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Scope and Motivation 

Conjugated polymer materials for thin film optoelectronics are subject to energetic disorder 

arising from both molecular conformational irregularities as well as the sensitivity of these 

amorphous systems to film processing conditions. As a result, organic semiconductors are 

commonly associated with strongly dispersive charge carrier mobilities and exciton diffusion 

characteristics compared to their inorganic counterparts. In order to take advantage of the 

attractive properties of these systems, such as low-cost manufacturing and mechanical 

flexibility, it is essential to understand the interplay between energetic disorder and processes 

affecting optoelectronic performances. Therefore, this work puts forth a study of the exciton 

diffusion properties in conjugated polymers with respect to the following questions:  

- How does the energetic disorder in conjugated polymers influences exciton diffusion 

characteristics such as the exciton lifetime, exciton diffusion coefficient, exciton 

diffusion length, and photoluminescence quantum yield in a solid thin film? 

- How the exciton diffusion does depend on temperature with respect to various degree of 

energetic disorder?  

- Is it possible to minimize exciton quenching at non-radiative quenching-sites by 

optimization of the polymer synthesis or film processing conditions?  

The goal of this work is to understand on the one hand the interplay between the energetic 

disorder of the conjugated polymer and the device performance, and on the other hand the 

factors, which limit the exciton diffusion characteristics in a conjugated polymer film.  

Chapter 1 puts forth the theoretical background and establishes relevant definitions for 

this thesis, leading to a sufficient basis for the rest of the work presented here. In the 

experimental section, Chapter 2, the implementation, time-resolved photoluminescence 
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(TRPL) set-up as well as the different analysis methods with respect to the exciton diffusion 

propagation are descried. In addition, the materials as well as their properties are summarized 

in this chapter and collaboration partners are named. 

Chapter 3 reveals the influence of energetic disorder on the exciton lifetime, exciton 

diffusion characteristics and photoluminescence quantum yield (PLQY) in four PPV derivatives 

with varying degree of energetic disorder and a model compound polyspirobifluorene 

copolymer (PSBF). We found that the exciton lifetime and PLQY directly correlates with the 

energetic disorder of the conjugated polymer, where increased energetic disorder slows down 

the diffusion of the exciton toward non-radiative quenching sites and strongly enhances both 

exciton lifetime and PLQY. This is consistent with diffusion-limited exciton quenching at non-

radiative recombination centers in organic semiconductors.  

 In Chapter 4, we characterized the effect of conformational energetic disorder on photo 

and electroluminescence behavior in two PPV derivatives. TRPL spectroscopy at varying 

temperature show a correlation between the energetic disorder and the balance between 

radiative and non-radiative decay processes, the latter of which includes also non-radiative 

decay processes due to exciton diffusion toward excitonic traps. We found distinct temperature 

dependencies of the exciton diffusion properties based on the polymer disorder, which also 

determines the polymer light-emitting diode (PLED) performance. The PLED based on the 

more disordered polymer shows temperature independent current efficiencies, as it is reported 

in most polymer-based LED devices, while the PLED based on the better ordered polymer 

shows enhanced current efficiencies at lower temperatures due to reduced exciton quenching at 

defect centers. 

In Chapter 5, TRPL spectroscopy is used to investigate the PL decay in degraded PLED, 

that were aged at a constant current density, leading to the formation of hole traps. The TRPL 
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demonstrates a decrease in exciton lifetime in the degraded PLED device with respect to the 

unaged one. The amount of non-radiative exciton quenching-sites in the aged devices is 

quantified by Monte Carlo simulations, which is found to match with the number of hole traps 

predicted from electrical charge transport measurements. Our results reveal the origin for the 

apparent different behavior of the electroluminescence and photoluminescence upon PLED 

degradation. The decrease of the electroluminescence is governed by recombination of free 

electrons with trapped holes, whereas the photoluminescence is reduced by non-radiative 

quenching processes between excitons and hole traps.  
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Chapter 1.  Theoretical Background 

Shirakawa, MacDiarmid and Heeger reported in 1977 a dramatic increase in electrical 

conductivity of the semiconducting polymer polyacetylene by doping it with halogen ions or 

with arsenic pentafluoride (AsF5).
1 For their discovery and development of conductive polymers 

the scientists were honored with the Nobel Prize for Chemistry in 2000. After this breakthrough, 

conjugated polymers gained considerable attraction for application in optoelectronic devices 

due to their mechanical and optical properties and low-cost manufacturing, e.g. organic 

photovoltaics (OPVs),2 organic light-emitting diodes (OLEDs),3 memories,4 organic field-effect 

transistors (OFETs)5 and sensors.6 

However, the charge charrier mobility in conjugated polymers is orders of magnitude 

lower than in the conventional silicon devices. For instance, the hole mobility in poly(p-

phenylenevinylene) (PPV)-derivatives determined from charge transport measurements is about 

10-8–10-5 cm2/Vs,7,8 while the charge carrier mobility in crystalline silicon is about 1000 cm/Vs.9 

In addition, their low efficiency and short lifetime are essential drawbacks as compared to 

silicon, which limit the introduction of optoelectronic devices based on semiconducting 

polymers on the market. To date, only optoelectronic devices based on small molecules are 

commercially available. These materials are usually vacuum-deposited and have less intrinsic 

disorder, leading to higher charge carrier mobilities (1–10 cm2/Vs).9 In particular, OLED 

technology is used in smartphone displays, television screens and lightening with steady growth, 

reaching efficiencies up to 25-30%,10,11 and device lifetimes of over 10,000 hours with an initial 

luminance of 1,000 cd/m2, as reported for green emitters.11 Small molecule semiconductors are 

also utilized in some commercial solar cells.12  
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Despite their low device performances, however, conjugated polymers offer the added 

benefit of flexibility, low-weight, low cost of manufacturing and biocompatibility. With further 

understanding of the fundamental properties and limits to device performances, these polymers 

can open a new field for future applications, such as paper electronics, artificial skin and 

wearable electronics.13-15  

 

1.1.  Electronic structure and energetic disorder in organic semiconductors 

Organic semiconductors are mainly based on carbon atoms with the electron configuration of 

1s22s22p2, while only the four outer electrons of the 2s and 2p orbitals contribute to covalent 

bonding. By hybridization, these 2s and 2p orbitals can intermix with each other and generate 

new orbitals, whose energy levels have the same energy. For example, in the simplest carbon 

compound methane (CH4) 4 sp3 hybrid orbitals are formed that point to the corners of a 

tetrahedron, and lead to four equal σ-bonds with the hydrogen (1s1) orbitals. Figure 1.1 shows 

the molecular structure of ethane (a), ethylene (b) and ethyne (c). Ethane (C2H6) is composed 

of 4 sp3 hybrid orbitals, while 1 sp3 hybrid orbital is used to form a σ-bond between the two 

carbon atoms. In the case of the small molecule ethylene (Figure 1.1, b and Figure 1.2), 3 sp2 

hybrid orbitals are used to form three σ-bonds, leaving one unhybridized orbital. This is 

commonly denoted as the pz orbital, and is oriented perpendicular to the chemical bound 

direction. This pz orbital can interact with the pz orbital of the neighbor carbon atom by forming 

a π bond above and below the plane leading to a double bond between the two carbon atoms. 

Organic molecules can also exhibit a triple bond, as in the case of ethyne (acetylene) (Figure 

1.1, c), which is formed by two sp hybrid orbitals and two unhybridized p orbitals.16  
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Figure 1.1. Molecular structure of ethane (a), ethylene (b) and ethyne (c) with respective sp3, 

sp2 and sp-hybridized carbon atoms. Grey balls represent the carbon atoms, while the white 

ones are hydrogen atoms. 

 

 

The formation of covalent bonds is described by the theory of linear combination of atomic 

orbitals (LCAO), wherein the combination of atom orbitals with the same wave function results 

in bonding molecular orbitals and the out-of-phase combination accounts for the antibonding 

molecular orbitals, denoted with a star (*). This is illustrated in Figure 1.2 for the molecule 

ethene. The associated molecular orbitals (MO) are shown schematically in Figure 1.2b. 

By following the Pauli exclusion principle maximum two electrons can occupy each 

molecular orbital with opposite spin (see also Figure 1.2b), starting with the lowest energy level, 

until all electrons that are involved in the bond formation, are distributed on the orbitals. The 

energetically highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO) play an important role for the optical and electrical properties in conjugated 

molecules.  
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Figure 1.2. (a) Linear combination of atomic orbitals (LCAO) in ethylene. The C–H σ bonds 

resulting from the overlap of the two sp2 orbitals with the hydrogen 1s orbitals are not shown in 

this figure. The third sp2 orbital overlaps with the sp2 orbital of the neighbor carbon atom and 

forms a bonding and antibonding MO, σ and σ* C–C bond, respectively. The interaction 

between the remaining pz orbitals leads to the formation of the π bond, while the in-phase 

combination (II) forms the bonding and the out-of-phase combination (I) leads to the formation 

of an antibonding MO (*).16 (b) MO of ethylene with relevant orbitals. 

 

 

When ethyne is polymerized to polyacetylene, a π-conjugated polymer is obtained with 

sequences of alternating single and double bonds. There, the electrons are not limited to a 

specific carbon atom but are delocalized over the whole conjugated system.16 With increasing 

conjugation size (the more carbon atoms contribute to the π-system) the energy difference 

between the HOMO (π) and the LUMO (π*) level decreases and additionally the density of 

states (DOS) increases.17,18 Typically, the energy gap between the HOMO and LUMO levels in 

organic semiconductors is between 1.5 and 3.5 eV, covering the wavelength range between the 

near infrared and the near ultraviolet (826–354 nm).3,19 
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An ideal π-conjugated polymer requires sufficient overlap of each pz orbital, as in a 

perfectly stretched macromolecule. This, however, is not the case for polymers. Instead, the 

polymer backbone is kinked, twisted, and has defects. Due to thermally induced displacements 

of the chains and various polarization effects of the disordered environment the polymer 

backbone exhibits intrachain torsions, which leads to conjugation breaks along the polymer 

backbone. As a result, conformational subunits are generated that can be regarded as 

chromophores of various sizes and energies.20,21 Consequently, the HOMO/LUMO levels in 

organic semiconductors are inhomogeneously distributed in energy (Figure 1.3). This energy 

spread is also referred to the energetic disorder σ of the organic semiconductors and is well-

described by a Gaussian model:22-24  

 

ρ(𝜀)= 
1

√2π𝜎2
exp(-ε2/2σ

2)                   (1.1) 

 

where ρ(𝜀) is the density of states (DOS) related to energy 𝜀 and σ is the width of the Gaussian 

DOS. Therefore, each energy level in the Gaussian DOS represents conformational subunits of 

the polymer backbone with different sizes and energies as well as their distribution. In addition 

to molecular structural defects, extrinsic defects originating from chemical impurities contribute 

to the width of the Gaussian DOS. Therefore, conjugated polymer materials and their 

optoelectronic properties are subject to energetic disorder.  

In this thesis, the role of energetic disorder on the exciton diffusion characteristics is 

investigated using time-resolved photoluminescence spectroscopy. The photophysical 

processes are studied in poly(p-phenylenevinylene) (PPV)-derivative systems with varying 

degrees of energetic disorder (Chapter 3 and 4). 
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Figure 1.3. Energy distribution of localized states (conformational subunits) in conjugated 

polymers. The density of states (DOS) is typically described by a Gaussian distribution. 

 

1.2.  Photophysics in isolated conjugated molecules 

As a first step, the probable photophysical processes in an isolated organic molecule will be 

introduced here, which are summarized in the Jablonski diagram (Figure 1.4).25 In the ground 

state an organic molecule is in the lowest vibrational state (thick horizontal line) of its lowest 

electronic state (S0) and has net spin zero. By photon absorption (blue arrows) an electron is 

excited from the ground state to an electronically excited singlet state Sn, where n ≥ 1 depends 

on the absorbed photon energy. This promotion occurs in the time scale of 10-15 s.26 The excited 

molecule has several ways to return to the ground state. By vibrational relaxation (VR, orange 

dotted arrows) the molecule cools down from higher vibrational levels (thin vertical lines) to 

the lowest vibrational level of the electronic energy level by dissipating the energy to the 

environment in a time range of 10-12–10-10 s.26 This process is a nonradiative decay process. 

Higher excited states (n ≥ 2) can be deactivated to the lowest excited state (S1) by internal 

conversion (IC, green dashed arrow) in a time range of 10-13–10-9 s, keeping the same 

multiplicity.26 Transitions, where the multiplicity is changed are so-called intersystem crossing 
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transitions (ISC, purple dashed arrows), which occur within the time scale of 10-10–10-7 s.26 The 

ISC transition is a slow transition (10-10–10-7 s) compared to IC (10-13–10-9 s) due to spin-

conversion. However, it is favored by the coupling between singlet and triplet states or/and spin-

orbit coupling, which is promoted by heavy atoms like halogens or metals. Eventually, in 

accordance with Kasha’s rule,27 the excited molecule returns from the lowest vibrational state 

of the lowest electronic state (S1 or T1) to the ground state (S0) by emitting the remained excess 

energy as a photon. Depending on the initial electronic state the spontaneous emission is called 

fluorescence (10-10–10-7 s) or phosphorescence (10-6–1 s).26 The singlet (S1) and triplet (T1) state 

can also be deactivated by a non-radiative channel via IC and ISC, and successive vibrational 

relaxation. 

 

 

Figure 1.4. Overview of photophysical processes in an isolated organic molecule summarized 

in Jablonski diagram. The vibrational levels for a given electronic energy level lie above each 

other, shown as thin vertical lines. The ground vibrational state is highlighted in bold. VR: 

vibrational relaxation; IC: internal conversion; ISC: intersystem crossing.  

 

 

The probability for an electronic transition is described by the Franck-Condon principle (Figure 

1.5) and depends on the overlap integral between the wave function of the initial and final 
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vibrational energy level, also called Franck-Condon factors, and the dipole operator.28-30 The 

fundamental assumption for this principle is the Born-Oppenheimer approximation, which 

separates the motion of the electron and the atomic nuclear as a consequence of their different 

mass and velocity.31  

 

Figure 1.5. Franck-Condon principle describes the transition probability between two electronic 

states, represented in an anhormonic oscillator. ES: excited state; GS: ground state; Re: 

equilibrium separation. 

 

 

In other words, the absorption of the molecule occurs from the lowest vibrational state of the 

lowest electronic state, while the nuclei are located at its most probable location, which is the 

so-called equilibrium separation (Re). During the excitation (10-15 s), the nuclei framework 

remains constant due to the much faster velocity of the electron than of the nuclei. Thus, the 

electronic transition from the ground state (lower curve) to the excited state represented by the 

upper curve, can be represented as a vertical transition. The transition where the integral 

between the initial wavefunction and the final wavefunction overlaps the most sufficient, is the 
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most probable termination for the transition. This transition has the highest intensity in an 

absorption spectrum. However, transitions to other vibrational states can also occur, but with 

less intensity, leading to a vibronic structure of the absorption spectrum.30 It takes some time 

until the nuclei ‘realizes’ the transition and adapts the new configuration. As a result, the nuclei 

separation increases upon excitation, leading to a change of the molecular geometry. The 

downward transition occurs similar to the upward transition vertical in accordance to the 

Franck-Condon principle with a characteristic vibrational structure of the emission spectrum of 

the lower electronic state. Figure 1.4 and 1.5 reveal that the energy (wavelength) of the emission 

is typically lower (longer) than that of the absorption, which is a direct result of vibrational 

relaxation and solvent reorganization. This phenomenon is called Stokes shift.32,33  

Another way to describe the promotion of an electron from the ground state to the excited 

state in a conjugated molecule is to use the HOMO/LUMO energy levels, where the HOMO 

can be considered as the ground state (S0) and the LUMO as the excited state (Sn). Therefore, 

upon photon absorption by the molecule, an electron is promoted from the HOMO to the 

LUMO, leaving a positive charge (hole) in the HOMO and a negative charge (electron) in the 

LUMO energy level. In an organic semiconductor, this photoexcitation generates a 

Coulombically-bound electron-hole pair, also known as Frenkel exciton, which is due to the 

weak intermolecular coupling and low dielectric constant (ϵ = 3) localized at a single conjugated 

subunit.34 In contrast, electron-hole pairs created in inorganic semiconductors, referred to as 

Mott-Wannier excitons, have a low binding energy at room temperature (about kT ~ 0.025 eV) 

and a higher dielectric constant (silicon ϵ = 12) leading to a quick separation of the electron and 

the hole.34 The singlet exciton binding energy (EB) in conjugated polymers is usually in the 

order of 0.3–1 eV,35-37 which determines the work needed to separate an exciton into free 

electron and hole. This binding energy plays an important factor in organic optoelectronics. For 
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example, in a photovoltaic device, the separation of an exciton to create free charges is a crucial 

process in determining the device efficiency.2  

 

1.3.   Photophysics in organic semiconductors 

After the photophysical processes in an isolated conjugated molecule were introduced in the 

previous section, here, the photophysical processes between the conformational subunits 

(neighboring molecules) in conjugated polymers will be discussed and their dependence on the 

energetic disorder. 

 

1.3.1. Excitation energy and charge transfer processes  

Excitation energy transfer (EET) is the process by which a molecule in the excited state (*) 

transfers its energy to a nearby molecule which is (initially) in the ground state. The molecule 

that transfers its energy is the so-called donor (D) and the molecule that accepts the energy is 

referred to as the acceptor (A). This is a non-radiative process and is distinguished between two 

mechanisms, as depicted in Figure 1.6. Förster energy transfer is mediated by dipole-dipole 

interaction and requires that the emission spectrum of the donor sufficiently overlaps with the 

absorption spectrum of the acceptor. The efficiency (transfer rate constant) of the Förster energy 

transfer decreases with the distance r between donor and acceptor as r-6, and can proceed over 

distances up to 10 nm.26,38 Dexter energy transfer, also referred to as ‘electron-exchange’, is a 

short-range process (< 1nm), which requires the overlap of the involved intermolecular orbitals 

(wavefunctions) of the donor and acceptor molecule. The efficiency of Dexter EET decreases 

exponentially with the distance between D-A. Usually only singlet excitons can undergo Förster 
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EET, whereas triplet EET usually proceeds via the Dexter mechanism.26,39 However, Förster 

ET of triplet excitons can be observed when the exciton is located at a phosphorescent donor.40  

 

 

Figure 1.6. Schematic representation of the Förster energy transfer (a) and the Dexter energy 

transfer mechanism (b) between the donor (D) and the acceptor molecule (A).  

