms an exciton with the remaining hole in the HOMO. Due to conservation of spin in 

case of electromagnetic dipole transitions, the absorption of light always leads to the 

formation singlet excitons. The physics of this process can be described by the 

FranckCondon principle: The transition typically occurs in a very short period of time 

(<10-15 s) and the nuclei of the atoms are not able to react with a displacement in this 

short time due to their inertia. Since the potential minima of the electronic ground and 

excited states are shifted to each other, this transition often ends up in an excited 

vibrational state of the excited singlet state according to the integral overlap of the 

vibrational wave functions. This principle is illustrated in figure 2.7.  

However, Kasha’s rule22 predicts that the electron quickly relaxes to the vibrational 

ground state of the excited electronic state (internal conversation). Several competing 

processes are now possible: 

 

S0 

S1 

T1 
A

b
so

rp
tio

n  
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Figure 2.7: Frank-Condon Principle: Only transitions which do not change the nuclear coordinates are 
allowed.  

Fluoresence: kFL is the rate of radiative recombination of singlet excitons. This transi-

tion is called fluorescence and usually ends up in a higher vibrational state of the elec-

tronic ground state but again relaxes quickly to the lowest lying vibrational state (ac-

cording to Franck-Condon principle, Figure 2.7). Hence, the absorbed photons are typi-

cally higher in energy than the emitted ones. The energy difference between the absorp-

tion and emission maximum is called Stokes-shift. Theoretically, the emission spectrum 

is the exact mirror image of the absorption spectrum, but lower in energy. However, 

torsional degrees of freedom of the phenyl rings to each other can lead to a breakdown 

of this principle.23 The absorption spectrum is mostly unstructured for polymers like 

poly(indenofluorene), while the emission spectrum shows distinct vibrational features. 

The more rigid a polymer chain is, the more the mirror image rule is valid. 

Non-radiative recombination: knr is the rate of non-radiative recombinations of singlet 

excitons, knr ph is the rate of non-radiative recombination of the triplet state, respectively. 

Such non-radiative recombinations are caused by structural defects, chemical defects 

and impurities. The energy of the excited state is dissipated as heat. 

Intersystem crossing: kISC is the rate of an actually forbidden transition because it 

populates a triplet level which implies a spin conversion. It is dependent on different 

factors, such as temperature24 and chemical surroundings. In molecular systems consist-

ing of atoms with low mass numbers, spin-orbit coupling (Russel-Saunders or LS – 

coupling) is low and the total spin is conserved. If the molecule or polymer contains any 

atoms with higher masses (e.g. transition metal complexes), spin-orbit coupling gets 
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significant (jj-coupling). The total spin is no conserved quantity anymore and the strong 

forbiddenness of a spin conversion is weakend. 

Phosphorescence: kph, is the rate of radiative recombinations of the excited triplet state. 

This process is commonly denoted as phosphorescence and ends up in the singlet 

ground state. On the basis of a purely electronic transition, the triplet → singlet conver-

sion is again strictly spin forbidden. However, the long-lasting excitation of triplet states 

gives rise to substantial electron-core interactions and the nature of the excited state can 

now be described as a singlet/triplet superposition. This opens the pathway for phospho-

rescence. Thus, triplet states typically have a long radiative lifetime in the range of mi-

croseconds to seconds which is several orders of magnitude higher than that of fluores-

cence. Consequently, only very limited phosphorescence can be found from molecules 

or polymers consisting of hydrocarbons (or other low mass atoms) solely. However, 

strong phosphorescence can be observed for heavy atoms containing materials such as 

organometallic complexes due to enhanced spin-orbit coupling. 

2.5 Photoluminescence quantum yield 

The photoluminescence quantum yield is a key property of every light emitting mate-

rial. It is defined by the ratio of the emitted photons to the absorbed photons. An equal 

expression is the rate of radiative recombinations over the overall decay rate, 

nrr

r

kk

k

+
==Φ

absorbed photons
emitted photons

. (2.1) 

Φ ... Photoluminescence quantum yield;   kr ... Rate of radiative decay;   knr ... Rate of non-radiative de-

cay; 

2.5.1 Limiting factors – Quenching 

Quenching denotes any process that reduces the basic fluorescence or phosphorescence 

intensity of a material.43 This section mainly deals with three of them: dynamic quench-

ing, static quenching and quenching on chemical defects. Many other interactions are 

possible including field induced exciton dissociation25, singlet-triplet annihilation26 and 

quenching by polarons27. Due to its special electronic configuration, molecular oxygen 
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is one of the most important quenchers. A detailed discussion about oxygen and the 

related quenching mechanisms will be given in subsection 2.5.2.  

Dynamic quenching 

Dynamic quenching is related to a diffusive encounter between an excited polymer and 

a quencher. The rate of quenching competes with the rate of radiative decay kr and with 

the rate of non-radiative deactivation knr. Equation (2.1) has to be adapted to 
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ΦQ ... PLQY in presence of a quencher with concentration Q;   kr ... Rate of radiative decay;   knr ... Rate of 

non-radiative decay;   kq ... Quenching rate;  

The ratio Φ/ΦQ leads to the Stern-Volmer equation,  
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Φ ... PLQY in absence of quenchers;   ΦQ ... PLQY in presence of a quencher with concentration Q;   I ... 

Luminescence intensity in absence of a quencher;   IQ ... Luminescence intensity in prescence of a 

quencher with concentration Q;   τ ... Excited state lifetime in absence of quenchers;   τQ ... Excited state 

lifetime in presence of a quencher with concentration Q;   kr ... Rate of radiative decay;   knr ... Rate of 

non-radiative decay;   kq ... Quenching rate;  

 

The Stern-Volmer equation relates the PLQY to a quencher concentration. Since the 

quantum yield is directly proportional to the radiative intensity and to the excited state 

lifetime, the Stern-Volmer equation provides also information about their behavior in 

presence of a quencher.  

Three actual quenching processes are described in the following43: 

• Enhanced intersystem-crossing: Interactions with heavy atoms or oxygen can 

weaken the strong forbiddenness of a spin conversion which leads to an en-
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hanced intersystem-crossing S1 → T1. The now populated long living triplet 

states can now also be quenched by the same quencher. 

• Förster resonant energy transfer (FRET): An excited polymer (donor) and a 

quencher in its ground state (acceptor) are involved in this process. FRET causes 

a transfer of the excitation energy from the donor to the acceptor due to dipole-

dipole interactions: The excited electron in the LUMO of the donor returns to 

the ground state whereas a ground state electron of the acceptor is lifted to the 

LUMO simultaneously. The energy transfer rate can be approximated by  

60´ )(
1

r

R
k

D
FRET ⋅=

τ
. (2.4) 

kFRET ... Förster energy transfer rate;   τD ... Excited state lifetime of the donor;   R0 ... Förster ra-

dius;   r ... Molecular distance between quencher and excited molecule; 

The rate depends on the excited state lifetime of the donor (τD), the molecular 

distance between dye and quencher (r) and the radius of 50% energy transfer ef-

ficiency (R0, Förster radius). The latter is dependent of several factors including 

the spectral overlap of the absorption spectra of the two species. FRET is a long 

range (up to 10 nm) and spin conserving process. Thus, only singlet excitons are 

prone to Förster resonant energy transfer.  

Note that in terms of quenching one is only interested in the fact that the donor 

returns into its ground state non-radiatively. The acceptor can dissipate its en-

ergy in heat or light. The same is also valid for the following process. 

• Dexter electron exchange: As the name tells, this quenching process is due to 

the exchange of electrons between an excited polymer (donor) and the quencher 

(acceptor): An excited electron from the donor tunnels to the acceptor and popu-

lates an excited state. Simultaneously, an electron from the acceptors HOMO 

tunnels to the ground state of donor. After all, the donor is in its ground state and 

the acceptor in its excited state. Such a tunneling process requires an overlap of 

the involved orbitals and hence the Dexter electron exchange is a short distance 

process. The transfer rate decays exponentially with increasing molecular dis-

tance. 
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Dynamic quenching can be identified by plotting the excited state lifetime relation 

(τ/τQ) or the luminescence intensity relation (I/IQ) over the quencher concentration 

which then gives a linear, non-zero slope. Increasing the sample temperature leads to 

decreased luminescence intensity because of enhanced diffusion and thus more encoun-

ters between excited polymers and quenchers. 

 

Static quenching 

In contrast to diffusive interactions between polymer and quencher, static quenching is 

related to the formation of non-emissive ground state complexes. These complexes can 

absorb photons (usually in another energy region than the polymer solely), but returns 

to the ground state without the emission of light. The excitation energy dissipates as 

heat. 

Static quenching can also be identified by plotting the excited state lifetime relation 

(τ/τQ) over the quencher concentration. Due to the fact that static quenching does not 

alter the lifetime of the unperturbed excited states, this lifetime ratio should be 1. More-

over, the total emitted intensity increases with higher sample temperature due to the 

breakup of the ground state complexes.  

 

Quenching at chemical defects 

This fluorescence limiting factor can for example be observed in polymers with photo-

oxidized segments, such as carbonyl groups in PPVs.28 The high electron affinity of 

these groups causes the electron-hole pair to dissociate into free polarons which reduces 

the quantum yield.29 This model is supported by increased photocurrents in oxidized 

materials.28 Quenching also occurs at structural defects such as incomplete conjugation 

or impurities like remaining synthesis precursors. 

2.5.2 Molecular oxygen – an important quencher 

The molecular orbital theory allows the description of the very unique electronic con-

figuration of the oxygen molecule (O2) which is shown in figure 2.8: The σ and the two 

binding π-orbitals are fully occupied. Based on Hund’s rule, the remaining two elec-
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trons partly occupy the two antibinding π*-orbitals with parallel spin. This gives rise to 

its paramagnetic and diradical character.  

The two electrons with parallel spin form a spin-triplet, which is the ground state of 

molecular oxygen. There are five other possibilities to permute two electrons in two 

orbitals according to Fermi-Dirac statistics and Pauli’s exclusion principle (Table 2.2): 

Triplet states 1 - 3 correspond to the three fold degenerate ground state 3
Σ

-
g. The two-

fold degenerate excited singlet state 1
∆g (4 & 5) is approximately 0.98 eV higher in en-

ergy. A second singlet state, 1
Σ

+
g, can be found ~1.63 eV above the ground state (6). 30 

1
∆g is, due to one unoccupied π*-orbital, very electrophile and thus reactive. Addition-

ally this state has a long radiative lifetime. For the unperturbed molecule the excited 

state lifetime was found to be τex = 72 min, whereas in polymers the radiative lifetime is 

least some tens of microseconds.30 

 

Figure 2.8: Molecular orbital diagram of the oxygen molecule (O2) in its triplet ground state. 

Table 2.2: Possible spin states in the two antibinding π MOs of the oxygen molecule.  

# π*x π*y  # π*x π*y 

1 ↑ ↑  4  ↓↑ 

2 ↓ ↓  5 ↓↑  

3 ↓ ↑  6 ↑ ↓ 
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Oxygen is an important quencher of excited states of organic semiconductors. This is 

due to several reasons:30 

• The high oxygen concentration at ambient conditions. 

• The small size of O2 allows a very efficient diffusion into many organic materi-

als. 

• The two excited states of the oxygen molecule, 1
∆g and 1Σ+

g are usually lower in 

energy than the excited singlet state and triplet state of an OSC allowing effi-

cient and irreversible energy transfer processes.  

Possible quenching processes of excited triplet and singlet states are summarized in 

table 2.3.30 However, they don't occur with the same probability. Typically the en-

hanced intersystem crossing pathways (S1 → Tx) are dominant over S1 → S0 processes. 

The excess energy of the listed processes dissipates as heat. A detailed discussion on 

this topic and further literature can be found in [30, pp. 1721]. 

Eventually, the quenching process results in the formation of singlet oxygen. This proc-

ess is commonly denoted as photosensitization. Singlet oxygen is a very reactive species 

and it is often responsible for the oxidation of hydrocarbons (e.g. the formation of car-

boxylic acids at alkyl chains or the addition to unsaturated carbon double bonds). 41,59 

Table 2.3: Quenching processes of singlet and triplet states with ground state oxygen 

Quenching of singlet states Quenching of triplet states 

S1 + O2(
3
Σ

-
g) → T1 + O2(

1
Σ

+
g) T1 + O2(

3
Σ

-
g) → S0 + O2(

1
∆g) 

S1 + O2(
3
Σ

-
g) → T1 + O2(

1
∆g) T1 + O2(

3
Σ

-
g) → S0 + O2(

1
Σ

+
g) 

S1 + O2(
3
Σ

-
g) → T1 + O2(

3
Σ

-
g) T1 + O2(

3
Σ

-
g) → S0 + O2(

3
Σ

-
g) 

S1 + O2(
3
Σ

-
g) → T2 + O2(

3
Σ

-
g)  

S1 + O2(
3
Σ

-
g) → S0 + O2(

3
Σ

-
g)  

S1 + O2(
3
Σ

-
g) → S0 + O2(

1
Σ

+
g)  

S1 + O2(
3
Σ

-
g) → S0 + O2(

1
∆g)  
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3 Polymer light emitting diodes 

Besides photoexcitation, luminance can also result from an electronic current. This is 

for example realized in polymer light emitting diodes (PLEDs). Since the working prin-

ciple of a PLED is already a well known topic nowadays, the basics will be kept short 

and the focus will be set on efficiency and device degradation. 

