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Chapter 1

Introduction
Summary
Conjugated semiconducting polymers attract considerable attention as the active
material for optoelectronic applications. Performance improvement of these devices
requires physical understanding of all mechanisms that govern their efficiency. Operation principles of polymer-based photovoltaic cells and light-emitting diodes (LED)
are discussed with regard to excitonic processes; relevance of photophysical aspects
is pointed out for the each particular type of devices. A short outline of the thesis
follows at the end.
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1.1

π-conjugated semiconducting polymers

High electrical conduction of oxidized (p-doped) polyacetylene has been discovered
by Shirakawa, MacDiarmid, and Heeger in 1977 [1]. This breakthrough has revealed
that some polymers exhibit (semi)conducting properties. Since then, conjugated polymers (Fig. 1.1) are considered as promising semiconducting materials for application
in (opto)electronic devices (e.g. solar cells, light-emitting diodes, and field-effect
transistors) due to their mechanical and optical properties, and potential low-cost
manufacturing.

Figure 1.1: Chemical structures of commonly used conjugated polymers.

Figure 1.2: a) Schematic representation of pz orbitals overlap in a conjugated segment of the polymer. b) Bonding π and untibonding π ∗ orbitals of the
primary conjugated molecule - ethylene.

In general, semiconducting polymers have an alternating sequence of single and
double bonds along the polymer backbones as shown in Fig. 1.2. The carbons in
this sequence are sp2 hybridized, which leaves one orbital (pz ) perpendicular to the
chemical bound direction, unhybridized. The electrons in these alternately overlapping orbitals form a π-electron cloud, delocalized over the conjugation length of the
polymer. Conjugated polymers are semiconductors, with filled bonding π-orbitals and
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unoccupied antibonding π ∗ -orbitals. Semiconducting polymers are not ideal conjugated systems, they have breaks in the conjugation length due to twists and kinks,
as well as due to the chemical defects (Fig. 1.3a). This results in variations in the
conjugation length of the segments and concomitantly in spread of the electronic
energy levels. Thus, polymeric semiconductors can not be described by delocalized
valence and conduction bands formed by π and π ∗ orbitals, respectively. The spreads
in energy levels of the highest occupied molecular orbitals (HOMO) and of the lowest
unoccupied molecular orbitals (LUMO) are often approximated by a Gaussian distribution of the density of states (Fig. 1.3b). Most semiconducting polymers have an
energy gap between the HOMO and LUMO that lies in the range 1.5-3 eV, which
makes them ideally suited for applications in optoelectronic devices operating in the
visible light range.

Figure 1.3: a) Disordered conjugated polymer as an array of conjugated segments.
b) Energy distribution of the localized states approximated by the
Gaussian. Charge carrier (exciton) hopping process is also schematically shown.

1.2

Photophysics of conjugated polymers

In this section a brief review of steady-state and time-resolved optical studies is given
to demonstrate the nature of electronic excited states in conjugated polymers. Many
results were obtained from experiments where excitations are photo-generated (e.g.
photoluminescence, PL). They are also relevant for understanding electroluminescence
EL, for example, because in most cases the emitting species is the same, whether
optically or electrically generated.
When photons with energy beyond the absorption edge are incident on a semiconducting specimen of the polymer an electron and a hole with opposite spin are created
bounded by their Coulomb attraction in a singlet exciton state. Unlike in inorganic
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semiconductors, there is no band to band transition in molecular solids because the
coupling between (localized) molecular excitations and valence and conduction band
continuum states is vanishingly small. Concomitantly, the dielectric constant of the
order of 3 as compared to 10 in inorganic semiconductors results in strongly bound
Frenkel-like localized excitons. Hence, exciton effects are important at room temperature in contrast to inorganic Wannier type excitons with a binding energy of about
kT at room temperature.
Binding energy. An important question is the magnitude of the binding energy
(EB ) of the exciton in conjugated polymers. The disorder present in conjugated polymers prevents the exciton binding energy from being a well defined material quantity.
The activation energy of photoconductivity in PPV-type systems cannot be used to
characterize the exciton binding energy, because usually extrinsic effects prevail in
charge carrier formation from the singlet exciton S1 -state. Although it has been suggested to be of the order or less than kT [2], there is a large amount of experimental
evidence of a much stronger binding. A Monte Carlo simulation study has been conducted to model bimolecular charge recombination treated as a random walk of a pair
of charges in an energetically roughened landscape, with superimposed long ranged
coulomb interaction [3, 4]. This analysis has demonstrated that the effective recombination cross section of a charge carrier decreases sharply as EB decreases. Under the
condition EB ≤ kT the probability for recombination of a pair of charge carriers is
almost two orders of magnitude less than the recombination required to explain the
performance of the polymer-based LEDs. On the other hand EB > 0.2 eV granted
sufficient recombination cross section. The exciton binding energy has been experimentally derived from studies of the photovoltaic response of PPV based diodes,
leading to an exciton binding energy of approximately 0.4 eV [5].
One of the most convincing quantitative assessments of the exciton binding energy
magnitude is provided by studying the photoluminescence quenching due to an electric
field [6, 7]. The dissociation of an excited singlet state of a conjugated polymer requires field-assisted transfer of the constituent charges to a neighboring chain or chain
segment. In first order approximation, this would occur if the gain in electrostatic energy, eE∆z, compensates for the energy expense for the charge transfer in zero field.
The use of ∆z = 10 Å and E = 2 × 106 Vcm−1 leads to a eE∆z = 0.2 eV. Indeed,
considerable steady-state PL quenching effect has been observed for films of poly(phenyl-p-phenylenevinylene)/polycarbonate (PPPV/PC) blends upon application of
an electric field of this order of magnitude [6]. Experiments were also performed in a
time resolved fashion [7], as will be described in the following subsection. It should
be noted that the quenching effect is not instantaneous but occurs on a picosecond
time scale, which rules out an interpretation of the effect in terms of a field-induced
redistribution of oscillator strength. Monte Carlo simulations of the field dependence
of PL quenching give a good fit to experimental data for values of EB = (0.4±0.1) eV.
Besides field assisted exciton dissociation these simulations take into account radiative decay, energy relaxation within an inhomogeneously broadened density of states,
and exciton capture by nonradiative traps, as will be discussed below.
Disorder and exciton dynamics. There is considerable evidence that conjugated polymers can be regarded as arrays of chromophores that can be identified as
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fully conjugated segments of the polymer chain consisting of 6-10 monomer units in
the case of PPV [8,9]. The electronic and optical properties of the conjugated polymer
are determined by the ensemble of conjugated segments, whose optical transitions are
similar to those of oligomeric model compounds with comparable length.

Figure 1.4: Steady-state absorption and PL spectra of NRS-PPV (right). The density of states for 0-0-transition derived from a fit to the low energy part
of the absorption spectrum is depicted with a dotted line. Chemical
structure of NRS-PPV is also shown (left).

Fig. 1.4 depicts the room temperature absorption and PL spectra for poly[2-(4(30 ,70 -dimethyloctyloxyphenyl))-co-2-methoxy-5-(30 ,70 -dimethyloctyloxy)-1,4-phenylene
vinylene] (NRS-PPV). Commonly for PPV derivatives no narrow spectral features are
observed in the optical absorption spectrum. On the other hand, the PL spectra of
many PPV derivatives show distinct emission bands that are generally attributed to
electronic transitions followed by vibronic progressions at lower energies. There is
no strict mirror symmetry between the absorption and the emission spectra, which
already suggests the occurrence of energy relaxation processes in the excited state.
Site-selective luminescence spectroscopy [8] has revealed that the different width of
emission and absorption bands can be explained by the disorder present in the polymers, leading to a localization of the electronic wave function and a strong inhomogeneous broadening of the optical transition. After excitation into higher lying states
of the inhomogeneously broadened transition, relaxation processes preferentially populate the lowest lying states. The radiative transition to the ground-state occurs
from the lower lying level of the density of states (DOS). As a result, the emission is
substantially spectrally narrowed compared to the absorption band.
Excited state energy relaxation in PPV derivatives has been described by a model
[10], which considers exciton thermalization via hopping in a DOS that is approximated by a Gaussian distribution of energies :
µ
2 −1/2

ρ(E) = (2πσ )

exp

¶
E2
− 2 .
2σ

(1.1)
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Figure 1.5: a) Scheme of the energy relaxation within the inhomogeneously broadened DOS of the polymer in presence of traps. The curved arrows indicate the hopping processes of the photoexcitations. b) The distribution
functions of the photoexcitations for different time delays (4t = t1 −t0 )
after pulsed excitation.

In Fig. 1.5a the hopping between different conjugated segments, that form a rather
broad DOS with a Gaussian width of σ = 0.08 eV (as obtained from the fit to the
low energy part of the absorption spectrum in Fig. 1.4), is schematically indicated.
The dynamics of the hopping process has been studied in PPV by time-resolved
PL measured at different detection energies [10,11] and is shown in Fig. 1.6a(symbols).
After pulsed excitation the exciton energy distribution function develops in time as
shown in Fig. 1.5b, resulting in faster luminescence decay for higher energies in the
DOS. These data have been accurately described within a Monte Carlo simulation
model of exciton relaxation in a Gaussian DOS (Fig. 1.6a). It has been demonstrated
that exciton traps have to be taken into account for the interpretation of the dynamics
of the emission at low energies, while PL decay for states with energies higher in the
DOS are almost unaffected by the presence of traps. Simulations of the PL decay
with traps taken into account, suggested a trap density of 20% in the particular PPV
derivative under investigation. The exact origin of these traps remains controversial,
the most common suggestion is the presence of electron capturing carbonyl groups.
Additionally, simulation of the PPV PL decay on nanosecond time scale (Fig. 1.6b)
pointed towards an exponential distance dependence of the hopping rates, which
favors phonon-assisted tunneling process rather than dipole-dipole energy transfer, as
commonly observed in molecular crystals.
Hence, the photoexcitation dynamics can be quantitatively explained within the
framework of a random walk hopping relaxation of localized excitations in an inho-
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Figure 1.6: a) The transient PL of PPV at different emission energies at room
temperature (symbols) together with the calculation of the transient
PL for different trap densities (lines). b) PL decays of PPV recorded at
different temperatures (symbols) together with the simulation results
with assumption of dipole-dipole transfer (dotted lines) and phononassisted tunneling (solid lines) [10].

mogeneously broadened DOS in the presence of traps. This combination of processes
results in strongly non-monoexponential PL decay dynamics, as observed in PPV on
the pico- and nanosecond scale for a wide range temperatures (Fig. 1.6).
Inter-chain excitations. It is widely accepted that the generation of singlet
intra-chain excited states is the dominant product of photoexcitations in conjugated
polymers. However, this has been questioned by Rothberg and co-workers, who instead suggested that photoexcitation mainly leads to the generation of inter-chain
polaron pairs [12, 13]. Polaron pairs differ from excitons in the sense that the excited
electron and hole are separated onto adjacent chains (conjugated segments). With
their characteristic chain deformations the pair consists of essentially a negative polaron P- and a positive polaron P+ bound by Coulomb attraction. These inter-chain
excitations are analogous to molecular excimers or exciplexes. These pairs have also
been called indirect excitons or charge transfer excitons.
The emission efficiency of indirect excitons is expected to be much smaller than
the intra-chain one. The PL spectrum of a pristine PPV film does not allow a spectroscopic distinction between these types of excitons and inter-chain excitons were
referred as non-emissive [14]. The quantum yield of luminescence is then the fraction of absorbed photons that generate emissive species multiplied by the fraction of
emissive species which decay radiatively:
³ k
´
r
qr = b
,
(1.2)
kr + knr
where the branching ratio b ≤ 1 is the fraction of absorbed photons generating emissive
excitons, and kr and knr are the radiative and nonradiative exciton decay rates,
respectively. Greenham et al. [14] have performed steady-state and time-resolved PL
measurement and have determined the luminescence quantum yield qr as well as the
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luminescence lifetime τ −1 = kr + knr in PPV films. In their analysis the longest
luminescence lifetime τr ever reported in literature for a pristine PPV film is used to
estimate kr = 1/τr [15]. From this estimate Greenham et al. have concluded that the
branching ratio b is close to unity and photoexcited species are intra-chain excitons.
Nevertheless, similar studies carried out on a cyano-substituted phenylene vinylene
polymer (CN-PPV) have shown an unusually long natural radiative lifetime [16, 17].
This points towards a transition that is not fully allowed radiatively. Combining that
value with the large Stokes loss it was concluded that the emission from CN-PPV
originates from an excitation that is delocalized between neighbouring chains (interchain emission). The matrix element for such an emission depends on the overlap of
the wave functions on the two chains. The smaller distance between the CN-PPV
chains, as compared to that between MEH-PPV chains (one of the most studied PPV
derivatives), leads to a larger matrix element. Calculations have demonstrated that
the probability of emission is typically 16 to 20 times larger for CN-PPV [18]. With
CN-PPV having a radiative lifetime of 16 ns [19], it is apparent that an MEH-PPV
excimer would be most likely non-emissive. Rothberg and co-workers have suggested
a photophysical picture attributing the nonexponential and long-lived luminescence
to emissive exciton reformation from inter-chain polaron pairs with a distribution of
rates [13, 15, 20].
These experiments strongly indicate that inter-chain electronic species do form
in conjugated polymer films, and that their number depends on processing conditions, chain conformation, and degree of inter-chain contact. Areas in the polymer
film where the inter-chain excitation formation is promoted, may serve as quenching centers, thereby immobilizing and possibly scavenging emissive intra-chain singlet
excitons [21–23].
In conclusion, excitons are generally believed to be the main product of π − π ∗
photoexcitation in conjugated polymers [24,25]. Conjugated polymers should be considered as arrays of chromophores (conjugated segments) originating from subunits
of the polymer chain separated by topological faults [26, 27]. If we consider a threedimensional array of conjugated segments, electronic excitations on each segment
become mobile among the array as a Frenkel exciton. On the other hand, the electronic structure of each segment is viewed as a one-dimensional semiconductor, hence
the exciton inside each conjugated segment can be described as a Wannier exciton.
Electro- or photo-generated excitons are relatively mobile and are able to propagate
in the polymer film by hopping between adjacent conjugated segments with concomitant transitions between the states in the excitonic DOS (Fig. 1.3). As a result, fast
(within several picoseconds) thermalization of the exciton within an inhomogeneously
broadened DOS is observed, followed by a subsequent relatively slow thermally activated exciton diffusion in the tail of the Gaussian. For conjugated polymer films such
a random walk (∼10 nm) of an exciton increases the probability of nonradiative exciton decay, as an increased number of quenching sites, that are always present in the
material, become accessible for the exciton. In general, excitonic processes strongly
affect the performance of polymer-based optoelectronic devices such as LEDs and solar cells. The process of exciton migration in particular plays different roles in these
devices, thereby influencing their performance.
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Organic solar cells.