 

 

This energy transfer is a fundamental process of exciton migration in organic semiconductors, 

which consist of a sequence of incoherent ET events among and/or between the conformational 

subunits. Due to the energetic disorder of the conjugated polymer such a migration can be 

described as a random walk.37 Figure 1.7 depicts the exciton diffusion in an organic 

semiconductor. Upon the absorption of a high energy photon, singlet excitons are generated at 

an arbitrary energy-site within the high-energy tail of the Gaussian DOS and simultaneously 

undergo downhill migration towards lower energy-sites in the inhomogeneously broadened 
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DOS.23,41,42 This spectral diffusion can be detected as a red-shift of the emission spectrum. In 

the PPV derivatives investigated in this thesis, spectral diffusion usually occurs in the time range 

of 100 ps.43 Eventually, excitons approach quasi-equilibrium at - σ2/kT below the center of the 

DOS that is the energy level of the most populated excited states,22,44 provided that the time 

needed to reach equilibrium energy is shorter than the intrinsic exciton lifetime. Thus, the 

equilibrium level (green line in Figure 1.7) depends on the energetic disorder σ and temperature. 

Then, temperature activated hopping takes over at room temperature, where balanced 

downward and thermally activated upward hopping occurs.44 

 

 

Figure 1.7. Schematic illustration of exciton migration in conjugated polymers. 

 

 

During the hopping process the exciton can reach a conjugated chain segment containing 

recombination centers and traps, where it can decay either radiatively or non-radiatively.45 

When the exciton reaches trap site, the activation energy is not sufficient enough to enable an 

uphill jump for further exciton migration and the exciton becomes trapped and/or quenched. 
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In addition to excitation energy transfer, an excited molecule may also undergo charge transfer, 

or photoinduced electron transfer, with a neighboring ground state molecule. At the end of this 

redox process, the donor molecule is positively charged, and the acceptor molecule negatively 

charged. This process is a short-range interaction and requires a significant spatial overlap 

between the wave function of the donor and acceptor molecules. Charge transfer may occur via 

electron or hole transfer via the same physical mechanism.19 In an organic photovoltaic device, 

for example, electron transfer from the donor (organic semiconductor) to the electron acceptor 

material (PCBM) is a crucial process, where the exciton is separated at the polymer-acceptor 

interface into free charges, which then contribute to the photocurrent generation.2,46,47  

 

1.3.2. Intra- and interchain excitations 

The degree of exciton propagation depends on the excited state species. When an excited state 

is located on a single conjugated polymer chain and the exciton diffusion occurs along the 

polymer backbone direction, the excited state is termed as intrachain exciton. When adjacent 

conformational subunits are in close proximity, either belonging to different polymer chains or 

brought close to one another as a result of chain folding, mainly interchain excitations are 

formed. There are several ways that closely spaced conjugated polymer chromophores can 

interact with each other: Two adjacent polymer subunits that share their π-electrons equally in 

the excited state but not in the ground state are termed ‘excimers’. When the π-electrons of the 

conjugated polymer are neutrally delocalized over multiple segments in both the ground state 

and excited state, the interchain excited state is from photophysical point of view referred to as 

‘aggregate’. The term ‘polaron pair’ is used for a charge-separated interchain species, where 

upon the excitation of strongly interacting chromophores charge transfer occurs, leaving a 
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radical cation (hole polaron) on one segment and a radical anion (electron polaron) on the other. 

Further, interchain excited states with an unequal sharing of π-electrons between polymer chain 

segments or a partial degree of charge transfer character (i.e., somewhere between excimers and 

polaron pairs) are labeled as ‘exciplexes’.48 

In a diluted polymer solution, the polymeric chains are well isolated by the solvent 

molecules and the exciton diffusion is attributed to pure intrachain hopping. Due to the weak 

dipole coupling of the excitation along the chain direction, this is a slow transfer event (hundreds 

of ps), which leads to typically longer exciton lifetimes in diluted conjugated polymer solutions 

compared to the exciton lifetimes in neat polymer films. In the latter one, the larger electronic 

coupling matrix elements between closely lying polymer chains results to an order of magnitude 

higher energy transfer rate relative to the solution.49,50 Therefore, the interchain exciton 

diffusion occurs in a time range of a few ps and is the most efficient pathway for excitation 

transfer in solid states (films). 

However, the choice of the solvent has a big impact on the intra- and interchain ratio in 

diluted polymer solutions, as reported for MEH–PPV, where the photophysical dynamics 

depends on the solvent. For full name and chemical structures see Chapter 2.1. A reduction of 

the solvent quality leads to an enhanced interchain species formation due to steric constraints 

on the polymer backbone motions caused by aggregation of the chains. As a result an almost 

monoexponential PL decay was obtained in the case of a "good" solvent and more pronounced 

non-monoexponential PL decays with reduced solvent quality, respectively.51 In addition, as 

reported for MEH-PPV and SY-PPV, the exciton lifetime in diluted polymer solution is shorter 

than in the pristine film.52,53 This is attributed to interchain-excitations such as excimers, which 

expect to have lower oscillator strength and hence longer natural radiative lifetime. Also, due 
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to the electronic coupling between chains aggregates might be formed, which can lead to a partly 

forbidden lower-energy state with longer lifetimes than that of an isolated polymer chain.54  

The nature of the excited state species and/or the ratio between intra- and interchain 

excitations influences the photoluminescence quantum yield (PLQY), which is the ratio 

between the radiatively decayed excitons versus overall decay processes. The PLQY in polymer 

films is nearly an order of magnitude lower than the one in diluted polymer solution or diluted 

blends.55 For instance, the PLQY of MEH-PPV in solution is about 55–70%, while in solid films 

it is 12–15%.53,56,57 Chapter 3 comprehensively discusses how the energetic disorder influences 

the PLQY and exciton lifetime in thin polymer films, and shows that an increased energetic 

disorder enhances both the exciton lifetime and PLQY. 

As a consequence, the performance of optoelectronic devices depends not only on the 

energetic disorder of the conjugated polymer, but also on the processing conditions and thus 

film morphology. In particular, these systems are sensitive to how the polymer chains pack 

together. The degree of interchain contact (number of interchain species) can be controlled for 

instance by the choice of solvent,51,57 diluted conjugated polymer in a host matrix (blend),55 

polymer concentration,57 thermal annealing,57 or even prevented by the encapsulation of the 

polymer chain in mesoporous silica matrices.58,59  

 

1.3.3. Exciton diffusion-limited quenching  

As described above in Figure 1.7, when an exciton reaches a non-radiative quenching-site 

(exciton trap), it can be quenched via electron transfer. Exciton quenching is a loss process of 

the radiative decay, and thus results in a reduction in exciton density, PL intensity (number of 

emitted photons) and PL decay time. The influence of exciton traps on the exciton diffusion 
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properties was investigated by Athanasopoulos et al., where they applied quantum-chemical 

calculations to model the energy diffusion on a predetermined chain morphology in a 

conjugated polymer. They found that the inclusion of a low concentration of trap-sites could 

remedy the discrepancy between experimentally determined and modelled values and that the 

exciton migration in conjugated polymers is most likely trap limited rather than transfer rate 

limited,60 provided that the time needed to reach the trap is shorter than the intrinsic exciton 

lifetime. In Chapter 3 we conclude that the exciton lifetime in thin polymer films is governed 

by the time an exciton needs to reach a trap, which is consistent with the exciton diffusion-

limited quenching model and which is influenced by the energetic disorder of the conjugated 

polymer. 

The origin of these traps is not totally understood but is ascribed to impurities and 

morphological and chemical defects, respectively. From TRPL measurements Mikhnenko et al. 

found a typical concentration of exciton quenching defects in the range of 1023–1024 per cubic 

meter for a large number of organic semiconductors.61 A nearly identical concentration of 

electron traps is reported by Nicolai et al. by charge transport measurements. They found a 

universal electron trap density of 3–5×1023 per m-3 for a whole series of organic semiconductors, 

which exhibits a Gaussian energy distribution located at 3.6 eV below the vacuum level.62 These 

findings put forth the open question as to whether the electron traps and excitonic traps in 

pristine polymer films might share the same origin. If the energy level of the electron trap is 

located below the LUMO of the polymer, than excitons can be quenched at these traps via 

electron transfer, and vice versa in the case of hole traps. There the hole trap is expected to be 

located above the HOMO level, and the exciton becomes quenched via hole transfer. 

Many possible sources have been purported for the origin of traps in organic 

semiconductors. Previous work reports that photo-oxidation of the conjugated polymer occurs 
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in the presence of oxygen, leading to the generation of carbonyl groups and thus to further 

breaks along the conjugated polymer backbone.63-66 Also hydrated-oxygen (H2O)2–O2 

complexes could act as electron traps as shown by theoretical calculations.62 Further, exciton 

quenching is reported at metal interfaces.67,68 In the case of a PLED exciton quenching at the 

cathode interface takes place, which reduces the device efficiency. In contrast, in an OPV 

device, exciton quenching at the polymer/electron acceptor interface is a desired process, which 

enhances the device efficiency.47 When two excitons are in close proximity, they can annihilate 

each other.66,69 This exciton quenching process occurs for instance at high excitation energies 

and is a method used to investigate exciton propagation in organic semiconductors.70-74 

Depending on the polymer synthesis, halogen ions can remain in the polymer chains, leading to 

exciton quenching at these halogen ions.75 Further, exciton quenching is reported at polarons,76 

and in Chapter 5, the quenching at hole traps formed during device degradation is discussed. 

 

1.4. Investigation of exciton diffusion properties in organic semiconductors  

There are many reported techniques to measure the exciton diffusion characteristics – exciton 

diffusion coefficient and diffusion length – in organic semiconductors. One common method is 

fluorescence quenching in bilayers, where one of the interfaces of the thin polymer film is 

brought into contact with an exciton quenching wall, for instance fullerenes or TiO2,
44,70,77-81 

which are known to be effective electron acceptors.47,82 Other reports utilize exciton–exciton 

annihilation,70-74 microwave conductivity,83-85 electro–optical measurements,86-90 and 

fluorescence quenching of thin films with randomly distributed exciton quenching 

molecules.61,91-95 This last method was used in the scope of this work and has the crucial 

advantage of a relatively simple sample preparation and analysis. The results can be interpreted 
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either by using the Stern-Volmer equation for monoexponential PL decays or an open source 

Monte-Carlo simulation for multi-exponential decays (see also Chapter 2). This allows a 

reliable and systematic study of exciton diffusion characteristics in a large number of 

materials.91 A comprehensive comparisons of these methods, including their advantages and 

pitfalls, can be found in a review paper from Mikhnenko et al.19  
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Chapter 2.   Experimental Section and Materials  

This chapter describes the materials studied, the experimental set-ups, as well as the 

implementations and analysis methods. Furthermore, collaboration partners, who contributed 

with their work to some results presented in this thesis, will be named in the relevant subchapter. 

 

2.1. Materials 

The molecular structures of the materials studied in this thesis are summarized in Figure 2.1. 

The investigations on the role of energetic disorder on the exciton diffusion properties were 

mainly performed on poly(p-phenylene vinylene) (PPV)-derivatives (compound 1–4 in 

Figure 2.1), since they exhibit a similar polymer backbone (marked in black) and their energetic 

disorder can be varied by chemical modification of the side chains (marked in green).7 The 

impacts of the side chains on the polymer energetic disorder is comprehensively discussed in 

Chapter 3.2.  

Poly[2,5-bis(2′-ethyl-hexyl)-1,4-phenylene vinylene] (BEH-PPV) 1, poly[2-methoxy-5-

(2′-ethyl-hexyloxy)-1,4-phenylene vinylene] (MEH-PPV) 2 and poly[4-(3′,7′-dimethyloctyl-

oxy)-1,1′-bi-phenylene-2,5-vinylene]-co-2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4- 

phenylene vinylene (NRS-PPV) 3 were synthesized in house. The copolymer Super Yellow 

(SY-PPV) 4 were purchased from Merck KGaA (PDY-132) as well as the copolymer 

polyspirobifluorene (PSBF) 5. Phenyl-C61-butyric acid methyl ester (PCBM) 6 was purchased 

from Solene BV. SY-PPV, PSBF and PCBM were used without further purifications.  
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             1 (BEH-PPV)           2 (MEH-PPV)         3 (NRS-PPV) 

       

        4 (SY-PPV)      5 (PSBF) 

 

 

6 (PCBM) 

Figure 2.1. Molecular structures of used materials. 

 

 

2.2. Sample preparation 

The polymer solution preparations as well as the spin-coating processes were carried out in an 

inert nitrogen atmosphere (glovebox, MBraun). All polymer solutions were prepared from 
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degassed solvents to exclude oxygen in the polymer solution, which can generate carbonyl 

group defects in the polymer backbone due to photo-oxidation,63-66 or act as exciton quencher.92 

For this purpose, usually chlorobenzene (Sigma-Aldrich, anhydrous 99.8%) was taken. The 

polymer solution was allowed to stir over night at 55 °C. After the polymer was dissolved, the 

polymer solution was filtered (5 μm, PTFE, RezistTM, Whatman) to prevent large particles in 

the polymer solution for further applications. 

The samples for the optical measurements were measured either as a dilute solution in a 

quartz cuvette or as a thin film spin-coated on a glass or quartz substrate, which were cleaned 

before spin-coating. The substrates (Corning®EAGLE XGTM AMLCD glass substrates with a 

size of 30x30 mm or quartz substrates from Präzisions Glas & Optik GmbH with a size of 

10x20 mm) were scrubbed for 30–60 s with a soap solution (Extran® MA 02, Merck KGaA). 

The soap was then washed away with deionized water, and the substrates were subsequently 

cleaned with acetone and then propanol in an ultrasonic bath and dried for 10 minutes at 140 oC. 

For the PLED device fabrication, glass substrates with a patterned indium tin oxide (ITO) 

layer (30x30 mm) were cleaned, in a similar way, and then the dried substrates were treated 

with ultraviolet (UV)-ozone for 20 minutes. The PLED device fabrication will be described in 

more detail in Chapter 2.9.1.  

In addition to pristine polymer film measurements, semiconductor:PCBM blend films 

were prepared for fluorescence quenching experiments. The semiconductor:PCBM blend 

solution preparation proceeds via ongoing-mixing as follows: A polymer solution and very 

diluted PCBM solution (0.1–1 mg/mL) were prepared, as described above, and then a known 

amount of the PCBM solution (10–100 µL) was added to the polymer solution by Eppendorf 

pipette, and allowed to stir for 1 hour at 50 °C. From this blend solution a film was spin-coated, 

and then again, a certain amount of PCBM solution was added to the polymer blend solution, 
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and so forth. To describe the amount of PCBM molecules either the concentration in cm-3 and 

m-3 is used or the term volume fraction vfrac. The latter one describes the occupied volume by 

the PCBM molecules (VPCBM) divided by the total volume of the blend (VPCBM + Vpolymer). The 

concentration of the quencher molecules cPCBM correlates with the vfrac as follows: 

 

cPCBM = 
vfrac

VPCBM
          (2.1) 

 

where 

  

VPCBM = 
4

3
πr3           (2.2) 

 

The PCBM radius r is set to 0.5x107 cm.96 The volume can also be calculated with the following 

relationship using the molar mass m and the density ρ of the compound: 

 

𝑉 =  
𝑚

𝜌
            (2.3) 

 

For PCBM a density between 1.3–1.5 g/cm3 is reported.97-99 Therefore, in our calculations the 

PCBM density was set to 1.5 g/cm3 and the polymer density to 1.3 g/cm3.91  

The films for the TRPL experiments were spin-coated using the following spin-speeds: 

60 s at 1000 rpm followed by 30 s at 4000 rpm. The film thicknesses were usually between 

100−120 nm, determined by using a surface profilometer (Bruker, DektakXT). Other 

thicknesses than these, will be noted in the relevant Chapters. In order to limit polymer 

degradation due to oxygen exposure, all experiments on thin film samples were performed under 
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a dynamic vacuum of 10-4–10-5 mbar within a few hours upon preparation. For the temperature-

dependent measurements (Chapter 4), the thin polymer films were spin-coated on a quartz 

substrate and loaded into a constant flow nitrogen cooled cryostat (Optistat CF-V2, Oxford) 

equipped with temperature controller (Mercury iTC, Oxford).  

 

2.3. Time-resolved photoluminescence spectroscopy 

Time-resolved photoluminescence (TRPL) spectroscopy was measured with a Hamamatsu 

Streak Camera system (Hamamatsu C5680). This experimental setup enables a simultaneous 

spectral and temporal characterization of the photon emission, and is a widely used technique 

to study photophysical processes in organic semiconductors.100 The experimental set-up is 

shown schematically in Figure 2.2. The frequency-doubled output from a Ti:Sapphire laser (A) 

(Coherent, Libra HE 3.5 mJ, Vitesse 750 mW) supplies a short laser pulse (100 fs) for excitation 

at 400 nm. The laser repetition rate is either 1 kHz (10 ns time window, 0.12 ns instrument 

response) or 80 MHz (2 ns time window, 14 ps instrument response). The excitation light is 

focused onto the sample and the laser fluence at the sample position (B) was <1 μJ/cm2 in order 

to prevent sample damage and secondary effects, such as exciton-exciton annihilation (see also 

Chapter 1.3.3). The fluorescence emission was detected in a front-facing geometry. 

Upon the excitation by the short laser pulse, the emitted photons of the conjugated 

polymer are collected and guided by two convex lenses (C) into the narrow slit of a spectrograph 

(Chromex250is) (D), which separates the incident light into its different wavelengths by means 

of a grating. The photons, then, reach the photocathode (E) of the streak camera system (F), 

where they are converted into a number of electrons proportional to their intensity. The 

photogenerated electrons pass through a pair of sweep electrodes (H), across which a time-
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dependent electric field is applied, and interact with this field perpendicular to the propagation 

direction and perpendicular to the spectrograph dispersion, resulting in a time-dependent spatial 

deviation of the electrons in the direction of the electric field.100 These accelerated electrons 

enter then the micro channel plate (MCP) (I) at slightly different times and slightly different 

angles, where the electrons are multiplied several thousands of times and then are bombarded 

against a phosphor screen (J).  