3.1 Working principle 

Electroluminescence can be observed after electronic excitation of an OSC. In principle 

one injects electrons into the LUMO and extracts them from the HOMO of the OSC by 

metal electrodes. A structural relaxation of the OSC as described in section 2.3 follows 

and polaron states are populated. If a positive and a negative polaron get attracted by 

Coulomb force, they can form an exciton - a bound electron-hole pair. The same path-

ways of deactivation of this excited state as in the case of photoexcitation are valid. 

(Section 2.4). 

The injection of charge carriers is usually achieved with a device structure where an 

OSC is sandwiched between two conducting materials. During this process the charge 

carriers have to overcome a potential barrier, i.e. the energy difference between the 

work function of the electrode and the HOMO/LUMO level of the OSC. Thus the work 

function of the anode material should be as close as possible to the HOMO energy and 

the cathode work function should as close as possible to the LUMO energy. The actual 

injection of the charge carriers is mainly described by the Fowler-Nordheim equation 

which describes field assisted tunneling of an electron through a potential barrier of 

certain shape. Also a thermionic injection, described by the Richardson-Dushman equa-

tion, is possible. However, its contribution at room temperature is rather low and field 

assisted tunneling is the dominant process.  

The transport within the OSC can be regarded as a hopping movement of the charge 

carriers from one localized state to another. A measure of how quick a charge carrier 

can move in the OSC is given by the electron and hole mobility.  
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In order to achieve a balanced number of charge carriers within the light emitting layer, 

similar mobilities as well as similar anode/HOMO and LUMO/cathode potential barri-

ers should be used. 

    

Figure 3.1: Energy level diagram of the basic OLED setup in single layer architecture (left) and as multi-
layer setup (right). Taken from [31] 

As one can see in figure 3.1 (left), the described conductor/OSC/conductor single layer 

structure is the most simple configuration. The more sophisticated multilayer approach 

facilitates an increased charge carrier injection by introducing a hole transport layer 

(HTL) between anode material and OSC and an electron transport layer (ETL) between 

OSC and cathode material, respectively. The HOMO level of the HTL is located be-

tween the HOMO of the active material and the work function of the anode material. 

The LUMO energy level of the HTL should be above the LUMO energy level of the 

active material to keep the electrons in the active layer. On the cathode side, the LUMO 

level of the electron transporter is located between the LUMO energy of the active ma-

terial and the work function of the cathode. Hole blocking can be realized with a 

HOMO level higher in energy than the HOMO energy level of the emissive polymer.  

The most common anode material is indium tin oxide (ITO) which is transparent for 

visible light. ITO is a large band gap semiconductor which gives rise to its transparency. 

Doping ensures the electrical conductivity. Usually poly(3,4-ethylenedioxythiophene) 

poly(styrenesulfonate) (PEDOT:PSS) is used as smoothing and hole injection layer be-

tween ITO and the active material. The chemical structure is shown in figure 3.2. PSS is 

an acid which possibly gives rise to later on discussed device degradation related proc-

esses. 
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Figure 3.2: Chemical structure of PSS (upper polymer) and PEDOT (lower polymer)  

Common cathode materials and material combinations are metals like silver or alumin-

ium, alkaline earth metals like barium or calcium or also salts like caesium fluoride.  

 

Location of the charge carrier recombination zone 

Depending on the device setup (injection barriers at the electrodes, charge carrier mo-

bilities and possible charge blocking layers), the charge carrier recombination zone can 

be assumed at different positions within the device. Figure 3.3 demonstrates this princi-

ple for cathode materials with different work functions. Cathode materials with a high 

work function and therefore bad electron injection efficiency can lead to a recombina-

tion zone near the cathode since the electrons are the minor species. A balanced charge 

carrier injection efficiency enables a recombination in the centre of the bulk. Low work 

function cathodes lead to a shift of the recombination zone towards the anode since the 

major injection barrier is located at the anode. 

         

Figure 3.3: Schematic picture of the shift of the exciton recombination zone by the application of different 
cathode materials. Left: Hole-majority; Middle: Balanced charge carrier injection; Right: Electron-
majority.  
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3.2 Electroluminescence quantum yield  

A general definition of the quantum efficiency (η) of a PLED is the ratio of the number 

of photons which leave the device over the number charge carriers injected. η made up 

of different terms,  

XrstPL ⋅⋅⋅Φ= γη . (3.1) 

η … Electroluminescence quantum efficiency;   ΦPL … PLQY;   rst … Fraction of excitons which are able 

to recombine radiatively;   γ … Fraction of excitons formed;   X ... Other decreasing factors; 

γ is the number of excitons formed over the number of charge carriers injected. The 

number of dissociative excitons is also taken into account. γ can be improved by ensur-

ing balanced charge carrier injection and by introducing charge blocking materials be-

tween electrodes and active layer.  

rst stands for the number of excitons which are able to recombinate radiatively over the 

total number of excitons created, i.e. the singlet-triplet ratio in fluorescent materials. 

Basic spin statistics predict that in PLEDs 25% of the created excitons are singlets, 

while 75% are triplets. There is a lot of discussion ongoing about the validity of this 

approach. Different studies claim that the singlet fraction could exceed the predicted 

25%.32 The latest publications showed, however, again that the expected ¼-singlet, ¾-

triplet ratio is justified.33 This limit can be overcome by the use of phosphorescent mate-

rials, where also triplet excitons are able to recombinate radiativly. Internal quantum 

efficiencies close to 100% are thus possible in theory. 

ΦPL is the number of singlet excitons that recombinate radiatively. An excited state can 

release its energy on different pathways without emitting a photon (section 2.4), and 

this, of course, lowers the overall efficiency. ΦPL is equivalent to the corresponding 

value obtained by photoluminescence spectroscopy, where it’s defined as the number of 

photons emitted over the number of photons absorbed. Thus, ΦPL can be measured using 

photoluminescence spectroscopy. Since all terms in equation (3.1) are smaller or equal 

than unity, a study of ΦPL provides information about the ultimate maximum electrolu-

minescence quantum efficiency that can be achieved. 
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The last term in equation (3.1) comprises several light-output reducing factors such as 

self-absorption in the active layer or light interference and total reflection at the inter-

faces. Also all types of quenching are included by this factor. 

 

Measurement of the electroluminescence quantum yield 

Although the actual measurement of the electroluminescence quantum yield is not topic 

of this work, a short description of the recommended experimental method is given here 

for the sake of completeness: The most accurate method would be to place the device in 

an integrating sphere (Figure 3.4), which then collects the emitted photons independent 

of the emission angle. However, one has to keep in mind that not every created photon 

will be detected since there certainly occurs self-absorption within the active layer or re-

absorption by transport layers. Also, the detector signal has to be converted into terms 

of number of quanta. An example how to achieve this for photomultiplier tubes is given 

in section 4.6. A detailed instruction to measure the electroluminescence quantum yield 

can be found in [34]. 

 

Figure 3.4: Integrating sphere with a mounted devices to measure the electroluminescence quantum yield. 
Taken from [34]. 

3.3 Device degradation and related processes 

The long time spectral stability and luminance stability of PLED devices are basic de-

mands for commercialization of this technology. Especially for blue emitting polymers 

the desired spectral stability was not achieved so far. Some of the known degradation 

mechanisms are described below. It was already stated, that different parameters influ-

ence the charge carrier recombination zone within the device: An electron minority can 

lead to a recombination near the cathode; balanced hole-electron ratios might lead to a 
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centered recombination and an electron majority shifts the recombination zone towards 

the anode. Hence, in the sections 3.3.2 - 3.3.4 the spectral stability of the emission origi-

nating from the corresponding device region is discussed. However, the first topic here 

deals with the spectrally stable decrease of the electroluminescence emission intensity.  

3.3.1 EL quantum yield reducing factors 

The reduction of the electroluminescence quantum yield of a PLED during time is an 

often observed but poorly understood process. However, at least for phosphorescent 

materials a luminescence reducing process was explained by oxygen quenching:66 Due 

to the long excited state lifetime of triplet excitons (~µs), this emission can efficiently 

be quenched by diffused oxygen. The fact that the emission intensity partly recovers 

after reducing the amount of oxygen in the active layer strongly indicates that the domi-

nant process is dynamic quenching. A reduction of the emission intensity can be ob-

served for fluorescent materials as well. In this case the observed reduction of the emis-

sion intensity may not be explained with quenching by oxygen entirely: The excited 

state lifetime of a singlet state is many orders of magnitude lower (~ns) than of triples 

which makes a diffusive encounter with oxygen within this time more unlikely. Further 

more, it can be stated that in PLEDs the number of triplet excitons exceeds the number 

of singlet excitons by far (only every fourth created exciton is a singlet; singlets have a 

much lower lifetime that triplets). Thus it seems to be much more probable that oxygen 

quenches a triplet excitons.  

However, also for fluorescent materials the emission intensity partly restores upon the 

reduction of oxygen. Similar effects can be observed for humidified atmospheres. 

3.3.2 Organic / Cathode interface 

In order to improve the electron injection from the cathode and thus the overall device 

efficiency, low work function materials like barium (work function φC = 2.6 eV), cal-

cium (φC = 2.9 eV) or caesium fluoride (φC = 2.2 eV) are used. A major drawback of 

these materials is their high reactivity to oxygen and humidity as well as the toxicity of 

some of their byproducts (e.g. oxides or hydroxides). The usually used barrier layer of 

aluminum cannot exclude interactions with H2O and O2 completely.6 
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For example, poly(fluorene) based devices with calcium or aluminum electrode often 

show two unwanted red-shifted emission peaks around 480 nm and 520 nm.35 A possi-

ble explanation was given by Kappaun et al.36, who proposed a deprotonation reaction 

of hydroxy end chain units by diffused calcium:  

2 Ar–OH + Ca → 2 Ar–O- + Ca2+ + H2 

Another cathode related degradation mechanism is the formation of non-emissive de-

vice regions which are commonly denoted as dark spots. Mainly they are caused by 

delamination of the electrode material due to moisture and the applied operation volt-

age: H2O can reach regions under the cathode via pin-holes caused by contaminations 

during the fabrication. Subsequent, the driving voltage of the device induces the electro-

chemical dissociation of water according to 2 H2O + 2e- + H2 + 2OH-. The hydrogen gas 

creates bubbles and delaminates the cathode.37 

3.3.3 Anode / Organic interface 

In nearly every efficient PLED device, PEDOT:PSS is used as a smoothing and hole-

transport layer. Further more, it reduces the injection barrier for holes. After spin-

coating, a thin PSS-rich layer is formed on the top of the film38,39. It was shown by dif-

ferent studies61,67,68, that PSS can cause trap states within the emissive polymer. Most 

likely this is due to an acidic interaction of PSS with the active polymer. Especially for 

nitrogen containing polymers it’s known that the lone electron pair of nitrogen is easy to 

protonate, which subsequently leads to spectral shifts.57 Also electrophilic addition reac-

tions with unsaturated electron-rich carbon double bonds (e.g. in PPV) are proposed.61,62  

3.3.4 Bulk material 

Besides the influences of cathode or anode materials, also chemical modifications of 

single monomer units in the polymer bulk can lead to optical instabilities. In 

poly(fluorene) based emitter polymers, for example, an oxidative degradation mecha-

nism can lead to the formation of fluorenone units40 (keto-defects). These defects act as 

charge carrier traps and usually lead to a broad emission in the green spectral region 

already at low ketonic-defect concentrations. Their formation can either happen already 

during synthesis - which is related to an incomplete alkylisation at the 9-position of the 
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fluorene unit, or during device operation. Among others, the latter can be assigned to 

the creation of singlet oxygen (see section 2.5.2), which then attacks the alkyl side-

chains of the polymer. Via different intermediates (cleaved side chains and side chains 

with carboxylic acid units), this process ends in the formation of ketonic defects.41 
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4 Experimental methodology 

The scope of this chapter is a description of the applied spectroscopic methods as well 

as the corresponding sample preparation to obtain the photophysical characteristics of 

organic semiconductors. Moreover, an indirect method to measure the photolumines-

cence quantum yield for solutions will be presented. This chapter closes with the prepa-

ration and characterization process for PLEDs. 

4.1 Solution and thin film preparation 

All samples were processed and stored under argon atmosphere.  