Organic semiconductors generally have a low dielectric constant and a high exciton
binding energy, unlike inorganic semiconducting materials. As a result, the thermal
energy at room temperature is not sufficient to dissociate a photogenerated exciton
(typical binding energy of 0.5 eV) into free charge carriers. Consequently, the configuration and operation principle of photovoltaic devices based on organic semiconductors
differ significantly from those based on inorganics.
In the first reported all-organic solar cell, a photovoltaic effect was observed in
a device where a single layer of an organic material was sandwiched between two
dissimilar electrodes [28]. In these cells, the photovoltaic properties strongly depend
on the nature of the electrodes; using heavily doped conjugated materials resulted in
power conversion efficiencies of up to 0.3% [28]. A key improvement to the structure
of PV cells based on organic semiconductors was made by C. W. Tang in 1986 by
applying a double-layer PV cell with p- and n-type organic semiconductors with an
offset in their energy bands. Using this approach the power conversion efficiency
could be improved up to about 1% [29]. Sariciftci et al. applied this double-layer
technique to a conjugated polymer PV cell (shown in Fig. 1.7a) by evaporating C60
on top of a spin-cast MEH-PPV film [30]. In this cell excitons are photogenerated
in the polymer layer upon absorption of the visible light (Fig. 1.8a). Subsequently,
the excitons migrate in the polymer film by hopping between conjugated segments of
the polymer chains. When reaching the polymer/C60 heterojunction, an electron is
transferred to the high electron affinity C60 layer. Thus, an efficient electron acceptor
layer is used in these cells in order to dissociate the strongly bound exciton into free
charge carriers. Next, transport of the photogenerated holes and electrons (holes in
the polymer and electrons in the fullerene) takes place, followed by charge collection at
the electrodes (Fig. 1.8b). While the initially reported bilayer device produced 1.2%
EQE (external quantum efficiency, electrons collected per incident photon), Halls et
al. reported 9% peak EQE with the same materials by optimizing the thickness
of the polymer and fullerene layers [31]. These experiments also revealed that the
excitons in this device need to be generated near the interface to allow dissociation
to occur before recombination. The exciton diffusion length LD , which characterizes

Figure 1.7: Device architectures of conjugated polymer-based photovoltaic cells:
a) bilayer PV cell; b) disordered bulk heterojunction cell.
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Figure 1.8: a) Exciton photogeneration followed by exciton migration and charge
separation at the polymer/fullerene interface. b) Charge transport in
polymer-based PV is schematically shown on the energy level diagram.

the effective width of the area of the polymer film at the fullerene interface, has been
reported to be 5-8 nm in conjugated polymers [31–33]. Because the exciton diffusion
length in a conjugated polymer is typically less than the photon absorption length
(∼100 nm), the EQE of a bilayer cell is limited by the number of photons that can be
absorbed within the effective exciton diffusion range at the polymer/electron acceptor
interface.
To circumvent the problem of limited exciton diffusion length in conjugated polymers the bulk heterojuction PV cell architecture has been developed, by simply blending the polymer with a soluble electron acceptor [34, 35], as shown in Fig. 1.7b. The
characteristic (reduced) size of the polymer phase in the active layer of the cell grants
that all excitons are formed within the diffusion distance from an electron acceptor interface. As a result, an interpenetrating donor:acceptor network allows photon
absorption improvement by a simple increase of the active layer thickness, thereby
maintaining an efficient dissociation of excitons. Yu et al. found that by blending
MEH-PPV with a solubilized form of C60 , [6,6]-phenyl C61 -butyric acid methyl ester (PCBM), total quenching of the polymer luminescence as well as improved carrier
transport could be achieved [36]. The conjugated polymer:PCBM bulk heterojunction
is currently the best polymer-based PV cell with an EQE above 70% at the absorption
maximum and a power efficiency under white light illumination above 4% [37].
Exciton diffusion is a beneficial process for polymer-based PV cells since it governs the transfer of the photoexcitation energy towards the electron donor/acceptor
interface, where free charge carriers are formed. Improvement of the exciton diffusion
allows for bigger sized polymer domains, leading to an enhanced absorption and solar
cell performance.
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Light-emitting diodes

After the discovery of electroluminescence in conjugated polymers in 1990 [38] research
and development in the use of conjugated polymers as the active semiconductor in
light-emitting diodes (LED) have advanced very rapidly. Nowadays, polymer-based
LEDs (PLEDs) meet the specifications required for consumer electronics device application and are seen to be very promising due to their efficient light generation,
mechanical flexibility,and easy and low-cost manufacture using solution processing.
In parallel with the development activities, advancement has been made in understanding the physical processes that control the properties of these devices.
The schematic representation of a single-layer PLED is shown in Figure 1.9a. A
typical prototype device is prepared by spin-coating a conjugated polymer on top of a
high work-function transparent electrode (e.g. indium-tin-oxide, ITO), which serves
as a hole injecting contact. Subsequently, the top electrode (cathode) is applied by
deposition of a low work-function metal (calcium or barium), covered by a layer of Al
for protection against oxygen. It is well recognized that there are three main processes
governing the PLED performance (Fig. 1.9b):
• charge injection;
• charge transport;
• charge/exciton recombination.
Charges are injected from the electrodes into the polymer layer under forward
bias voltage. Holes and electrons are transported towards each other in the applied
field with subsequent formation of excitons under their mutual electron-hole Coulomb
attraction. Following this process, light is emitted upon exciton recombination. The
emission wavelength can be tuned and depends on the chemical structure and composition of the active layer.
Before entering the polymer layer, charges have to surmount injection barriers
that are determined by the offsets between the electrode work-functions and HOMO
and LUMO of the polymer, respectively. Unbalanced injection of holes and electrons
results in an excess of one type of the charge carriers and may lead to a limited
conversion efficiency (CE, defined as photons/charge carrier). For contact barriers
below 0.4 eV it has been demonstrated that the current flow through the PLED is
governed by the charge-transport properties in the bulk of the polymer layer [39–
41]. Transport of charges in conjugated polymers is commonly characterized by a
low mobility of the charge carriers, typically 5-10 orders of magnitude lower than in
inorganic semiconductors due to a high degree of energetic and structural disorder.
Besides that, for PPV derivatives it has been obtained that the electron conduction
is significantly smaller than the hole conduction, which is attributed to the presence
of electron traps [39] or to a lower electron mobility [42].
The reduced electron conduction localizes the electron density mainly at the cathode. Langevin theory is commonly used for modeling of charge recombination in
PLED [43]. The nature and photophysics of the neutral excited state in conjugated
polymers is of importance for the device performance and its further improvement.
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Figure 1.9: a) The PLED architecture is shown together with a simplified representation of the processes of the charge transport and the exciton
quenching at the cathode. b) Schematic energy level diagram for
ITO/polymer/Ba LED.

Generally, the electrical excitation of the polymer is expected to produce excitons
with spin wavefunctions in the triplet and singlet configurations in the ratio 3:1. It
has been also suggested that the singlet exciton formation ratio may differ from 25%
in organic compounds with an extended conjugated system (see [44,45] and references
therein). Next to the 60-75% of electron-hole pairs that are lost as triplet states, the
competition between radiative and nonradiative decay of the singlet exciton is another
important issue, which governs the conversion efficiency of these devices. Additionally to the nonradiative exciton quenching, intrinsic for a conjugated polymer film,
there are radiative and nonradiative rates that are modified by the metallic electrodes.
This issue will be addressed in more detail in Chapter 5; here it is important to note
that the presence of a metal cathode opens up an additional nonradiative exciton loss
channel via nonradiative energy transfer to the metal. The confinement of the exciton
generation profile to the metallic cathode due to reduced electron conduction leads
to an effective nonradiative exciton quenching (Fig. 1.9a), which significantly reduces
the PLED performance at low bias voltage [43, 46]. The exciton migration supports
the latter mechanism of luminescence quenching by bringing an extra portion of the
excitons into the quenching sink at the cathode interface. Thus, as a result of this enhanced quenching exciton diffusion is an unfavorable process for PLED performance.

1.5

Outline of this thesis

Excitonic processes play an important role in the operation of polymer-based optoelectronic devices, that are currently being considered as alternatives for conventional
inorganic optoelectronic applications. Although the efficiency of prototype devices
has been considerably improved, the description of the physical principles behind the
device operation is not yet complete and is controversial in certain aspects. The dynamics of exciton migration in conjugated polymers has to be studied with respect to
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the following questions: What is the mechanism of photoexcitation energy hopping
between localized states in disordered and partly-ordered conjugated polymers? Are
there preferential directions for exciton diffusion? What chemical modifications of the
polymer chain structure will enhance the exciton transport and thus increase PV cell
efficiency? What role does exciton diffusion play in the quenching of excitons at the
cathode of single-layer polymer-based LEDs? The scope of this thesis is also to develop an accurate description of the exciton dynamics in films of conjugated polymers
and to evaluate its importance for the quenching at the metallic contacts.
In Chapter 2, a model system for the study of exciton diffusion in films of solution
processable conjugated polymers is presented. It is observed that heterostructures
consisting of a spin-coated soft PPV derivative and evaporated C60 are ill-defined
because of diffusion of C60 into the polymer, leading to an overestimation of the
exciton diffusion length. This problem is resolved by using a newly developed polymerizable fullerene layer, made by thermal side-chain polymerization/cross-linking of
a fulleropyrrolidine derivative, that allows formation of a well-defined, completely immobilized, and sharp PPV/fullerene heterojunctions. In this model system, a steadystate characterization of an exciton diffusion is performed by means of photoluminescence quenching measurements.
The dynamics of the exciton diffusion process in a PPV-based derivative are investigated in Chapter 3 using time-resolved photoluminescence in conjugated polymer/fullerene heterostructures. The decay of the luminescence for various polymer
layer thicknesses is described by a one-dimensional diffusion model and an exciton
diffusion constant of 3 × 10−4 cm2 /s is derived for NRS-PPV. The resulting exciton
migration radius amounts to 6 nm, which is a measure for the active part of the
PPV/fullerene heterojunction for photovoltaic applications. The controversy of the
exciton dynamics in conjugated polymers is addressed and different approaches to its
description are compared with emphasis on the exciton diffusion.
The correlation between energetic disorder and exciton diffusion properties in
PPV-based polymer/fullerene heterostructures is discussed in Chapter 4. Current
density-voltage measurements of the hole-only diodes based on three different PPV
derivatives were performed to characterize the energetic disorder. Reducing the energetic disorder by chemical modification of the PPV, giving rise to a charge carrier
mobility increase of three orders of magnitude, leads to an enhancement of the exciton
diffusion constant of one order of magnitude. With respect to PV cell improvement,
the exciton diffusion length is demonstrated to be independent of the amount of energetic disorder, since the increase of the exciton diffusion constant is canceled by a
simultaneous reduction of the exciton lifetime.
The analysis of the dynamics of exciton quenching in a conjugated polymer due to
the presence of metal films is presented in Chapter 5. The quenching is governed by
direct radiationless energy transfer to the metal and is further enhanced by diffusion
of excitons into the depletion area of the exciton population at the polymer/metal
interface. We disentangle nonradiative energy transfer from the exciton migration
process by the use of a diffusion-assisted energy-transfer model. This allows us to
quantify the contribution from direct energy transfer into the overall quenching by the
metal. Modeling of the luminescence decay curves yields the energy-transfer ranges
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for different metallic contacts. The inverse cubic distance dependence of the energytransfer rate has been demonstrated to be applicable to polymer/metal structures
at distances of several tens of nanometers. The strong exciton quenching at the
metallic cathode of a polymer LED is treated in Chapter 6 with the use of a diffusionassisted energy-transfer model. The results of these time-resolved PL studies are
implemented in a PLED device model and the exciton density profiles at any applied
voltage are calculated. This combined optical and electrical characterization leads to
a quantitative description of the voltage dependence of the conversion efficiency of a
NRS-PPV based PLED.
In order to address the relevance of our findings for polymer-based optoelectronic
devices with different morphology and structure, the anisotropy of exciton migration in PPV derivative is studied in Chapter 7. Exciton diffusion is monitored in
polymer:fullerene blend model systems, where exciton scavengers (fullerene) are randomly distributed in three dimensions. The diffusion driven motion of excitons toward these scavengers is modeled using a theory based on a random walk of a particle on lattice sites with traps. From this analysis an exciton diffusion constant of
(4 ± 0.5) × 10−4 cm2 /s and a diffusion length of 7 nm are obtained. The equivalence
of exciton diffusion parameters obtained from bilayer and blend polymer/fullerene
model-systems shows that exciton migration in PPV is of a one-dimensional interchain nature.
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Chapter 2

Model system for exciton
diffusion characterization
Summary
Exciton diffusion and photoluminescence quenching in conjugated polymer/fullerene heterostructures are studied by time-resolved photoluminescence. It is observed
that heterostructures consisting of a spin-coated poly(p-phenylene vinylene) (PPV)based derivative and evaporated C60 are ill-defined because of diffusion of C60 into the
polymer, leading to an overestimation of the exciton diffusion length. This artifact
is resolved by the use of a novel, thermally side-chain polymerizing and cross-linking
fullerene derivative (F2D) containing two diacetylene moieties, forming a completely
immobilized electron acceptor layer. With this heterostructure test system, an exciton
diffusion length of 5 ± 1 nm is derived for this PPV derivative from time-integrated
luminescence quenching data.
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Introduction