 

 

Figure 2.2. Schematic representation of TRPL experimental set-up using streak camera system. 

A: Ti:Saphire laser, B: Sample, C: Optics, D: Spectrograph, E: Photocathode, F: Streak Camera 

System, G: Delay unit, H: Accelerating electrodes, I: MCP, J: Phosphor screen, K: CCD. 

 

There, the electrons are converted again into light. In this way, the streak camera converts 

the changes in the temporal and spatial light intensity of the incident photons, emitted by the 

sample, into an image showing the brightness distribution on the phosphor screen, where the 

vertical direction on the phosphor screen serves as the time axis and the horizontal direction as 

the wavelength axis of the incident light. An example of the obtained contour plot is shown in 

Figure 2.3a. To readout the images from the streak camera a charge-coupled device (CCD) (K) 

was used along with the HPD-TA 8.30 software. 
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Another crucial component in order to measure high-speed phenomena using a streak 

camera is a trigger section, which applies a high voltage on the electric field at a timing 

synchronized to incident light. Therefore, the electric field is triggered by a streak sweep 

initiated when the emitted photons being measured arrive at the streak camera (photocathode) 

and the corresponding electrons experience accelerations in the electric field. For this purpose, 

a delay unit (G) is used, which controls for how long the trigger signal, which initiates the streak 

sweep, is delayed.100 

 

2.4. Analysis of TRPL experimental data 

The determined TRPL data is exported as a contour plot, as shown in Figure 2.3a for a pristine 

BEH-PPV thin film measured at room temperature. Thus, the data set enables a 3D analysis of 

the photophysical processes present in the conjugated polymer. The horizontal axis contains the 

emission wavelength data, the vertical axis represents the time-dependent emission, and the PL 

intensity is defined by the color scale. With these, we can collect for each horizontal line a 

specific time-dependent PL spectrum, while each vertical line gives us the PL decay at specific 

wavelength. In the scope of this thesis, the PL spectra were collected at decay time zero (black 

line in Figure 2.3a), indicated by the PL decay maximum, and the PL decay times were collected 

at the polymer luminescence maximum (red line in Figure 2.3a). In BEH-PPV this is between 

580–600 nm. The determined PL decay trace and spectrum is shown in Figure 2.3b. 
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Figure 2.3. (a) Contour plot of neat BEH-PPV thin film determined from TRPL spectroscopy 

with (b) associated PL decay trace at luminescence maximum and PL spectrum at time zero. 

 

To determine the exciton lifetime, the polymer luminescence decay curve I(t) is fit to an 

exponential decay function (Origin Pro 9.1) and the weighted average exciton lifetime τav was 

calculated using the following equation: 

 

τ𝑎𝑣 = 〈t〉 = 
∫ tI(t)dt

∞

0

∫ I(t)dt
∞

0

= 
∑ aiτi

2
i

∑ aiτii
                 (2.4) 

 

where ai is the preexponential factor and τi is the time constant of multi-exponential decays.  

The above described method is one way to analyze the TRPL data and to determine the 

exciton lifetimes in conjugated polymers. Another way to look at the data is the global analysis 

scheme. The first method is sufficient in cases where the decay traces are similar at all 

wavelengths. However, in some cases, the decay traces differ due to processes such as energy 

transfer. In order to consider these effects, the latter method is used. Therefore, the global 

analysis scheme takes into account the decay dynamics across the entire spectral range with 

respect to the exponential fitting, where the PL decay traces were collected only at the polymer 

 
Wavelength (nm) 
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luminescence maximum (∆λ = 20 nm). Thus, with the global analysis a more comprehensive 

analysis of the TRPL data is enabled, which was required for the analysis of the temperature-

dependent TRPL data (Chapter 4), since at low temperatures additional energy transfer 

processes are present in the investigated PPV-derivatives. As discussed in more detail in 

Chapter 4, in BEH-PPV energy-transfer processes from shorter to longer conformational 

subunits take place with decreasing temperatures, which lead to additional non-radiative decay. 

Therefore, the exciton lifetime determined from global analysis is shorter (~ 400 ps) at 77 K 

than the one determined from a single exponential fit (~ 500 ps). In the case of SY-PPV, energy 

transfer to conformational subunits exhibiting longer decay rates takes place at lower 

temperatures, leading to different temperature-dependent PL lifetimes in SY-PPV depending on 

the emission wavelength. Thus, global analysis results in a more reliable value of the exciton 

lifetime measured at lower temperatures, since it takes into account the decay dynamics of the 

whole emission wavelengths as well as additional energy-transfer processes that contribute 

more with decreasing temperature. 

Using global analysis, the exciton lifetimes in the conjugated polymers is determined with 

a two-kinetic component fitting, which gave the lifetimes and relative amplitudes extracted from 

a fast and slow exponential contribution. The measured exciton lifetime (τav) is then determined 

from a weighted average (Eq.2.4). The results of the two-component fitting are discussed 

comprehensively in Chapter 4.2 and are summarized in Table 4.1 and 4.2.  

Global analysis of the temperature-dependent TRPL data (Chapter 4) was done using 

the R-package TIMP software with the graphical interface Glotaran 1.5.1.101,102 The Glotaran 

software is an open-source software and can be downloaded from the internet.103 
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2.5. Fluorescence quenching measurements 

Fluorescent quenching experiments of thin polymer films with randomly distributed exciton 

quencher molecules (PCBM) were implemented to determine the exciton diffusion coefficient 

D and exciton diffusion length LD in the conjugated polymer.61,91-94 This method has the crucial 

advantage of a relative simple sample preparation and analysis, which can be done either by 

using the Stern-Volmer equation for monoexponential PL decays (Chapter 2.6) or by Monte-

Carlo simulation for biexponential decays (Chapter 2.7). With the extracted value of D the 

exciton diffusion length LD can be calculated, which is the average distance excitons can diffuse 

during their lifetime τf. 

 

LD = √τ𝑓 D          (2.5) 

 

As an example, the PL quenching results of BEH-PPV will be presented here before the analysis 

of the quenching experiments will be described in the next chapters. The polymer and 

polymer:PCBM blend solutions and films were prepared as described in Chapter 2.2, and then 

TRPL was carried out with this samples. Figure 2.4a demonstrates the PL decay time of BEH-

PPV in a diluted chlorobenzene solution (1 mg/mL, black circles), in a pristine thin film (red 

squares) and in a thin film mixed with various content of PCBM molecules (blue 

triangles = 0.05% vfrac PCBM; pink stars = 0.1% vfrac PCBM; green diamonds = 0.2% vfrac 

PCBM). The PL decay times were collected at the polymer luminescence maximum (580–600 

nm), as described in Chapter 2.4. Figure 2.4b shows the normalized PL spectra of the diluted 

BEH-PPV chlorobenzene solution and the pristine thin film collected at decay time zero. 
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In BEH-PPV the exciton lifetime in diluted solution is significantly longer than the one 

in the pristine thin film. This observation is found in many other organic semiconductors due to 

different polymer chain packing, as discussed in Chapter 1.3.2. Furthermore, it is seen in 

Figure 2.4a that the higher the density of PCBM molecules the shorter are the PL decay times, 

since the excitons reach a quenching site faster and thus non-radiative decay is more probable. 

This is consistent with the exciton diffusion-limited quenching model. The PL spectra (Figure 

2.4b) of the thin film shows a bathochromic shift with respect to the diluted solution, which is 

assigned to the formation of interchain species.104  
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Figure 2.4. (a) PL quenching measurements of BEH-PPV in a diluted solution (black circles), 

in a pristine thin film (red squares), in a blend with 0.05% vfrac PCBM (blue triangles), in a 

blend with 0.1% vfrac PCBM (pink stars) and in a blend with 0.2% vfrac PCBM (green diamonds), 

respectively. (b) associated PL spectra of the diluted solution and pristine thin film collected at 

decay time zero. 

  

2.6. Stern-Volmer equation 

In the case of a single exponential PL decay, the exciton diffusion coefficient D can be extracted 

from the PL quenching experimental data using the Stern-Volmer equation:61,75 
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1

τ
 = 

1

τf
 + 4πrDc         (2.6) 

 

where τ is the measured PL decay time of the polymer film mixed with a certain concentration 

of PCBM c and τf the measured exciton lifetime of the pristine polymer film, respectively, and 

r= re+rq is the sum of the exciton (re) and PCBM (rq) radii that is set to be around 1 nm.61,91 

The Stern-Volmer equation describes a simple relation between the measured exciton lifetime 

τ and the quencher concentration (PCBM). Figure 2.5 shows the reciprocal exciton lifetime τ 

versus the PCBM concentration in BEH-PPV:PCBM blends (symbols).  
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Figure 2.5. Stern-Volmer plot of BEH-PPV:PCBM blends. The experimental data points 

(symbols) are fitted (red solid line) with Eq. 2.6. The concentration of exciton quenching sites 

c0 in pristine polymer films can be accounted for by shifting the Stern-Volmer plot along the 

abscissa (green dash-dotted line). The cross-points with the ordinate correspond to the measured 

exciton lifetime τf
-1and intrinsic exciton lifetime τ0

-1in the pristine film and diluted solution, 

respectively. 
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By fitting the experimental data with the Stern-Volmer equation (red solid line) the exciton 

diffusion coefficient can be determined from the slope. In BEH-PPV an exciton diffusion 

coefficient D of 2.2 (±0.1) x 10-3 cm2/s is obtained.  

The Stern Volmer equation can also be used to estimate the concentration of background 

quenching sites c0 that are already present in conjugated polymers. The total concentration of 

exciton quenchers q is set to: 

 

q = c + c0          (2.7) 

 

Assuming that the exciton quenching efficiency is equal for PCBM and the background exciton 

quenching defects, substitution of (2.7) into (2.6) yields: 

 

1

τ
 = 

1

 τf 
− 4πrDc0 + 4πrDq        (2.8) 

 

If there were no exciton quenching defects present in the pristine film, then the PL decay time 

in such a film would correspond to the intrinsic exciton lifetime τ0. By setting q = 0 in (2.8), we 

get the following expression:  

 

1

τ0
 = 

1

τf
 −  4πrDc0                (2.9) 

 

With the intrinsic exciton lifetime τ0, which can be approximated by the PL decay time in a 

diluted solution, the concentration of the background exciton quenchers can be calculated using 
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Eq. 2.10. We note that this assumption does not generally apply to all conjugated polymer 

systems (See also Chapter 3.2). 

 

c0 = 
1

4πrD
(

1

τf
−

1

τ0
)         (2.10) 

 

Using the PL decay of the diluted solution for BEH-PPV a value of c0 = 1x1018 cm-3 is then 

obtained for the exciton quenching defect concentration. It is important to note that the Stern-

Volmer equation is only valid for polymers that exhibit monoexponential PL decays 

 

2.7. Monte Carlo Simulations 

In the case of organic semiconductors that exhibit non-monoexponential PL decays a simulation 

based on Monte Carlo (MC) was applied to extract the exciton diffusion parameters. The 

simulation was developed by Mikhnenko et al. and can be downloaded from the internet.91,105,106 

In order to model the PL decay in semiconductor-quencher mixtures, the simulation considers 

a cubic box of 50x50x50 nm. Quencher molecules (PCBM) are distributed within this box 

according to the desired concentration (volume fraction) and morphology. The PCBM 

molecules are approximated as balls of 1 nm in diameter,91 and are assumed to have a 

homogeneous random distribution without overlapping of the quencher molecules. The periodic 

boundary conditions are imposed to the simulation box to mimic an infinitely large medium. 

Then the excitons, which are described as a sphere with a diameter of 1 nm,91 are placed at a 

random position in the simulation box, provided to be non-interacting with each other. The 

exciton lifetime is defined by the (multi)exponential distribution in accordance with the 

measured PL decay time of the pristine film (Eq. 2.4).  
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The use of this simulation to model the exciton diffusion is justified at room temperature, 

when exciton hopping in conjugated polymers can be described by normal diffusion, and in 

accordance with Einstein’s theory of random walks normal diffusion can be modeled as a 

random walk with a constant exciton hopping distance (hopsize).91,107-110 Therefore, for each 

iteration time δt every exciton is moved in a random 3D direction for a fixed distance δs, which 

correlates with the exciton diffusion coefficient as follows: D = δs2/6δt. For each generation the 

motion of 1×104 excitons were modeled. If the excitons touch a quencher molecule at the new 

position, then they are considered to be quenched. This process is iterated until all excitons are 

quenched or undergo radiative decay. A Boolean 3D grid of 0.05 nm pitch size is superimposed 

with the simulation box, where each 3D cell of the grid is given the value true or false if the 

exciton overlaps or not with a PCBM molecule. A Mersenne twister algorithm was used as a 

pseudo-random number generator in the Monte Carlo simulation.111,112 

As a result, the simulation provides the number of radiatively decayed excitons versus 

time, ultimately modeling a PL decay trace. Further, the relative quenching efficiency is 

calculated using the ratio between the number of radiatively decayed excitons and the total 

number of excitons that were put into the simulation box. The modeled relative quenching 

efficiency is compared with the measured one that was defined at the beginning of the 

simulation as follow: 

 

Q=1 −  
∫ dtPLblend

∫ dtPL
pristine

 =1 −  
τblend

τpristine
       (2.11) 

 

The simulation is repeated with adjusted exciton hopping distance δs until the modeled PL decay 

coincides with the experimentally measured one for the specific concentration of PCBM.91 With 
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the final δs the exciton diffusion coefficient D can be calculated. Therefore, in principle, only 

two thin films are needed to determine D, which is the pristine semiconductor and the same 

semiconductor with homogeneously distributed exciton quenchers of known concentration. To 

obtain a more significant value for D, in the scope of this thesis, usually three 

semiconductor:PCBM blends were measured and D was determined from the average of these 

three blends as well as the associated standard deviation. 

The reliability of the Monte Carlo simulation method was verified on BEH-PPV to reproduce 

the exciton diffusion coefficient that was determined by the Stern-Volmer equation (Chapter 

2.6). From the MC simulations a nearly identical exciton diffusion coefficient of 

2.0 (±0.1) × 10-3 cm2/s was found. The MC simulated PL decays for BEH-PPV and SY-PPV 

are shown in Figure 2.6 (red lines), which are in excellent agreement with the experimental ones 

(black squares) until about 80–90% of the excited states have decayed. On a linear plot (inset 

in SY-PPV PL decay, right image) this deviation is not visible. At this time the PL decay 

becomes multi-exponential, and this effect is more pronounced the higher the amount of PCBM 

molecules. A possible explanation is some small concentration of interchain coulombically 

bound electron-hole polaron pairs are also formed upon photoexcitation.113-115 The larger the 

generation number, the smoother is the modeled PL decay, while the simulation time increases 

significantly with increasing generation number. Therefore, an appropriate generation number 

of 1000 and 4000 were chosen for BEH-PPV and SY-PPV, respectively, and then the simulated 

decay times were smoothed using Savitzky-Golay method, points of window 20. 
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Figure 2.6. Measured (black squares) and simulated (red solid lines) PL decays for narrow σ 

polymer BEH-PPV (a) and broader σ Polymer SY-PPV (b). The y-axis is plotted in log10 scale. 

In the inset of SY-PPV plot the linear simulated PL decay based on Monte Carlo is seen. 

 

 

The MC simulation provides a time-averaged value of D, which in the case of a 

biexponential decay does not describe the ‘real’ D properly. A more significant value would be 

a time-dependent D consisting of two diffusion coefficients,116 the hot exciton diffusion right 

after the excitation (Dh) and the exciton diffusion coefficient of thermalized excitons (D0). To 

determine a time-averaged value of D, Mikhnenko adjusted the Monte Carlo simulation.61 

However, since this approach is more time intensive and the time-averaged D results are in a 

good approximation of the real value, in the scope of this work the time-average method is 

utilized. The deviation between the time-averaged and time-dependent value of D is shown for 

MEH-PPV, where the time-dependent D is in the range of 1.48–1.97 10-3 cm2/s for different 

intrinsic exciton lifetimes,61 while the time-averaged D is 1.1×10-3 cm2/s, as determined in 

Chapter 3.  
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In addition, the Monte Carlo simulation can be applied to determine the concentration of 

exciton quenching-sites (background quencher), as described elsewhere,61 as well as in Chapter 

5, where the concentration of hole traps was determined. 

 

2.8. PLQY 

For the PL quantum yield measurements (Chapter 3), a 15 cm diameter integrating sphere 

(Labsphere), coated with Spectaflect, was used. To measure the flux of the PL at the exit port a 

calibrated silicon photodiode (Labsphere SDA-U) was used, the photocurrent was measured 

with a Keithley electrometer. The PLQY measurements on the PPV derivatives reported in 

Chapter 3 were done in the previous laboratory of Prof. Blom. 

 

2.9. Polymer light-emitting diodes 

2.9.1. PLED device fabrication 

Upon the glass substrate with patterned ITO layer was cleaned and treated with UV-ozone, as 

described in Chapter 2.2, PEDOT:PSS (Heraeus CleviosTM Al 4083) was spin-coated (60 s 

1200 rpm; 20 s 4000 rpm) on top of the substrate (55 nm). On top, a layer of the active material 

was spin-coated in nitrogen atmosphere, while the experimental conditions are summarized 

below. Then a thin layer of the cathode (Ba 5 nm) was thermally evaporated on top of the 

polymer layer (chamber pressure 10-7 mbar), followed by a 100 nm thick aluminum layer, which 

prevents oxidation of the barium. The final PLED device structure is 

glass/ITO/PEDOT:PSS/PPV/Ba/Al.  