Solutions were prepared using toluene (spectrophotometric grade; Sigma-Aldrich) as 

solvent. For the actual UV/VIS and PL measurements, quartz cuvettes from HELLMA 

Analytics with a light path of 10 mm were used.  

Thin films were prepared by spin-coating from solution on glass substrates. Substrates 

were cleaned thoroughly with deionized water, acetone and 2-propanol and in an ultra-

sonic bath. The spin-coating process was done with a DELTA6 RC spin coater (SÜSS 

MicroTec Lithography GmbH) under argon atmosphere using the rotation parameters 

1000 rpm/12 s for the actual film formation followed by 3000 rpm/40 s for drying. The 

concentrations of the solutions depend on the individual experiment and will be men-

tioned in the corresponding chapters.  

4.2 Layer thickness measurements 

All layer thicknesses were measured with a VECCO Nanoman VS atomic force micro-

scope.  
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4.3 Optical absorbance measurements 

The absorbance of a material at a certain wavelength is given by Beer-Lamberts law, 

)(log 0
10 I

I
A = . (4.1) 

A … Absorbance;   I0 … Intensity of the incident light;   I … Intensity of the transmitted light; 

The measurements were performed on a PERKIN ELMER LAMBDA 900 UV/VIS – 

spectrometer. I0 was obtained by measuring the transmitted light either of the blank 

glass substrate in case of thin films or of the solvent filled quartz cuvette for solutions. 

The instrument permanently monitors and corrects the incident light beam and hence no 

further correction was necessary.  

In order to get significant absorbance signals, solutions in the concentration rage 

0.01 g/l - 1 g/l and films up to 40 nm thickness were chosen. 

4.4 Photoluminescence measurements 

As already described in section 2.4, the radiative recombination of an excited state cre-

ated by light is called photoluminescence. Two spectrofluorophotometer of the type 

SHIMADZU RF-5301PC were used to measure these spectra. 

To exclude any self-absorption or inner filter effects43, dilution series of the polymer 

solution in the range from 10-9 g/l to 10-3 g/l were prepared and photoluminescence was 

measured. Films were spin-coated from 1 g/l solution (if not stated otherwise) in order 

to keep them thin.  

Figure 4.1 shows the working principle of the SHIMADZU RF-5301PC spectrometer. 
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Figure 4.1: Principle setup of the SHIMADZU RF-5301PC spectrofluorophotometer. 1: Excitation mono-
chromator; 2: Cell / sample holder; 3: Emission monochromator; 4:PMT to monitor the excitation light; 
5: Detector PMT. Taken from [42] 

An 150 W xenon lamp is used as excitation light source. A certain wavelength for the 

excitation of the sample can be chosen by a first monochromator. The emitted light is 

tuned by an emission monochromator and detected by a photomultiplier tube (PMT). 

Each of these optical components distorts the obtained spectrum which makes a careful 

calibration necessary. The biggest effect stems from the photocathode of the PMT since 

its response strongly depends on the used material (e.g. different alkali alloys). 

4.5 Calibration of a spectrofluorophotometer 

Different spectrometers can lead to the detection of significantly different emission 

spectra of one and the same sample which makes the interpretation and comparison of 

the measured spectra difficult. Especially for measurements of the photoluminescence 

quantum yield, exact emission spectra are of big importance. Consequently, a calibra-

tion process is presented in the following. 

 

Light source calibration 

The light source, which in case of the SHIMADZU RF-5301PC is a 150 W Xenon 

lamp, does not have a uniform intensity output over the spectral region of interest. 

Therefore samples excited by a wavelength of higher intensity, lead to a higher photo-

luminescence signal, even if the absorbance of the material is lower than at other ener-

gies. Generally one has to do this correction ‘by hand’. However, the used instrument is 

equipped with a light source compensation system which permanently monitors a frac-
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tion of excitation light by an additional PMT (see figure 4.1 - #4) and then electroni-

cally corrects the obtained spectra. Thus this correction can be omitted.42  

 

Detection system calibration 

The basic idea behind a calibration of the detection system is to compare a well known 

emission spectrum of a reference material with the measured spectrum of the same ma-

terial. By this method, the instruments spectral responsivity can be obtained by follow-

ing formula43,  

)(

)(
)(

λ
λλ

L

I
S = . (4.2) 

S … Total responsivity of the instrument;   I … Known emission of the reference material;   L … Meas-

ured emission. 

The Federal Institute of Materials and Testing (BAM) recently developed five dyes 

which exhibit certified emission spectra in the range from 300 nm to 770 nm for exactly 

this purpose.44,45 The actual calibration process is given by following standard operation 

procedure46: 

1. Preparation of the calibration solutions under argon atmosphere. Solvent: ethanol. 

2. Choice of the excitation wavelength, dependent of the dye.  

3. Measurement of background spectra with pure solvent as sample to correct any scat-

tering artifacts from the cuvette or the solvent. 

4. Measurement of the actual solution repeatedly (> 10 times) and averaging. 

5. Repeat step 2 – 4 for all 5 dyes 

 
Figure 4.3 shows the normalized collected and certified emission spectra of the five 

dyes. 
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Figure 4.2: Normalized emission spectra of the BAM certified dyes; from BAM-F001 (high energy spec-
trum) to BAM-F005 (low energy spectrum). Solid lines: measured spectra; Dotted lines: certified spectra. 

As mentioned, the responsivity curve can now be calculated by dividing the five certi-

fied spectra through the five measured spectra. Merging these five individual correction 

curves leads to the global responsivity curve for the spectrometer in the range between 

300 nm and 770 nm. This evaluation was done by the software LINKCORRWIN 

1.1.0.0 (provided by BAM). A detailed description of the process can be found else-

where.46,47 

The described calibration was done for two instruments of the same type (SHIMADZU 

RF-5301PC). Figure 4.3 presents the calculated responsivities. 
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Figure 4.3: Calculated responsivities of two SHIMADZU RF-5301PC spectrometers.  
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Although both instruments should have the same PMT42, one can easily see the sharp 

cut-off of the responsivity in the infrared region for one of the instruments (dashed line) 

and other differences in the shape. This fact demonstrates that one can not be sure that 

two spectrometers of the same type have the same responsivity and a calibration should 

be performed for each instrument. 

4.6 Photoluminescence quantum yield (for solutions) 

As mentioned, the PLQY is a basic photophysical property defined by 

absorbed photons ofnumber 

emitted photons ofnumber =Φ . (4.3) 

A direct measurement of the latter values would require special optical equipment 

which was not available during this work. Therefore an indirect method, using standard 

laboratory equipment and a reference material with known PLQY, was employed. This 

method was already proposed in the 1960s and is widely accepted nowadays. 48,49 How-

ever, an error < 10% should be assumed.50,51 The basic idea behind this method is to 

compare absorbance and total emission of a reference material with the corresponding 

values of the sample by using following equation, 
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Subscript x … Sample;   Subscript r … Reference;   Φ … PLQY;   n … Refractive index;   A … Absorb-

ance;    I … Excitation light intensity;   D … Value proportional to the total number of photons emitted. 

The fraction which accounts for different excitation light intensities, I(λr)/I(λx), can be 

omitted, since the used instruments is equipped with a light source compensation system 

(see section 4.5) 

As reference material, quinine sulphate dihydrate (obtained from Sigma Aldrich; chemi-

cal structure and absorbance spectrum and photoluminescence spectrum are shown 

figure 4.4) with a PLQY of Φr = 54%43 was chosen.  
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Figure 4.4: Chemical structure of Quinine sulphate dihydrate and the corresponding absorbance spectrum 
and photoluminescence spectrum. 

Quinine sulphate is not quenched by oxygen, i.e. its PLQY is the same under inert at-

mosphere and in air.52 Therefore solutions were prepared under ambient conditions us-

ing 0.5M-sulphuric acid as solvent.  

The refractive index correction accounts for the fact that the emitted light gets refracted 

at the solution/cuvette/air interfaces in different magnitudes dependent on the index of 

refraction of the sample solution and different fractions of light can reach the detector.49 

This principle is sketched in figure 4.5. 

 

Figure 4.5: Refraction occurs on the solution/cuvette/air interface in different angles θ, dependent on ni, 

the refraction index of the solution. Taken from [49]. 

The absorbance fraction relates to different absorbance values at the wavelength of in-

terest (i.e. the excitation wavelength for photoluminescence measurement).  
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The last term in equation (4.4) accounts for the different amounts of emitted light in 

terms of a value directly proportional the total number of emitted photons. Since the 

PMT of the spectrometer gives a signal proportional to the energy of the incoming pho-

tons and not to the number of photons, further conversions are needed. Table 4.1 ex-

plains the way from the detector output signal towards a value direct proportional to the 

number of emitted photons. 

Table 4.1: Conversion from PMT output to a value directly proportional to the number of photons emitted 

 Name Unit 

1. Detector output, M 







nm

A
 

2. Responsitiviy, S  







W

A
 

3. 
Corrected spectrum, 

S

M
R =  
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4. Conversion to number of quanta 
per s·nm, Q = R·λ 






⋅nms

quanta
 

5. Total number of quanta, ∫ ⋅ λdQ  







s
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Since integrated emission over absorbance simply is the gradient of this linear relation-

ship, one can minimize concentration dependent effects and measurement errors by re-

placing equation (4.4) by 

2
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. (4.5) 

Subscript x … Sample;   Subscript r … Reference;   Φ … PLQY;   Grad … Gradient of absorbance vs. 

integrated emission relationship;   n … Refractive index 

The gradients are calculated by measuring absorbance and integrated emission of many 

different concentrations. Integrated emission over absorbance should give a linear rela-

tionship; a linear regression gives the gradient. Points of high absorbance which obvi-

ously deviate from the linear slope indicate self absorption or inner filter effects and 

should be omitted. The example for quinine sulphate is given in figure 4.6: The squares 

indicate the measured absorbance and integrated emission for different concentrations, 
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the red solid line is a linear fit through these points. Two points of high absorbance de-

viate from the expected linear relation and were not considered in the linear regression. 
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Figure 4.6: Absorbance over integrated photoluminescence emission in terms of quanta per second. black 
squares: measured points; red line: linear fit through zero. The points of high absorbance which obviously 
deviate from the linear relation were not considered in the fit.  

Quantum yield measurement for thin films 

The presented approach for the PLQY evaluation for solutions is not fully applicable for 

solids such as thin films. Different additional effects like light polarization and angular 

dependence of the emitted light have to be taken into account. Also, the quantum yield 

may heavily depend on the film thickness (self-absorption) and film morphology and 

thus a suitable standard cannot be realized. The most accurate way to measure this value 

would be with an integrating sphere in order to count the photons independent of the 

emission angle. At least relative statements are possible when the reference material and 

the sample are similar. The quantum yield of the investigated polymers in this work 

were compared to dioctylfluorene, a common poly(fluorene) derivate. Absorbance- and 

emission spectrum as well as the chemical structure of dioctylfluorene are depicted in 

figure 4.7. 
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Figure 4.7: Absorbance spectrum, emission spectrum and chemical structure of dioctylfluorene. 

4.7 PLED device preparation  

The device preparation and characterization was carried out in a ISO-Class 6 clean 

room facility at the NTC Weiz Forschungsgesellschaft mbH. 

ITO coated glass substrates with a sheet resistance of 15 ohm/sq were structured by 

etching with 37%-diluted HCl. Several subsequent cleaning steps with deionized water, 

acetone and 2-propanol in an ultrasonic bath for 15 minutes followed. For better adhe-

sion of the deposited PEDOT:PSS layer (Clevios P VP AI 4083 from H.C. Starck), the 

cleaned ITO substrate was plasma activated for 15 minutes in an oxygen plasma at a 

base pressure of 0.3 mbar. PEDOT:PSS was spin-coated with 2500 rpm for 40 s which 

led to an average layer thickness of ~60 nm. To remove any residual solvent, the layer 

was annealed at 120°C in high vacuum (< 5*10-3 mbar) for one hour and afterwards 

cooled down to room temperature. The electrooptical active layer as well as the optional 

hole transport layer were also brought up by spin-coating from toluene solution. Layer 

thicknesses and annealing parameters were changed during the individual experiments 

and will be described in the corresponding chapters. The optional electron transport 

layer (TPBi) and the cathode, comprising aluminum or a calcium/aluminum double 

layer were thermally evaporated in an fully automated evaporation chamber at a base 

pressure < 10-6 mbar. Evaporation rates and resulting thicknesses will be stated in the 

corresponding chapters. The final device was mounted and characterized in a sealed 

measurement chamber. 
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The basic characterization includes,  

• Voltage-current characteristics, recorded with a KEITHLEY 2612 sourcemeter 

(computer assisted), 

• Simultaneous measurement of the emitted light intensity using a silicon-diode and a 

KEITHLEY 6417A electrometer, 

• Photocurrent – luminance calibration with a MINOLTA LS-100 luminance meter, 

• Measurement of the electroluminescence emission spectrum using a LOT-ORIEL 

CCD-spectrometer 
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5 Photophysical characterization of 
poly(indenofluorene)-based polymers 

The photophysical properties of three novel poly(indenofluorene)-based emitter poly-

mers and one novel poly(indenofluorene)-based hole transporting material were investi-

gated in this chapter. UV/VIS-spectroscopy and photoluminescence spectroscopy on 

solutions and thin films were made and their photoluminescence quantum yield was 

evaluated. Moreover, the fabrication of multi-layer structures with the hole transporting 

polymer and the emitter polymers, which is a basic requirement for the application in 

PLEDs, was examined. 