Photovoltaic devices based on conjugated polymers and fullerenes [1, 2] are attractive
because of their mechanical flexibility and simple and potentially low-cost fabrication [3]. The most efficient solar cells, based on bulk heterojunctions of poly(pphenylene vinylene)s (PPVs) and fullerene derivatives, have a characteristic powerconversion efficiency of 2.5-3% [4, 5] and incident-photon-to-collected-electron efficiency of around 50% [6]. The photoactive layer of these solar cells consists of an
interpenetrating network of conjugated polymer and fullerene, with a polymer fraction of no more than 25 wt % [7]. This relatively small fraction is responsible for a
main portion of the light absorption since the most widely used [60]fullerene derivatives, like [6,6]-phenyl C61 butyric acid methyl ester (PCBM), have a low absorption
coefficient in the visible range of the spectrum. The excitons photogenerated in the
polymer phase migrate toward the polymer/fullerene interface where electron transfer
from the polymer (donor) to the fullerene (acceptor) takes place. In poly[2-methoxy5-(30 ,70 -dimethyl-octyloxy)-p-phenylene vinylene] (MDMO-PPV):PCBM blends, this
electron transfer occurs within tens of femtoseconds, whereas the back transfer is in
the millisecond range [8]. Consequently, the diffusion of excitons toward the polymer/fullerene heterojunction is an important process with regard to the efficiency of
the device. The exciton diffusion length determines the size of the polymer phase
that is effective in the charge carrier generation process. Enhanced exciton diffusion
allows for larger polymer domains, hence for an increase of the fraction of polymer in
the blend, which in turn gives rise to an increased absorption (in the case of a weakly
absorbing acceptor).
The exciton diffusion lengths in various conjugated polymers reported in the literature show a large variation, ranging from 5 to 14 nm [9–12]. Most of these studies
make use of a bilayer model system, comprising an evaporated C60 layer in combination with a conjugated polymer, spin-coated from solution. Comparatively, from
photocurrent measurements on precursor PPV/C60 photovoltaic devices, an exciton
diffusion length of 7 ± 1 nm has been deduced [11]. In this work, it was stressed that a
precursor PPV with a relatively high glass transition temperature was used in order to
avoid C60 interdiffusion into the relatively soft PPV layer. From photocurrent spectra
on the same material combination, an exciton diffusion length of 12 ± 3 nm has been
derived [12]. A more direct way, which decouples the device performance (photocurrent) from the exciton diffusion, is to study the quenching of the photoluminescence
from polymer/fullerene bilayer heterostructures. The photogenerated exciton population is directly probed in this approach. The change of the photoluminescence with
varying polymer layer thickness in a heterostructure directly reflects the change in exciton population due to their diffusion and subsequent charge transfer at the interface.
The quenching of the photoluminescence (PL) of a ladder-type conjugated polymer,
which was spin-coated on top of a [60]fullerene-derived self-assembled monolayer, has
been measured, and an exciton diffusion length of 14 nm has been deduced from these
measurements [10]. Furthermore, from the PL quenching of heterojunctions consisting of polythiophene and evaporated C60 , an exciton diffusion length of 5 nm has
been obtained [9].
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Figure 2.1: Schematic diagram of the sample configuration. C60 is evaporated
on part of the polymer film (a). The poly(F2D) layer is formed by
spin-coating and subsequent thermal polymerization/cross-linking of
the F2D monomer layer. Subsequently, the NRS-PPV polymer is spun
on top (b).

A disadvantage of the precursor PPVs [11, 12] is that they are not applicable in
bulk heterojunction devices. In the present study, we investigate the exciton diffusion length in a random copolymer of poly(2-methoxy-5-(30 ,70 -dimethyloctyloxy)-pphenylene vinylene) and poly[40 -(3,7-dimethyloctyloxy)-1,10 -biphenylene-2,5-vinylene]
(NRS-PPV, Figure 2.1a), which is a soluble PPV derivative. It is demonstrated that
evaporation of C60 on top of these spin-coated layers results in ill-defined heterostructures. The C60 diffuses into the polymer layer on a time scale of several hours. As a
result, analysis of the photoluminescence quenching of such a heterostructure leads to
a strong overestimation of the exciton diffusion length. This problem can be circumvented by the use of an immobilized acceptor layer. For this purpose, a new fullerene
derivative with two diacetylene moieties is developed (F2D, see Figure 2.1b), which
can be polymerized in the solid state. After polymerization, the resulting poly(F2D)
layer is completely insoluble, and well-defined heterostructures can be constructed
with any soluble material on top of it. Therefore, it serves as an ideal substrate acceptor material to study exciton diffusion in soft materials such as conjugated polymers.
Photoluminescence quenching measurements on NRS-PPV/poly(F2D) heterostructures were performed, and an exciton diffusion length of 5 ± 1 nm was obtained. This
is in agreement with earlier reported results [11], where C60 in-diffusion was prevented
as much as possible by choosing a ”hard”precursor PPV.

2.2

Experiment

Sample preparation. Synthesis of fullerene derivatives used in this study is described in detail elsewhere [13]. In Figure 2.1, an overview is given of the typical sam-
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ple configuration and the materials used in this study. Two types of donor-acceptor
bilayer systems were fabricated on top of glass substrates. In the first structure, thin
films of NRS-PPV were deposited by spin casting from a toluene solution in nitrogen
atmosphere. A series of NRS-PPV layer thicknesses ranging from 4 to 165 nm were
obtained by varying the polymer solution concentration and spin frequency. Subsequently, glass/NRS-PPV/C60 structures were prepared by evaporation of C60 on top
of the polymer film under high vacuum (P < 3 × 10−7 mBar) with an evaporation
rate of about 0.05 nm/s. In the second structure, the fulleropyrrolidine monomer
(F2D, Figure 2.1b) was spin-coated from a chlorobenzene solution on top of the glass
substrate to yield a 40 nm thick layer. Full thermopolymerization of the fullerene
layer was achieved during 20 minutes at 250 ◦ C to obtain a completely insoluble
film of poly(F2D). Subsequently, NRS-PPV in a toluene solution was spin-coated
on top. The film thicknesses and surface roughness were characterized by a surface
profilometery (Dektak 6M), by optical absorption spectroscopy, and by atomic force
microscopy.
Optical techniques. The quenching of the luminescence can be monitored by either
measuring the change of the luminescence decay using time-resolved measurements
or by measuring the absolute steady-state luminescence output using an integrating
sphere. The advantage of the first approach is that it is less sensitive to slight variations in the experimental conditions, since the decay curve can be normalized to its
maximum value. Time-resolved optical experiments were carried out with the output
of a mode-locked femtosecond Ti:sapphire laser. Laser pulses (pulse width of 150 fs,
repetition rate of 4 MHz) were frequency-doubled, and PPV excitation was performed
at 400 nm, with p-polarized light at 64◦ incident angle in order to minimize internal
reflections. Typical time-averaged excitation intensities on the sample were about
30 mW/cm2 . Exciton-exciton ’bimolecular’ quenching interactions are ruled out at
this excitation conditions as the exciton densities are well below the threshold for
amplified spontaneous emission or exciton-exciton annihilation [14,15]. Emission was
collected normal to the excitation beam. To avoid degradation, samples were sealed
under nitrogen in a cell with a quartz window. In time-correlated single photon
counting (TCSPC) experiments [16], an instrument response function of 30 ps (full
width at half-maximum) was used for the deconvolution of the luminescence decay.
For consistency, luminescence quenching for the same samples of NRS-PPV polymer
layers partly covered with C60 was also obtained by steady-state measurements, using
an integrating sphere (Labsphere) with argon-ion laser (Spectra-Physics) excitation
at 458 nm. The results of the time-resolved data were found to be identical to the
results obtained from these steady-state measurements in the test samples used for
this comparison. In this study, the time-resolved data are presented to analyze the
luminescence quenching and exciton diffusion experiments over the whole range of
thicknesses measured. All optical experiments were performed at room temperature.

Model system for exciton diffusion characterization

23

Figure 2.2: Normalized photoluminescence decay of 30 nm NRS-PPV film with and
without evaporated C60 on top, measured at the emission maximum of
580 nm.

2.3

Time-integrated PL quenching model

In Figure 2.2, we show the normalized photoluminescence decay curves of a 30 nm
NRS-PPV film with and without evaporated C60 on top, as obtained by TCSPC measurements. The devices were excited from the PPV side at a wavelength of 400 nm,
and the emission was collected at 580 nm, which corresponds to the maximum of the
luminescence spectrum. The PL of the sample covered with C60 obviously decays
faster, which is attributed to the luminescence quenching by the efficient electron
transfer from the PPV donor to the C60 acceptor. This short-range exciton capture
occurs with a characteristic time of 45 fs [17] and agrees well with the high internal
conversion efficiencies (more than 85%) reported for conjugated polymer/fullerene PV
cells [4]. However, in solutions of model oligo(p-phenylene vinylene) fulleropyrrolidine
dyads (OPVn-C6 0) the exciton capture by a fullerene has been shown to occur via an
energy transfer from the OPV moiety to the C6 0 moiety with a characteristic time
constant of 200 fs [18]. A way to disentangle these mechanisms would be to choose
an acceptor with an excited state energy level higher than the singlet excited state
level of PPV, since this would completely exclude the possibility of an energy transfer
mechanism.
To simulate the quenching of the excited states in the polymer layer, the following
one-dimensional continuity equation for the photoexcitation density [9, 10] n(x, t) is
used
∂n(x, t)
n(x, t)
∂ 2 n(x, t)
=−
+D
− S(x)n(x, t) + g(x, t).
(2.1)
∂t
τ0
∂x2
The spatial variable x represents the distance from the glass/polymer interface. The
first term on the right-hand side of Eq. (2.1) accounts for the process of radiative and
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nonradiative decay of the excited states in the neat polymer film, characterized by a
single exponential decay time constant τ0 . The second term is the one-dimensional
exciton diffusion characterized by the diffusion coefficient D. The dissociation of
photoexcitations via electron transfer at the polymer/fullerene interface is represented
by the third term. The last term describes the exciton generation process and is
governed by the spatially dependent intensity of the femtosecond laser pulse.
The characteristic distance of exciton diffusion in one dimension is the exciton
diffusion length, defined as
p
(2.2)
LD = Dτ0 .
For the further model construction, we assume an infinite exciton quenching rate
at the polymer/fullerene interface. This implies an exciton diffusion-limited luminescence quenching in polymer/fullerene heterostructures. Two decades ago, it had been
extensively demonstrated that a similar model, applied in molecular crystals with
exciton traps, can cause a dramatic underestimation of the characteristic diffusion
parameters: diffusion constant D and diffusion length LD [19]. This originates from
the fact that two distinct rates govern the total exciton quenching process: the rate
at which excitons migrate into the regions occupied by trap molecules, quantified by
the diffusion term in Eq. (2.1), and the rate at which an excitation decays to the
trap states from neighboring host molecules once it approaches a trap, described by
the dissociation (capture) term in Eq. (2.1) given by −S(x)n(x, t). Thus, luminescence quenching by exciton traps introduced into organic crystals has been proven
to be capture- but not motion-limited, which results from the fact that the exciton
motion is faster then the exciton capture by traps. In our study, we consider the
slow (activated) exciton diffusion in highly disordered conjugated polymers, driven by
a hopping mechanism between long chain segments [20]. This slow diffusion occurs
after picosecond exciton relaxation within an inhomogeneously broadened density of
states (DOS) [21]. The dwell time of an excitation in PPV is estimated to be on the
order of ∼ 3 ps [22]. In contrast, a short-range exciton capture by the efficient electron
transfer from the conjugated polymer to the fullerene [23] occurs with a characteristic
time of 45 fs [17]. Therefore, the dwell time between consequent hopping steps in the
investigated diffusion process in conjugated polymer is much longer then the exciton
quenching time at the polymer/fullerene interface. Unlike in organic crystals, this
strongly suggests that the exciton quenching in conjugated polymer/fullerene heterostructures is truly diffusion-limited. As a helpful method to discriminate between
capture and motion effects, surface-quenched time-resolved luminescence experiments
have been also suggested [19, 24]. Recent time resolved luminescence decay measurements in conjugated polymer/fullerene heterostructures confirmed the dominance of
diffusion-limited exciton quenching [25].
Consequently, Eq. (2.1) can be simplified by assuming an infinite exciton quenching
rate at the polymer/fullerene interface, without any x dependence. As a result the
term responsible for surface quenching can be removed, and for a polymer film with
thickness L, the boundary condition n(x = L) = 0 at the polymer/fullerene interface
is used. At the interfaces with no fullerene present (i.e., the polymer/nitrogen and
substrate/polymer interfaces), we use the boundary condition ∂n/∂x = 0 assuming
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low surface quenching [9].
The relative quenching efficiency Q, is defined as one minus the number of photons
emitted from the polymer film with C60 evaporated on top, normalized to the number
of emitted photons from the neat polymer film with equal thickness
R∞RL
Q(L, LD ) = 1 −

npol./fullerene (x, t, LD )dxdt
0
.
R∞RL
nneat pol. (x, t, LD )dxdt
0
0

0

(2.3)

The integrals in Eq. (2.3) represent the total time-integrated photoluminescence of
the polymer films with and without the C60 layer, respectively. Consequently, Q is a
function of the polymer film thickness L as well as the exciton diffusion length LD .
To obtain the exciton diffusion length, Eq. (2.3) has to be fitted to the luminescence
quenching efficiency data, with the photoexcitation density n(x, t, LD ) governed by
Eq. (2.1). The time-integrated approach, used to obtain the quenching efficiency
Q, is equivalent to steady-state quenching, and the exciton density distribution time
derivative in Eq. (2.1) can be set to zero. Then the exciton quenching efficiency Q as
a function of polymer film thickness L is given by
Q=

[a2 L2D + aLD tanh(L/LD )] exp(−aL) − a2 L2D [cosh(L/LD )]−1
,
(1 − a2 L2D )[1 − exp(−aL)]

(2.4)

with a as the absorption coefficient and LD the exciton diffusion length as defined
above (Eq. (2.2)), being the only fit parameter in this model.