 The SY-PPV-based PLED (Chapter 4), was fabricated by Christian Kasparek from a 

5.5 mg/mL toluene solution (20 s 1000 rpm; 60 s 250 rpm) and the PPV film thickness was 
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100 nm. The BEH-PPV PLED (Chapter 4) was prepared by Deepthi Kamath Mangalore from 

a 5.2 mg/mL chlorobenzene solution and spin-speeds of 1000 rpm for 60 s followed by 

4000 rpm for 30 s, yielding to a layer thickness of the BEH-PPV of 165 nm. The BEH-PPV 

PLED in Chapter 5 was prepared by Quan Niu using a 4.9 mg/mL chlorobenzene solution and 

spin-speeds of 1000 rpm for 60 s followed by 4000 rpm for 30 s, which results into a 200 nm 

thick BEH-PPV layer. 

 

2.9.2. PLED current efficiency and EL spectra 

The current efficiencies were measured with a Keithley 2400 source meter in nitrogen 

atmosphere by Christian Kasparek (SY-PPV PLED, Chapter 4), Deepthi Kamath Mangalore 

and Ann-Kathrin Schönbein (Chapter 4, BEH-PPV PLED). The electroluminescence spectra of 

the BEH-PPV based PLED (Chapter 4) were measured with an Ocean optics (USB4000-UV-

Vis-ES) spectrometer by Deepthi Kamath Mangalore and Ann-Kathrin Schönbein. 

 

2.9.3. PLED device stressing 

The BEH-PPV PLED device was measured by Quan Niu (Chapter 5) with a Keithley 2400 

source meter in nitrogen atmosphere and stressed for 211 hours under a constant current density 

of 35 mA/cm2. After stressing, the degraded PLED devices were transferred into a home-made 

air-tight sample holder, which maintains the inert nitrogen atmosphere during the optical 

measurements. The PLED was photo-excited through the glass/ITO/PEDOT:PSS side of the 

device. 
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2.10. BEH-PPV Synthesis 

BEH-PPV was synthesized via Gilch synthesis by Ann-Kathrin Schönbein as follows: 8.76 g 

(16.8 mmol) 1,4-bis(bromomethyl)-2,5-bis(2-ethyl-hexyloxy)benzene (premonomer) was 

dissolved in 500 mL dry, degassed tetrahydrofuran (THF) in a 1-L three necked flask and cooled 

down to -95 oC under Ar. In a second flask a base solution of 9.28 g (82.7 mmol) potassium 

tert-butoxide was dissolved in 55 mL dry, degassed THF and also cooled down to -95 oC under 

Ar. Under vigorous stirring, the base solution was added to the premonomer solution via syringe 

in order to maintain the Ar atmosphere. The reaction mixture was left to warm up to room 

temperature over 5 hours. After 24 hours of total stirring time, the flask was equipped with a 

reflux condenser and the reaction mixture heated to reflux for 24 hours. Subsequently the 

polymer was precipitated in 3 L methanol, filtered off and dried. The resultant solid was 

dissolved in 700 mL degassed chloroform to give a concentration of 7 mg/mL. The polymer 

solution was again heated to reflux for 48 hours, precipitated in methanol, filtered off, and dried. 

4.66 g of a red compact solid is obtained with 77% yield. GPC-MALLS (THF, 30 oC): Mw = 

640370 g/mol, Mn = 293120 g/mol, D = 2.18. 
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Chapter 3.   Influence of energetic disorder on the exciton lifetime 

and photoluminescence quantum yield in conjugated polymers 

Using time-resolved photoluminescence (TRPL) spectroscopy the exciton lifetime in a range of 

conjugated polymers is investigated. For poly(p-phenylenevinylene) (PPV)−based derivatives 

and a polyspirobifluorene copolymer (PSBF) we find that the exciton lifetime is correlated with 

the energetic disorder. Better ordered polymers exhibit a single exponential PL decay with 

exciton lifetimes of a few hundred picoseconds, whereas polymers with a larger degree of 

disorder show multi-exponential PL decays with exciton lifetimes in the nanosecond regime. 

These observations are consistent with diffusion-limited exciton quenching at non-radiative 

recombination centers. The measured PL decay time reflects the time that excitons need to 

diffuse towards these quenching sites. Conjugated polymers with large energetic disorder and 

thus longer exciton lifetime also exhibit a higher photoluminescence quantum yield due to the 

slower exciton diffusion towards non-radiative quenching sites.*  

 

 

 

 

 

 

 

*I. Rörich, O. V. Mikhnenko, D. Gehrig, P. W. M. Blom, N. I. Crăciun, J.Phys.Chem.B 2017, 121, 

1405−1412. 
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3.1 Introduction 

One of the main processes in organic photovoltaics (OPVs) is the diffusion of excitons towards 

the donor/acceptor interface. Here the excitons form a spatially separated electron-hole pair, 

which subsequently dissociates into free charge carriers that generate the photocurrent.2,47 A 

long exciton diffusion length is preferred since it will strongly facilitate the demands on the 

blend morphology and processing conditions. A long exciton diffusion length is typically 

accompanied by a long exciton lifetime, such that the exciton can reach the electron 

donor/acceptor interface before decaying to the ground state. The exciton lifetime of organic 

semiconductors is therefore an important parameter to be optimized.  

As described in Chapter 1.3, singlet excitons are the dominant species created upon the 

absorption of a photon in conjugated polymers, which undergo migration among conjugated 

segments via energy transfer in the Gaussian density of states (DOS). The generated excitons 

are initially delocalized over several conformational subunits on a sub-100 femtoseconds (fs) 

time scale until they become localized by dynamic coupling between the nuclear and electronic 

degrees of freedom.21,117 The subsequent energy transfer then proceeds on much longer time 

scales. Interchain transfer between conformational subunits that are physically located within 

the Förster radius occur in a time range of a few picoseconds (ps) and exciton diffusion along 

the polymer backbone is found to occur in tens to hundreds of picoseconds.21,59,118 

To estimate the natural singlet exciton lifetime τn the inverse Einstein coefficient A21 for 

spontaneous emission can be used: 

 

τn = 1/ kr = 1/A21        (3.1) 

Theoretical estimations of the natural exciton lifetime have been done for the small molecule 

tetracene, leading to a singlet exciton lifetime of about 60 nanoseconds (ns).119 However, 
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experimentally determined values of the exciton lifetime of organic semiconductors range from 

hundreds of picoseconds to a few nanoseconds.63,70,120-122 Next to the radiative decay with rate kr 

singlet excited states can also decay via non-radiative decay routes with a rate knr due to 

molecular vibrations, which are competing loss processes. As a result, the intrinsic exciton 

lifetime τ0 of the excited states is given by  

 

  τ0 = 1/(kr + knr)         (3.2) 

 

Since the exciton migration in conjugated polymers is most likely trap limited rather than 

transfer rate limited,60 as discussed in Chapter 1.3.3, consequently, during the hopping process 

an exciton can reach a conjugated chain segment containing recombination centers and traps, 

where it can decay either radiatively or non-radiatively.45 When defects play a role, then also 

the diffusion towards these quenching sites should play a role. In that case the measured exciton 

lifetime τf in thin polymer films can be expressed as follows, 

 

τf = 1/ (kr+knr+kdiff)         (3.3) 

 

taking into account the non-radiative decay rate related to exciton quenching at defect sites due 

to exciton diffusion with a rate kdiff. Analytical models and Monte Carlo (MC) simulations have 

been reported in literature regarding the influence of energetic disorder on the exciton diffusion 

length,60,106,123 but there are few experimental investigations on the exciton lifetime. We have 

investigated the exciton dynamics in four PPV-based derivatives with varying energetic 

disorder by using time-resolved photoluminescence spectroscopy (TRPL) on spin-coated thin 

films. We demonstrate that the exciton lifetime increases by one order of magnitude with 
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increasing energetic disorder. Furthermore, the broader the Gaussian DOS the more pronounced 

is the non-monoexponential PL decay. The highly disordered organic semiconductors exhibit a 

high photoluminescence quantum yield (PLQY) that is attributed to the slow exciton transport 

towards non-radiative quenching centers. In contrast, polymers with less energetic disorder have 

shorter exciton lifetimes due to faster exciton diffusion to defects, combined with lower PLQYs.  

 

3.2. Results and Discussion 

3.2.1. Exciton lifetime in PPV derivatives 

The half-width of the excitonic (optical) Gaussian density of states σ in conjugated polymers is 

usually approximately 2–3 times smaller than the half-width of the charge carrier (electrical) 

DOS extracted from charge transport measurements.44 However, in comparison to the J-V 

measurements a direct determination of the excitonic DOS is long-winded, since the 

photophysical processes in conjugated polymer films are governed by the creation of intra- and 

interchain excitations. For that reason we take as a measure for the energetic disorder in the 

PPV derivatives the width of the charge carrier Gaussian DOS σ that was determined to be 

0.092–0.140 eV by charge transport measurements going from BEH-PPV, to MEH-PPV, NRS-

PPV and SY-PPV, respectively.7 From the depicted chemical structures in Figure 3.1 (and 

Chapter 2.7), it is seen that BEH-PPV has two symmetrical alkoxy side chains and thus the 

configurational freedom of the individual chains is limited compared to MEH-PPV that exhibits 

unsymmetrical side chains, resulting in a decreased energetic spread between electronic levels 

of individual chain segments.  
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Figure 3.1. Normalized PL decay curves and chemical structures for a series of PPV 

derivatives. The experimental data (black squares) are fitted either single or biexponential (red 

lines) with regard to the PL decay curve. The exciton lifetimes have been determined by 

equation (2.3). 

  

Therefore, the better ordered polymer BEH-PPV has a reduced width of the Gaussian charge 

carrier DOS (0.092 eV). In contrast, the random copolymers NRS-PPV and SY-PPV exhibit 

more structural disorder due to more configurational freedom of individual conformational 

subunits, leading to a larger σ as compared to the other two polymers.  

In Figure 3.1 the normalized PL decays of the four pristine PPV derivatives in a thin film 

at room temperature are shown. The less energetically distributed polymer BEH-PPV 
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(σ=0.092 eV) shows a single exponential PL decay with a very short exciton lifetime of about 

180 ps. In contrast, polymers with a relatively larger degree of disorder such as NRS-PPV 

(σ=0.125 eV) or SY-PPV (σ=0.140 eV) exhibit non-monoexponential PL decay dynamics. 

Remarkably, a significant enhancement of the exciton lifetime of one order of magnitude is 

observed with increasing disorder going from BEH-PPV to SY-PPV (180 ps versus 1.9 ns). 

Since the backbone of the PPV derivatives is chemically identical and the exciton transfer takes 

place between the conformational subunits generated from conjugation breaks along the 

backbone,20,63 one may ask where this significant change in exciton lifetime and decay 

originates from. 

As described in Chapter 1.3, upon the absorption of a high energy photon, singlet excitons 

are generated at an arbitrary energy-site within the high-energy tail of the Gaussian DOS and 

simultaneously undergo downhill migration towards lower energy-sites,23,41,42 until they, 

eventually, approach quasi-equilibrium at ~ -σ2/kT below the center of DOS,22,44 provided that 

the time needed to reach equilibrium energy is shorter than the intrinsic exciton lifetime. At 

room temperature the spectral diffusion is followed by temperature activated hopping. In a less 

disordered conjugated polymer as BEH-PPV the higher energy states of the DOS to which the 

exciton is typically excited are close to the center of the distribution, where the probability to 

find a nearby energy-site is very high. Furthermore, due to the narrow σ also the equilibrium 

level at -σ2/kT with the most populated states is close to the center of the DOS. As a result, after 

only a few downward jumps the exciton already reaches this quasi-equilibrium state, where 

thermally activated hopping interplays with downward jumps at room temperature. Since 

finding a near neighbor is highly probable, fast energy transfer between the conformation 

subunits proceeds, resulting in fast exciton diffusion. As a consequence, in the less energetically 
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disordered BEH-PPV the exciton diffusion can be described by quasi equilibrium transport 

following the σ < 3kT criterion.124,125  

In a more disordered polymer (σ > 3kT) as SY-PPV, however, the process of downhill 

migration is slower and cannot be neglected. There, excitons predominantly undergo downward 

jumps toward energy-sites that are further away from the center of the DOS. This process can 

be described by non-equilibrium hopping transport, which has been reported for low 

temperatures.126,127 Eventually, excitons reach thermal equilibrium state or decay due to its finite 

lifetime to the ground state. Since the thermal equilibrium state -σ2/kT shifts for increasing 

disorder strength σ deeper into the tail states of the Gaussian DOS, the probability to find a 

nearby energy-site to which a jump is probable decreases noticeably. Therefore, the measured 

excitation lifetime depends on the coupling strength between the energy sites and on the starting 

singlet excitation energy within the DOS.125 As a result, in less ordered polymers the diffusion 

of hot excitons is initially fast, followed by slower transport of thermalized excitons via 

thermally activated hopping.  

The observed simultaneous occurrence of a short monoexponential PL decay for more 

ordered polymers as BEH-PVV and a longer PL decay with a non-monoexponential decay for 

disordered polymers is consistent with diffusion-limited exciton quenching. In a better-ordered 

polymer with narrower width of the Gaussian DOS, excitons have a high probability to jump to 

a nearby energy-site leading to fast exciton diffusion towards quenching defects. Since the 

transport occurs under quasi equilibrium conditions, a single exponential PL decay is obtained. 

In contrast, polymers that are more disordered exhibit a biexponential PL decay that is ascribed 

to an initial fast exciton diffusion followed by a slower migration via thermally activated 

hopping towards quenching defects, resulting in a much longer PL decay time. As a result, the 

measured PL decay times do not represent the intrinsic exciton lifetime of these polymers, but 
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rather the time an exciton needs to find a quenching center. The origin of these non-radiative 

quenching centers is, as discussed in Chapter 1.3.3, not totally understood but ascribed to 

impurities and morphological and chemical defects.  

 

3.2.2. Exciton diffusion 

In order to obtain more quantitative information about the spatial and temporal evolution of the 

singlet exciton population we determine the exciton diffusion coefficient for the series of PPV 

derivatives by investigating fluorescence quenching of thin polymer films with randomly 

distributed exciton quencher molecules, such as PCBM.61,91,93,94 Therefore, either the Stern-

Volmer equation for monoexponential PL decays (see Chapter 2.3.1) or the Monte-Carlo 

simulation for biexponential decays (see Chapter 2.3.2) was used to model the experimental 

data. As demonstrated in Figure 2.2a, the PL decay time of BEH-PPV in a diluted chlorobenzene 

solution (370 ps) is significantly longer than the one in the pristine thin film (180 ps). This 

observation is found in many other organic semiconductors due to different polymer chain 

packing (see also Chapter 1.3.2). A one order of magnitude higher energy transfer rate is 

reported in thin polymer films with respect to the intrachain transfer in diluted polymer solutions 

originating mainly from larger electronic coupling matrix elements between closely lying 

polymer chains.49,50 In a diluted solution the polymeric chains are well isolated by the solvent 

molecules and the exciton diffusion is attributed to pure intrachain hopping leading to longer 

exciton lifetimes. When we assume that the exciton transport is diffusion-limited quenching 

rather than transfer rate limited, the decreased exciton lifetime in thin polymer films can be 

ascribed to the higher probability of the excitons to encounter quenching sites faster with regard 

to the one in solution. Furthermore, it is seen in Figure 2.2a that the higher the density of PCBM 
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molecules the shorter are the PL decay times, since the excitons reach a quenching site faster 

and non-radiative decay is more probable. 

The modelling of the well-ordered polymer BEH-PPV using the Stern-Volmer equation 

(Eq. 2.6) is demonstrated in Chapter 2.3.1, leading to an exciton diffusion coefficient D of 

2.2×10-3 cm2/s. For the organic semiconductors that exhibit non-monoexponential PL decays 

the Monte Carlo simulation is applied (see Chapter 2.3.2) to extract the exciton diffusion 

parameters. The MC simulated PL decays for BEH-PPV and SY-PPV are shown in Figure 2.4.  

With the extracted D for the various polymers the exciton diffusion length LD was 

calculated using Eq. 2.2. The determined exciton diffusion parameters are summarized in Table 

3.1. The exciton lifetime increases by one order of magnitude accompanied by an increase of 

the energetic disorder in the conjugated polymer and is correlated to a decrease of the exciton 

diffusion coefficient, respectively.  

Nevertheless, an energetic disorder independent exciton diffusion length of 6–7 nm is 

observed. These results are consistent with an exciton lifetime that is limited by the diffusion 

towards quenchers. The short PL decay time in better ordered polymers is ascribed to fast 

exciton diffusion towards non-radiative quenching sites represented by a high exciton diffusion 

coefficient. In contrast, polymers that are more-disordered exhibit slower exciton diffusion 

towards traps and thus much longer exciton lifetimes, provided that a wide range of conjugated 

polymers have a nearly equal amount of defect sites (1023–1024 per m-3), as reported by Nicolai 

et al.62  
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Table 3.1. Determined exciton diffusion parameters using Monte Carlo Simulation for a series 

of PPV derivatives and a PSBF copolymer in dependence of their energetic disorder. For multi-

exponential decays τav was determined by equation (2.3). 

Polymer 
DOS width 

σ (eV) 

Exciton lifetime 

τav (ns) 

Exciton 

diffusion 

coefficient D 

(cm2/s) 

1D exciton 

diffusion length 

LD (nm) 

BEH-PPV 0.092 0.18 2.0×10-3 6.0 

MEH-PPV 0.105 0.42 1.1×10-3 6.8 

NRS-PPV 0.125 1.12 3.0×10-4 5.8 

SY-PPV 0.140 1.92 2.2×10-4 6.4 

PSBF 0.150 2.5 1.6×10-4 6.3 

 

 

Another interesting model compound to study exciton lifetimes is the blue-emitting copolymer 

polyspirobifluorene (PSBF). The chemical structure of the PSBF copolymer is shown as inset 

in Figure 3.2 (and in Chapter 2.7), where polyspirobifluorene (m) is randomly copolymerized 

with a polyfluorene unit (n). The polymer backbone consists of a polyfluorene backbone and 

exhibits at the 9-position either a spiro-linkage to a substituted fluorene unit with four alkoxy 

side chains (m) or two substituted phenyl groups (n). Through the spiro-linkage the substituted 

fluorene group is rigidly perpendicular to the polymer backbone, whereby in the case of the 

"broken" spiro-linkage the carbon in the 9-position is tetrahedron and thus not perpendicular to 

the backbone anymore. The PSBF copolymer exhibits a high structural disorder due to more 

configurational freedom of individual conformational subunits leading to a consequently larger 
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σ. From charge transport studies it was found that PSBF based polymers exhibit a very large 

energetic disorder σ in the range of 0.150–0.160 eV.128  
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Figure 3.2. Normalized PL decay curve of polyspirobifluorene (PSBF) in a thin film with 

chemical structure. The experimental data (black squares) are fitted by a bi- and triexponential 

fit, respectively (blue dashed line, solid red line).  