5.1 Emitter materials 

All materials were found to be perfectly soluble in chloroform and toluene. The latter 

was used as solvent for all solutions. 

 

Poly(indenofluorene) homopolymer 

This material is a typical poly(indenofluorene) homopolymer (denoted as homoPIF in 

the following) with side chains on every bridgehead. It was used as reference material 

for the later on presented copolymerized species and its photophysical properties are 

shown in figure 5.1. The thin film emission spectrum shows significant intensity from 

~400 nm to ~550 nm with a maximum at 424 nm and a vibronic fine structure at around 

449 nm. The unstructured absorption spectrum has its maximum at around 405 nm re-

sulting in a Stokes-shift of 19 nm. In contrast to the film emission, the emission maxi-

mum of the solution is 8 nm blue-shifted due to solvatochromism and appears at 416 nm 

with a vibronic fine structure at 441 nm. Maximum absorbance was found at 402 nm 

(Stokes shift: 14 nm) and the photoluminescence quantum yield in solution is Φ=94%. 
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Figure 5.1: Normalized absorbance spectra and photoluminescence spectra of homoPIF in solution 
(dashed red line) and in thin film (solid black line) 

Since the evaluation of the PLQY is straightforward following equation (4.5), a more 

detailed description is given only for this material. The integrated emission versus ab-

sorbance gradient of the quinine sulphate reference was already shown in section 4.6. 

Basically, one has to measure these two parameters for different concentrations of ho-

moPIF: A dilution series in the range from 10-8 g/l to 10-1 g/l was prepared. However, 

concentrations lower than 10-4 g/l were not useable because of the obtained signals were 

dominated by noise. Dilutions higher then 10-2 g/l led to significant self absorption. As 

depicted in figure 5.2, the remaining concentrations gave a good linear relationship. 
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Figure 5.2: Measured points and linear fit of quinine sulphate (measurement: black squares, fit: black 
line) and of homoPIF (measurement: red circles, fit: red line) 
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The slope of the homoPIF fit is steeper than in the case of quinine sulfate and therefore 

its PLQY is higher than that of the reference material. The necessary refractive indices 

of toluene (n=1.4969) and sulfuric acid diluted in deionized water (n=1,345) are taken 

from literature.53 Now equation (4.5) can be applied, leading to a PLQY of Φ=94%. A 

PLQY of 102% (relative to dioctylfluorene) was found for thin films. 

 

Poly(indenofluorene) copolymer 1 

The backbone of this copolymer (denoted as coPIF-1) consists of the previously studied 

homoPIF and of small amounts of a triphenylamine-based unit. 

Absorbance- and the photoluminescence spectra of coPIF-1 can be found in figure 5.3 

(left). 
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Figure 5.3: Left: Normalized absorbance spectra and photoluminescence spectra of coPIF-1 in solution 
(dashed red lines) and in thin film (solid black line); Right: Dependence of the film emission spectrum on 
the concentration of the parent solution (and thus of the resulting layer thickness) 

The thin film spectrum reveals significant emission from ~400 nm to ~600 nm with a 

maximum at 424 nm and compared to homoPIF a stronger vibrational maximum around 

451 nm. The unstructured absorption spectrum has its maximum around 404 nm result-

ing in a Stokes-shift of 20 nm. In contrast to the film emission, the emission maximum 

of the solution is slightly blue-shifted due to solvatochromism and appears at 417 nm 

with a vibronic fine structure at 444 nm. The maximum absorbance can be found at 

401 nm. Its Stokes-shift is thus around 16 nm. Strong film thickness dependencies of 

the emission spectrum were found (Figure 5.3, right). The photoluminescence quantum 
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yield in solution is Φ = 87%. The thin film PLQY measurement led to Φ = 95% (rela-

tive to dioctylfluorene). 

 

Poly(indenofluorene) copolymer 2 

The backbone of this second copolymer (denoted as coPIF-2) consists of the previously 

studied coPIF-1 and of small amounts of a phenylene-vinylene based unit. 

Absorbance- and photoluminescence spectra of coPIF-2 are depicted in figure 5.4 (left). 
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Figure 5.4: Left: Normalized absorbance spectra and photoluminescence spectra of coPIF-2 in solution 
(dashed lines/red) and in thin film (solid black line). Right: Concentration dependence of coPIF-2 solu-
tions to the emission spectrum  

The photoluminescence emission of a thin film expands from 400 nm to 550 nm and 

shows a maximum at 457 nm with shoulders around 422 nm and 475 nm. According to 

its chemical structure and the weak emission at 422 nm, an efficient energy transfer 

from poly(indenofluorene) to the emitting phenylene-vinylene units can be assumed. 

The unstructured absorption spectrum has its maximum around 404 nm resulting in a 

Stokes-shift of 53 nm. Maximum absorbance for the solution was found at 401 nm. The 

photoluminescence signal of coPIF-2 solutions is significantly dependent on the used 

polymer concentration (Figure 5.7, right). The emission maximum at 457 nm decreases 

with increasing solid content. This is apparently due to the decreasing intermolecular 

contact between single polymer chains for higher dilutions resulting in a suppressed 

interchain energy transfer to the phenylene-vinylene units. A photoluminescence quan-

tum yield of Φ = 77% was found in solution. Thin film measurements led to Φ = 93% 

(relative to dioctylfluorene). 
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5.2 Hole transport material 

Generally hole transport materials have a low ionization potential and a low electron 

affinity.54 The HOMO level should be localized between that of the commonly used 

PEDOT:PSS (HOMO energy: 5.2 eV) and the HOMO of the emitter polymer. In order 

to realize electron blocking, a LUMO energy lower than that of the emitter is favorable 

(see section 3.1). 

The solution processable hole transport material htlPIF is a copolymer with equal 

amounts of poly(indenofluorene) and triphenylamine based units in its backbone. The 

fact that the htlPIF is also perfectly soluble in toluene leads to fabrication related prob-

lems in multilayer structures. The following sections deal with this topic. 

5.2.1 Photophysical properties of htlPIF 

Absorbance- and the photoluminescence spectrum of htlPIF can be found in figure 5.5 

300 350 400 450 500 550 600
0,0

0,2

0,4

0,6

0,8

1,0

1,2

0,0

0,2

0,4

0,6

0,8

1,0

1,2
black lines: thin film
red dashed lines: solution

 n
or

m
al

iz
ed

 p
ho

to
lu

m
in

es
ce

nc
e

 

no
rm

al
iz

ed
 a

bs
or

ba
nc

e

wavelength (nm)
 

Figure 5.5: Normalized absorbance and photoluminescence of htlPIF in solution (red dashed lines) and as 
thin film (black solid line). 

The thin film emission shows a maximum at 435 nm with a less pronounced vibronic 

fine structure maximum at 461 nm. The unstructured absorption spectrum has its maxi-

mum at 406 nm resulting in a Stokes-shift of 29 nm. The PL-emission of the htlPIF 

solution has its maximum at 435 nm with a shoulder at 461 nm and an absorbance 

maximum at 406 nm (Stokes-shift: 29 nm). No significant differences between thin film 
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and solution spectra were found. The photoluminescence quantum yield in solution is 

Φ = 87% and in thin film Φ = 124% (relative to dioctylfluorene). 

5.2.2 Fabrication of multi-layer structures 

As mentioned, fabricating multi-layer structures from solution can be challenging. It has 

to be ensured that the solvent of the subsequently deposited material does not dissolve 

any subjacent layer. This can be realized by different approaches, including the use of 

materials with orthogonal solubility55 or cross-linking polymers. Orthogonal solubility 

means that the first involved polymer is only soluble in its distinct solvent and insoluble 

in the solvent of the second involved polymer. This is not given in case of htlPIF and 

the emitter PIFs since both are perfectly soluble in toluene. So it has to be elucidated if 

htlPIF shows any thermally activated cross linking properties56. Therefore, thin films 

were spin-coated on PEDOT:PSS and annealed in HV at 70°C for 1 h. Subsequently, 

the polymer layer was treated with the pure solvent under spin process conditions. Be-

fore and after the spin coating of toluene, the layer thickness was measured by AFM. 

Independent of the layer thickness (up to 100 nm), a complete dissolving was found. 

Thus, the process is not suitable for multi-layer fabrication. In order to increase the film 

stability, the annealing temperature was increased to 200°C. No detectable reduction of 

the coated layer thickness was found after toluene treatment. However, such high tem-

peratures are capable to change the emission properties of the polymers due to the for-

mation of chemical defects. To exclude any changes in absorbance and photolumines-

cence spectra, these parameters were measured before and after annealing. No changes 

were found (Figure 5.6, left). Note that annealing in air led to the development of a 

broad pronounced emission centered around 590 nm (Figure 5.6, right). 
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Figure 5.6: Left: Absorbance (full symbols) and emission (open symbols) of htlPIF before (black squares) 
and after (red circles) annealing at 200°C in argon atmosphere. Right: Emission after 1 h at 200°C in 
ambient conditions. 

5.3 Summary and discussion 

Figure 5.7 comprises the thin film emission spectra of homoPIF, coPIF-1 and coPIF-2. 

The impacts of the slightly different chemical structures can be seen easily. homoPIF, 

which is a pristine PIF, shows the expected emission spectrum. A strong enhancement 

of the second maximum can be found in the case of coPIF-1 with its amine based units. 

The emission spectrum of coPIF-2 suggests a very efficient energy transfer from the 

PIF unit to the phenylene-vinylene units. Photoluminescence measurements of coPIF-2 

solutions with low concentrations revealed a suppression of this energy transfer. This is 

apparently due to decreasing intermolecular contact between single polymer chains. The 

photoluminescence quantum yield is high for all three polymers, making them good 

candidates for applications as active layers in PLED. 
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Figure 5.7: Normalized thin film emission spectra of homoPIF (black/squares), coPIF-1 (red/circles) and 
coPIF-2 (blue/diamonds). 

The hole transport material htlPIF shows blue emission and a high photoluminescence 

quantum yield as well. Its emission maximum is red-shifted with respect to homoPIF 

and coPIF-1. Since the band gap is smaller than that of those two polymers, there won’t 

be any energy barrier for electrons between them. Besides that, its good solubility in 

toluene is a problem for multi-layer PLED applications. No dissolving of the thin film 

was not found for 200°C bake-out temperature and the photoluminescence spectrum 

was stable. Nevertheless, a partial dissolvement of the layer after subsequent polymer 

deposition cannot fully be excluded. 
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6 Photoluminescence related material stability 

A prerequisite for the application of light emitting polymers in PLEDs is their spectral 

stability to ambient and chemical influences. Several approaches to investigate these 

influences are presented in this chapter.  

6.1 Stability with respect to thermal stress 

Thin polymer films were spin-coated on glass substrate and annealed under ambient 

conditions and under argon atmosphere. The photoluminescence spectrum was meas-

ured immediately after spin-coating and after 30 min, 1 h, 2 h, 3 h, 4 h and 5 h incre-

mental annealing. During annealing, ambient light was excluded in order to avoid any 

UV-induced effects. 

6.1.1 homoPIF 

The degradation series of homoPIF under ambient conditions is shown in figure 6.1 in a 

qualitative way (normalized to the second maximum, left) and in a quantitative way 

(right). The latter were normalized to the maximum emission intensity of the untreated 

sample, which allows a comparison of the absolute intensities. Degradation under argon 

can be found in figure 6.2. 
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Figure 6.1: Thermal degradation series at 100°C of homoPIF under ambient conditions. Left: Normalized 
to the second maximum; Right: Normalized to the emission maximum of the untreated sample. 
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Figure 6.2: Thermal degradation series at 100°C of homoPIF under argon. Left: Normalized to the second 
maximum; Right: Normalized to the emission maximum of the untreated sample. 

In both cases the overall emitted intensity decreased significantly. After 5 hours at 

100°C the absolute intensity at 424 nm decreased in the case of argon atmosphere by a 

factor of ~4 and in case of ambient conditions by a factor of ~20. Normalized spectra of 

the thin film treated under argon reveal a decrease of the maximum emission at 424 nm 

and a slight enhancement of the emission in the spectral region between 480 nm and 

600 nm (Figure 6.2, right). Similar, but much more pronounced changes were found for 

films annealed under ambient conditions. 

Due to the higher loss of intensity and the lower stability under ambient conditions, the 

investigated effects can clearly be assigned to interactions with oxygen and/or humidity.  