2.4

PL quenching in PPV/C60 structures

To quantify the luminescence quenching efficiency from the time-resolved data, the
luminescence decay curves for the samples with different polymer thicknesses were
normalized, and the areas under the curves were determined, representing the timeintegrated emission (Fig. 2.2). Upon reduction of the polymer film thickness, a larger
portion of the excited states will reach the polymer/C60 interface. As a result, the
relative quenching efficiency will increase, as is represented by symbols in Fig. 2.3a.
The best fit (Fig. 2.3a, solid line) is obtained for a diffusion length of 28 nm in
the NRS-PPV/C60 sample. This value is several times higher than all other values reported in the literature for conjugated polymers (7-14 nm) [9–12]. A possible
explanation for this very long quenching length could be the intermixing of the evaporated C60 molecules with the soft polymer layer, which would obscure the intrinsic
exciton diffusion process. From photoelectron spectroscopy and X-ray absorption,
it has been demonstrated that C60 diffuses at room temperature into a spin-coated
poly(3-octylthiophene) (P3OT) layer after deposition by evaporation [26]. The time
scale of this in-diffusion process of C60 into P3OT typically amounts to half an hour.
With this in mind, we followed the time dependence of the luminescence quenching
efficiency for a NRS-PPV film after evaporation of a C60 film (Fig. 2.4). The time required to vent the evaporator, take out the devices, mount them in the optical setup,
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Figure 2.3: The relative luminescence quenching in polymer/C60 (a) and polymer/poly(F2D) (b) heterostructures for different polymer film thicknesses. Fits of these data with Eq.(2.3) (solid lines) using exciton diffusion lengths of 28 nm and 5 nm for (a) and (b), respectively, are
shown.

and perform the first time-resolved PL scans was typically 20-25 min. After this period, it is clearly observed from Fig. 2.4 that the luminescence quenching yield of the
26 nm NRS-PPV layer is still increasing in time, indicative of a slow C60 diffusion
into the polymer film. After typically two hours, the quenching length approaches its
maximum value of 28 nm as shown in the inset of Fig. 2.4, which gives an indication
about the C60 diffusion rate at room temperature. From the measured quenching
lengths and corresponding time dependence, it is clear that evaporation of C60 on top
of spin-coated conjugated polymers leads to ill-defined heterojunctions. Therefore,
in these devices, it is not possible to obtain information about the intrinsic exciton
diffusion process in NRS-PPV.

2.5

Side-chain cross-linked fullerene/PPV
heterojunctions

One solution to measure the intrinsic values of exciton diffusion is to choose a polymer
with a high glass transition temperature [11] as a precursor PPV, to prevent C60
interdiffusion as much as possible. A disadvantage of this approach is that it is not
applicable to the soluble polymers that are used in photovoltaic devices, based on
blends of PPV and fullerenes. In this study, an alternative approach is presented:
instead of an evaporated C60 layer as an acceptor, we use a side-chain cross-linked
fullerene layer.
Thermal polymerization and cross-linking are preferred for this fullerene layer,

Model system for exciton diffusion characterization

27

Figure 2.4: Growth of the relative quenching for the 26 nm polymer film with evaporated C60 on top in time. The C60 evaporation starts at t = 0. The
inset shows the increase of the apparent exciton diffusion distance as a
function of time.

because light-induced polymerization can be complicated due to the absorption of a
large portion of the light by the fullerene, thus reducing the desired side-chain reactivity of the monomer and opening pathways for fullerene-related photochemical
reactions. A possible thermally polymerizable system is a fullerene derivative containing two or more diacetylene groups. Diacetylenes can be thermally polymerized,
and this reaction is rapid [27], which is convenient from a practical point of view.
Preferably, the process should take place in the solid state, to prevent, for example,
dewetting of the substrates or mixing of the molten fullerene layer with an underlying
organic layer, if such a layer is present.
Hirsch and co-workers have already reported a system comparable to that discussed above [28,29]. They demonstrated photochemical polymerization of a so-called
hexakis Bingel adduct containing 12 diacetylene groups. However, there are a few
drawbacks to the use of their system. A large number of diacetylene-functionalized
alkyl chains per fullerene unit were needed to obtain insoluble films [29]. Hexakis
adducts of C60 are expected to be far less effective as the quenching layer materials
(compared to monoadducts) in our photoluminescence quenching experiments. Also,
the reaction reportedly took several days, and it occurred in the liquid state. As
mentioned above, this is not ideal, and therefore, an improved system was developed,
which can be polymerized in the solid state.
The structure and synthesis of the polymerizable fullerene derivative F2D that
was used in this study are shown in Figure 2.1b and Figure 2.5, respectively. F2D is
a so-called Prato adduct and contains two diacetylene groups, because at least two
such groups per fullerene unit are required to obtain both polymerization and three-
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Figure 2.5: Synthesis of F2D. (a) NaOH, Br2 , H2 O/THF, 96 h, 61%. (b) 4-pentyn1-ol, CuI, C4 H9 N, 3 h, 80%. (c) TsCl, C5 H5 N, 0 ◦ C, 20 h, 75%. (d) 3,5dihydroxybenzaldehyde (0.5 equiv), K2 CO3 , NaI, DMF, 55 ◦ C, 48 h,
55%. (e) C60 , NH(CH3 )CH2 COOH, C6 H5 Cl, 85 ◦ C, 20 h, 31%.

dimensional cross-linking. This cross-linking is necessary in order to obtain a really
insoluble fullerene film from the processable monomer. The presence of more than two
diacetylene groups would in theory be superfluous. Relatively short alkoxy spacers
containing only three methylene groups are present between the diacetylene moieties
and the aryl group that links them to the fulleropyrrolidine. This structure was chosen, because the reactive groups have a reasonable amount of flexibility, while at the
same time, the amount of inactive material (i.e., alkyl groups) is kept at a minimum,
which is relevant if such derivatives are to be used for (opto)electronic applications.
The butyl end groups approximately match the length of the propyloxy spacers, thus
allowing for possible interdigitated structures. Besides, 1-bromo-1-alkynes smaller
than 1-bromo-1-hexyne are inconvenient from a synthetic point of view [30].
The appropriate diacetylene-containing alkyl chains were prepared by a selective
cross-coupling of 4 pentynol with 1-bromo-1-hexyne, using an excess of the latter. This
is in contrast to the original procedure [31], where the best results were obtained using
an excess of the acetylenic alcohol. However, in our experiments it was found that in
that case the product after chromatography always contained a residual amount of this
alcohol, which was difficult to remove completely [32] and would give side products in
subsequent steps. Thus, the modified procedure was preferred. The alcohol group was
converted into the tosylate, and the resulting compound was then coupled with 3,5dihydroxybenzaldehyde. Finally, a Prato reaction [33] of this benzaldehyde derivative
with C60 gave the desired fulleropyrrolidine (F2D).
The structure of compound F2D was confirmed by 1 H and 13 C NMR and IR
spectroscopy, as well as by mass spectrometry. Interestingly, the ortho C atoms of
the aryl group seemed to be missing in the 13 C NMR spectrum. However, they showed
up as a broad peak with low intensity. This is most likely the result of the severely
hindered rotation of the phenyl group due to the presence of the two long alkyl chains

Model system for exciton diffusion characterization

29

Figure 2.6: Synthesis of F2C12. (a) C12 H25 Br (2 equiv), K2 CO3 , NaI, DMF, 60 ◦ C,
72 h, 94%. (b) C60 (1.5 equiv), NH(CH3 )CH2 COOH, C6 H5 Cl, 95 ◦ C,
20 h, 43%.

at the meta positions, which will have to move a long distance through the solvent
when the aryl ring rotates [34]. As a result, in addition, the signals from the other
aromatic carbons atoms were broadened in the 13 C NMR spectrum.
To investigate the thermal polymerization of F2D, films were drop-cast on glass
slides and heated in a nitrogen atmosphere on a hotplate at various temperatures
for a certain time (usually 0.5, 1, 2, and 3 h). Subsequently, the heated films were
tested for their (in)solubility by immersing them in ODCB in a closed test tube
for 24 h. These experiments revealed that there was a threshold temperature for
polymerization. Below 150 ◦ C, the monomer did not react at all, even after heating for
several hours. At around 175 ◦ C, a reaction took place, and films that were virtually
insoluble in ODCB were obtained after 2-3 h of heating. At still higher temperatures
(≥ 200 ◦ C), the product films became completely insoluble within 30 min of heating.
In a series of control experiments, a fulleropyrrolidine bearing two dodecyl groups
instead of the two diacetylene-containing alkyl chains (F2C12, see Figure 2.6) showed
no reactivity or instability up to at least 250 ◦ C. Heated films of F2C12 always
dissolved almost instantly in ODCB after the thermal ”annealing”step, and analysis
showed only pure monomer. Thus, it was concluded that the formation of the insoluble
films must be the result of cross-linking of the diacetylene groups in the film, not of
reactions or degradation of the fullerene moiety.
Insoluble films of organic compounds are not easily analyzed in great detail. In this
particular case, it is presumed (and desired) that the major part of the molecule (i.e.,
the fullerene) plays no role in the polymerization process and will remain unchanged.
This means that there will be only minor differences in the overall chemical structure
of the films before and after, which is a drawback for their analysis. The fullerene
derivatives contain mainly sp2 and sp3 carbon atoms, which rules out techniques such
as XPS, as the disappearance (actually only a decrease) of the small number of sp
hybridized carbon atoms will be difficult to detect. UV-vis spectroscopy seems a pos-
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Figure 2.7: IR absorption spectra of F2D (a) and poly(F2D) (b). The insets show
enlargements of the two areas that are discussed in the text.

sibility, but for an accurate comparison of the films before and after polymerization,
exact repositioning of the substrate after heating is required to eliminate the effects
of differences in reflection and/or diffraction of the light. An attempt was made using
spin-cast films on quartz slides, but the spectrum after heating showed no new peaks
compared to that of untreated F2D. The disappearance of the diacetylene moieties
could not be seen, as this absorption is overshadowed by the strong absorptions of
the fullerene moiety, and only some broadening in the region of the fullerene absorption was observed. This is most likely because the poly(enyne)s formed in the
polymerization/cross-linking will all be of varying length and structure, thus giving
rise to a broad, low-intensity absorption.
The reaction of the diacetylene groups was confirmed by IR spectroscopy. After polymerization, the films were scraped from the glass slides using KBr powder
for sandpaper, and the resulting dispersions were investigated in diffuse reflection
(DRIFT) experiments. In this way, the whole film is analyzed, not just the top layer.
The results are shown in Figure 2.7. The two spectra in Figure 2.7 are rather similar.
The IR absorptions in the poly(F2D) spectrum have somewhat broadened compared
to those of the monomer. All vibrations of those parts of the molecule that are not
involved in the polymerization process are still present with their relative intensity
virtually unchanged. The only clearly visible change is in the diacetylene vibration
at 2258 cm−1 , which has disappeared (see inset), and a broad new vibration around
2220 cm−1 has appeared. These changes in the spectrum of the material before and
after polymerization compare well to those reported in the literature for other poly-
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merized diacetylenes [35, 36], indicating that poly(F2D) must have formed and that
the reaction has proceeded in the desired manner. The vibrations of the C60 moiety seem not to have been affected by the polymerization (see inset). The pattern
in the 600-500 cm−1 range is highly similar for F2D and poly(F2D). Thus, at least
the major part of the fullerenes has not reacted and remains intact. This has been
reported before, in a system where diacetylenes were polymerized in the presence of
a C60 derivative [37].
The poly(F2D) system discussed above is an ideal model system to study exciton diffusion in heterojunctions with any soluble conjugated polymers which are
interesting for organic solar cells. After thermal polymerization/cross-linking, the
fullerene molecules are immobilized, preventing them from diffusing into the polymer, and the poly(F2D) layer is totally insoluble, even in good fullerene solvents.
Since the exciton diffusion length is expected to be on the order of 5-10 nm, it is important to characterize the surface roughness of the poly(F2D) films. F2D spin-cast
and thermopolymerized/cross-linked film surface was characterized with atomic force
microscopy, and the root-mean-square (RMS) of less than 0.8 nm was determined.
Furthermore, we observed that the films are smooth and uniform without interfacial voids, which could mask the intrinsic exciton diffusion length. Consequently,
the conjugated polymer can be spin-cast on top of the fullerene layer without any
interdiffusion of the two materials taking place.

2.5.1

Exciton diffusion length in NRS-PPV

Glass/poly(F2D)/NRS-PPV samples with varying PPV film thicknesses were prepared by spin-coating NRS-PPV from toluene solution on top of the side-chain polymerized fullerene layer. Luminescence quenching measured on these samples was
found to be stable in time, in contrast to the structures with evaporated C60 on the
polymer, showing the absence of fullerene diffusion into the polymer film. The luminescence quenching observed for this sample structure is relatively small; the results
are represented in Fig. 2.3b, circles. By attributing this quenching to the exciton
diffusion toward a well-defined polymer/fullerene interface, the experimental data are
fitted well by taking an exciton diffusion length of 5 ± 1 nm (Fig.2.3b, solid line). This
value is significantly lower than the characteristic quenching range determined from
the NRS-PPV/C60 heterostructure. The exciton diffusion length of 5 ± 1 nm that we
estimated for NRS-PPV is in close agreement with the values found for the precursor
PPV (7 ± 1 nm) that was determined by photovoltaic response simulation [11] and for
polythiophene as obtained from luminescence quenching (5 nm) [9]. Consequently, in
polymer/fullerene photovoltaic devices, the dissociation of excitons is confined to a region of only a few nanometers from the donor/acceptor interface. Our results strongly
suggest that the large range of exciton diffusion lengths reported in the literature is
due to the interdiffusion of the donor and acceptor materials.
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Conclusions

In conclusion, we have studied photoluminescence quenching in PPV/fullerene heterostructures by means of time-resolved luminescence measurements. It is demonstrated that C60 evaporated on top of a spin-coated PPV layer diffuses into the
polymer, thereby masking the intrinsic exciton diffusion process. Well-defined PPV/
fullerene heterojunctions are obtained by using a newly developed polymerizable
fullerene layer made by thermal side-chain polymerization/cross-linking at ≥ 200 ◦ C
of a fulleropyrrolidine derivative, F2D, that contains two diacetylene moieties. The
fullerene layer is cross-linked by polymerization of those diacetylene groups. This has
been confirmed by IR spectroscopy and by investigations on a reference compound
without the reactive groups (F2C12) that did not react at all. Thus, after thermopolymerization, the acceptor molecules are immobilized, and a sharp heterojunction is
obtained between the polymerized fullerene layer and a spin-coated NRS-PPV film.
In this model system, an exciton diffusion length of 5 ± 1 nm was obtained.
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Chapter 3