 

 

Thus, the energetic disorder of PSBF exceeds the one of SY-PPV (σ=0.140 eV), where an 

exciton lifetime of 1.9 ns was found (Figure 3.1). As a result, for diffusion-limited quenching 

an even longer exciton lifetime for PSBF is expected. Figure 3.2 shows the PL decay time of 

the PSBF copolymer. A non-monoexponential PL decay with a long exciton lifetime exceeding 

2 ns is observed. Using a tri-exponential fit and equation (2.3) an exciton lifetime of 2.9 ns is 

obtained. 

In order to see whether this long exciton lifetime is correlated to the strong energetic disorder 

by means of slow exciton diffusion also the exciton diffusion coefficient was determined. As 

before with the PPV derivatives, randomly distributed PCBM exciton quenchers are used. 
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Figure 3.3 shows the measured PL decays as a function of PCBM quencher concentration, 

together with the MC simulations.  
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Figure 3.3. Measured (black squares) and simulated (red solid lines) PL decay times for PSBF 

copolymer mixed with 0%, 0.02% and 0.05% volume fraction of PCBM. The y-axis is plotted 

in log10 scale. The inset represents the linear simulated PL decay based on Monte Carlo. 

 

 

The obtained exciton diffusion coefficient amounts to 1.6×10-4 cm2/s, which is indeed slower 

than the coefficient of SY-PPV (2.2×10-4 cm2/s). As a result, the increased exciton lifetime of 

the PSBF copolymer as compared to the PPV derivatives can be directly correlated to the slower 

exciton diffusion due to larger energetic disorder. It should be noted that a complex excited-

state behavior of PSBF in thin films has been reported that is related to the formation of charge 

transfer (CT) states by means of the spiroconjugation between the backbone and the spiro 

groups. These CT states energetically lie slightly below the singlet-excited states and have been 

calculated to be approximately 0.014 eV, concluding that the observed long-lived fluorescence 

resulted from the back and forth energy exchange between these energetically close lying states 
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at room temperature.129,130 Our results indicate that the long exciton lifetime is mainly due to 

the slow exciton diffusion, but might be further enhanced when the exciton reaches an energy-

site near to the CT state where it can transfer back and forward. In spite of the long exciton 

lifetime an exciton diffusion length of only 6 nm is observed for the PSBF copolymer, similar 

to the PPV derivatives. Considering that there is a universal amount of non-radiative 

recombination centers in a wide range of organic semiconductors and that the measured exciton 

lifetime is governed by the time excited states need to diffuse towards these traps, provide a 

possible explanation why different materials have a similar exciton diffusion length of ~6 nm 

in spite of a large variation in exciton lifetime.19  

 

3.2.3. Photoluminescence Quantum Yield  

When the exciton decay time is related to the presence of non-radiative recombination centers, 

preventing excitons to reach these quenching sites by slowing down their diffusion towards the 

traps would not only result in long exciton lifetime but also in an increased PL quantum yield 

(ϕf).
131 Therefore, it is expected that highly disordered polymers that exhibit slow exciton 

diffusion towards traps, represented by a low exciton diffusion coefficient, have higher PL 

quantum yields relative to better ordered polymers, where excitons reach quenching sites more 

easily due to faster diffusion. This correlation is pointed out in Figure 3.4, where the PL quantum 

yield is plotted versus the measured exciton diffusion coefficient for a series of conjugated 

polymers.  
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Figure 3.4. PL quantum yield versus exciton diffusion coefficient for whole series of 

conjugated polymers. Black squares represent experimental data, plots have been determined 

using equation (3.7). Red solid line was obtained with the following parameters: τ0 = 2ns, 

c0 = 2×1018 cm-3, τ0knonrad = 0, assuming an intrinsic exciton lifetime of about 2 ns without non-

radiative decay rates and a PL quantum yield of one. Further calculated lines consider lower 

number of non-radiative quenching centers c0 = 1.5×1018 cm-3 (black dash-dotted line) or 

shorter exciton lifetimes and non-radiative decay rates, respectively (green dotted line and blue 

dashed line).  

 

It is clearly seen that well-ordered polymers such as poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-

cyclo-penta[2,1-b;3,4-b’]-dithiophene)-alt-4,7-(2,1,3-benzothiadi-azole)] (PCPDTBT)91 and 

BEH-PPV, which exhibit short PL decay times, have low PL quantum yields due to fast 

diffusion towards traps. In contrast, materials with higher energetic disorder, such as SY-PPV 

and PSBF, exhibit higher PLQYs since the exciton diffusion is slowed down. 
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To fit the experimental data, we used the following equations and assumptions. The PL 

quantum yield in a thin film can be expressed by the measured exciton lifetime in thin polymer 

films τf and the natural exciton lifetime τn determined by equations (3.1) and (3.3): 

 

ϕf = 
τf

τn
           (3.4) 

 

In addition, since the exciton diffusion towards traps plays a significant role, the concentration 

of background exciton quenching sites c0 needs to be considered. As comprehensively derived 

in Chapter 2.6, the concentration of background exciton quenching sites c0 can be calculated 

using the following equation: 

 

c0 = 
1

4πrD
(

1

τf
−

1

τ0
)         (3.5) 

 

The intrinsic exciton lifetime τ0 can be approximated be the PL decay time in a diluted solution. 

However, this assumption does not generally apply to all conjugated polymer systems. First, 

due to the electronic coupling between chains H aggregates might be formed, which can lead to 

a partly forbidden lower-energy state with longer lifetimes than that of an isolated polymer 

chain.54 Furthermore, the dielectric surroundings in a film are different than in solution, which 

affects the transition matrix element.49,50 As an example, it has been reported that MEH–PPV 

in a diluted solution shows different photophysics depending on the solvent. A reduction of the 

solvent quality leads to an enhanced interchain species formation due to steric constraints on 

the polymer backbone motions caused by aggregation of the chains. As a result an almost 

monoexponential PL decay was obtained in the case of a "good" solvent and more pronounced 
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non-monoexponential PL decays with reduced solvent quality, respectively.51 In the case of 

BEH-PPV a value of c0 = 1x1018 cm-3 is obtained for the exciton quenching defect concentration 

(Chapter 2.6).  

By using equation (3.2) and (3.3), and the rewritten Stern-Volmer equation (3.5) we get 

the following expression for the pristine polymer: 

 

kdiff =
1

 τf
 −  

1

τ0
 = 4πrDc0        (3.6) 

 

The combination of equation (3.4) and (3.6) give us a correlation between the 

photoluminescence quantum yield ϕf and the exciton diffusion coefficient: 

 

ϕf = 
krad

krad+knonrad+kdiff
= 

krad
1

τ0
+4πrDc0

= 
1-τ0knonrad

1+4πrDc0τ0
      (3.7) 

 

It is reasonable to set r = 1 nm, the rest of the parameters can be measured, except knonrad. The 

lines in Figure 3.4 are plotted using equation (3.7). A reasonable fit (red solid line) is already 

obtained with the following parameters: τ0 = 2ns, c0 = 2×1018 cm-3, τ0knonrad = 0. It should be 

noted that we used a substantial simplification to determine equation (3.12), since the used 

Stern-Volmer equation is only valid for monoexponential PL decays. Further we assumed an 

intrinsic exciton lifetime of about 2 ns without non-radiative decay rates, providing a PL 

quantum yield of one. Since most of the polymers decay non-monoexponential and some 

polymers might show much shorter exciton lifetimes, Figure 3.4 shows further calculated lines: 

with lower number of non-radiative quenching centers as c0 = 1.5×1018 cm-3 (black dash-dotted 

line) or considering shorter exciton lifetimes and non-radiative decay rates, respectively (green 
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dotted line and blue dashed line). However, it is seen that small changes in these parameters do 

not change the correlation between the PLQY and the exciton diffusion coefficient significantly. 

The PL quantum yields were determined using an integrating sphere and are comparable with 

literature.52,130,131 The dependence between the exciton diffusion coefficient and PL quantum 

yield is clearly reflected. As a result, for a range of conjugated polymers we have shown that 

the exciton lifetime and photoluminescence quantum yield are directly correlated to the 

diffusion of excitons towards quenching centers. Increased energetic disorder slows down the 

exciton diffusion and strongly enhances the exciton lifetime (180 ps to 2.9 ns) and PLQY (7% 

to 45%).  

 

3.3 Conclusions 

We have investigated the role of energetic disorder on the PL decay and PL quantum yield in 

four PPV derivatives and a PSBF copolymer. We demonstrate that the exciton lifetime increases 

by more than an order of magnitude (0.18–2.9 ns) with increasing energetic disorder. The 

increase of the exciton lifetime is correlated with a decrease of the exciton diffusion coefficient 

by one order of magnitude (2.0x10-3–1.6x10-4 cm2/s), respectively, going from BEH-PPV to 

PSBF. Our findings suggest that the PL decay time in the polymer film is not limited by the 

intrinsic exciton lifetime, but governed by the time excitons need to diffuse towards non-

radiative recombination centers. Highly disordered polymers with slow exciton diffusion, such 

as PSBF and SY-PPV, not only show a long exciton lifetime but also exhibit a higher PLQY 

relative to the more ordered polymers. 
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Chapter 4.   Temperature dependence of photo- and electro-

luminescence of poly(p-phenylene vinylene) based polymers 

 

We characterize the temperature dependence of the exciton transport and decay processes in 

two poly(p-phenylene vinylene) (PPV) based semiconducting polymers with varying degree of 

energetic disorder. The exciton diffusion coefficient and diffusion length exhibit distinct 

temperature dependence based on the disorder. To disentangle the contributions from radiative 

and non-radiative decay processes, with the latter including non-radiative decay processes due 

to exciton diffusion toward excitonic traps, we use temperature-dependent time-resolved 

photoluminescence (PL) spectroscopy and Monte Carlo exciton diffusion simulations. We show 

that for the less disordered polymer the exciton lifetime and quantum yield increase with 

decreasing temperature, due to both freezing out vibrations and less exciton quenching by 

slowing down the diffusion toward traps. For highly disordered polymers the exciton lifetime 

and quantum yield are nearly temperature independent. The temperature dependence of the 

electroluminescence of polymer light-emitting diodes is directly correlated to photo-

luminescence.* 

 

 

* I. Rörich, A.-K. Schönbein, C. Kasparek, D. K. Mangalore, C. Bauer, N. I. Crăciun, P. W. M. Blom, 

C. Ramanan, J. Mater. Chem. C, accepted. 
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4.1 Introduction 

The device operation of a PLED is determined by three processes: charge carrier (electron and 

hole) injection from the electrodes, charge transport through the polymer active layer and charge 

recombination generating an exciton, which can then decay radiatively.132 Charge carrier and 

exciton transport in organic semiconductors can be regarded as a hopping process between 

localized states on conjugated chain segments that are inhomogeneously distributed in size and 

energy within a Gaussian density of states (DOS).22,23,44,45 The three processes that drive PLED 

operation depend on the DOS width σ (polymer energetic disorder): charge injection is mediated 

by the relative energy-level matching to the electrodes, and charge transport and subsequent 

exciton diffusion, prior to radiative decay, depends on the energy level distribution. Thus, the 

energetic disorder resulting from molecular conformation, structural defects, and the variety of 

inter- and intrachain interactions due to the irregular morphologies, will govern the exciton 

diffusion and decay characteristics in PPV films for PLEDs.    

An exciton, formed either by photo-excitation or Langevin recombination in a PLED, will 

decay back to the ground state within a lifetime τf. The PL quantum yield (ϕf) represents the 

ratio between radiative and non-radiative processes (Eq. 3.4). As discussed in Chapter 1.3. and 

3.2, in a thin film with significant chromophore-chromophore interaction, energy-transfer will 

occur via hopping along inter- and intrachain segments until the exciton decays either 

radiatively or non-radiatively. Thus, the PL lifetime τf (Eq. 3.3) and quantum yield ϕf are 

governed by the intrinsic radiative (kr) and non-radiative (knr) decay rates, as well as the non-

radiative decay rate related to the exciton quenching at defect sites due to exciton diffusion with 

a rate kdiff (see also Chapter 1.2.1, Figure 1.7). Further reported in Chapter 3 is that τf and ϕf 
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directly correlate with the energetic disorder of conjugated polymers, where increased disorder 

slows down the diffusion of the exciton toward non-radiative quenching sites and strongly 

enhances both τf and ϕf (Figure 3.4). This is consistent with diffusion-limited exciton quenching 

at defects in organic semiconductors (as discussed in Chapter 1.3.3). It should be noted that 

while the electronic DOS relevant for charge transport and exciton DOS are not the same, both 

represent the energy level distribution in the polymer. In accordance with this and the previous 

results, Markov et al. observed a three orders of magnitude enhanced charge carrier mobility in 

PPV derivatives with decreasing energetic disorder.7  

Although charge transfer and exciton diffusion processes are well studied in disordered 

conjugated polymers, a significant open question remains as to how the PL characteristics of a 

polymer influence the PLED conversion efficiency. For example, the PLED efficiency is charge 

carrier mobility independent, and is therefore expected to be temperature independent with 

regards to the active layer material.133,134 However, the PL behavior of a polymer thin film may 

vary with temperature as the chromophore-chromophore interactions will affect the balance of 

kr, knr, and kdiff. Since the PLED efficiency is governed by the formation of excitons, it follows 

that the respective temperature dependencies of the PLED and PL characteristics should have a 

direct correlation.  

Here, this relationship is investigated by measuring the temperature-dependence of the PL 

and PLED efficiencies in the two derivatives BEH-PPV and SY-PPV. The width of the charge 

carrier Gaussian DOS σ was determined from charge transport measurements to be 0.092 and 

0.140 eV for BEH-PPV and SY-PPV, respectively.7 The exciton lifetime is strongly enhanced 

with increasing disorder, ranging from 200 ps for BEH-PPV to 1.9 ns for SY-PPV, which is 

consistent with the results in Chapter 3. Time-resolved photoluminescence spectroscopy 

(TRPL) at varying temperature shows a correlation between the conformational energetic 
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disorder and the balance between radiative (kr) and non-radiative decay processes, the latter of 

which includes exciton diffusion towards traps (knr and kdiff). The thin film of the highly 

disordered polymer SY-PPV exhibits an increase in the formation of non-radiative quenching 

sites with decreasing temperature (increase of knr), while the more ordered BEH-PPV 

demonstrates a decrease in non-radiative quenching with decreasing temperature (decrease of 

knr and kdiff). In addition to the experimental results, simulations based on Monte Carlo were 

carried out to model the exciton diffusion in the semiconductors depending on energetic 

disorder and concentration of non-radiative quenching-sites. We found that PLEDs based on 

the disordered SY-PPV show temperature independent current efficiencies, whereas the better 

ordered BEH-PPV demonstrates enhanced PLED efficiency with lowering temperature, 

consistent with the temperature dependence of the photoluminescence quantum yield. 

 

4.2. Results 

4.2.1. Temperature-dependent time-resolved photoluminescence 

The PL spectrum of SY-PPV (Figure 4.1a) exhibits a broad line shape from 500–700 nm, which 

fits to a sum of three Gaussian peaks (Table A1), ascribed to the electronic S0,0 and vibronic S0,1 

and S0,2 transitions. The peak positions are in good agreement with previous reports,131 and the 

PL spectrum red-shifts with lowering temperature. The peak intensity stays relatively constant 

from 290–130 K, and then slightly decreases at 100 and 77 K. The PL spectrum of BEH-PPV 

spans 550–750 nm (Figure 4.1c) and is similarly characterized by one primarily electronic 

transition (S0,0) and two vibronic peaks (S0,1, S0,2). The peak positions from a fit to a sum of 

three Gaussians are shown in Table A2. With lowering temperature, the PL spectrum of BEH-

PPV red-shifts and the peak intensity increases. The relative intensity between the electronic 
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(S0,0) and vibronic peaks (S0,x) also changes with decreasing temperature. At 298 K, the S0,0 and 

S0,1 transitions are of similar intensity, while at 77 K, the S0,0 transition is more than twice as 

intense as the S0,1 transition, in agreement with previous work. This indicates a decrease in 

electron-vibrational coupling with decreasing temperature.135 The narrowing of the 

fluorescence peaks with lowering temperature is more evident in BEH-PPV as opposed to SY-

PPV. 
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Figure 4.1. (a,c) Temperature dependent photoluminescence spectra and (b,d) associated 

normalized PL decay traces at specified wavelengths for SY-PPV and BEH-PPV. Spectral 

traces are taken at the maximum from the time-resolved measurements. Fits to the decay traces 

are from global analysis as described in the text.  
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The comparison of the normalized PL decay kinetics measured at the S0,0 (550 nm) and S0,1 

(590 nm) transitions (Figure 4.1b, black and blue traces) demonstrate that the SY-PPV 

temperature-dependence depends on the emission wavelength. At 550 nm, the 77 K trace decays 

faster than the 290 K trace, while at 590 nm, the traces are mostly similar, with the 290 K trace 

decaying faster by a small amount. Figure 4.1b shows only the lowest and highest measured 

temperatures for the S0,0 and S0,1 transition, for clarity, but the observed trend is consistent 

throughout the entire measured temperature range (Figure A1). The normalized BEH-PPV PL 

decay traces (Figure 4.1d), monitored at 600 and 650 nm, demonstrate that the PL lifetime at 

77 K is longer than at 290 K at all wavelengths. This trend is consistent through the measured 

temperature range (Figure A2).  