 

Reversibility studies 

Besides chemical changes of the emissive unit due to a singlet-oxygen reaction, also 

dynamic or static quenching processes are conceivable to cause the overall reduction of 

the emitted photoluminescence intensity. At least for dynamic quenching from oxygen 

or humidity it should be possible to restore parts of the original emitted intensity by 

reducing previously diffused oxygen or water from the film. Therefore two thin films 

were prepared and annealed for 2 h under ambient conditions. Afterwards one film was 

kept in high vacuum (< 10-5 mbar ) at room temperature for 2 hours, the other film was 

kept in high vacuum at 100°C for 2 hours. PL spectra were measured after each step. 

The sense of annealing the second sample under HV was to introduce some additional 

energy into the system in order to break up possible ground-state complexes which 
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would cause static quenching. figure 6.10 shows the development of the intensity over 

time. It can clearly be seen that the emitted intensity did not recover. Hence, at least 

dynamic quenching can be excluded. 
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Figure 6.3: Photoluminescence intensity over time for two spin coated homoPIF films. A 2 h annealing is 
followed by a 2 h HV step (red line/circles). Additional annealing in HV at 100°C (black line/squares). 

6.1.2 coPIF-1 

The thermal degradation series under ambient conditions for coPIF-1 can be found in 

figure 6.4. Related to the 0-1 transition, a slight decrease of the emission maximum can 

be found. The emission between 500 nm and 600 nm heavily increases. After 5 h at 

100°C the absolute emitted intensity decreased by a factor of ~10. Similar, but less pro-

nounced effects were found after annealing under argon atmosphere (see figure 6.5). 

The absolute intensity decreased by a factor of ~4. 
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Figure 6.4: Thermal degradation series at 100°C of coPIF-1 under ambient conditions. Left: Normalized 
to the second maximum; Right: Normalized to the emission maximum of the untreated sample  
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Figure 6.5: Thermal degradation series at 100°C of coPIF-1 under argon. Left: Normalized to the second 
maximum; Right: Normalized to the emission maximum of the untreated sample. 

Again, this behavior clearly indicates an oxygen and/or humidity induced effect. Com-

pared to homoPIF, coPIF-1 shows a reduced spectral stability which thus can be as-

signed to the amine side-chains. 

6.1.3 coPIF-2 

Strong spectral instabilities were found for coPIF-2. The degradation series under ambi-

ent conditions (Figure 6.6) reveals a strong relative decrease of the phenylene-vinylene 

emission with a maximum around 457 nm. The PIF emission becomes more significant. 

Already after 1 h annealing, the coPIF-2 emission is similar to that of coPIF-1, which 

indicates the complete deactivation of the phenylene-vinylene emission. Also the emis-

sion between 500 nm and 600 nm increased. This may be related to the formation of 

ketonic defect states. The same effects can be observed for annealing in argon. How-

ever, parts of the original emission still remain after 4 h annealing. After 4 hours at 

100°C the maximum intensity at 457 nm decreases in the case of argon atmosphere by a 

factor of 6 and in the case of ambient conditions by a factor of 20. A detailed discussion 

about this behavior can be found in section 6.4.  
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Figure 6.6: Thermal degradation series at 100°C of coPIF-2 under ambient conditions. Left: Normalized 
to the original emission maximum around 457 nm; Right: Right: Normalized to the emission maximum of 
the untreated sample. 
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Figure 6.7: Thermal degradation series at 100°C of coPIF-2 under argon. Left: Normalized to the original 
emission maximum around 457 nm; Right: Normalized to the emission maximum of the untreated sam-
ple. 

6.2 Stability with respect to UV irradiation 

Previous photoluminescence measurements pointed out that two measurements, one 

immediately after the other, already show different emission intensities. Therefore, the 

excitation process itself can be made responsible for this effect. This process is com-

monly known as photobleaching and is caused by different reasons dependent of the 

chemical structure of the fluorophore. Mostly it’s an oxygen-induced effect.  

For the investigation of the stability of homoPIF, coPIF-1 and coPIF-2 with respect to 

these effects, thin films of the polymers were spin coated and mounted in the measure-

ment chamber of a SHIMADZU RF-5301PC spectrofluorophotometer. A definite exci-
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tation wavelength was chosen via the excitation monochromator. To ensure large area 

irradiation, the excitation slits were set to their maximum aperture. This led to an irradi-

ated area of ~ 5 mm * 5 mm. The irradiation was interrupted by PL measurements after 

certain time intervals (up to six minutes). The results of this experiment are depicted in 

figure 6.8. The left column presents the degradation series for an irradiation wavelength 

of λIRR = 280 nm, the right column the series for λIRR = 380 nm. 
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Figure 6.8: Continuous excitation of the polymers homoPIF (top), coPIF-1 (middle) and coPIF-2 (bot-
tom) with UV light. Excitation with λIRR = 280 nm (left) and λIRR = 380 nm (right). 
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The UV irradiation results are similar to that obtained during thermal treatment, but on a 

lower timescale: homoPIF and coPIF-1 show good stability with minor decreases of the 

emission maximum at 424 nm. Also, an increase of the emission between 500 nm and 

600 nm was found. The maximum intensity decreased for homoPIF by a factor of ~6 at 

λIRR = 380 nm and by a factor of ~5 in the case of λIRR = 280 nm, respectively. coPIF-1 

emission intensity decreased in both cases by a factor of ~4. The most significant 

changes of the PL emission showed coPIF-2. Relative to the emission maximum, the 

shoulder at around 424 nm increased strongly during treatment. The intensity of the 

emission maximum, however, decreased by a factor of ~15 in both cases. For all three 

polymers, the spectral changes were stronger for the irradiation with λIRR = 380 nm. At a 

first glance, this seems to be contradictory because the high energy radiation with 

280 nm caused less damage. This becomes clearer when we look at the absorption spec-

tra of the three polymers (Chapter 5). The maximum is located near 380 nm and only a 

low absorption can be found around 280 nm. This leads to the suggestion that the deg-

radation process is excitation related. A discussion on this is given in section 6.4. 

The next section deals with measurements on sealed samples in order to elucidate the 

influence of oxygen and humidity. 

 

Sealed samples 

The previously described experiment was repeated using a sealed sample of homoPIF. 

Basically the polymer solution was spin coated on a glass substrate, covered with a sec-

ond glass substrate and sealed with epoxy. Note that it was only possible to irradiate the 

sample with λIRR = 380 nm due to the high absorption of the glass sealing in regions 

lower than 350 nm. The result of the investigation is presented in figure 6.9. 

Nearly no spectral changes were observed and the maximum intensity decreased only 

by a factor of ~2. So the enhanced overall stability can be ascribed to the exclusion of 

oxygen and humidity realized by the sealing. 
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Figure 6.9: Continuous excitation of a sealed homoPIF film. λIRR = 380 nm. 

This result of a reduced stability for the excitation wavelength where the polymer has 

higher absorption as well as the increased stability for sealed films leads to the assump-

tion that not the UV irradiation itself damages the polymer, but the highly reactive 

singlet oxygen (section 2.5.2), created during a photosensitization process does. 

6.3 Stability with respect to acidic environments 

Motivated by the work of Kappaun et al.57, who demonstrated protonation and 

deprotonation reactions of the active layer which consequently led to spectral 

instabilities, acidic influences on homoPIF, coPIF-1, coPIF-2 and htlPIF were 

investigated. Due to it’s popularity and its acidic character, any PEDOT:PSS induced 

effects are of special interest. Furthermore, the influences of a strong organic acid - 

trifluoroacetic, and an inorganic acid - hydrochloric acid were analyzed. 

6.3.1 PIF / PEDOT:PSS double layers 

In nearly every efficient PLED PEDOT:PSS is used as a smoothing and hole transport-

ing layer between ITO and the active material. It was supposed, that due to its acidic 

character, its film-forming properties and its possible diffusion into the active material 

(see theory section 3.3.3 for details), an interaction with the active material at the inter-

face is possible. 
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To investigate possible effects with photoluminescence spectroscopy, PEDOT:PSS 

(~60 nm)/PIF double layers were fabricated. The possible effect was expected to be 

limited to the interfacial region, hence the deposed PIF layer had to be very thin (spin-

coated from 0.1 g/l solution). Reference samples (polymer solely on glass substrates) 

from the same solutions were fabricated as well. Figure 6.10 shows the results for ho-

moPIF, coPIF-1, coPIF-2 and htlPIF.  
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Figure 6.10: PL spectra of PEDOT:PSS/polymer double layers (black line/squares) and reference spectra 
of the polymer solely (red line/circles). top left: homoPIF; top right: coPIF-1; bottom left: coPIF-2; bot-
tom right: htlPIF. 

homoPIF and coPIF-1 showed good stabilities - no significant changes due to the sub-

jacent PEDOT:PSS layer were found. However, significant changes were observed in 

the case of PEDOT:PSS/coPIF-2 double layers. Compared to the single layer systems 

they showed a significantly enhanced peak around 424 nm. Beside a blue shift of 3 nm, 

the PEDOT:PSS/htlPIF double layer system showed no significant changes of the opti-

cal properties of htlPIF due to an interaction with the PEDOT:PSS layer 
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6.3.2 PIF / Trifluoroacetic blends 

For further clarification of any acid-induced effect, trifluoroacetic (TFA) in different 

concentrations was added to the parent solutions and subsequent spin-coated on glass 

substrate. TFA (CF3-COOH) is a strong organic acid and is, compared to other acids, 

perfectly soluble in organic solvents like toluene, which of course was the basic re-

quirement for this experiment. PL spectra of the results can be found in figure 6.11.  
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Figure 6.11: PL spectra (normalized to the emission maximum) of polymer solution/TFA blends with 
different ratios (see legend). top left: homoPIF; top right: coPIF-1; bottom left: coPIF-2; bottom right: 
htlPIF.  

Again, a no significant spectral changes for homoPIF, coPIF-1 and htlPIF were meas-

ured. Especially the good spectral stability of coPIF-1 and htlPIF was not expected 

since they have amine-based transport groups: The nitrogen atom of the latter, with its 

lone electron pair in the valence shell, acts as base and can easily be protonated, which 

can lead to spectral changes.57,58 
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The emission characteristics of coPIF-2 showed changes, similar to all previous degra-

dation studies: The PIF emission around 424 nm becomes more significant compared to 

the phenylene-vinylene emission with increasing acid concentration.  

6.3.3 PIF / HCl interactions 

To investigate interactions with an inorganic acid, the samples were held over an open 

bottle of fuming HCl for ~3 s. The photoluminescence spectra of the subsequent meas-

urement can be found in figure 6.12. 
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Figure 6.12: PL spectra (normalized to the emission maximum) of polymer films exposed to HCl fume 
(red line / circles) and reference measurements of the unexposed sample (black line / square). top left: 
homoPIF; top right: coPIF-1; bottom left: coPIF-2; bottom right: htlPIF. 

The investigated effects were very limited which can be due to the short interaction 

time. However, they correspond with the results obtained with polymer solu-

tion/trifluoroacetic acid blends. 
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6.4 Summary and discussion 

A good spectral stability can be assigned to homoPIF and coPIF-1: Changes during all 

kinds of treatment were limited, but always related to a relative decrease of the emission 

maximum at 424 nm and an increase of the relative emission between 480 nm and 

600 nm. The biggest effect was found for thermal treatment under ambient conditions, 

which suggests oxygen and/or humidity induced effects. Absolute emission intensities 

always strongly decreased. The fact that no restoring of the emission intensity was 

found after a 2 hour lasting HV storage, leads to the exclusion of dynamic quenching as 

causing factor.  

Irradiation with UV-light (λIRR = 380 nm and λIRR = 280 nm) also led to the described 

effects, whereas the samples showed a decreased stability for low energy irradiation. 

The absorbance of the polymers is higher for irradiation with λIRR = 380 nm so it can be 

suggested that this is a excitation related effect. Sealed samples showed increased stabil-

ity. This leads to the presumption that singlet oxygen (created by a photosensitized 

process, see chapter 2.5.2) might react with the polymer, introducing chemical defects 

and thus non-emissive units or spectral shifts. No significant acid-induced effect was 

found for homoPIF and coPIF-1.  

The poly(indenofluorene) copolymer with amine and phenylene-vinylene based units, 

coPIF-2, showed a similar remarkable behavior during all kinds of treatment. Related to 

the emission maximum at 457 nm, the shoulder at 424 nm developed to a pronounced 

peak. This can be assigned to the deactivation of the phenylene-vinylene emission. A 

possible process occurring during UV irradiation would be related to the formation of 

singlet oxygen. Singlet oxygen can add in a [2+2] cycloaddition to the doubly bonded 

carbon atoms of the vinylene unit leading to a dioxetane intermediate. Then it's pro-

posed that this adduct breaks down into two aldehydes.59,60 This principle is shown in 

figure 6.13 
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Figure 6.13: Proposed chemical reaction between phenylene-vinylenes and singlet oxygen responsible for 
the deactivation of the phenylene-vinylene emission.  