Dynamics of exciton diffusion
in conjugated polymers
Summary
The exciton diffusion process in a PPV-based derivative is investigated using timeresolved photoluminescence in conjugated polymer/fullerene heterostructures. The
decay of the luminescence in the polymer/fullerene heterostructures is governed by
exciton diffusion and subsequent dissociation at the polymer/fullerene interface. The
decay curves of polymer layers with varying thickness are consistently modeled using
an exciton diffusion constant of 3 × 10−4 cm2 /s. The resulting exciton migration
radius amounts to 6 nm, which is a measure for the active part of the PPV/fullerene
heterojunction for photovoltaic applications.
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Introduction

Despite the fact that conjugated polymers have already been used in successful commercial applications, the photophysics of excited electronic states in conjugated polymers are still under debate [1]. It is evident that various electronic species of different
origin are involved in photophysical processes in conjugated polymer materials [2].
Intra- and interchain electronic species have been suggested in the literature to describe an electronic state of a polymer, localized on one conjugation part or delocalized
over adjacent conjugated segments, respectively [3]. Thus interchain species can exist
in ground and in electron excited states, while the last can be populated either by
direct excitation of the delocalized ground state or via an intrachain excited state by
energy transfer. Terminology for interchain excitations in conjugated polymers that
has been suggested in the literature refers to the excitation equally sharing π electrons
between two conjugated segments as the “excimer” [4] and to the interchain electron
transfer state delocalized over adjacent conjugated segments as the “polaron pair” [5].
Inter-chain species having π electrons delocalized in the ground state are referred to
as “aggregates” [6, 7].
In dilute solution, conjugated polymer chains show different photophysics depending on the solvent in use. This is attributed to interchain species formation
in close-packed polymer chains induced by a “bad”solvent, while single-exponential
decay of the luminescence supporting the pure intrachain exciton photophysics in
“good”solvents is reported in the literature [8]. Packing of the conjugation segments
increases with the polymer concentration and it survives a spin-casting process (of
polymer film formation) [1]. There are various types of emissive interchain species
and their ratio seems to depend on the polymer chemical structure, conditions of
the film processing from the solution, and excitation intensity. Therefore, photoluminescence decay dynamics in most of the conjugated polymer films is nonmonoexponential, unlike in dilute solution in a “good”solvent. This fact should be taken into
account in models involving excited-state dynamics in conjugated polymers and it
is specifically important for modeling the time-resolved luminescence in conjugated
polymer/fullerene heterostructures.
Excited states, produced in polymer light-emitting diodes (PLEDs) and solar cells,
either by electro- or by photoexcitation, are referred to as “excitons”. They are known
to migrate in the polymer material. Exciton migration is attributed to the excitation
energy transfer toward lower-energy sites and the exciton diffusion length, the distance
the excitation can migrate in a material during its lifetime, is generally used for
quantitative characterization of this process. Recently, we reported that a well-defined
polymer/fullerene heterojunction without this interpenetration can be obtained by the
use of a thermopolymerizing fullerene derivative that yields an immobilized electron
acceptor layer [9]. An exciton diffusion length of 5 nm for the PPV derivative used
has been obtained in this model system.
The dynamics of exciton migration in conjugated polymers is governed by the
exciton diffusion coefficient. Knowledge of the exciton diffusion coefficient is required
to describe the spatial and temporal evolution of the exciton population in conjugated polymers using a one-dimensional continuity equation. To our knowledge there
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is only one quantitative study available, by Yan et al. [10], who extracted an exciton diffusion coefficient for poly[2-methoxy-5-(20 -ethyl-hexyloxy)-1,4-phenylene vinylene] (MEH-PPV) of 2 × 10−4 cm2 /s from quenching of the photoluminescence by
photo-oxidized centers. For this approach, the number of quenching centers has to
be estimated and it has to be assumed that the centers are homogenously distributed
in the polymer. In this chapter, the exciton diffusion coefficient is directly obtained
from the photoluminescence dynamics of PPV derivative/polymerizing fullerene bilayer heterostructures. We demonstrate that a single exciton diffusion coefficient can
be utilized as a descriptive parameter for the dynamics of excitation migration in
conjugated polymers. An exciton diffusion constant of 3 × 10−4 cm2 /s consistently
describes the luminescence decay curves and their dependence on conjugated polymer
thickness of PPV derivative/polymerizing fullerene-based heterostructures.

3.2

Experimental

The typical sample configuration and the chemical structures of the polymers studied
are shown in Fig. 3.1. We spin-coated a fulleropyrrolidine with two diacetylene tails
[F2D, Fig. 3.1] from a chlorobenzene solution to form an electron acceptor layer of
40 nm. Thermo-polymerization of the fullerene layer during 20 min at 250 ◦ C was
achieved to obtain a film of poly(F2D), which is insoluble in most of the common
solvents and can be used for a subsequent spin casting of the conjugated polymer
layer from toluene solution [9]. The use of poly(F2D) provides a stable and sharp
interface, unlike an evaporated C60 film, where fullerene interdiffusion into the polymer is known to take place, leading to ill-defined structures that are unstable in
time [9, 11]. Thin films of poly[2-(4-(30 ,70 -dimethyloctyloxyphenyl))-co-2-methoxy-5(30 ,70 -dimethyloctyloxy)-1,4-phenylene vinylene] (NRS-PPV) [12] were prepared by
spin-coating the conjugated polymer from toluene solution on top of the poly(F2D)
film under nitrogen atmosphere. The NRS-PPV layer thickness was varied by changing the concentration of the solution and spin speed. Film thicknesses and surface
roughness were characterized by surface profilometer, optical absorption spectroscopy,
and atomic force microscopy. Surface roughness of the substrates and spin-coated
films did not exceed 1 nm.

3.3

Diffusion dynamics in disordered polymers

As a reference first the photoluminescence decay curves of the neat NRS-PPV polymer
films of varying thickness, spin coated on top of the glass substrate, were recorded.
No significant interference effects are expected for film thicknesses less then 30 nm
and it was confirmed that luminescence decay curves were identical within the thickness range studied. Subsequently, the luminescence decay of NRS-PPV films on top
of the fullerene layer was measured. The NRS-PPV was excited with femtosecond
laser pulses (200 fs) at 400 nm, and the luminescence was collected at 580 nm, which
corresponds to the maximum of the polymer luminescence spectrum. Time-resolved
photoluminescence measurements were performed. A normalized luminescence decay
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Figure 3.1: Schematic diagram of the sample configuration. The fullerene layer
is formed by spin-coating and thermo-polymerization of the F2D
monomer; and the NRS-PPV is spin-coated on top.

curve of an 8 nm conjugated polymer film, on top of the fullerene layer, is depicted in
Fig. 3.2, together with the luminescence decay curve of the neat polymer film. The
photoluminescence of the NRS-PPV thin film, in contact with the fullerene layer, decays faster, indicative of the luminescence quenching by efficient electron transfer from
the conjugated polymer (donor) to the fullerene (acceptor). This electron transfer is
preceded by exciton diffusion toward the NRS-PPV/fullerene interface.
We have modeled the time-resolved luminescence quenching in conjugated polymer/fullerene heterostructures by using the one-dimensional continuity equation for
the photoexcitation density distribution n(x,t)
n(x, t)
∂ 2 n(x, t)
∂n(x, t)
=−
+D
− S(x)n(x, t) + g(x, t),
∂t
τ
∂x2
∂n(0, t)
= 0,
∂x
n(L, t) = 0.

(3.1)

The spatial variable x represents the distance from the air/conjugated polymer
interface. The first term on the right-hand side of Eq. (3.1) accounts for the process of radiative and nonradiative decay of the excited states in the neat polymer
film, characterized by the time constant τ . The second term is the one-dimensional
diffusion, characterized by the diffusion coefficient D. The dissociation of photoexcitations via electron transfer at the polymer/fullerene interface is represented by the
third term. The last term describes the exciton generation process and is governed
by the spatially dependent absorption profile of the femtosecond laser pulse. In order
to find a numerical solution to Eq. (3.1), we approximate the ultrafast quenching of
the excitons at the polymer/fullerene (x = L) interface by an infinite quenching rate,
represented by n(x = L) = 0 with L the polymer film thickness. At the air/polymer
interface the boundary condition ∂n(x = 0)/∂x=0 is applied, representing negligible
surface quenching.
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Figure 3.2: Normalized photoluminescence decay of an 8 nm NRS-PPV film with
and without an underlying fullerene layer, measured at the emission
maximum of 580 nm. The neat polymer film luminescence decay curve
can be approximated by a sum of three exponentials. Also shown is the
instrument response function (IRF).

3.3.1

Intrinsic exciton dynamics

A complication when applying the diﬀusion model is that the luminescence decay in
conjugated polymers cannot be characterized by a single exponential with lifetime τ .
As a result the model should be modiﬁed to include the more complex photoexcitation
dynamics of the neat polymer. TCSPC measurements show a nonmonoexponential
decay of the neat polymer ﬁlm luminescence (Fig. 3.2). There is a variety of processes
that can lead to such a nonmonoexponential decay, although generally luminescence
dynamics can be understood as follows. Initially photogenerated intrachain excitons
start to migrate toward defects while relaxing toward lower-energy states. With
increasing time it becomes more diﬃcult for the relaxed excitons to migrate, and as
a result the lifetime of the exciton increases [13]. At longer lifetimes a diﬀerent type
of long-lived exciton, e.g. interchain excitons, starts to play an increasing role in the
luminescence dynamics. Additionally, in time, transitions between the diﬀerent types
of excited species might occur, thereby changing their initial distributions [1, 3, 14].
Furthermore, there is strong evidence that interchain Coulombically bound electronhole (polaron) pairs are formed [5,15,16], deﬁning the photophysics of an excited state.
Exciton reformation by back transfer from polaron pairs occurs with a distribution
of rates [17] and therefore results in the observed nonmonoexponential (delayed) and
long-lived luminescence. Following this picture it can be assumed that the exciton
migration is partly “turned oﬀ”within the exciton lifetime, while bound geminate
pairs are “waiting”to transform back into excitons. As a result a great controversy
surrounds the exact nature of the photoexcited state and in particular the branching
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Figure 3.3: Luminescence decay curves of NRS-PPV/poly(F2D) heterostructures
for different conjugated polymer film thicknesses (symbols) together
with a fit giving an exciton diffusion constant of 3 × 10−4 cm2 /s.

ratio between intra- and interchain exciton formation, which evidentially depends on
polymer chemical structure and sample preparation conditions as well [1].
In this study we want to characterize the average diffusion behavior of the total
exciton population, with the result not affected by the mechanism of the intrinsic
luminescence decay. Exciton diffusion determines and can be quantitatively related
to the amount of luminescence quenching (Fig. 3.2). It should be noted that a measurement of the luminescence quenching is a relative one, and its result is only weakly
dependent on the mathematical description of the decay of the neat polymer luminescence.
As a first approximation, we use the concept of a time-dependent ensemble average
excitation lifetime in Eq. (3.1). Mathematically, after deconvolution of the measured
data with the instrument response function the luminescence decay curve of the neat
polymer is well described by the sum of three exponential decays (Table 3.1). Note
that we use this parameterization in three exponentials only as a descriptive tool.
Using this three-exponential decay with preexponential factors ai and time constants τi , the time-dependent average lifetime is directly obtained from
P
ai exp(t/τi )
τ = τ (t) = − P i
.
(3.2)
(a
i i /τi ) exp(t/τi )
This approach has the advantage that the exciton dynamics of the neat polymer
are simply given by
d
n(t)
n(t) = −
.
(3.3)
dt
τ (t)
As stated above this time-dependent lifetime of the photoexcitations describes the
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Table 3.1: Parametrization of the decay of NRS-PPV film luminescence. Excitation
at 400 nm and detection at 580 nm. The decay curve is approximated
by the sum of three exponentials.

Pre-exponentials ai
0.47
0.30
0.23

Lifetimes τi [ps]
71
456
1644

% of total PL
6
25
69

evolution of the mean lifetime with time after pulsed photoexcitation, and is used in
our simulation to represent the polymer luminescence lifetime τ in the first term of
Eq. (3.1).

3.3.2

Time-resolved PL: measurements and simulations

As a next step time-resolved photoluminescence measurements on NRS-PPV/poly
(F2D) heterojunctions were performed and deconvoluted. The normalized luminescence decay curves of the NRS-PPV films with varying thickness on top of the fullerene
layer are depicted in Fig. 3.3 (symbols), together with the decay curve of the neat
NRS-PPV film. When the conjugated polymer film thickness is decreased a larger
portion of the total exciton population will reach the NRS-PPV/poly(F2D) interface,
resulting in a faster luminescence decay. Each of these luminescence decay curves is
now numerically modeled by Eq. (3.1), with the exciton diffusion coefficient D as the
only fit parameter. The validity of the model is confirmed by the fact that all decay
curves are described with a single diffusion coefficient D = 3 × 10−4 cm2 /s. This
value is very close to the value of 2 × 10−4 cm2 /s that was determined for MEH-PPV
by the defect quenching of the time-resolved polymer luminescence [10].
From the simulation the exciton distribution in an 8 nm NRS-PPV film on top
of the poly(F2D) layer is shown in Figs. 3.4 and 3.5, both as a function of distance
and as a function of time. Due to dissociation the exciton density strongly drops at
the conjugated polymer/fullerene interface and the exciton depletion layer grows with
time, driven by the exciton diffusion process.
In steady state the exciton diffusion in conjugated polymers is characterized by
the exciton diffusion length. This represents the distance that an exciton can diffuse
within its lifetime, given by
√
LD = Dτ .
(3.4)
In the polymer/fullerene heterostructures this length is characteristic for the width of
the exciton depletion area close to the interface, where the polymer luminescence is
effectively quenched. Since the lifetime of the exciton population is time dependent,
the exciton diffusion length describes an averaged migration of the photo excitation
energy. Therefore, in order to estimate this value we have to use the time average of
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Figure 3.4: Space and time distribution of the exciton density within the 8 nm thick
NRS-PPV film on top of the fullerene layer after subpicosecond pulsed
excitation. The NRS-PPV/poly(F2D) interface is at x = 8 nm.

the (time-dependent) lifetime, given by
R∞
P
tI(t)dt
ai τi2
0
R
τ = hti = ∞
= Pi
,
I(t)dt
i ai τi
0

(3.5)

which can directly be calculated from the three-exponential fitting of the polymer film
luminescence decay curve I(t) [18]. The resulting time hti that the polymer remains
in the excited state amounts to 1.25 ns for the NRS-PPV film. Combined with the
experimental diffusion coefficient Eq. (3.4) gives an exciton diffusion length estimation
of 6 nm. This value is in agreement with an earlier analysis on this materials system
using the steady-state quenching of the time-integrated luminescence [9].