The TRPL decay dynamics were modeled with a global analysis scheme, which takes into 

account the decay dynamics across the entire spectral range (see also Chapter 2.4).101,102 The 

fits are represented as red lines in Figure 4.1b,d and the lifetimes and relative amplitudes are 

summarized in Tables 4.1 and 4.2. For both materials, the data were fit to a sum of a fast and 

slow exponential contribution. The measured exciton lifetime (τf) is then determined from a 

weighted average of the two kinetic components (Eq.2.4) and the relative PL quantum yields 

(ϕT/ϕ290K) are determined from the integral under the spectrum. In SY-PPV (Table 4.1), both the 

fast and slow lifetimes become longer with decreasing temperature, which is attributed to a 

decrease in non-radiative contributions. Simultaneously, the relative amplitude of the fast 

component increases with decreasing temperature. This is consistent with an increase in non-

radiative processes due to energy transfer/hopping to conformational subunits exhibiting longer 

decay rates.  
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Table 4.1. Temperature dependence of the average PL lifetime τf and calculated relative 

quantum yield ϕT/ϕ290K in SY-PPV. 

T (K) A1 τ1 (ps) A2 τ2 (ps) τf ϕT /ϕ290K 

290 0.39 356 0.61 2076 1905 1.00 

270 0.42 372 0.58 2185 1985 1.02 

230 0.46 409 0.54 2390 2138 0.99 

200 0.47 424 0.53 2478 2203 0.98 

180 0.49 442 0.51 2537 2238 0.96 

150 0.51 451 0.49 2573 2249 1.01 

130 0.51 459 0.49 2599 2262 0.99 

100 0.53 476 0.47 2680 2315 0.84 

77 0.51 489 0.49 2711 2364 0.78 

 

Table 4.2. Temperature dependence of the average PL lifetime τf and calculated relative 

quantum yield 𝜙T/ 𝜙290K in BEH-PPV. 

T (K) A1 τ1 (ps) A2 τ2 (ps) τf ϕT /ϕ290K 

290 0.89 161 0.11 368 207 1.00 

270 0.91 179 0.09 452 236 1.32 

230 0.90 215 0.10 552 292 1.49 

180 0.87 265 0.13 671 374 1.70 

150 0.83 286 0.17 626 391 1.84 

120 0.79 304 0.21 599 405 1.76 

90 0.62 190 0.38 485 370 1.71 

77 0.56 130 0.44 484 393 1.76 

 

These varying contributions to the non-radiative PL decay result in an overall slight increase in 

the average PL lifetime, τf, from 1.9 ns at 290 K to 2.4 ns at 77 K. The relative quantum yield 

does not vary significantly with temperature until 130 K. The reduction of ϕf at temperatures 
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< 130 K is attributed to an increased energy transfer to non-luminescent sub-species due to 

increased interchain interactions at low temperatures. 

In BEH-PPV (Table 4.2), the two-component model was required to account for energy 

transfer from shorter to longer conformational subunits, which contributes more with decreasing 

temperature. Both the fast and slow components get longer with decreasing temperature until 

150 K. In this case, the relative amplitude of the slow component increases with decreasing 

temperature. As a result, the average lifetime τf increases from 207 ps at 290 K to 405 ps at 150 

K. At temperatures < 150 K, the faster component shortens, probably due to increased energy 

transfer and interchain quenching interactions. The relative quantum yield ϕT/ϕ290K of BEH-

PPV also increases with decreasing temperature. The concomitant increase in lifetime and 

quantum yield with decreasing temperature indicate that in BEH-PPV the PL is predominantly 

radiative, where lower temperatures result in a decrease in competitive non-radiative processes, 

consistent with the observed decrease in electron-vibrational coupling.  

 

4.2.2. Exciton diffusion coefficient and diffusion length 

As a next step, the spatial and temporal evolution of the singlet exciton population is 

investigated as a function of temperature, characterized by the exciton diffusion coefficient D 

and exciton diffusion length LD. Therefore, fluorescence quenching experiments of thin polymer 

films with randomly distributed PCBM molecules were performed, as described in Chapter 2.5. 

Thin films of SY-PPV and BEH-PPV, each blended with known concentrations of PCBM, were 

prepared from chlorobenzene solution. The average fluorescence lifetime was determined from 

TRPL experiments, using the same procedure described in the previous section (Chapter 4.2.1). 

The results were analyzed by Monte Carlo simulation, which is appropriate for multi-
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exponential decays, to return the exciton diffusion coefficient D (see for more details in Chapter 

2.7).91,105 The exciton diffusion length LD is then calculated using following equation 𝐿𝐷 =

√𝜏𝑓𝐷 (Eq. 2.5), where τf is the average lifetime calculated from the TRPL measurements 

(Figure 4.1). The results are shown in Figure 4.2.  

The better ordered BEH-PPV exhibits overall higher exciton diffusion coefficients and 

exciton diffusion lengths than the less well-ordered SY-PPV. With lowering temperature, SY-

PPV shows a significant reduction of the exciton diffusion parameters between 298–180 K, with 

D decreasing from 3.1×10-4 cm2/s to 8.0×10-5 cm2/s and LD decreasing from 7.7 nm to 4.2 nm. 

Further cooling from 180 K to 77 K reveals nearly constant exciton diffusion parameters for 

SY-PPV. In contrast, the exciton diffusion parameters for the better ordered BEH-PPV display 

less temperature dependence in the higher temperature range (298–120 K), while in the lower 

temperature range 100–77 K, there is greater dependence on temperature, with D decreasing 

from 2.5×10-3 cm2/s to 6.8×10-4 cm2/s and LD decreasing from 9.6 nm to 5.2 nm. Both polymers 

exhibit an approximately 75% reduction in D at 77 K vs. 290 K. 

For BEH-PPV, we also compared these results with a monoexponential fluorescence 

decay, which has been reported before for this polymer at room temperature in Chapter 2.6 and 

3.2. The temperature-dependent exciton diffusion parameters, in this case determined by the 

Stern-Volmer equation, and exciton lifetimes determined from monoexponential fits of the PL 

decays are shown in Figure A4. The results show a similar trend of D and LD in BEH-PPV 

compared to the results determined from global analysis and Monte Carlo simulations 

(Figure 4.2), with slightly higher values for LD. As D is quite similar for the two fits, the 

difference in LD is most likely due to the longer fluorescence lifetime from the monoexponential 
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fits, which do not account for the increased energy transfer between polymer chains at lower 

temperatures.  
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Figure 4.2. Temperature-dependence of (a) exciton diffusion coefficient D and (b) exciton 

diffusion length LD for SY-PPV and BEH-PPV, determined from time-resolved fluorescence 

quenching experiments of thin films.  

 

 

4.2.3. Temperature-dependent polymer-light emitting diode efficiencies 

PLEDs of each SY-PPV and BEH-PPV were fabricated in order to test the temperature 

dependence of the device efficiency. The device structure ITO/PEDOT:PSS/PPV/Ba/Al was 

used for both active layer materials. The SY-PPV active layer is 100 nm thick and the BEH-

PPV layer is 165 nm thick. Figure 4.3 shows the temperature dependent current efficiencies vs. 

voltage of the devices. The current efficiency is calculated as the light output divided by the 

current, and describes the relation between the number of emitted photons and the number of 

charges that pass through the device for a given time interval. The SY-PPV PLED exhibits no 

change in current efficiency with decreasing temperature in the range of 295–233 K. The current 
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efficiency of the BEH-PPV PLED, however, increases by more than a factor of two when the 

device temperature is decreased between 295–215 K. Additionally, the rise of current efficiency 

with increasing voltage becomes steeper as the BEH-PPV device temperature is lowered.   

Temperature dependent EL spectra of BEH-PPV (Figure 4.4) demonstrate a different spectral 

line shape than the BEH-PPV PL spectra in the same temperature range. The S0,0 and S0,1 peak 

positions remain mostly unchanged (Table S3). However, the relative intensities of these peaks 

in the EL spectra match more closely with that in the lower temperature PL spectra, with the 

S0,0 peak exhibiting always higher intensity than the S0,1. This EL spectral line shape is 

consistent with an optical microcavity effect in the PLED, wherein the near-field coupling 

results in a narrowing of the spectral line shape and enhances the spontaneous emission rate.37,136   

 

2 3 4 5

0.0

1.0x10
-3

2.0x10
-3

 295 K

 273 K

 253 K

 233 K

C
u

rr
en

t 
E

ff
ic

ie
n

cy

V (V)

SY-PPVa)

3 4 5 6 7
0.0

1.0x10
-4

2.0x10
-4

3.0x10
-4

b)

C
u

rr
en

t 
E

ff
ic

ie
n

cy

V (V)

 295 K

 275 K

 255 K

 235 K

 215 K

BEH-PPV

 

Figure 4.3. Current efficiencies vs. voltage of PLEDs comprised of (a) SY-PPV and (b) BEH-

PPV measured at various temperatures. 
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Figure 4.4. Temperature-dependent electroluminescence spectra of the BEH-PPV PLED 

measured at 7 V, normalized to the spectral maximum. 

 

 

4.3. Discussion 

4.3.1. Temperature-dependent exciton decay characteristics 

As discussed already in Chapter 3.2, the configurational freedom of individual conformational 

subunits determines the difference in the width of the Gaussian DOS in the BEH-PPV and SY-

PPV polymers, and thus their energetic disorder. For chemical structures see Figure 2.1. The 

width of the excitonic DOS (σ) is calculated by assuming that the energy position of the S0,0 

transition from our PL measurements corresponds to the level of the most populated states, 

which lies at the equilibrium level –σ2/kT below the center of the DOS.22,44 The slope of the 

relationship between the S0,0 peak position vs. 1/T allows us to extract σoptical. From this we find 

that energetic disorder of BEH-PPV (σoptical=0.033 eV) is indeed less than that of SY-PPV 

(σoptical=0.048 eV) (Figure A5). The half-width of the excitonic (optical) Gaussian DOS is about 

3 times smaller than the half-width of the charge carrier (electrical) DOS extracted from charge 

transport measurements, for BEH-PPV σelectrical=0.092 eV and SY-PPV σelectrical=0.140 eV, 
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respectively.7 Previous work showed that σelectrical is larger than σoptical due to the different nature 

of interactions between charge carriers and excitons within the DOS.22. Nonetheless, BEH-PPV 

reproducibly exhibits a narrower DOS than SY-PPV. Further discussed comprehensively in 

Chapter 3.2 is that the exciton diffusion characteristics (and quantum yield) of a conjugated 

polymer thin film depend strongly on the disorder parameter σ and the temperature T, 126 as well 

as on the starting singlet excitation energy within the DOS and the coupling strength between 

the energy sites.125  

Here, the differences in energetic disorder between BEH-PPV and SY-PPV manifest in the 

temperature dependent PL and exciton diffusion characteristics as measured in thin films. The 

exciton decay processes in these systems are governed by radiative decay, non-radiative decay, 

and exciton diffusion to non-radiative traps (Figure 1.7 in Chapter 1).137 The TRPL experiments 

show that, with decreasing temperature, both the SY-PPV and BEH-PPV films demonstrate 

longer fluorescence lifetimes. However, while the relative quantum yield for SY-PPV is fairly 

constant until very low temperatures, the one of BEH-PPV increases along with the lifetime.   

To obtain more information about the exciton lifetimes, the excited state transfer rates for 

the two-different disordered PPV derivatives were calculated using equation (3.3) and (3.4). 

The resultant transfer rates are summarized in Tables 4.3 and 4.4 for SY-PPV and BEH-PPV, 

respectively. The lifetime τi correlates with the transfer rate ki with the following relation: 

τi = 1/ki. The radiative decay rate kr is calculated by Equation 4.1:  

 

kr= ϕ
f

τf⁄ = (ϕ
T
/ϕ

290K
∙ ϕ

abs
)/τf                  (4.1) 
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where ϕf corresponds to the product of the relative PLQY (ϕT/ϕ290K) and the absolute PLQY 

(ϕabs) of a pristine film at 290K. We used the literature reported ϕabs = 60% for an SY-PPV 

film,52 which returns a natural exciton lifetime τr = 1/kr ~ 3 ns. The absolute PLQY of our BEH-

PPV thin film is approximately ten times smaller (ϕabs ~ 6%) than the one of SY-PPV, also 

leading to a natural exciton lifetime τr of ~ 3 ns. Considering the two materials have the same 

polymer backbone, a similar natural exciton lifetime for both PPV derivatives is expected. We 

note that in literature ϕabs has been reported as high as 12% for a BEH-PPV film,138 which would 

give rise to a natural exciton lifetime of τr ~ 1.7 ns. However, a value of ϕabs = 12% does not 

change the trend of the transfer rates in BEH-PPV.  

In order to disentangle knr from kdiff, which represents the non-radiative transfer rates due 

to exciton diffusion toward non-radiative quenching-sites, we used the exciton diffusion model 

to simulate quenching efficiencies Q (Q = 1-NR/N0) for a range of diffusion coefficients D. The 

solid lines in Figure 4.6 show the dependence of Q as determined by the ratio of the number of 

radiatively decaying exciton (NR) and the number of excitons that would decay radiatively in 

the absence of a quencher (N0). The curves represent Q for a constant intrinsic exciton lifetime 

τr = 3 ns. The model also assumes a constant number of exciton defects (background quenchers). 

In SY-PPV an electron trap density of 1×1017 cm-3 was determined by charge transport 

measurements,8 and in BEH-PPV a trap concentration of 6.5×1017 cm-3 was determined by using 

Stern-Volmer analysis, as described in Chapter 2.6. Figure 4.5 shows, as expected for an exciton 

diffusion model, that Q increases with enhanced D, since a high exciton diffusion coefficient 

represents a fast exciton diffusion toward traps, leading to more efficient exciton quenching, 

and vice versa. The quenching efficiency is then retrieved from the calculated value of D from 

TRPL, and kdiff is determined by kf *Q. 
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Figure 4.5. Exciton diffusion coefficient D dependent quenching efficiency Q for SY-PPV and 

BEH-PPV. The amount of background quenchers equals 1×1017 cm-3 and 6.5×1017 cm-3 for SY-

PPV and BEH-PPV, respectively.  

 

 

Figure 4.5 shows that for BEH-PPV almost 90% of the excitons is quenched at a defect at room 

temperature, whereas for SY-PPV this is less than 10%. From Table 4.3 and 4.4 it is seen that 

kdiff of BEH-PPV is two orders of magnitude higher than the one of SY-PPV. As a result, the 

non-radiative losses in BEH-PPV are almost fully dominated by diffusion-limited quenching at 

the defects present in the polymer. Furthermore, both PPV derivatives demonstrate a decrease 

in kdiff with lowering temperature, in agreement with the diffusion limited exciton quenching 

model. With now kdiff known, the non-radiative transfer rates knr were determined using equation 

(3.3) and (3.4). 
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Table 4.3. Exciton transfer rates in SY-PPV, using an absolute PLQY of 60% for the pristine 

film at 290 K.52 

T (K) 𝜙f kf (s
-1) kr (s

-1) kdiff (s
-1) knr (s

-1) 

290 0.60 5.25×108 3.15×108 5.15×107 1.58×108 

270 0.61 5.04×108 3.10×108 3.62×107 1.58×108 

230 0.59 4.68×108 2.78×108 2.27×107 1.67×108 

200 0.59 4.54×108 2.68×108 1.54×107 1.71×108 

180 0.57 4.47×108 2.56×108 1.30×107 1.78×108 

150 0.60 4.45×108 2.69×108 1.08×107 1.65×108 

130 0.60 4.42×108 2.63×108 1.10×107 1.68×108 

100 0.51 4.32×108 2.18×108 1.12×107 2.02×108 

77 0.47 4.23×108 1.99×108 1.08×107 2.14×108 

 

Table 4.4. Exciton transfer rates in BEH-PPV, using an absolute PLQY of 6% for the pristine 

film at 290 K. 

T (K) 𝜙f kf (s
-1) kr (s

-1) kdiff (s
-1) knr (s

-1) 

290 0.06 5.00×109 3.00×108 4.34×109 3.60×108 

270 0.08 4.70×109 3.72×108 4.12×109 2.11×108 

230 0.09 3.91×109 3.50×108 3.42×109 1.38×108 

180 0.10 2.89×109 2.95×108 2.47×109 1.27×108 

150 0.11 2.67×109 2.95×108 2.24×109 1.41×108 

120 0.11 2.87×109 3.04×108 2.37×109 1.97×108 

90 0.10 2.73×109 2.80×108 1.79×109 6.52×108 

77 0.11 2.71×109 2.86×108 1.68×109 7.48×108  

 

 

The calculated values show that kr in SY-PPV slowly decreases with decreasing temperature, 

while in BEH-PPV it barely changes. This is consistent with the predominantly radiative PL 
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observed in BEH-PPV. In contrast to BEH-PPV, where exciton diffusion towards defects is 

determining the quenching, in SY-PPV knr is the dominant non-radiative loss process, which 

remains almost constant until 130 K and then increases with lowering temperature. In BEH-

PPV, knr decreases with decreasing temperature, and then increases again below 150 K. The 

increase of knr with a concomitant slight decrease of kr in SY-PPV is ascribed to increased 

population of conformational subunits that have higher contribution from non-radiative decay 

processes, such as may be expected with increased interchain interactions. In contrast, the 

decrease of knr in BEH-PPV originates from a reduction in vibronic coupling at lower 

temperatures, while the increase below 150 K is attributed to increased energy transfer 

processes from shorter to longer conformational subunits. With decreasing temperature, a 

decrease in competitive non-radiative processes (knr and kdiff) results in increased exciton 

lifetime going from 200 ps to 370 ps in BEH-PPV (see Figure 4.1e,f). We found further, that at 

higher temperatures, the less disordered polymer BEH-PPV exhibits less temperature 

dependence on exciton diffusion coefficient D and kdiff. This is consistent with the low energetic 

disorder in this system. Since the quasi-equilibrium state is due to the narrow σ close to the 

center of the DOS, fast energy transfer between the conformational subunits proceeds, 

represented by a high D at room temperature (2.9×10-3 cm2/s). While cooling down to the 

characteristic temperature (< 120 K), the exciton diffusion coefficient decreases slightly to 

2.0×10-3 cm2/s, which is consistent with the slight decrease in kdiff (from 2.34×109 to 1.09×108 s-

1). Below 120 K, where thermally activated hopping is absent, the exciton diffusion coefficient 

drops down to 8.3×10-4 cm2/s and kdiff to 4.96×108 s-1, respectively. Due to the narrow energy 

spread in BEH-PPV, with decreasing temperature there are still enough possible energy-sites 

for the excitons to jump while the equilibrium-state shifts down into the Gaussian tail. Thus, the 

exciton diffusion coefficient of BEH-PPV at 120 K is still one order of magnitude higher than 
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the one of SY-PPV at room temperature (3.1×10-4 cm2/s), while kdiff is two orders of magnitude 

higher (see also Table 4.3 and 4.4). The increased excited state lifetime at lower temperatures 

in BEH-PPV mainly originates from the decrease in exciton quenching due to slower diffusion 

toward traps (decrease in kdiff), since kdiff is an order of magnitude larger as compared to knr. The 

decrease of knr (300 K–150 K) results from the decrease in internal vibrational energy 

redistribution pathways due to the changes in inter- and intrachain packing. This is consistent 

with the decreased electron-vibrational coupling at lower temperatures, evidenced by the 

changing peak ratio between S0,0 and S0,1 (Fig. 4.1d). Reduction of these non-radiative processes 

at lower temperatures, dominated by a reduced kdiff, then give rise an increase in the relative 

quantum yield 𝜙f as observed in BEH-PPV.  