This, however, does not explain the alike results for the PEDOT:PSS/coPIF-2 het-

erostructures, the blends with trifluoroacetic acid and the treatment with fuming HCl. 

Obviously, these effects are caused by the acidic environment. A possible reaction may 

be given by an electrophilic addition of the acid to the unsaturated carbon double 

bond.61,62 This bond consists of a strong σ-bond and a weaker π-bond. The latter acts as 

nucleophile, attracting the elecrophile part of molecules. This would be the hydrogen 

atom in case of acids. The H+-proton adds to one of the doubly bonded carbon atoms, 

leaving the second carbon atom positively charged and singly bonded. The latter forms 

a bond with the remaining negatively charged acid radical, creating a non-emissive unit. 

Find the proposed reaction for HCl in figure 6.14: The more positive part of the polarized 

bond between hydrogen and chloride gets attracted of the electron rich vinylene bond 

and forms a bond with one carbon atom. The remaining Cl- acid radical reacts with the 

second, now positively charged carbon atom.63 This principle can be applied for TFA 

and PSS as well. 
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Figure 6.14: Electrophilic addition of HCl to the double bond of the phenylene-vinylene unit. 
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Minor effects were observed for htlPIF. The PEDOT:PSS/htlPIF double layer and treat-

ment with HCl leads to a slight blue-shift (~3 nm) of the emission. Besides that, the 

overall stability of the photoluminescence spectrum was good. Thermal treatment, 

which did not harm the photoluminescence spectrum for temperatures up to 200°C un-

der argon was already described in section 5.2.2. The development of a broad emission 

peaking at 590 nm was observed for annealing under ambient air. Since only high bake 

out temperatures lead to a non-dissolving film for subsequent deposed layers, its chemi-

cal stability at these temperatures is an ultimate requirement for PLED applications. 

Also its increased stability to acids is a necessary demand, because this layer is in con-

tact with PEDOT:PSS.  
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7 Operational stability of PLED devices 

This chapter deals with the stability of homoPIF, coPIF-1 and coPIF-2 with respect to 

humidity and oxygen in PLED devices. The idea was to operate the devices in a nitro-

gen atmosphere with defined amounts of oxygen or humidity. Due to their molecular 

size, oxygen and water can easily diffuse under and via pinholes through the metal cath-

odes into the polymer films.6 The experimental setup is described in the next section.  

7.1 Adopted PLED design and experimental methodology  

To ensure an exclusive interaction of oxygen or humidity with the active layer (ho-

moPIF, coPIF-1 or coPIF-2), a special device architecture was chosen64:  

• Due to the known strong interactions of calcium with oxygen and water, the top 

electrode of the devices was made of aluminum solely. 

• To enhance diffusion into the active area, the top electrode of each device consisted 

of four equidistant 150 µm wide and 70 nm thick aluminum strips (Figure 7.1). 

• No additional electron or hole transporting layers were used to exclude any possible 

additional interactions. 
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Figure 7.1: Top left: Ready made device; Top right: Measurement cell with gas in and outlet; Bottom left: 
Gas mixing and humidity measurement setup; Bottom right: Measurement cell with a rack for the fiber 
optics to the detector. 

Defined atmospheres were produced with a gas mixing and humidity measurement plant 

(developed at the NTC Weiz Forschungsgesellschaft mbH65) and applied to a special 

measurement cell with gas in- and outlet (Figure 7.1).  

The actual measurement started with a reference measurement under argon atmosphere 

followed by a change of the atmosphere for a certain time (cycle 1). Subsequently the 

device was stored under high vacuum (< 10-5 mbar) for 60 minutes to reduce possibly 

diffused oxygen or water, followed by a second cycle. In order to minimize operational 

device degradation, the PLED was switched off between the individual steps. Further 

more, a special rack (Figure 7.1, bottom right) ensured that the position of the fiber op-

tics to the detector did not change during or between the cycles. This precaution allowed 

the comparison of the detected emission intensities. 

7.2 Stability of homoPIF 

Figure 7.2 shows the electroluminescence spectra of a homoPIF device under argon and 

under artificial air (22% O2 and 78% N2) during cycle 1 and cycle 2.  



Operational stability of PLED devices  

 

  66 

 

400 450 500 550 600
0,0

0,2

0,4

0,6

0,8

1,0

1,2
 argon
 1 min
 4 min
 6 min
 8 min
 11 min

 

 

no
rm

al
iz

ed
 e

le
ct

ro
lu

m
in

es
ce

nc
e 

wavelength (nm)

400 450 500 550 600
0,0

0,2

0,4

0,6

0,8

1,0

1,2
 argon
 1 min
 3 min
 5 min
 7 min
 10 min

 

 

no
rm

al
iz

ed
 e

le
ct

ro
lu

m
in

es
ce

nc
e 

wavelength (nm)  

Figure 7.2: Electroluminescence spectra of homoPIF recorded under argon (black lines) and subsequently 
under artificial air after certain times (see legend). Cycle 2 (right) was recorded after a 1 hour vacuum 
storage. 

A spectrally stable decrease to ~57% of the emitted intensity was found during cycle 1. 

During cycle 2 the intensity decrease was much faster: After 10 minutes in artificial 

atmosphere ~34% remained. These increased effects can be assigned to the formation of 

non-emissive dark spots. 

7.3 Stability of coPIF-1 

Find the electroluminescence spectra of coPIF-1 recorded under argon and under artifi-

cial air (22% O2 and 78% N2) after certain times in figure 7.3.  
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Figure 7.3: Electroluminescence spectra of coPIF-1 recorded under argon (black lines) and subsequently 
under artificial air after certain times (see legend). Cycle 2 (right) was recorded after a 1 hour vacuum 
storage. 
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A spectrally stable decrease to ~68% compared to the maximum intensity was found 

during cycle 1. The decrease in cycle 2 was much faster and ~46% of the originally 

emitted intensity remained. This again can be ascribed to the formation of dark spots. In 

contrast to homoPIF and coPIF-2, the emitted spectrum strongly differs from the photo-

luminescence measurement. Here, the emissions maximum can be found around 

483 nm. A second peak appears at 428 nm. 

7.4 Stability of coPIF-2 

As described in Chapter 6 coPIF-2 had the worst spectral stability leading to extended 

investigations of this polymer. Besides longer lasting interaction times (20 minutes), an 

additional humidity influence was investigated. Moreover, a reference measurement 

under pure nitrogen atmosphere was performed.  

Oxygen Interaction 

An artificial atmosphere consisting of 22% O2 and 78% N2 was used. The results can be 

found in figure 7.4.  
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Figure 7.4: Electroluminescence spectra of coPIF-2 recorded under argon (black lines) and subsequently 
under artificial air after certain times (see legend). Cycle 2 (right) was recorded after a 1 hour vacuum 
storage. 

During cycle 1 a spectrally stable luminescence intensity decrease to 55% was found. 

The second cycle led to a faster reduction of the emitted intensity. After 20 minutes, 

34% remained. Again, the spectrum was also stable during cycle 2. 



Operational stability of PLED devices  

 

  68 

 

Humidity interaction 

A humidified (20% relative humidity) nitrogen carrier gas was used as artificial atmos-

phere in this experiment. Find the results in figure 7.5. 
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Figure 7.5: Electroluminescence spectra of coPIF-2 recorded in argon (black lines) and in artificial hu-
midified atmosphere after certain times (see legend). Cycle 2 (right) was recorded after a 1 hour vacuum 
storage. 

The continuous exposition to humidity led to a spectrally stable decrease of the emitted 

intensity to ~20%. During cycle 2, the emitted intensity decreased much faster and 

~30% remained. 

Reference measurement 

To exclude possible influences of the device operation itself, measurements under argon 

and subsequently under pure nitrogen atmosphere instead of oxygen or humidified at-

mosphere were carried out. Figure 7.6 shows the results for both cycles. 
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Figure 7.6: Electroluminescence spectra of coPIF-2 recorded under argon (black lines) and subsequently 
under nitrogen atmosphere after certain times (see legend). Cycle 2 (right) was recorded after a 1 hour 
vacuum storage. 



Operational stability of PLED devices  

 

  69 

 

Only a limited decrease to ~80% of the originally emitted intensity was found during 

cycle 1 and to ~50% during cycle 2, respectively. This clearly shows that the device 

operation under inert atmosphere or the switch on/switch off events had only very lim-

ited influence. 

7.5 Summary and discussion 

All devices showed a similar behavior. Find a exemplary discussion on coPIF-2 in this 

section. The intensity over time characteristics of coPIF-2 for pure nitrogen atmosphere, 

oxygen atmosphere and humidified atmosphere are depicted in figure 7.7. The results of 

all experiments showed a very similar picture: 

• Cycle 1: Spectrally stable decrease of the emitted electroluminescence intensity. 

• High vacuum storage: At least partial recovery of the original emitted intensity. 

• Cycle 2: Faster and stronger decrease of the emitted EL intensity.  
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Figure 7.7: Intensity over time of coPIF-2. Left: Reference measurements under nitrogen atmosphere. 
Right: Influence of artificial air (22% O2 and 78% N2) onto the emitted EL intensity. Bottom: Influence of 
humidified nitrogen (20% relative humidity) onto the emitted EL intensity. (Black curves/squares: cycle 
1; Red curves/circles: cycle 2) 
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Reference measurements in pure nitrogen revealed only a very limited decrease of the 

emitted intensity especially during cycle 1. Therefore, the investigated effects cannot be 

explained just by device degradation during operation. Also the formation of non-

emissive dark spots due to cathode delamination cannot be responsible entirely because 

of the fact that the emitted intensity partly restores after high vacuum storage. However, 

the faster decrease of the emitted electroluminescence intensity during a second cycle 

can be assigned to an enhanced diffusion through pinholes in the cathode and dark spot 

generation.  

This decrease of the emission intensity can be observed for phosphorescent materials66 

as well as for fluorescent polymers like in this case. However, the underlying mecha-

nism may be of fundamental difference. As described in section 2.4, phosphorescence 

arises from the recombination of a triplet exciton. Those states usually have a long life-

time in the range of microseconds to seconds. Quenching can only occur in the case of 

molecular contact between diffused oxygen and the excited polymer within this lifetime. 

In contrast to phosphorescence, singlet excitons in fluorescent materials have a rather 

short lifetime usually in the range of picoseconds to a few nanoseconds which is orders 

of magnitude smaller than the lifetime of triplet excitons. Thus the quenching of triplet 

excitons seems to be much more likely. 

In addition to that, only ground state oxygen acts as quencher. It is known that excited 

oxygen has a lifetime of several microseconds depending on the matrix material. Re-

peated quenching is only possible if the excited oxygen molecule has returned to its 

ground state again. Due to the extensive lifetime difference between an excited singlet 

state of a polymer and the oxygen molecule, which is at least four orders of magnitude, 

efficient quenching of singlet excitons seems from this point of view unlikely. 

The question, whether there is sufficient oxygen available in the polymer film to explain 

the strong decrease of EL-intensity, is not fully answered so far. However, there might 

be other mechanisms responsible for the intensity decrease in fluorescent materials. Be-

sides static quenching, possible candidates would be any polaron-oxygen/humidity in-

teraction.  
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8 PLED device optimization with respect to their 
efficiency 

Besides the study of different environmental influences, different PLED architectures 

with respect to the devices efficiency were realized. All materials, homoPIF (1), coPIF-

1 (2) and coPIF-2 (3) were characterized in an basic PLED single layer structure: 

ITO/PEDOT:PSS/1, 2, 3/Ca/Al. In a next step, charge transporting layers - htlPIF and 

TPBi - were introduced: ITO/PEDOT:PSS/htlPIF/1, 2, 3/TPBi/Ca/Al. The inherent 

problem in the preparation of solution processed multi-layer PLEDs concerning the dis-

solving of subjacent layers was already described in chapter 5.2.2. After annealing at 

200°C followed by a treatment with pure solvent no dissolving of the beneath coated 

htlPIF layer was found. Furthermore, the photophysical properties (PL, absorbance) 

remained unchanged. To elucidate the observed spectral characteristics, additionally 

devices with htlPIF+1, 2, 3 1:10 blends as active layer were fabricated: 

ITO/PEDOT:PSS/htlPIF+1, 2, 3/TPBi/Ca/Al. Further on, the absence of PEDOT:PSS 

onto the emission characteristics was examined in an ITO/homoPIF/Ca/Al PLED struc-

ture. As a first step, devices fabricated from htlPIF and TPBi were investigated. 