3.3.3

Polaronic effects and exciton dynamics

Another possible approach to exciton diffusion investigation is to assume an important
role of polaronic effects in exciton formation process. Then, the intrinsic exciton
dynamics in the neat polymer film is given by
d
n(t)
n(t) = −
− kEP (t)n(t) + kP E (t)P (t),
dt
τE

(3.6)

where P (t) represents the polaron pair population, while kEP (t) and kP E (t) are the
rate constants of polaron pair formation and exciton reformation. In order to implement this into the exciton diffusion model, the first term on the right-hand side of
Eq. (3.1) should be replaced with Eq. (3.6).
Bound polaron pairs are formed on a subpicosecond time scale and start to play
an increasing role in the luminescence dynamics with progression of the decay of
relaxed intrachain excitons. Thus, the first 70 ps of the exciton dynamics is only
slightly influenced by the polaron pairs reforming into excitons. As a result a singleexponential approximation of the initial part of PL decay in the neat conjugated
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Figure 3.5: Luminescence decay curve (dark grey) as an exciton distribution integral over distance from the quenching interface.

polymer film can be done (Fig. 3.6). In this time domain the exciton dynamics is
described by Eq. (3.6) and can be approximated by
d
n(t)
n(t) = −
,
dt
τ0

(3.7)

with τ0 a constant exciton lifetime. The initial part of the luminescence decay data in
polymer/fullerene heterostructures (Fig. 3.6) was analyzed combining Eqs. (3.1) and
(3.7). Then, an exciton diffusion constant of 4.5×10−4 cm2 /s is obtained. Comparison
of this value with 3 × 10−4 cm2 /s, derived in the first approach, demonstrates the
variation range of the diffusion constant depending upon the choice of the particular
mechanism to describe the neat conjugated polymer luminescence.
Finally, it should be noted that film processing by spin coating implies that polymeric chains are mostly aligned in the plane of the substrate, and excitons migrate by
interchain hopping in the direction orthogonal to the quenching fullerene interface. It
has been reported that intrachain energy transfer is slower than interchain [2,19]. The
latter is more rapid because of the granted much better physical proximity of polymer segments in the direction orthogonal to the chain. Thus, due to exciton diffusion
anisotropy, the results of our study provide only the upper estimate for the threedimensional (bulk) exciton diffusion parameters required for polymer:fullerene blend
photovoltaics modeling. At that, the obtained one-dimensional exciton diffusion parameters are in a good agreement with the spectral response modeling of a PPV/C60
heterojunction photovoltaic cell, reported in the literature [20]. The diffusion parameters derived in this work are also valuable for modeling other polymer-based
optoelectronic devices with the same layer heterostructure geometry.
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Figure 3.6: The initial part of the luminescence decay curves of NRSPPV/poly(F2D) heterostructures for different conjugated polymer film
thicknesses (symbols) together with a single-exponential fit (solid lines).

3.4

Conclusions

We have studied exciton diffusion in a PPV derivative by monitoring the time-resolved
luminescence in polymer/fullerene heterostructures. The decay of the luminescence
for various polymer layer thicknesses is described by a one-dimensional diffusion model
and an exciton diffusion coefficient of 3 × 10−4 cm2 /s has been derived for NRS-PPV.
The resulting time-averaged exciton diffusion length amounts to 6 nm.
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Chapter 4

Simultaneous enhancement of
charge transport and exciton
diffusion
Summary
Time-resolved luminescence spectroscopy has been used to investigate exciton diffusion in thin films of poly(p-phenylene vinylene) (PPV)-based derivatives. Due to
chemical modifications the PPV derivatives differ by three orders of magnitude in
charge carrier mobility as a result of a reduced energetic disorder. From the photoluminescence decay curves of PPV/fullerene heterostructures, the exciton diffusion
coefficient was found to increase by one order of magnitude with decreasing disorder. This increase in the diffusion coefficient is compensated by a decrease of the
exciton lifetime, leading to an exciton diffusion length of 5-6 nm for the various PPV
derivatives.
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Introduction

Most of the research has focused on poly(p-phenylene vinylene) (PPV) and its derivatives because of their high luminescence efficiencies. It has been demonstrated that by
chemical modification the charge transport in PPV can be strongly enhanced [1]. Applying symmetrical side chains leads to a reduction of the energetic disorder and gives
rise to an enhanced charge carrier mobility. Such an increase of the charge carrier
mobility is beneficial for the operation of a polymeric LED since it lowers the operating voltage of the device, resulting in an increased power efficiency. Photovoltaic
devices based on an interpenetrating network of a polymer and a fullerene are another
promising application of conjugated polymers [2–4]. In these polymer:fullerene blend
devices excitons are created in the polymer phase upon photoexcitation and quenched
at the fullerene interface after their diffusion toward the polymer/fullerene heterojunction. The dominating mechanism of exciton quenching is the electron transfer from
polymer (donor) to fullerene (acceptor) since energy transfer is inefficient in these
systems [5]. After the electron transfer process the resulting bound electron-hole pair
at the heterojunction will be dissociated into free carriers and subsequently will be
transported to the electrodes [6]. It is clear that an enhanced charge carrier mobility will facilitate this last process, which is beneficial for the solar cell performance.
Next to the charge carrier mobility also the exciton diffusion length in a conjugated
polymer is an important parameters with regard to the performance of polymer-based
photovoltaic devices. The exciton diffusion length limits the polymer domain size in
the polymer:fullerene blend and thus puts severe restrictions on the morphology of
the active layer.
The charge transport in PPVs has been described by hopping of charge carriers
in a Gaussian density of states (DOS). The width of the Gaussian DOS reflects the
amount of energetic disorder in the organic semiconductor, and can be directly obtained from the temperature dependence of the charge carrier mobility [7]. For optical
excitations it has been demonstrated that the initial photoexcitation migrates in a
disordered organic semiconductor by hopping relaxation within a Gaussian DOS for
singlet excitations [8]. In these systems optical transitions have an excitonic character,
in contrast to valence band - conduction band transitions in inorganic semiconductors. Although the electronic Gaussian DOS for charge carriers is of a different nature
from the optical DOS for singlet excitations, it is important to note that they both
reflect the energetic spread in the levels of chain segments due to fluctuations in the
conjugation length and structural disorder. It has been demonstrated that the width
of the DOS for charge carriers is typically 1.5 times larger than the width for singlet
excitation due to inhomogeneous broadening [7]. For device applications an important question is now whether a reduction of the energetic disorder would lead not
only to an increased mobility but also to an enhancement of the exciton diffusion.
Such a simultaneous enhancement would be beneficial for both the creation of charge
carriers in a photovoltaic device as well as their transport to the electrodes. Such
a coupling would stress even more the importance of reducing the disorder in these
kind of devices.
The dynamics of the exciton diffusion is governed by the exciton diffusion coef-
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ficient, which can be determined by numerical modeling of the luminescence decay
curves [9]. In order to determine an eventual relationship between the charge carrier mobility and exciton diffusion parameters in conjugated polymers, we performed
time-resolved photoluminescence quenching measurements in polymer/fullerene bilayers for various PPV derivatives with a varying degree of energetic disorder. We
demonstrate that a reduction of the width of the electronic Gaussian DOS from 125 to
92 meV leads to a three-order-of-magnitude enhancement of the charge carrier mobility and simultaneously to a one-order-of-magnitude increase of the exciton diffusion
coefficient. The exciton diffusion length, on the other hand, amounts to 6 nm for all
PPV derivatives, since the increase of the diffusion coefficient is compensated by a
decrease of the exciton lifetime.

4.2

Experimental

The chemical structures of the PPV derivatives studied are shown in the inset of
Fig. 4.2. Thin films of poly[2-(4-(30 ,70 -dimethyloctyloxyphenyl))-co-2-methoxy-5-(30 ,
70 -dimethyloctyloxy)-1,4-phenylene vinylene] (NRS-PPV), poly(2-methoxy,5-(20 -ethylhexoxy)-p-phenylene vinylene) (MEH-PPV), and poly[2,5-bis(2-ethylhexyloxy)-1,4phenylene vinylene] (BEH-PPV) were prepared by spin-coating the polymers from
toluene solution on top of the poly(F2D) film under nitrogen atmosphere. The polymer layer thickness was varied by changing the concentration of the solution and spin
speed.
For the analysis of the luminescence measurements it is important that the layer
thickness of the conjugated polymer is accurately known. Therefore, two different
methods have been employed: First, for the neat conjugated polymer we determined
the absorption coefficient at the maximum of the polymer film absorption spectrum by
optical density measurements on films of varying thickness. The film thicknesses of the
neat polymer were characterized by surface profilometer and atomic force microscopy
(AFM) for thicknesses less than 15 nm). With the relation between absorption and
film thickness known we can then determine the thickness of a polymer film on top
of the nonabsorbing poly(F2D) layer. Furthermore, AFM measurements showed that
the rms of the polymer film and substrate surface roughness did not exceed 1 nm.
Second, we measured the total thickness of a polymer/fullerene heterostructure with
a surface profilometer. Subsequently, the sample was stored in chlorobenzene for
12 h, thereby removing the conjugated PPV-based polymer. Then the thickness of
the remaining poly(F2D) film, being insoluble in chlorobenzene, was measured. By
comparing the thickness measurements before and after polymer removal the polymer
thickness was determined. The results of the thickness measurements of both methods
were mutually consistent. Furthermore, we observed that the films of poly(F2D) and
conjugated polymers are smooth and uniform without interfacial voids, which could
hinder the determination of the intrinsic exciton diffusion length.
In order to characterize the energetic disorder in conjugated polymers, hole-only
diodes were fabricated. On top of a glass substrate with a structured indium tin oxide
layer as a hole Ohmic contact, a thin layer of conjugated polymer is spin coated as an
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active layer, and a gold layer as an electron blocking contact is thermally evaporated.
From the space-charge-limited current in these diodes the hole mobility can directly
be extracted [1]. The electrical measurements have been carried out with a Keithley
2400 Sourcemeter in a temperature range of 200-300 K under nitrogen atmosphere.

4.3

Energetic disorder characterization

Current density-voltage (J − V ) measurements of the hole-only diodes based on three
different PPV derivatives were performed to characterize the energetic disorder. The
creation of intra- and interchain excitations that govern the photophysical processes
in conjugated polymers films and, common for PPV derivatives, spectrally broadened
featureless optical absorption spectrum do not allow for a direct determination of the
optical Gaussian DOS. Therefore, we take the width of the charge carrier DOS as a
measure for the energetic disorder in the PPV derivatives. It has been demonstrated
that charge transport in conjugated polymers proceeds by means of hopping in a
Gaussian site-energy distribution, which reflects the energetic spread in the transport
levels [7]. The hole mobility is described with a three-dimensional transport model in
a correlated Gaussian disorder model and is given by the following equation [7, 10]:
" µ
#
¶2
µµ
¶1.5
¶r
3σ
σ
eEa
µp (E) = µ∞ exp −
+ 0.78
−Γ
,
(4.1)
5kT
kT
σ
where µ∞ is the mobility in the limit T → ∞, σ is the width of the Gaussian DOS,
Γ gives the geometrical disorder, and a is the average intersite spacing. From the
analysis of the temperature-dependent J − V characteristics a zero-field mobility is
extracted [1] and plotted in Fig. 4.1 as a function of T −2 .
As shown from Eq. (4.1) the amount of energetic disorder is directly reflected in
the thermal activation of the low-field mobility. From Fig. 4.1 it can be observed that
the hole mobility changes over three decades from 1.5 × 10−12 m2 /Vs for NRS-PPV
to 2 × 10−9 m2 /Vs for BEH-PPV. The width of the Gaussian DOS σ, which is a
measure of the disorder in the polymer, decreases from 125 to 92 meV for NRS-PPV
and BEH-PPV, respectively. NRS-PPV is a random disordered copolymer, which
gives rise to stronger structural disorder as compared to the other two polymers and
consequently to a larger σ. MEH-PPV is an asymmetric polymer, while BEH-PPV
is a more ordered polymer with two symmetric side chains. In comparison with
MEH-PPV, the configurational freedom of individual chains in BEH-PPV is limited
and results in a decreased energetic spread between the electronic levels of individual
chain segments and therefore to a reduced σ for the Gaussian DOS.

4.4

Exciton diffusion enhancement in PPV derivatives

The normalized photoluminescence decay curves of the PPV derivatives with and
without the fullerene layer, obtained by TCSPC measurements, are shown in Fig. 4.2.
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Figure 4.1: Temperature dependence ln[µp (0)] ∼ 1/T 2 , obtained from Eq. (4.1) for
the studied polymers.