 

4.3.2. Downhill migration and thermally-activated hopping depends on energetic disorder 

In contrast to the exciton diffusion coefficient, the exciton diffusion length of BEH-PPV first 

increases while cooling to 180 K. This increase from 7.7 nm to 9.6 nm is a consequence of the 

increased exciton lifetime resulting from less competitive non-radiative decay rates with 

lowering temperature (see Eq. 4.1). Then, in between 180 K and 120 K the LD of BEH-PPV 

slightly decreases. Previous work, including vibrational spectroscopy, has shown that the 

electronic-vibrational coupling in BEH-PPV is temperature dependent, with even additional 

vibronic peaks being resolved at temperatures lower than what we have studied here.135 Such a 

change in the electronic-vibrational coupling could affect the disorder parameter σ and thereby 

also the temperature dependence of LD. Finally, when a characteristic temperature of 100 K is 

reached, the exciton diffusion becomes fully determined by downhill migration and the exciton 

diffusion length drops off from 8.9 nm to 5.2 nm.  
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Since the thermal equilibrium state -σ2/kT shifts with increasing disorder strength σ deeper 

into the tail states of the Gaussian DOS, the probability to find a nearby energy-site to which a 

jump is probable decreases noticeably in the case of a more disordered polymer.126 Therefore, 

in SY-PPV the exciton migration toward quenching defects is much slower at room temperature, 

leading to an order of magnitude longer exciton lifetime (1.9 ns) compared to BEH-PPV 

(200 ps).137 At room temperature, the slow exciton diffusion in the disordered SY-PPV is 

represented by a low exciton diffusion coefficient of 3.1×10-4 cm2/s and the two orders of 

magnitude lower transfer rate kdiff (Table 4.3 and 4.4) compared to BEH-PPV. The decrease in 

D and LD, while cooling to 180 K (Figure 4.2), is a direct consequence of the down-shift of the 

equilibrium level into the tail of the Gaussian DOS, where the energy difference between 

occupied and neighboring sites increases, leading to an even lower D (8.0×10-5 cm2/s) and kdiff. 

The lower D with a nearly constant exciton lifetime then results in a decrease of LD from 7.7 nm 

to 4.2 nm in the temperature range of 290–180 K. Below the characteristic temperature (180 K), 

where thermally activated hopping is switched off, the exciton diffusion becomes fully 

determined by downhill migration, represented by temperature-independent exciton diffusion 

coefficient (~6.8×10-5 cm2/s) and diffusion length (~3.9 nm). Also, kdiff remains temperature-

independent (~3.68×106 s-1). The decrease in the exciton diffusion rate kdiff with lower 

temperature leads to a slight increase in the overall (average) exciton lifetime from 1.9 ns to 

2.4 ns going from 290 K to 77 K. The wavelength dependent exciton lifetimes are attributed to 

different sub-populations of emitting species with varying degrees of radiative and non-

radiative emission, where at higher energies the radiative species dominates the fluorescence. 

At lower energies, there are greater contributions due to spectral diffusion caused by energy 

transfer from shorter to longer conformational subunits as well as from energy transfer to 
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interchain excimer like species, which will have a lower oscillator strength and subsequently 

longer PL lifetime. 52,131  

The better ordered BEH-PPV exhibits PL characteristics that are temperature sensitive and 

are dominated by the exciton diffusion-limited quenching model. The increase in LD of BEH-

PPV with lowering temperature is governed by the increase in τf, while in the case of SY-PPV 

temperature-dependence of LD is dominated by the temperature-dependence of D. These 

findings demonstrate that the temperature at which thermally activated hopping diminishes 

scales with the energetic disorder. Better ordered PPV derivatives correlate with lower transition 

temperatures between thermally activated hopping and downhill migration.  

 

4.3.3. Origin of temperature-dependent PLED efficiency enhancement in BEH-PPV 

PLEDs based on these materials demonstrate that BEH-PPV exhibits temperature dependent 

efficiencies while SY-PPV does not. The current efficiency (CE) in polymer light-emitting 

diodes (PLEDs) is defined as light output divided by current (exciton/charge carrier), and 

describes the relation between the number of emitted photons divided by the number of charges 

that passed the device in the same time interval. Since the charge current and the recombination 

prefactors of the radiative Langevin and nonradiative Shockley-Read-Hall recombination scale 

linearly with mobility, dividing these rates for current and light output, the mobility drops out 

and the efficiency is expected to be mobility independent.8,132,139 In a space-charge limited 

device such as PLEDs, the number of charge carriers is mainly determined by the applied 

voltage and not by the temperature. Therefore, the current efficiency in PLEDs is reported to be 

temperature-independent.133 Previous work on the temperature-dependent characteristics of 

PLEDs have focused on the role of the charge-injection barrier with temperature.134,140  



Chapter 4.   Temperature dependence of photo- and electro-luminescence of poly(p-phenylene 

vinylene) based polymers 

81 

 

However, the PLED efficiency also depends on the decay dynamics of a formed 

exciton,133,141 which is described by the PL efficiency. The temperature-independence of the CE 

in the high disordered polymer SY-PPV PLED (Figure 4.3a) can now be explained as follows: 

after formation of the exciton, it subsequently diffuses along the conjugated chain segments 

until it reaches a radiative or non-radiative recombination center and decays either radiatively 

or non-radiatively. The increased population of non-luminescent conformational subunits 

present in the SY-PPV copolymer compensates for the decrease in exciton diffusion toward 

non-radiative quenching-sites with lowering temperature. Therefore, the current efficiency, 

which directly correlates with the PL efficiency ϕf, shows no temperature-dependence in the 

SY-PPV based PLED.  

In contrast, the increased current efficiency in the less disordered BEH-PPV PLED in the 

temperature-range of 295 K–215 K (Figure 4.3b) is a direct consequence of enhanced ϕf, 

resulting from less competitive non-radiative diffusion-dominated decay processes with 

lowering temperature. Note that the temperature-dependence of the current efficiency in BEH-

PPV is stronger with respect to the relative quantum yield ϕf. This can be attributed to the 

difference in the relative intensity of peaks in the EL spectra compared to the PL spectra due to 

interference in the optical microcavity of the EL device. This will influence the device efficiency 

and the rate of spontaneous emission.136 In the optical microcavity, the BEH-PPV EL spectra 

demonstrate decreased electron-vibrational coupling with decreasing temperature. This is 

evidenced by the increasing ratio between the S0,0 and S0,1 peaks (Figure 4.4), and is consistent 

with the temperature-dependent PL measurements. 
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4.4. Conclusion 

We have shown that the temperature-dependent excited state lifetime, relative quantum yield, 

and exciton diffusion characteristics, i.e. exciton diffusion coefficient, exciton diffusion length, 

depend on the energetic disorder of the conjugated polymer system. The less disordered polymer 

BEH-PPV shows a decrease in non-radiative decay due to both freezing out vibrations 

(influences knr) with decreasing temperature and less exciton quenching due to slowing down 

the diffusion toward traps (decrease in kdiff), leading to increase in exciton lifetime and relative 

quantum yield. Since the CE of a PLED is directly correlated to the PL efficiency, we found in 

that the PLED based on the better ordered polymer showed enhanced CE at low temperatures 

due to reduced quenching at defect centers. Polymers with higher energetic disorder, as SY-

PPV, show different temperature-dependence of the exciton diffusion properties. With lowering 

temperature the exciton lifetime slightly increases, while the relative quantum yield decreases, 

due to different conformational subunits and increased competitions from radiative and non-

radiative sites. As a consequence, PLEDs based on strongly disordered polymers show 

temperature independent conversion efficiencies and PLQYs, respectively. 
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Chapter 5.   Exciton quenching due to hole trap formation in 

aged polymer light-emitting diode 

The polymer light-emitting diode based on the poly(p-phenylene vinylene) derivative BEH-

PPV is aged at a constant current density, leading to the formation of hole traps. Time-

resolved photoluminescence spectroscopy (TRPL) shows that the degraded polymer light-

emitting diode (PLED) also demonstrates a decrease in exciton lifetime. The amount of non-

radiative exciton quenching sites in the aged device is quantified by Monte Carlo 

simulations. We find that the number of hole traps predicted from electrical charge transport 

measurements is similar the number of non-radiative quenching sites determined from the 

TRPL experiments. Our results reveal the origin for the apparent different behavior of the 

electroluminescence and photoluminescence upon PLED degradation. The decrease of the 

electroluminescence is governed by recombination of free electrons with trapped holes, 

whereas the photoluminescence is reduced by non-radiative quenching processes between 

excitons and hole traps. 

 

 

 

*I. Rörich, Q. Niu, N. Irina Crăciun, C. Ramanan, P. W. M. Blom, in preparation. 
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5.1. Introduction 

One of the main drawbacks in polymer-based light-emitting diodes (PLEDs) is their 

relatively low stability and short lifetime. The short device lifetime of the PLEDs has been 

ascribed to device degradation under current stress,3 although the mechanism of this 

degradation remains unclear. The degradation of a PLED stressed at a constant current is 

characterized by a decrease of the electroluminescence and an increase of the driving 

voltage.142 Possible causes for PLED degradation are the decrease of charge carrier mobility, 

the formation of charge traps and reduced charge carrier injection by electrodes due to e.g. 

chemical impurities.142-145 A remarkable observation is that although the 

electroluminescence of a PLED strongly decreases under aging the photoluminescence 

efficiency seems to hardly affected.144,146 From this it has been concluded that the majority 

of the polymer molecules is not affected by the current stress. Apparently, only a small 

volume of the polymeric semiconductor seems to be affected like the polymer electrode 

interface. A decrease of the charge injection would lead to a decrease of the 

electroluminescence due to imbalanced transport as well as to a rise of the driving voltage 

at constant current.   

In a recent study, numerical simulations on pristine and degraded PLEDs have been 

performed to discriminate between the various proposed degradation mechanisms.8 It was 

found that the formation of hole traps simultaneously explains the increase of driving voltage 

and the decrease of the electroluminescence in the PLED. The additional non-radiative 

recombination process of free electrons with trapped holes is then responsible for the loss of 

light output and device efficiency with aging time. A possible mechanism for the formation 

of hole traps could be exciton-free hole interactions, whereby the energy of the exciton is 

transferred to the hole, which subsequently is excited to higher energetic states. While the 

majority of excited holes decay to the ground state via internal energy conversion, some of 
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these ‘hot molecules’ can lead to bonds breaking via direct dissociation route to dissociated 

products,147,148 which may act as hole traps themselves or interact with adjacent molecules 

by forming hole traps. What is not straightforward is why the formation of hole traps in the 

bulk of the polymer would not strongly affect the photoluminescence efficiency as well.    

Photo-excitation measurements allow a direct way to investigate exciton properties in 

organic semiconductors. The upon photon-absorption generated exciton diffuses 

along/between the conjugated chain segments in the Gaussian DOS until it reaches a 

recombination center where it can decay either radiatively or non-radiatively, and/or it can 

reach a trap-site. At these traps, the excitons can be quenched via electron transfer (see also 

Chapter 1). 

Herein, we investigated the degradation of a BEH-PPV PLED by using time-resolved 

photoluminescence (TRPL) spectroscopy. We found that the exciton lifetime decreases 

upon stressing the device at a constant current density with respect to the unstressed one. 

We combine the TRPL results with Monte Carlo simulations to calculate the number of non-

radiative quenching-sites in the device. From charge transport measurements and a 

numerical drift-diffusion model, the generation of hole traps for a certain current density can 

also be determined.8,149 Our results show that the number of generated hole traps Nt 

calculated from charge transport measurements is similar to the concentration of 

nonradiative quenching-sites c0 retrieved from the TRPL experiments. This indicates that 

hole traps formed during PLED degradation quench excitons via an additional non-radiative 

decay process between trapped holes and excitons, leading to a shorter exciton lifetime. The 

apparent contradiction of strong electroluminescence decrease with a nearly unaffected 

photoluminescence efficiency is the result of different physical mechanisms. The 

electroluminescence decay under current stress is governed by the trap-assisted 

recombination between trapped electrons and free holes (Shockley-Read-Hall 
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recombination), which leads to an additional non-radiative recombination process in PLEDs 

that compete with the radiative Langevin recombination. The exciton decay time and 

photoluminescence efficiency are governed by the diffusion of excitons towards the hole 

traps, which is a slow process in PPV derivatives.   

 

5.2. Results and Discussion 

5.2.1. Hole trap formation 

In an earlier study the current-voltage (J-V) and luminescence-voltage (L-V) characteristics 

of degraded PLED could be modeled by the formation of hole traps.8 By modelling the J-V 

and L-V of degraded PLEDs at different aging times also the time evolution of the hole trap 

formation can be derived.149 As an example, in Figure 5.1 the evolution of the hole trap 

concentration for the BEH-PPV PLED stressed at a constant current density 35 mA/cm2 is 

shown. After 211 hours the concentration of hole traps formed amounts to 2.8×1017 cm-3 

(Table 4.1). 
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Figure 5.1. Density of hole traps (symbols) formed during degradation of BEH-PPV PLED 

as a function of aging time at current densities 35 mA/cm2. Active layer thickness of the 

BEH-PPV is 200 nm. 
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5.2.2. Exciton lifetime 

Figure 5.2 shows the PL decay times of BEH-PPV PLEDs unaged and stressed under 

constant current density of 35 mA/cm2 for 211 h. The aged device demonstrates faster PL 

decay relative to the unaged sample, while the exciton lifetime (τf, shown in brackets) 

decreases from 170 ps to 140 ps upon stressing the device. The exciton lifetime of the 

unaged device (170 ps) is only slightly shorter compared to pristine BEH-PPV thin film 

(180–200 ps, in Chapter 3 and 4), which is attributed to charge transfer/exciton quenching 

at the electrode interface.70 
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Figure 5.2. Normalized PL decay curves of BEH-PPV PLEDs measured at the PL 

maximum (580–600 nm). The device was stressed for 211 h under constant current density: 

unstressed (black) and 35 mA/cm2 (blue). The exciton lifetime has been determined by using 

equation 2.3. 

 

As reported in Chapter 3, the exciton lifetime τf in thin conjugated polymer films is governed 

by the diffusion of excitons toward non-radiative quenching-sites and can be expressed by 

the following equation: 

 

τf = 1/ (krad+knonrad+kdiff)                             (5.1) 
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where krad and knonrad are the radiative and non-radiative decay rates, and kdiff is the non-

radiative decay rate originating from exciton quenching at defect sites due to exciton 

diffusion. Therefore, the measured exciton lifetime represents the time an exciton needs to 

find a quenching-site. Since the decay rates krad and knonrad are intrinsic numbers and 

considered to remain constant during the BEH-PPV PLED device aging process, the only 

parameter that influences the exciton lifetime is kdiff.  

The two factors that determine kdiff, are the exciton diffusion toward non-radiative 

quenching-sites and the concentration of these quenching-sites. In the first case, a decrease 

in exciton lifetime can be correlated to an increase in exciton diffusion rate with a constant 

concentration of defect sites in the conjugated polymer. Faster exciton diffusion would then 

result in a higher probability of the excitons reaching a quenching energy-site and, 

consequently, the exciton lifetime would decrease. On the other hand, the concentration of 

quenching-sites can change, while the exciton diffusion remains unchanged. In this case, the 

exciton lifetime decreases with increasing concentration of trapping-sites, since more non-

radiative quenching-sites in the conjugated polymer increase the probability of the exciton 

to be quenched.  

We have previously shown that the exciton diffusion correlates with the energetic 

disorder of the conjugated polymer, as described by the width of the Gaussian DOS. Better 

ordered polymers have narrower DOS and this results in faster exciton diffusion and shorter 

exciton lifetime (Chapter 3). Considering this, enhanced exciton diffusion in the BEH-PPV 

PLED would correlate with a decrease in energetic disorder. This energetic disorder is 

predominantly determined by molecular structure and is unexpected to change upon device 

stressing. We thus assume that the exciton diffusion rate in the BEH-PPV PLED should not 

change with device stress. This leads us to conclude that the decrease in exciton lifetime is 

due to an increase in non-radiative quenching sites in the BEH-PPV PLED. With increasing 
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number of quenching-sites, the excitons can find a quenching-site faster, resulting in a 

shorter exciton lifetime. This is consistent with diffusion-limited exciton quenching at defect 

sites.  

However, the origin of these defect-sites is not straightforward to identify, since many 

photophysical processes take place at the same time in conjugated polymer films. For 

example, time-resolved photoluminescence spectroscopy measurements have found a 

concentration of exciton quenchers in the range of 1017–1018 cm-3 in a series of unaged 

organic semiconductors.61 Remarkably, the number of “background” exciton quenchers 

present in organic semiconductors is similar to the universal electron trap density that has 

been reported for a large range of conjugated polymers, as measured by charge transport 

measurements.62 Furthermore, Mikhnenko et al. proposed that the electron traps and the 

exciton quenching defects share the same origin and that the excitons can be quenched at 

these traps via electron transfer.61 Barbara and co-workers reported exciton quenching by 

holes (polarons).76 Analogous to exciton quenching at electron traps, it is expected that 

excitons can be quenched at hole traps via hole transfer.150 

Electrical measurements and numerical simulations have ascribed PLED degradation 

to the formation of hole traps.8 The question is now whether such generated hole traps will 

also quench excitons via an additional non-radiative decay process and are therefore 

responsible for the decrease in exciton lifetime, followed by how this would affect the 

photoluminescence efficiency of the degraded device.  