All layers were prepared using following parameters (if not stated otherwise): 

Table 8.1: PLED device preparation parameters 

 Layer thickness Annealing parameters 

PEDOT:PSS 60 nm 120°C for 1 h 

htlPIF 20 nm 70°C / 200°C for 1 h  

Active layer - PIF 45 nm / 150 nm 70°C for 1 h 

TPBi 10 nm; Rate: 0.2 nm/s - 

Ca 10 nm; Rate: 0.2 nm/s - 

Al 100 nm; Rate: 1 nm/s - 
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8.1 htlPIF and TPBi-only device 

As shown in section 5.2, htlPIF exhibits good photophysical properties: High photolu-

minescence quantum yield, good thermal stability and blue photoluminescence emis-

sion. Besides that, its band gap is smaller than that of homoPIF and coPIF-1 which may 

lead to a situation where holes are efficiently injected into the active layer, but electrons 

are not blocked at the htlPIF/1, 2, 3 interface. Reason enough to investigate htlPIF's 

performance in a PLED without any actual active material. A ITO/PEDOT:PSS/100 nm 

htlPIF/TPBi/Ca/Al device was prepared. The current - voltage - luminance characteris-

tics as well as the electroluminescence spectrum are depicted in figure 8.1. The results 

are summarized in table 8.2. 
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Figure 8.1: Voltage-current-luminance characteristic (left) and electroluminescence spectrum (right) of an 
ITO/PEDOT:PSS/100 nm htlPIF/TPBi/Ca/Al device. 

Table 8.2: Key results of an ITO/PEDOT:PSS/100 nm htlPIF/TPBi/Ca/Al device. 

onset max. luminance max. efficiency peak maximum CIE1931 

3.2 V 1293 cd/m2 @8 V 0.12 cd/A @7 V 437 nm 
x = 0.151 
y = 0.085 

 

The electroluminescence emission exhibits blue emission (CIE1931 x = 0.151; 

y = 0.085) with a maximum at 437 nm. The high current density up to 14000 A/m2 is 

the result of the increased hole transport in the device. Despite luminance values up to 

1300 cd/m2, the efficiency of 0.12 cd/A is quite low. 
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8.2 PLEDs based on homoPIF 

Single layer, multi layer and blend systems with homoPIF are presented in the follow-

ing. To investigate the influence of PEDOT:PSS on the EL emission spectrum, an addi-

tional device structure without PEDOT:PSS will be shown. 

8.2.1 ITO/PEDOT:PSS/150 nm homoPIF/Ca/Al 

This basic single layer configuration led to poor efficiencies and luminance values (see 

figure 8.2 and table 8.3): A high current density up to 20000 A/m2 was found while the 

maximum luminance with 290 cd/m2 was low. Consequently the devices showed poor 

efficiency in the range of 0.025 cd/A. However, blue electroluminescence emission was 

found (CIE1931 x = 0.173; y = 0.082) with a maximum at 428 nm and a vibronic fea-

ture around 446 nm. 
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Figure 8.2: Voltage-current-luminance characteristic (left) and electroluminescence spectrum (right) of an 
ITO/PEDOT:PSS/150 nm homoPIF/Ca/Al device. 

Table 8.3: Key results of an ITO/PEDOT:PSS/150 nm homoPIF/Ca/Al device. 

onset max. luminance max. efficiency peak maximum CIE1931 

4.0 V 290 cd/m2 @11 V 0.025 cd/A @9 V 428 nm 
x = 0.173 
y = 0.082 
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The influence of PEDOT:PSS 

The results in Chapter 6.3 revealed no distinct influence of PEDOT:PSS onto the photo-

luminescence spectrum of homoPIF. To investigate a possible effect on the electrolumi-

nescence spectrum, devices with and without a PEDOT:PSS layer and with different 

active layer thicknesses were fabricated. The active layer thickness in one case was 

~45 nm and in the second ~150 nm. Deviations in the layer thicknesses due to the dif-

ferent wetting of the subjacent material (ITO solely or ITO/PEDOT:PSS) was low (< 

5%) and can be neglected. The resulting EL spectra are shown in figure 8.3. 
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Figure 8.3: Electroluminescence spectra of devices with and without a PEDOT:PSS layer and with differ-
ent active layer thicknesses (see legend). 

Apart from the poor performance of the devices without PEDOT:PSS layer, they show a 

less pronounced vibronic transition. One explanation of the investigated effect is a dif-

ferent location of the charge carrier recombination zone and the light out coupling 

(Figure 8.4). In devices without PEDOT:PSS and with a calcium cathode, the recombi-

nation zone is expected to be near the ITO/OSC interface. Therefore a fraction of the 

emitted light can leave the device without passing the active layer. Devices with PE-

DOT:PSS layer show better hole-injection. Although the recombination zone is still 

expected to be near the anode67,68, it might be broadened and shifted towards the bulk. 

Now parts of the emitted photons have to pass parts of the active layer and are therefore 

possibly prone to self-absorption. 
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Figure 8.4: Proposed location of the charge carrier recombination zone and the corresponding EL spectra. 

However, this would require that the recombination zone for the two devices with dif-

ferent (45 nm and 150 nm) active layer thicknesses and with PEDOT:PSS is located 

exactly at the same position within the device. Further experiments on this topic, espe-

cially with different cathode materials (e.g. Ag, Al) and electron transporters, are sug-

gested. 

8.2.2 ITO/PEDOT:PSS/htlPIF/homoPIF/TPBi/Ca/Al 

As expected, the ITO/PEDOT:PSS/htlPIF/homoPIF/TPBi/Ca/Al configuration showed 

much better performance (Figure 8.5, Table 8.4). Compared to the homoPIF single-

layer device, the maximum luminance of 11000 cd/m2 increased about 37-fold, the 

maximum efficiency increased ~48-fold. The electroluminescence emission appears 

red-shifted with a maximum at 442 nm and a shoulder around 464 nm (CIE1931 

x = 0.149; y = 0.097). 
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Figure 8.5: Voltage-current-luminance characteristic (left) and electroluminescence spectrum (right) of an 
ITO/PEDOT:PSS/20 nm htlPIF/45 nm homoPIF/TPBi/Ca/Al device. 
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Table 8.4: Key results of an ITO/PEDOT:PSS/20 nm htlPIF/45 nm homoPIF/TPBi/Ca/Al device. 

onset max. luminance max. efficiency peak maximum CIE1931 

4.1 V 11004 cd/m2 @10 V 1.19 cd/A @6.5 V 442 nm 
x = 0.149 
y = 0.097 

 

The spectrum can be attributed neither to htlPIF nor to homoPIF solely. A corporate 

emission of the two polymers seems possible. This would require an at least partial 

blending of htlPIF and homoPIF at their interface.  

8.2.3 ITO/PEDOT:PSS/htlPIF+homoPIF/TPBi/Ca/Al 

In order to investigate the origin of the electroluminescence spectrum in figure 8.5, a 

device with a htlPIF/homoPIF blend was fabricated. htlPIF and homoPIF were directly 

blended in solution with a ratio of htlPIF:homoPIF 1:10. The voltage-current density-

luminance characteristic as well as the electroluminescence spectrum are depicted figure 

8.6, a summary of the key results is presented table 8.5.  
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Figure 8.6: Voltage-current-luminance characteristic (left) and electroluminescence spectrum (right) of an 
ITO/PEDOT:PSS/htlPIF+homoPIF 1:10/TPBi/Ca/Al device. 

Table 8.5: Key results of an ITO/PEDOT:PSS/htlPIF+homoPIF 1:10/TPBi/Ca/Al device. 

onset max. luminance max. efficiency peak maximum CIE1931 

8.6 V 2359 cd/m2 @17 V 1.17 cd/A @12 V 441 nm 
x = 0.156 
y = 0.044 

 
Compared to the layered device, the onset voltage is more than doubled in this configu-

ration and the current density was low. Also the observed maximum luminance de-
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creased significantly by a factor of ~4. The electroluminescence spectrum exhibits a 

narrow peak with a maximum at 441 nm. 

8.2.4 Summary and discussion 

Devices based on pristine poly(indenofluorene) homoPIF were fabricated in a single-

layer structure, in a multi-layer structure with htlPIF as well as in a polymer blend sys-

tem with htlPIF. Further on, the influence of the PEDOT:PSS layer on the emission 

characteristic was investigated. The latter led to a distinct difference - devices with PE-

DOT:PSS showed an enhanced second maximum. It seems that two mechanisms can be 

responsible for that. First, a shift of the recombination zone towards the bulk and thus 

increased self-absorption. Second, spectral changes induced by the acidic character of 

PEDOT:PSS. Further experiments are necessary for a complete explanation.  

Table 8.6 summarizes the key results of the devices. Single-layer devices showed a 

comparatively bad performance. The implementation of htlPIF and TPBi to the system 

boosted device luminance and efficiency from rather low values to good results. 

Table 8.6: Key results of the homoPIF based PLED devices. 

 onset max. 
luminance 

max. 
efficiency 

peak 
maximum 

CIE1931 

Single-
layer 

4.0 V 290 cd/m2 @11 V 0.025 cd/A @9 V 428 nm 
x = 0.173 
y = 0.082 

Multi-
layer 

4.1 V 11004 cd/m2 @10 V 1.19 cd/A @6.5 V 442 nm 
x = 0.149 
y = 0.097 

Blend 8.6 V 2359 cd/m2 @17 V 1.17 cd/A @12 V 441 nm 
x = 0.156 
y = 0.044 

 

However, a spectral shift of the spectra obtained from multilayer and blend device con-

figuration to a lighter blue region ,which cannot be assigned to htlPIF or homoPIF, was 

observed. To elucidate the origin of the spectrum, devices with a htlPIF+homoPIF 

blend as active layer were fabricated. This led to a narrow emission characteristic, peak-

ing in the same region like the multi-layer PLED. The spectra of the devices as well as 

the spectrum of the htlPIF-only device can be found in figure 8.7.  
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Figure 8.7: Comparison of the electroluminescence spectra of htlPIF, homoPIF, htlPIF/homoPIF multi-
layer and htlPIF+homoPIF blend PLEDs.  

The presented spectra indicate at least a partial blending of htlPIF and homoPIF at the 

interface. Also, parts of the charge carrier recombination zone might be located in or 

very close to the htlPIF layer leading to the observed broadenings and shifts. 



PLED device optimization with respect to their efficiency  

 

  79 

 

8.3 PLEDs based on coPIF-1 

Basically coPIF-1 has a chemical structure based on homoPIF and additional a small 

amount of triphenylamine based units. Therefore, an increased efficiency due to its bet-

ter hole transporting properties can be expected. Like in the previous chapter, a single-

layer device, a multi-layer device and a blend device were prepared.  

8.3.1 ITO/PEDOT:PSS/150 nm coPIF-1/Ca/Al 

The basic ITO/PEDOT:PSS/coPIF-1/Ca/Al setup led to luminance values as high as 

947 cd/m2 (at 17.6 V). This is a clear improvement to the homoPIF single-layer PLED. 

Efficiencies are still low around 0.11 cd/A (at 14.2 V). The obtained electrolumines-

cence emission was deep blue with its maximum at 428 nm (CIE1931: x = 0,166; 

y = 0,074). The results are presented in figure 8.8 and summarized in table 8.7. 
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Figure 8.8: Voltage-current-luminance characteristic (left) and electroluminescence spectrum (right) of an 
ITO/PEDOT:PSS/coPIF-1/Ca/Al device. 

Table 8.7: Key results of an ITO/PEDOT:PSS/coPIF-1/Ca/Al device. 

onset max. luminance max. efficiency peak maximum CIE1931 

7.5 V 947 cd/m2 @17.6 V 0.11 cd/A @14.2 V 428 nm 
x = 0.166 
y = 0.074 
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8.3.2 ITO/PEDOT:PSS/htlPIF/coPIF-1/TPBi/Ca/Al 

The highest luminance value of 21173 cd/m2 as well as a high efficiency with 3.25 cd/A 

were obtained from the ITO/PEDOT:PSS/htlPIF/coPIF-1/TPBi/Ca/Al device structure. 

A major drawback of this configuration was the significant red-shift of the emission 

compared to the single-layer device. The EL emission shows a broad peak centered 

around 465 nm (CIE1931 x = 0.151; y = 0.183).  
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Figure 8.9: Voltage-current-luminance characteristic (left) and electroluminescence spectrum (right) of an 
ITO/PEDOT:PSS/20 nm htlPIF/45 nm coPIF-1/TPBi/Ca/Al device. 

Table 8.8: Key results of an ITO/PEDOT:PSS/20 nm htlPIF/45 nm coPIF-1/TPBi/Ca/Al device. 

onset max. luminance max. efficiency peak maximum CIE1931 

4.7 V 21173 cd/m2 @11.25 V 3.25 cd/A @6.75 V 465 nm 
x = 0.151 
y = 0.183 

 

Again, the observed electroluminescence emission characteristic can be assigned neither 

to coPIF-1 (λmax = 428 nm) nor to htlPIF (λmax = 437 nm) and at least partial blending at 

their interface can be supposed. 
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8.3.3 ITO/PEDOT:PSS/htlPIF+coPIF-1/TPBi/Ca/Al 

In order to verify the supposed blending at the interface in the previous chapter, htlPIF 

and coPIF-1 were blended directly in solution with a ration of 1:10 and used as active 

layer for this PLED (Figure 8.1, Table 8.9).  
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Figure 8.10: Voltage-current-luminance characteristic (left) and electroluminescence spectrum (right) of 
an ITO/PEDOT:PSS/htlPIF+coPIF-1 1:10/TPBi/Ca/Al device. 