The samples were excited from the polymer side at a wavelength of 400 nm and emission was collected at 580 nm, which corresponds to the maximum of their luminescence
spectrum. As expected, the photoluminescence of the polymers in contact with the
fullerene decays faster, due to the luminescence quenching by exciton diffusion and
dissociation at the PPV/fullerene interface. We model the photoexcitation (exciton)
energy distribution E(x, t) in a polymer film that is in contact with a fullerene layer
by using a one-dimensional continuity equation and suitable boundary conditions
[Eq. (3.1)].
Using this approach exciton diffusion constants D have been deduced from the numerical modeling for the PPV derivatives ranging from 3 × 10−4 to 20 × 10−4 cm2 /s,
as shown in Table 4.1 and Fig. 4.2. It should be noted that the measurement of the
luminescence quenching is a relative one, and its result is only weakly dependent on
the mathematical description of the decay of the neat polymer luminescence. Another
important process that might play a role, especially at longer time scales, is the fact
that excitons might be created indirectly by reformation from photogenerated geminate pairs [11–14]. Such a mechanism also leads to a nonmonoexponential decay of
the luminescence. We have recently demonstrated for NRS-PPV that when the nonmonoexponential decay of the luminescence is exclusively attributed to this exciton
reformation, the exciton diffusion coefficient D varies only from 3.0 × 10−4 (timedependent lifetime) to 4.5 × 10−4 cm2 /s [9]. This analysis provides a measure for the
accuracy of the reported exciton diffusion coefficients with regard to the underlying
exciton recombination mechanism.
It is demonstrated that an enhancement of the charge carrier mobility of three
orders of magnitude is accompanied by an increase of the exciton diffusion coefficient
of one order of magnitude, when the energetic disorder is decreased (Table 4.1). Pho-
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Figure 4.2: Deconvoluted and normalized luminescence decay curves for NRS-PPV
(•), MEH-PPV (), and BEH-PPV () for diﬀerent thicknesses of a
polymer ﬁlm in contact with a poly(F2D) layer. Simulation of these
data by Eq. (3.1) with variable exciton diﬀusion constant and neat
polymer ﬁlm luminescence decay curves taken as references for each
simulation (solid lines).
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Table 4.1: Correlation of charge transport and exciton diffusion parameters with
energetic disorder in PPV derivatives.

Polymer
NRS-PPV
MEH-PPV
BEH-PPV

DOS width
σ [meV]

Exciton diffusion
constant D [cm2 /s]

Hole mobility
µ [m2 /Vs]

125
105
92

3 × 10−4
11 × 10−4
20 × 10−4

1.5 × 10−12
5.0 × 10−11
2.0 × 10−9

ton absorption in PPV type and other conjugated polymers creates neutral excitons,
which are localized on segments of the polymer chain that are isolated by structural or
chemical defects. The excitons migrate via energy transfer to neighboring segments
on the same chain or on different chains. In energetically disordered systems the
migration of excitons is accompanied by a relaxation in energy. After photoexcitation the excitons migrate toward lower energies until a localization energy is reached,
where the probability of decay becomes larger than the probability to migrate further to lower energetic states [15]. An increased energetic disorder will therefore slow
down the migration of excitons, as reflected in the decrease of the exciton diffusion
coefficient D.

4.5

Relative time-integrated PL quenching

For efficient exciton dissociation in a photovoltaic device not only the speed at which
excitons diffuse is important but also the time that they can diffuse before recombination. The characteristic distance of exciton diffusion in one dimension is the exciton
diffusion length
√
LD = Dτ .
(4.2)
The exciton diffusion length determines the total amount of excitons that are
quenched in a polymer film that is in contact with the fullerene layer. In our model we
have introduced a time-dependent lifetime to account for the nonexponential decay
of the polymer luminescence. The exciton diffusion length can then be estimated
by using the time average of the (time-dependent) lifetime [9]. In Table 4.2 the
time-averaged lifetimes of the different PPV derivatives are given together with the
resulting exciton diffusion length. The exciton diffusion length values of typically
6-7 nm are in the same range as earlier reported exciton diffusion length values for
other PPV derivatives [16], and their slight difference is within the experimental
error. Apparently, an integral parameter of the exciton diffusion process, the exciton
diffusion length, is not correlated with the energetic disorder and the charge carrier
mobility of these PPV derivatives.
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Table 4.2: Exciton diffusion lengths obtained with the use of time-averaged lifetimes
hτ i.

Polymer
NRS-PPV
MEH-PPV
BEH-PPV

D [cm2 /s]
−4

3 × 10
11 × 10−4
20 × 10−4

hτ i [ps]

LD [nm]

1250
455
210

6
7
6.5

However, as discussed earlier the concept of a time-dependent lifetime is not valid
in the case of exciton reformation out of photogenerated geminate pairs. Since the
independence of the exciton diffusion length on energetic disorder is an important
conclusion from our work we want to verify this result by an independent measurement
method. The exciton diffusion length as such can be directly determined from steadystate quenching of the time-integrated luminescence [17]. The relative luminescence
quenching efficiency Q is defined as the reduction of the photons emitted from the
polymer film in contact with the fullerene layer normalized to the number of emitted
photons from the neat polymer film. From this it follows [17] that Q as a function of
the polymer film thickness L and the exciton diffusion length LD is given by Eq. (2.4)
under the assumption of an exponential spatial distribution of the excitation energy.
In order to quantify the luminescence quenching efficiency from the time-resolved
data, luminescence decay curves for the samples of different polymer film thickness
were normalized, and areas under the curves were determined to represent the timeintegrated emission. A reduction of the polymer film thickness increases the relative
portion of excited states that reaches the polymer/fullerene interface, resulting in an
increased relative quenching efficiency Q. The experimental dependence of Q on the
polymer film thickness is shown in Fig. 4.3 (symbols) for all three PPV derivatives.
From fitting the relative luminescence quenching efficiency data to a one-dimensional diffusion model (Fig. 4.3, solid lines) exciton diffusion lengths of 5 ± 1 nm in
NRS-PPV, 6 ± 1 nm in BEH-PPV, and 6.3 ± 1 nm in MEH-PPV are obtained. These
values, obtained using steady-state quenching of the time-integrated luminescence
[17], are in agreement with the previous analysis of the time-resolved PL quenching
data (Table 4.2). While steady-state relative quenching measurements (Fig. 4.3)
provide direct observation of the exciton diffusion length LD , time-resolved approach
allows derivation exciton dynamics information.

4.5.1

Disorder-independent exciton diffusion length

A possible explanation for the disorder-independent diffusion length would be that
the recombination of the excitons is dominated by nonradiative recombination centers in the polymers. In that case the exciton lifetime reflects the time that excitons
need to diffuse to these recombination centers. This leads to a constant exciton diffu-
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Figure 4.3: The relative luminescence quenching in MEH-PPV (), BEH-PPV (),
and NRS-PPV (•) for diﬀerent thicknesses of the polymer ﬁlm in contact with the poly(F2D) layer. Fitting of these data to a 1D diﬀusion
model assuming exciton diﬀusion length ranging from 6.3 nm for MEHPPV to 5 nm for NRS-PPV is shown by solid lines.

sion length when the diﬀerent polymers would have an equal amount of nonradiative
centers. With an exciton diﬀusion length of 6 nm this would mean that on average
every 12 nm such a center would be present, leading to a typical concentration of
(12 × 10−9 m)−3 = 6 × 1023 m−3 . Remarkably, this concentration is equal to the
amount of electron traps reported for these kinds of polymers, which are suggested
to arise from carbonyl groups [1]. However, the exact nature of electron traps and
intrinsic exciton quenching sites is not yet completely understood. The increase of
nonradiative decay is also reﬂected in the decrease of the photoluminescence eﬃciency.
It decreases from 20% for NRS-PPV to 15% and 9% for MEH-PPV and BEH-PPV,
respectively. However, since the luminescence decay is not a single exponential it
complicates the direct quantitative coupling between lifetime and PL eﬃciency.
Furthermore, it has been found that ﬁlms of asymmetrically substituted PPV
derivatives exhibit interconnected ringlike features, which were attributed to ringlike
bendt chains [18]. Symmetrically substituted PPVs on the other hand did not show
these ringlike features but straight rigidlike features. This conformation, as for BEHPPV, will therefore also increase the interchain contact in the material, resulting in
an increase of the interchain energy transfer probability as described in our model by
the exciton diﬀusion constant D. From studies of MEH-PPV ﬁlms before and after
thermal annealing by near-ﬁeld scanning optical microscopy [19,20] it has been shown
that an increased interchain interaction also promotes the formation of interchain
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excitonic states that act as quenching centers for mobile excitons [21, 22]. This also
leads to a reduction of the average lifetime of emissive excitons and is consistent with
our observation that an increased exciton diffusion is accompanied by a decrease of
the exciton lifetime. Thus, a reduction of the energetic disorder does not appear
to be beneficial for the exciton diffusion length, which limits the optimum polymer
phase size in photovoltaic devices. Our results demonstrate that the use of polymers
with higher charge carrier mobility does not automatically allow larger domains of
the polymer phase in bulk-heterojunction solar cells.

4.6

Conclusions

We have studied the correlation between energetic disorder and exciton diffusion properties in PPV-based polymer/fullerene heterostructures. By modeling both the timeintegrated and time-resolved luminescence quenching the exciton diffusion length as
well as exciton diffusion constant were determined. Reducing the energetic disorder
by chemical modification of the PPV, giving rise to a charge carrier mobility increase
of three orders of magnitude, leads to an enhancement of the exciton diffusion constant of one order of magnitude. The exciton diffusion length is independent of the
amount of energetic disorder, since the increase of the exciton diffusion constant is
canceled by a reduction of the exciton lifetime.

Simultaneous enhancement of charge transport and exciton diffusion

57

Bibliography
[1] P. W. M. Blom, M. J. M. de Jong, and J. J. M. Vleggaar, Appl. Phys. Lett. 68,
3308 (1996).
[2] N. S. Sariciftci, Prog. Quantum Electron. 19, 131 (1995).
[3] J. J. M. Halls, C. A. Walsh, N. C. Greenham, E. A. Marseglia, R. H. Friend,
S. C. Moratti, and A. B. Holmes, Nature (London) 376, 498 (1995).
[4] C. J. Brabec, N. S. Sariciftci, and J. C. Hummelen, Adv. Funct. Mater. 11, 15
(2001).
[5] N. S. Sariciftci and A. J. Heeger, Int. J. Mod. Phys. B 8, 237 (1994).
[6] V. D. Mihailetchi, P. W. M. Blom, J. C. Hummelen, and M. T. Rispens, J. Appl.
Phys. 94, 6849 (2001).
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Chapter 5

Migration-assisted energy
transfer at polymer/metal
interfaces
Summary
The dynamics of exciton quenching in a conjugated polymer due to the presence
of metal films is analyzed using time-resolved photoluminescence. The quenching
is governed by direct radiationless energy transfer to the metal and is further enhanced by diffusion of excitons into the depletion area of the exciton population at
the polymer/metal interface. The time-resolved luminescence is described by a numerical exciton diffusion model with the energy transfer incorporated via long-range
dipole-dipole interaction at the metallic mirror. This allows us to disentangle the
contributions from direct energy transfer to the metal and exciton migration to the
exciton quenching process. For an aluminum electrode strong exciton quenching occurs in a region of typically 15 nm, which can be decomposed in a characteristic
energy transfer range of 7.5 nm and an exciton diffusion length of 6 nm.
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Introduction

In PLEDs [1,2] metallic electrodes are used to inject charge carriers that subsequently
form excitons. However, the presence of a metallic film allows excitons to transfer
their energy nonradiatively towards the electrode, thereby lowering the efficiency of
the PLED [3]. Also in photovoltaic devices [4, 5] excitons formed upon photoexcitation can transfer their energy to the metallic electrodes, thereby reducing the yield of
free charge-carrier production [6]. The effect of metal films on the photoluminescence
(PL) and electroluminescence (EL) of conjugated polymers has been extensively studied using time-integrated PL [3]. From the dependence of the PL quantum yield on
the thickness of the polymer film a typical width of the exciton quenching region can
be estimated. For cyanoderivatives of poly(p-phenylene vinylene) (PPV) it has been
demonstrated that both PL and EL of the polymer are strongly quenched within a
typical distance of 20 nm from gold or aluminum interfaces [3]. The obtained characteristic quenching distance with respect to the metal interface can then be used as a
measure for the effectiveness of the exciton quenching process. However, it does not
discriminate between various mechanisms that contribute to the quenching process.
In fact, there are two main processes that are responsible for exciton quenching by
metallic films.
The first is the nonradiative energy transfer from the excited polymer to the
metal via long-range dipole-dipole interaction. This process provides an extra exciton
decay channel and results in an enhancement of the nonradiative decay rate close
to the metal. The radiative (intrinsic) properties of the emissive species are also
modified by the metal mirror due to interference effects. This has been demonstrated
to be important for highly luminescent conjugated polymers [3]; radiative exciton
lifetime modification increases with increasing luminescence quantum efficiency of
the material and becomes distinct at long distances from the metal interface [7, 8].
A detailed theory of an oscillating dipole and energy transfer near metal interfaces
has been developed [9, 10] and agreement between experiment and theory has been
demonstrated by Chance and co-workers [7,11]. It should be noted that for calculating
the lifetime (or quantum efficiency) of the luminescence of a conjugated polymer near
a metal interface additional assumptions about the dipole orientation and intrinsic
quantum efficiency need to be made.
The second process is the migration of the excitation energy inside the conjugated
polymer. The occurrence of nonradiative energy transfer to the the metal will lead
to a gradient in the exciton population close to the metallic film. As a result, excitons will diffuse towards the metal interface, which increases the overall efficiency of
the exciton quenching process. The exciton diffusion length in conjugated polymers,
typically 5-10 nm [12, 13], is of the same order of magnitude as the estimates for the
range of energy transfer to the metal. Therefore, a fundamental question to be solved
is which of these two processes is mainly responsible for the quenching of excitons at
metallic interfaces. In order to disentangle these two contributions, knowledge about
the exciton migration dynamics, characterized by the exciton diffusion coefficient, is
required. So far, the study of exciton diffusion in conjugated polymers has mainly
been focused on the extraction of the exciton diffusion length LD . In a recent study,
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we were able to extract both exciton diffusion coefficients and diffusion lengths from
time-resolved PL measurements on a bilayer model system, consisting of PPV-based
conjugated polymers and a polymerized fullerene [12, 14, 15]. In this chapter we analyze the dynamics of the quenching of excitons at metal interfaces by monitoring
the time-resolved luminescence of a PPV-based conjugated polymer. Our knowledge
of the exciton migration in the neat polymer enables us to disentangle the contributions from both the exciton diffusion and energy transfer to the metal, to the exciton
quenching process.