 

5.2.3. Monte Carlo simulation 

We subsequently used the Monte Carlo based simulation to determine the amount of non-

radiative exciton quenchers (hole traps) in the aged BEH-PPV PLED. The simulation 

models the PL decays in semiconducting-quencher mixtures and is comprehensively 
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described in Chapter 2.7. The following parameters are taken as simulation input: the 

measured PL decay time of the pristine semiconductor film τf, the measured PL decay time 

of the specific semiconductor-quencher blend τ, the volume fraction (concentration) of 

quencher molecules (e.g. PCBM) and the sample morphology, which is represented by the 

relative quenching efficiency Q (Eq. 2.11). The simulation uses the random walk model and 

assumes that the quenching molecules are homogeneously distributed at low concentrations.  

The first step is to calculate the exciton diffusion coefficient D, which represents the 

spatial and temporal exciton population in BEH-PPV. Here, the only fitting parameter is D, 

and the output includes the simulated PL decay kinetics. The simulation is then repeated 

with adjusted values of D until the modeled PL decay agrees sufficient with the 

experimentally determined PL decay. Therefore, the simulation output is the number of 

radiatively decayed excitons versus time. In Chapter 2.5 and Chapter 3, fluorescence 

quenching experiments in thin BEH-PPV films with randomly distributed PCBM molecules 

were used to retrieve an exciton diffusion coefficient of D = 2.0 × 10-3 cm2/s. 

As noted above, the exciton diffusion is not expected to change upon aging of the 

BEH-PPV PLED, but the amount of non-radiative quenchers is expected to increase. So as 

a next step, the exciton diffusion coefficient was kept constant, and the quencher 

concentration was adjusted until the simulation modeled PL decays agreed with the 

measured PL decay of the aged PLED. Figure 5.3 shows the simulated PL decay for a 

specific concentration of exciton quencher (red line), which shows good agreement with the 

measured PL decay aged under the constant current density of 35 mA/cm2 (black squares). 

From the simulated PL decay, the concentration of non-radiative quenching sites has been 

determined to 4.4 (±0.5) × 1017 cm-3. We note that in the PL decay of the pristine PLED 

already the quenching of excitons by electron traps (c0 = 1.0 × 1018 cm-3) has been included. 
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The reported quenching-site densities here are the additional quenching-sites formed after 

211 hr of current stress.  
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Figure 5.3. Measured (black squares) and simulated (red solid lines) PL decay of BEH-PPV 

PLED stressed under constant current density of 35 mA/cm2. 

 

Table 5.1 compares the density of hole traps Pt after 211 h of aging determined by modelling 

the J-V and L-V of the degraded PLED,8 and the amount of non-radiative quenching-sites c0 

determined via photoluminescence measurements and Monte Carlo simulations. We find 

that the number of quenching-sites calculated from the optical experiments is close to the 

concentration of hole traps measured electrically.  

  

Table 5.1. Comparison between concentration of hole traps Pt determined from electrical 

measurements and number of exciton quenchers c0 determined via optical measurements. 

Aging current density 35 mA cm-2 

Pt (cm-3) 2.8×1017 

c0 (cm-3) 4.4×1017 
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As final step to find out how the measured amount of quenching-sites will affect the 

photoluminescence quantum yield (PLQY), the relative quenching efficiency Q is calculated 

Q=1-τstressed/τnstressed, and converted in a relative photoluminescence quantum yield rPLQY 

using rPLQY =1-Q. The resulting relative PLQY is determined to 76%.  

Therefore, we observe that after 211 h of bias stress at J=35 mA/cm2 the PLQY of the 

film is still above 75%, whereas the electroluminescence has already dropped to less than 

40%. This difference is the result of different mechanisms for quenching; the 

electroluminescence is reduced by nonradiative recombination of free electrons with trapped 

holes, which is an efficient process. The PLQY on the other hand is governed by diffusion 

of excitons towards the newly formed hole traps.  

 

5.3. Conclusion 

TRPL measurements on aged BEH-PPV PLED show an enhanced exciton decay relative to 

the unaged device. This is ascribed to increased non-radiative quenching due to hole traps 

that form during the aging process. The amount of non-radiative quenching sites that form 

during degradation are quantified from the TRPL measurements and Monte Carlo 

simulations and are in good agreement with the concentration of hole traps determined from 

electrical measurements. This demonstrates that the formed hole traps are responsible for 

both the decrease of the electroluminescence by non-radiative recombination of free 

electrons with a trapped hole as well as the reduction of the photoluminescence quantum 

yield due to quenching of excitons. The different dependence of these mechanism on hole 

trap concentration explains why electroluminescence and photoluminescence behave 

differently during current stress of a PLED.     
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5.4. Outlook 

The identification of hole trap formation as a main cause of electrical degradation enabled a 

quantitative analysis of the aging-time dependence on hole trap formation and its 

dependence on stress conditions. As a result, the density of hole traps Pt(t) can be 

approximated by the following equation: 149 

 

Pt(t)=αJ√t                (5.2) 

 

where α is the proportionality constant, J is the aging current density and t is the aging time. 

Therefore, the formation of hole traps is proportional to the current density and the time.149 

In Chapter 5 the BEH-PPV PLED stressed under a constant current density of 

35 mA/cm2 is presented. By applying equation 5.2 a hole trap density of 3.0 (±0.2)×1017 m-

3 is calculated, which matches the one determined from electrical measurements 

(2.8×1017 m-3). Since the density of formation of hole traps correlates with increase driven 

current density and aging time, a comprehensive study of the impact of different current 

densities and aging times on the exciton properties should be investigated in a subsequent 

study; does the exciton trap formation show a similar correlation with increase current 

density and time? Further, it should be considered that α is a proportionality factor and thus 

material dependent. Therefore, it would be interesting to see how the formation of hole traps 

in different PPV derivatives would determines the exciton lifetime and PLQY. 
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Summary 

The introduction of optoelectronic devices based on conjugated polymers on the market is 

prevented by their relatively short lifetime and low efficiency. One reason is that these 

typically amorphous materials are subject to energetic disorder, which arises from intrinsic 

and extrinsic properties, such as molecular conformational irregularities, impurities and 

chemical defects. Nevertheless, despite their low device performance, conjugated polymers 

offer the added benefits of low-cost manufacturing, light-weight, flexibility and 

biocompatibility. Thus, with further understanding of the fundamental properties and limits 

to device performances, these polymers can open a new field for future applications, such 

as paper electronics, artificial skin and wearable electronics. 

In this thesis, the influence of the energetic disorder of the conjugated polymer on the 

exciton properties and device performance was investigated. In Chapter 3, a correlation 

between the exciton lifetime and polymer disorder is described in a range of conjugated 

polymers, while the exciton lifetime increased by more than an order of magnitude with 

increasing disorder. Simultaneously, the exciton diffusion coefficient decreased by 1 order 

of magnitude. Our findings suggest that the PL decay time in thin polymer films is not 

limited by the intrinsic exciton lifetime but governed by the time excitons need to diffuse 

toward non-radiative quenching centers, which is consistent with the diffusion-limited 

exciton quenching model. Preventing excitons to reach these quenching-sites by slowing 

down their diffusion toward traps would not only result in long exciton lifetimes but also in 

an increased PLQY. As a consequence, highly disordered polymers with slow exciton 

diffusion not only show a long exciton lifetime but also exhibit a higher PLQY relative to 

the more ordered polymers.  

These issues have been further investigated in Chapter 4, where at varying 

temperature the effect of conformational energetic disorder on the photo and electro-
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luminescence behavior has been investigated in two PPV derivatives. A correlation between 

the energetic disorder and the balance between radiative and non-radiative decay processes 

is derived, the latter of which includes also non-radiative decay processes due to exciton 

diffusion toward non-radiative quenching-sites. In addition, distinct temperature 

dependencies of the exciton diffusion properties based on the polymer disorder were 

obtained, which also determine the polymer-light emitting diode performance. The PLED 

based on the more disordered polymer show temperature independent current efficiencies, 

as it is reported in most polymer-based LED devices, while the PLED based on the better 

ordered polymer shows enhanced current efficiencies at lower temperatures due to reduced 

exciton quenching at defect centers. 

In Chapter 5 the impact of hole traps generated mainly from electrical degradation on 

the exciton properties is demonstrated. A decrease in exciton lifetime upon stressing the 

device at a constant current density with respect to the unaged one is observed, which is 

ascribed to increased non-radiative quenching due to hole trap formation. The amount of 

additional quenching sites is quantified by Monte Carlo simulations and in a good agreement 

with the number of hole traps predicted from electrical charge transport measurements (and 

numerical simulations). Our results reveal that the apparent contradiction of strong 

electroluminescence decrease with a nearly unaffected photo-luminescence decay under 

current stress is the result of different physical mechanisms. While the decrease of the 

electroluminescence is governed by recombination of free electrons with trapped holes, the 

photoluminescence is reduced by non-radiative quenching processes between excitons and 

hole traps. 
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Zusammenfassung 

Die Markteinführung von optoelektronischen Bauteilen basierend auf konjugierten 

Polymeren ist aufgrund ihrer kurzen Lebensdauer und niedrigen Effizienz erschwert. Ein 

limitierender Faktor ist, dass diese – im allgemeinen amorphen Materialien – eine 

energetische Unordnung aufweisen, die auf intrinsische und extrinsische Eigenschaften 

zurück zu führen ist, wie z.B. Unregelmäßigkeiten in der molekularen Konformation, 

Verunreinigungen sowie chemischen Defekten. Trotz dieser Nachteile von polykonjugierten 

Materialen gegenüber sogenannter „small molecules“, die durch ausgereifte 

Prozessiermethoden (Aufdampfen/Sublimation) die in- und extrinsischen Ursachen für die 

energetischen Unordnung minimieren, haben Polymere das Potential neue 

Anwendungsfelder zu erschließen. Insbesondere wenn die Herstellung von kosten-

günstigen, leichten, flexiblen und/oder biokompatiblen Bauteilen einer höheren Gewichtung 

zukommt. 

Im Rahmen dieser Arbeit wurde untersucht inwiefern die energetische Unordnung des 

konjugierten Polymers die Exciton-Diffusion-Charakteristika beeinflusst sowie mögliche 

Faktoren, die die Bauteilperformanz limitieren.  

In Kapitel 3 wurde der Zusammenhang zwischen der energetischen Unordnung des 

Polymers und der Exciton-Lebensdauer sowie Photolumineszenz-Quantenausbeute einer 

Reihe konjugierter Polymere untersucht. Dabei wurde beobachtet, dass die Exciton-

Lebensdauer mit steigender Polymerunordnung um eine Größenordnung zunimmt. 

Gleichzeitig nimmt der Exciton-Diffusionskoeffizient um eine Größenordnung ab. Die 

Untersuchungen ergaben außerdem, dass die Photolumineszenz-Abfallszeit (bzw. Exciton-

Lebenszeit) in dünnen Polymerfilmen nicht durch die intrinsische Lebensdauer der 

Excitonen limitiert ist. Stattdessen spielt die Zeit, die die Excitonen benötigen, um zu einem 
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Auslöschungszentrum (non-radiative quenching center) zu diffundieren eine entscheidende 

Rolle, welche wiederum mit der 'diffusion-limited exciton quenching'-Theorie im Einklang 

steht. Dem folgt, wenn das Erreichen der Excitonen-Auslöschungszentren z. B. durch die 

Verringerung der Exciton-Diffusion zu diesen 'traps' verhindert werden kann, dann sollte 

nicht nur die Excitonen-Lebensdauer ansteigen, sondern auch die Quantenausbeute. 

Polymere mit einer höher energetischen Unordnung weisen eine langsame Exciton-

Diffusion auf und somit nicht nur eine lange Exciton-Lebensdauer, sondern auch eine höhere 

Photolumineszenz-Quantenausbeute als Polymere mit einer geringeren Unordnung. 

 Dieser Sachverhalt wurde fortführend in Kapitel 4 untersucht, wobei der Effekt der 

energetischen Unordnung auf die Photo- und Elektrolumineszenz-Eigenschaften in zwei 

energetisch unterschiedlichen Poly(p-phenylene-vinylene) Derivativen untersucht wurde. 

Ein Zusammen-hang zwischen der energetischen Unordnung und dem Gleichgewicht 

zwischen den strahlenden und strahlungslosen Übergängen wurde abgeleitet. Letztere setzen 

sich aus den intrinsischen und den strahlungslosen Prozessen aufgrund der Exciton-

Diffusion zu den Auslöschzentren zusammen. Zusätzlich wurden unterschiedliche 

Temperaturabhängigkeiten der Exciton-Diffusions-Eigenschaften basierend auf der 

energetischen Polymerunordnung beobachtet, die zudem die Performanz der Polymer-

Leuchtdiode (PLED) bestimmten. Die Stromausbeute der PLED des Polymers mit einer 

größeren energetischen Unordnung weist keine Temperaturabhängigkeit auf, was für die 

meisten Polymer-basierenden LED Bauteile beschrieben wird. Im Gegensatz dazu, weist die 

PLED des Polymers mit geringerer Unordnung eine Erhöhung der Stromausbeute bei 

niedrigeren Temperaturen auf. Die durch Temperaturerniedrigung bedingte Erhöhung der 

Stromausbeute (Effizienz) wird einer Verlangsamung der Exciton-Diffusion zugeschrieben, 

welche auf eine geringere Wahrscheinlichkeit der Excitonen-Auslöschung an den 

Defektstellen zurückzuführen ist.  
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Nach dem die Exciton-Charakteristika in Abhängigkeit der energetischen Unordnung 

des konjugierten Polymers untersucht wurden, lag der Fokus in Kapitel 5 auf die 

Untersuchung des Einflusses von Lochfallen auf die Exciton-Eigenschaften sowie der 

Bauteil-Performanz. Es wurde kürzlich berichtet, dass durch die elektrische Degradation, 

d.h. durch das Anlegen einer konstanten Spannung, Lochfallen generiert werden. Diese 

Lochfallen sind potentielle Excitonen-Auslöschzentren, wodurch eine Verringerung der 

Exciton-Lebensdauer nach dem Anlegen einer konstanten Stromdichte an der PLED 

resultierte im Vergleich zu dem elektrisch nicht beanspruchten Bauteil. Die Zunahme der 

strahlungslosen Übergänge (Auslöschzentren) wird der Entstehung von Lochfallen 

zugeschrieben. Die Anzahl der Auslöschzentren wurde mittels Monte Carlo Simulation 

quantifiziert und ist in guter Übereinstimmung mit der Anzahl der Lochfallen, die mithilfe 

von elektrischen Ladungstransport-Messungen und numerischen Simulationen ermittelt 

wurden. Des Weiteren kann der Unterschiede im signifikanten Abfall der 

Elektrolumineszenz vergleichen mit dem beinahe unbeeinflussten Photolumineszenz-Abfall 

bei einer konstanten Stromdichte auf unterschiedliche physikalische Prozesse zurückgeführt 

werden. Während der Abfall in der Elektrolumineszenz durch die Rekombination von freien 

Elektronen und gefangenen ('getrapped') Löchern bestimmt wird, ist die Reduzierung der 

Photolumineszenz auf den strahlungslosen Auslöschungs-prozess zwischen Excitonen und 

Lochfallen zurück zu führen.  
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Appendix 

Table A.1. Photoluminescence spectra peaks of SY-PPV determined by Gaussian fits.  

T (K) S0,0 (nm) S0,1 (nm) S0,2 (nm) 

290 537 580 615 

270 539 581 612 

230 541 583 622 

200 542 583 624 

180 544 586 635 

150 547 589 638 

130 547 589 635 

100 549 593 635 

77 550 593 636 
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Figure A.1. Normalized PL decays in SY-PPV for a wide temperature-range. 
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Table A.2. Photoluminescence spectra peaks of BEH-PPV determined by Gaussian fits. 

T (K) S0,0 (nm) S0,1 (nm) S0,2 (nm) 

290 588 629 677 

270 590 632 679 

230 594 636 692 

180 598 642 699 

150 600 645 705 

120 603 650 713 

90 604 652 717 

77 605 653 718 
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Figure A.2. Normalized PL decays in BEH-PPV for a wide temperature-range. 
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Figure A.3. Temperature-dependence of exciton diffusion coefficient D (black squares) and 

diffusion length LD (blue triangles) for BEH-PPV, determined from monoexponential fits to 

time-resolved fluorescence quenching experiments and Stern-Volmer equation. 
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Table A.3. Electroluminescence spectra peaks of BEH-PPV determined by Gaussian fits. 

T (K) S0,0 (nm) S0,1 (nm) S0,2 (nm) 

295 582 624 687 

275 585 630 693 

255 588 635 698 

235 590 637 701 

215 592 638 702 

 

Table A.4. Temperature-dependent exciton diffusion coefficients and diffusion lengths for 

SY-PPV (left) and BEH-PPV (right). 

 

 

 

 

T (K) DSY-PPV (cm2/s) LD,SY-PPV (nm) DBEH-PPV (cm2/s) LD,BEH-PPV (nm) 

290 3.1×10-4 7.7 2.9×10-3 7.7 

270 2.1×10-4 6.5 3.1×10-3 8.5 

230 1.4×10-4 5.4 3.0×10-3 9.3 

200 9.4×10-5 4.5 (not measured) (not measured) 

 80 8.0×10-5 4.2 2.5×10-3 9.6 

150 6.5×10-5 3.8 2.2×10-3 9.2 

120 6.6×10-5 3.9 2.0×10-3 8.9 

90 7.1×10-5 4.0 8.3×10-4 5.5 

77 6.8×10-5 4.0 6.8×10-4 5.2 
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Figure A.4. Exciton transfer rates in (a) BEH-PPV and (b) SY-PPV, respectively. The exact 

values are summarized in Tables 3 and 4. 
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Figure A. 5. Determination of the width of the excitonic Gaussian DOS σ in (a) BEH-PPV 

and (b) SY-PPV. 
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