Table 8.9: Key results of an ITO/PEDOT:PSS/htlPIF+  coPIF-1 1:10/TPBi/Ca/Al device. 

onset max. luminance max. efficiency peak maximum CIE1931 

8.6 V 4187 cd/m2 @26.8 V 4.06 cd/A @8.4 V 467 nm 
x = 0.135 
y = 0.121 

 

With 4.06 cd/A, the best measured device efficiency was observed from this structure, 

while the achieved maximum luminance was only ~1/5 of the corresponding luminance 

of the layered PLED. Also the onset voltage and the driving voltages are higher than 

before. The electroluminescence spectrum shows a narrower and unstructured maxi-

mum peaking at 467 nm, which is nearly at the same wavelength as for the layered de-

vice. 

8.3.4 Summary and discussion 

For devices based on coPIF-1 a better performance than for homoPIF was expected due 

to its increased hole transporting properties. A single-layer, a multi-layer with htlPIF 

and a blend device were prepared. The summary of the obtained results can be found in 

table 8.10. 
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Table 8.10: Key results of the coPIF-1 based PLED devices. 

 onset max. 
luminance 

max. 
efficiency 

peak 
max. 

CIE1931 

Single-
layer 

7.5 V 947 cd/m2 @17.6 V 0.11 cd/A @14.2 V 428 nm 
x = 0.166 
y = 0.074 

Multi-
layer 

4.7 V 21173 cd/m2 @11.25 V 3.25 cd/A @6.75 V 465 nm 
x = 0.151 
y = 0.183 

Blend 8.6 V 4187 cd/m2@26.8 V 4.06 cd/A @8.4 V 467 nm 
x = 0.135 
y = 0.121 

 

The single-layer structure showed a deep blue emission spectrum but low luminance 

values and efficiencies. The multi-layer PLED gave the highest luminance values within 

this work as well as good efficiencies. However, the emission maximum was signifi-

cantly shifted to a lower energy region. This should be kept in mind when interpreting 

luminance and efficiency, because of the non-liner relationship between emission color 

and luminance.69 Blend devices showed the best efficiencies but also a red-shifted emis-

sion spectrum compared to single- and multi-layer device. The spectra of the devices as 

well as the spectrum of the htlPIF-device can found in figure 8.11. 
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Figure 8.11: Comparison of the electroluminescence spectra of htlPIF, coPIF-1, htlPIF/coPIF-1 multi-
layer and htlPIF+coPIF-1 blend PLEDs. 

The shape of the multi-layer and the blend spectrum, especially their common emission 

maximum strongly indicate that the electroluminescence spectrum of the multi-layer 

device arises from partial blending at the htlPIF/coPIF-1 interface. Also the recombina-
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tion zone can be assumed to be around the interface. However, the exact nature of the 

emission spectrum remains unclear. 
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8.4 PLEDs based on coPIF-2 

Additional to the amine units of coPIF-1, phenylene-vinylene units are implemented in , 

coPIF-2. Photoluminescence investigations already showed that these units are efficient 

emitters but were found to be unstable with respect to ambient and acidic influences 

(Chapter 6). Device structures equal to the previously presented were fabricated. 

8.4.1 ITO/PEDOT:PSS/150 nm coPIF-2/Ca/Al 

Devices with a coPIF-2 single layer showed an emission maximum at 446 nm and a 

shoulder at 426 nm, with a maximum luminance of 938 cd/m2 and a maximum effi-

ciency of 0.2 cd/A. A high onset voltage around 12 V was measured. The results are 

presented in figure 8.12 and summarized in table 8.11.  
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Figure 8.12: Voltage-current-luminance characteristic (left) and electroluminescence spectrum of an 
ITO/PEDOT:PSS/coPIF-2/Ca/Al device. 

Table 8.11: Key results of an ITO/PEDOT:PSS/150 nm coPIF-2/Ca/Al device. 

onset max. luminance max. efficiency peak maximum CIE1931 

12 V 938 cd/m2 @29 V 0.2 cd/A @22 V 446 nm 
x = 0.205 
y = 0.187 

8.4.2 ITO/PEDOT:PSS/htlPIF/coPIF-2/TPBi/Ca/Al 

The ITO/PEDOT:PSS/htlPIF/coPIF-2/TPBi/Ca/Al multi-layer device structure showed 

strongly improved device properties compared to the single-layer architecture. Lumi-
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nance values up to 17000 cd/m2 were measured. The maximum efficiency of 2.31 cd/A 

was measured at 6.5 V. As for homoPIF and coPIF-1 the broad and mostly structureless 

electroluminescence emission (CIE1931: x = 0,142; y = 0,151) with a maximum at 

460 nm is red-shifted by 14 nm compared to the single-layer device. Again, a blending 

at the interface can be a possible reason.  
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Figure 8.13: Voltage-current-luminance characteristic (left) and electroluminescence spectrum (right) of 
an ITO/PEDOT:PSS/20 nm htlPIF/45 nm coPIF-2/TPBi/Ca/Al device. 

Table 8.12: Key results of an ITO/PEDOT:PSS/20 nm htlPIF/45 nm coPIF-2/TPBi/Ca/Al device. 

onset max. luminance max. efficiency peak maximum CIE1931 

12 V 16927 cd/m2 @9.75 V 2.31 cd/A @6.5 V 460 nm 
x = 0.142 
y = 0.151 

8.4.3 ITO/PEDOT:PSS/htlPIF+coPIF-2/TPBi/Ca/Al 

As in the case of homoPIF and coPIF-1, the device structure with a htlPIF+coPIF-2 

1:10 blend as active layer was fabricated to investigate and to compare the nature of the 

electroluminescence spectrum with multi-layer devices. The results are presented in 

figure 8.14 and in table 8.13.  
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Figure 8.14: Voltage-current-luminance characteristic (left) and electroluminescence spectrum (right) of 
an ITO/PEDOT:PSS/htlPIF+coPIF-2 1:10/TPBi/Ca/Al device. 

Table 8.13: Key results of an ITO/PEDOT:PSS/htlPIF+coPIF-2 1:10/TPBi/Ca/Al device. 

onset max. luminance max. efficiency peak maximum CIE1931 

7 V 1087 cd/m2 @19 V 0.74 cd/A @13 V 446 nm 
x = 0.187 
y = 0.161 

 

Compared to the multi-layer device, the luminance and the device efficiency were much 

lower. Its emission characteristics, with a maximum at around 446 nm, was similar to 

the emission spectrum of the coPIF-2 single-layer devices. 

8.4.4 Summary and discussion 

As for homoPIF and coPIF-1, the single layer device showed the worst performance 

with respect to maximum luminance and to maximum efficiency. A strong increase of 

the obtained luminance and efficiencies was found for the multi-layer device. However, 

compared to the single-layer systems, a red-shift of 14 nm of the emission maximum 

was observed. Devices with a blend system as active layer again showed a lower maxi-

mum luminance and maximum efficiency. Find all results summarized in table 8.14. 

 

 

 



PLED device optimization with respect to their efficiency  

 

  87 

 

Table 8.14: Key results of the coPIF-2 based PLED devices. 

 onset max. 
luminance 

max. 
efficiency 

peak 
maximum 

CIE1931 

Single-
layer 

12 V 938 cd/m2 @29 V 0.2 cd/A @22 V 446 nm 
x = 0.205 
y = 0.187 

Multi-
layer 

12 V 16927 cd/m2 @9.75 V 2.31 cd/A @6.5 V 460 nm 
x = 0.142 
y = 0.151 

Blend 7 V 1087 cd/m2 @19 V 0.74 cd/A @13 V 446 nm 
x = 0.187 
y = 0.161 

 

The spectra of all three different device structures as well as the spectrum of the htlPIF-

only device structure can be found in figure 8.15. In strong contrast to the results of the 

homoPIF and coPIF-1 PLEDs, here the emission spectrum of the single layer device 

and the emission of the blend device nearly overlap. A possible explanation to this 

overlap can be given by the picture of charge carrier movement towards energetically 

favorable states. Phenylene-vinylene units usually have a band gap lower in energy than 

that of poly(indenofluorene).70 Since a lower band gap represents an energetically 

favorable position for charge carriers on htlPIF and coPIF-2, phenylene-vinylene units 

might act as trap and recombination occurs mostly at these units. Thus, the emitting 

species in both cases (coPIF-2 single-layer devices & blend devices) are the phenylene-

vinylene units, leading to nearly identical emission spectra. 
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Figure 8.15: Comparison of the electroluminescence spectra of htlPIF, coPIF-2, htlPIF/coPIF-2 multi-
layer and htlPIF+coPIF-2 blend PLEDs 



Conclusion  

 

  88 

 

9 Conclusion 

The scope of the presented master thesis was the photophysical and electrooptical char-

acterization of poly(indenofluorene) based homo and copolymers. Chapter 4 presents 

the used experimental methodology, including a detailed description of an indirect 

method to measure the photoluminescence quantum yield for solutions. A careful cali-

bration of the operated spectrofluorophotometer, which is an important requirement for 

this measurements, was successfully realized. 

The basic photophysical investigations revealed mostly unstructured absorption spectra 

with a maximum around 400 nm for all three polymers. The emission is, however, 

strongly depended on the different chemical properties: homoPIF showed the expected 

poly(indenofluorene) emission similar to spectra reported in literature.15 A strong en-

hancement of the second maximum was found for coPIF-1. coPIF-2 showed a red 

shifted emission maximum around 457 nm, which is apparently due to its phenylene-

vinylene units which are considered to the emitting species.  

Different approaches were made to investigate the stability of the materials with respect 

to thermal stress, UV-irradiation and acidic environments. A good spectral stability can 

be assigned to homoPIF, coPIF-1 and htlPIF: Changes during all kinds of treatment 

were limited, but always related to a relative decrease of the emission maximum at 

424 nm and to an increase of the relative emission between 480 nm and 600 nm. How-

ever, the observed effects were bigger for treatments under ambient conditions which 

clearly indicates oxygen or humidity induced effects. A possible explanation can be the 

related photosensitized production of singlet oxygen which might react with the poly-

mer, thus leading to the spectral instabilities. The absolute emission intensities always 

decreased. The fact that no recovery of the intensity was measured after a 2 hour lasting 

HV storage leads to the exclusion of dynamic quenching as causing factor. The spec-

trum of coPIF-2 showed another behavior during treatment - related to the emission 

maximum at 457 nm which is due to phenylene-vinylene emission, the shoulder at 

424 nm developed to a pronounced peak which can be assigned to the deactivation of 

the phenylene-vinylene emission, whereas the PIF emission remains. A possible process 

occurring during thermal stress or UV irradiation is a dissociation of the emissive unit 

into non emissive aledehydes.59,60 The spectral changes in acidic environments may be 
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due to an electrophilc addition of the acid to the nucleophile carbon double bound of the 

vinylene unit. 

The operational stability of PLED devices was investigated in chapter 7. Every tested 

device configuration showed the same behavior: Spectral stable electroluminescence 

intensity decrease when operated in artificial atmosphere (22% O2 in N2 or 20% relative 

humidity in N2) and at least partial recovery of the emitted intensity after 1 h HV stor-

age. In a second operation cycle the intensity decreased faster. These observations 

clearly indicate a dynamic process, however, its exact nature is not completely under-

stood so far. Quenching by oxygen or water is more unlikely than for phosphorescent 

dyes due to their shorter excited state lifetimes and the long excited state lifetime of O2. 

The scope of Chapter 8 was the optimization of different PLED device structures with 

respect to the efficiency. The single layer configuration showed the worst efficiency and 

luminance for all three emitter materials. However, the obtained electroluminescence 

spectra were similar to the photoluminescence spectra. Additional electron and hole 

transport layers increased the highest luminance values as well as the efficiencies. The 

best results were obtained for coPIF-1 with ~21100 cd/m2 and 3.25 cd/A. Also, a red-

shift compared to the single-layer devices was found. Due to the fact that devices with a 

htlPIF+PIF  blend as active layer, showed similar electroluminescence spectra, the ori-

gin of this effect was assigned to a partial blending at the htlPIF/PIF interfacial region. 

This mutual dissolving of the used solvents points out the major problem of solution 

processed multi-layer PLEDs. To overcome this disadvantage, completely cross-linking 

hole transport materials or orthogonal solubility of the used polymers are desired. Vari-

ous approaches towards the latter, such as the fabrication of structures using polymers 

with fluorinated and non-fluorinated side-chains, where pursued lately.71 
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