5.2

Excitons at metal interfaces

An extensive physics literature on the effects of luminescence modification due to the
presence of metals exists. In this section we provide a selected summary of those
results that concern performance of polymer optoelectronic devices.
A competition between radiative and nonradiative excitonic processes in conjugated polymer light-emitting diodes as well as in photovoltaics governs the device
efficiency. Most of optoelectronic devices contain metallic films used as charge injection or collection electrodes, or mirrors for light out-coupling or concentration. The
presence of a metal film will always influence the properties of the emitting material.
Microcavities have been used to narrow the linewidth and tune the emission color
from conjugated polymers [16]. It has been also shown that spontaneous emission
rate of fluorophores [17], and conjugated polymers in particular [18], can be greatly
enhanced or suppressed by the use of metal islands, metal colloids, metal surfaces, or
mirrors.
Generally, the luminescence lifetime τ is related to the rate constants for radiative
(kr ) and nonradiative (knr ) decay by
1
= kr + knr ,
τ

(5.1)

where the radiative lifetime is 1/kr . The quantum efficiency for luminescence qr is
given by
³ k
´
r
qr = b
,
(5.2)
kr + knr
where the branching ratio b is the fraction of absorbed photons leading to singlet excitons. The balance between the radiative and the nonradiative decay rates therefore
determines the luminescence efficiency. At that, the presence of a metallic interface
opens up additional nonradiative (knr ) exciton loss channels and alters radiative (kr )
’intrinsic’ properties of the polymer phase of the device.
The effect of metal films on PL and EL of conjugated polymers has been extensively studied; and experimental data of luminescence quantum efficiency for polymer
films of varying thickness in front of metal layers, have been reported to characterize the overall exciton quenching process [3]. In this study Becker and co-workers
have demonstrated that both PL and EL of cyano- derivatives of poly(p-phenylene
vinylene) (PPV) are strongly quenched within a typical distance of 20 nm from gold
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Figure 5.1: Radiation from excited molecule in the center of spherical mirror [19].

or aluminum interfaces. A complete theoretical description of exciton quenching in
polymer films at metal interfaces requires an understanding and characterization of
the whole set of relevant excitonic processes. Besides thermally activated exciton diffusion, which shifts a part of the exciton population toward the quenching well at the
metallic interface, there are effects of the metal mirror, that alter both radiative (kr )
and nonradiative (knr ) decay rates.

5.2.1

Interference effects

To demonstrate modification of the radiative decay rates let us consider the radiation
of an oscillating electric dipole (an excited molecule) in the very center of a spherical
mirror(Fig. 5.1).If the radius of the mirror is for instance 1.75λ (Fig. 5.1, upper case),
constructive interference of the direct and reflected wave will occur in all directions
of the upper half-space. Since the radiated intensity is proportional to the square
of the amplitude, the probability for radiation is four times as large as without the
mirror. Into the lower half space there is no radiation due to the mirror. Therefore the
integrated probability for radiation will be twice as large as without the mirror. This
means the decay time of the molecule in the center of the mirror will be half the decay
time of the molecule in free space (assuming there are no competing nonradiative
deactivation processes). On the other hand, if the radius of the spherical mirror is for
instance 2λ (Fig. 5.1, lower case), the direct and reflected beam interfere destructively
and thus the excited molecule cannot radiate at all (decay time infinite).
In the same way as shown for a spherical mirror the fluorescence decay time is

Migration-assisted energy transfer at polymer/metal interfaces

63

affected by a plane mirror. Analytical form of the decay time τ dependence on distance
d from the mirror has been derived by Drexhage and coworkers by integration of the
intensity above the mirror [8, 20]:
• axis of electric dipole oscillator perpendicular to the mirror
Z
h
i−1
τ⊥
3 1
= 1−
ρk (u)(1 − u2 ) cos(xu − δk (u))du
;
τ∞
2 0

(5.3)

• axis of electric dipole oscillator parallel to the mirror
Z
h
i i−1
τk
3 1h
= 1+
ρ⊥ (u) cos(xu−δ⊥ (u))+ρk (u)u2 cos(xu−δk (u)) du
, (5.4)
τ∞
4 0
where x = 4πnd/λ; u is a cosine of the incidence angle; ρk , ρ⊥ - reflection coefficients
of the mirror, δk , δ⊥ - phase shifts on reflection by the mirror.
The decay times for electric dipoles parallel and perpendicular to a golden mirror
are simulated and shown in Fig. 5.2a for the idealized case (no nonradiative processes).
If transition dipole moment does not have any preferred orientation, the expected
decay time τa (Fig. 5.2a, solid curve) is given by the average
1
2 1
1 1
=
+
.
τa
3 τk
3 τ⊥

(5.5)

A decrease in the lifetime is found when the reflected field is in-phase with the fluorophore’s oscillating dipole; and an increase in the lifetime is observed if the reflected
field is out-of-phase with the oscilating dipole. The amplitude of the decay time
oscillations reduces with distance from the mirror; at large distances τ → τ∞ .
In the above considerations, possible radiationless deactivation processes, which
are not affected by the mirror, were omitted. The quantum yield of the emitting state
q must be known for simulation of the true decay time. The anisotropy of the dipole
moment orientations is another important issue that should be taken into account.
For instance, fabrication of the polymer films by spin-coating implies preferential
orientation of the dipole moments parallel to the interface. Simulation of the decay
time for q = 0.3 and η = 90 % of the dipoles oriented in-plane is shown in Fig. 5.2b.
A quantum yield q < 1 leads to a less pronounced variation of the fluorescence decay
time in front of the mirror, because in this case the radiationless deactivation processes
which are not affected by the mirror, have an influence on the decay time.
The possibility of altering the radiative decay rates was demonstrated by Drexhage
in 1966 by measurements of the decay times of europium (Eu3+ ) complex positioned at
various distances from a planar silver mirror [20]. Fatty acid layers were deposited by
Langmuir-Blodgett technique to separate a fluorescent dye from the metal interface.
The lifetime oscillate with distance but remain a single exponential at each distance
(Fig. 143). This effect can be again explained by changes in the phase of the reflected
field with distance and the effects of this reflected field on the fluorophore. The
interference theory presented above has been used to model these experimental data
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Figure 5.2: Decay time of the dipole oscillator in front of a gold mirror. q = 1 and
η = 67 %(random) (a); q = 0.3 and η = 90 %.

and a fit with quantum yield q = 0.7 (Fig. 5.3, dash curve) has demonstrated a good
agreement with experiment [19]. The effects of a plane mirror occur over distances
comparable to the excitation and emission wavelengths. The disagreement at short
distances is due to the energy transfer from the excited molecules to the silver layer,
which is responsible for a strong exciton quenching at very metal interfaces and is of
the high importance for device performance.

5.2.2

Energy transfer

The effect of a metal film on the lifetime of an excited molecule has been elegantly
determined by Chance and coworkers by the use of the energy flux method where the
total energy flux through infinite planes above and below the dipole is calculated [7].
It gives separate expressions for the effects of interference on the radiative decay rate
and of nonradiative energy transfer on the nonradiative decay.
The nature of the nonradiative anergy transfer depends on the distance of the
oscillating dipole to the metal. In the broad distance range the interaction of the
dipole with the electron gas of the metal is dominated by the bulk effects (electronphonon or electron-impurity scattering). This implies an inverse cubic distance x
dependence of the transfer rate
rme =

1 x0 3
,
τ∞ x3

(5.6)

where τ∞ is the intrinsic exciton lifetime, and x0 is the characteristic distance of
the energy transfer [7, 9]. Eq. 5.6 has been experimentally demonstrated to hold for
distances down to 3 nm [28]. This study the quenching of anthracene fluorescence by
the thick aluminum contact has been monitored, while varying the fluorophore-metal
separation distance by applying different number of fatty acid monolayers. Similar
experiments on phosphorescence in pyrazine/physisorbed Ar/nickel structures showed
the same distance dependence for spacer thicknesses down to 8 Å [23].
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Figure 5.3: Lifetime of Eu3+ ions in front of a silver mirror as a function of separation between the Eu3+ ions and the mirror. Experimental data (•) are
those of Drexhage [19, 20]. Dash curve is a theoretical fit with Eq. 5.5
assuming q = 0.7. The solid curve also shows energy transfer effect
taken into account [21].

An analytical expression for the transfer range x0 has been derived in Ref. [7] by
Chance and co-workers
x0 3 =

3 λ3 Θ
n 2 K2
.
3
2
2
32 π n1 (n1 + n2 − K2 2 )2 + 4n2 2 K2 2

(5.7)

Here λ is the resonant wavelength, and Θ is a geometric factor varying with orientation
of the molecule with respect to the metal (1 for a horizontal dipole, 2 for a vertical
one, and 4/3 for randomly oriented dipoles). n1 is the refractive index of the media,
while n2 +iK2 represents the complex refractive index of the metal with the imaginary
part responsible for energy absorption.
At short distances scattering by the surface must be accounted for to consider
momentum conservation of metal electrons. A theory developed by Persson and coworkers has predicted an additional 1/x4 term to the Eq. 5.6 [10, 24]. Considerable
input of this component into the transfer rate distance dependence has been experimentally demonstrated by rhodamine 6G fluorescence lifetime modification at thick
aluminum layers with spacer thickness variation up to 6 nm [29].
Chance an co-workers [21] have demonstrated that luminescence lifetime measurements performed by Drexhage for Eu3+ complex at silver interface can be accurately
modelled by taking both nonradiative energy transfer and interference effects into
account (Fig. 5.3, solid curve).
Metal films of finite thickness. Polymer-based optoelectronic devices, like tandem
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Figure 5.4: The effect of metal mirror thickness on the energy transfer rate parameter β; s is a mirror thickness, d is a dipole-mirror separation, and K2
is the imaginary part of the refractive index of metal [7]. In all cases
n1 = n3 = 1.52 and n2 = 0.06. Geometry of the dipole-thin metal
mirror system is shown on the left.

photovoltaic cells, use semitransparent films of evaporated metals [!Afshin]. Thus
the effect of the finite metal film thickness on the energy transfer rate and on the
emitter lifetime becomes important. Simulation of the energy transfer rate has been
performed by Chance and co-workers with the use of the energy flux method for the
range of values of the metal complex refractive index ñ2 [7]. Results are presented in
the form of energy transfer parameter β (β ≡ x0 3 for an infinite metal film), which
now shows dependence on the mirror thickness s to the dipole-mirror separation d
ratio (Fig. 5.4). The real part of ñ2 is selected as 0.06 and the imaginary part covers
a span from the value 4.11 (silver film) to the value of 1.52 (matching condition for
Eq. 5.7). The monotonically decreasing curve (with decreasing s/d) which describes
the matching condition is seen to develop a peak as K2 moves away from the matching
condition. This peak in the case of silver film (K2 = 4.11) is seen to be quite high,
rising more then two orders of magnitude over the value for a thick film. The latter
analysis clearly demonstrates that the energy transfer efficiency can be dramatically
enhanced by the use of finite (very thin) metal films. So, considerable increase of
the characteristic energy transfer distance x0 is expected at semitransparent metal
contacts.
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Figure 5.5: PL quenching (, right axis) in NRS-PPV/LiF/Al structures vs polymer ﬁlm thickness; the solid line is a guide to the eye. The relative
quenching was derived by integration of the PL decay curves (inset).
In the schematic diagram of the sample conﬁguration exciton quenching is represented as a combination of diﬀusion and energy transfer to
the metal.

5.3

Energy transfer disentanglement

In order to construct polymer/spacer layer/metal heterostructures (Fig. 5.5), poly[2(4-(3 ,7 -dimethyloctyloxyphenyl))-co-2-methoxy-5-(3 ,7 -dimethyloctyloxy)-1,4-phenylene vinylene] (NRS-PPV) was spin coated from a toluene solution on top of the glass
substrate under nitrogen atmosphere. Subsequently, thin transparent spacer layers
of LiF were thermally evaporated on top of the polymer ﬁlms and served as exciton
blocking layers [26]. Finally, gold or aluminum layers were thermally evaporated on
top of the spacer layers. Variation of the spacer layer thickness was employed to
investigate the distance dependence of the nonradiative energy-transfer rate.
First, time-resolved PL measurements were performed on NRS-PPV/LiF/aluminum heterostructures. LiF/Al ﬁlms are widely used as cathodes in polymer photovoltaic cells and light-emitting diodes. The use of a LiF spacer layer has the advantage
in that it prevents diﬀusion of metal atoms into the polymer layer. A LiF layer of
5 nm and 100 nm of aluminum were thermally evaporated on top of NRS-PPV ﬁlms
with varying thicknesses. As a ﬁrst step a comparison of the (time-integrated) areas
under the PL decay curves for structures with and without metal interfaces provides a simple empirical measure for the eﬃciency of the PL quenching by the metal.
As demonstrated before [3], the dependence of the time-integrated PL on polymer
thickness then provides a direct estimate of the width of the quenching zone at the
polymer/metal interface. In Fig. 1 the relative time-integrated PL quenching [12] is
plotted for various NRS-PPV ﬁlm thicknesses. It appears that strong exciton quench-
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Figure 5.6: Normalized luminescence decay curves for both the NRSPPV/LiF/gold structure (•)and neat NRS-PPV as a reference
(solid line). Simulation of these data by Eq. (3) with transfer range x0
as a fit parameter.

ing is observed within typically 15 nm from the Al/LiF interface. Note that this width
is representative for the total exciton quenching process. As a next step we also investigated NRS-PPV/LiF/gold heterostructures; they are known to be chemically
stable model systems with an eﬃcient energy transfer. A normalized and deconvoluted luminescence decay curve of a 22 nm conjugated polymer ﬁlm is depicted in
Fig. 5.6, together with the reference luminescence decay curve of the neat polymer
ﬁlm. Upon the photoexcitation of the polymer excitons are formed. Their migration
and nonradiative energy transfer to the metal result in a faster decay of the polymer
luminescence. The LiF layer serves as a dielectric spacer and blocks excitons [26, 27],
which allows study of the exciton quenching as a function of distance from the metal
interface.
The exciton migration process is characterized by the exciton diﬀusion constant
D and the exciton diﬀusion length LD , which are related by

LD = Dτ∞ ,
(5.8)
where τ∞ is the exciton lifetime that accounts for the total process of radiative and
nonradiative exciton decay. In a recent study an exciton diﬀusion coeﬃcient of 3 ×
10−4 cm2 /s for NRS-PPV has been deduced [14].
The distance (x) dependence of the nonradiative decay rate constant rme for organics in front of metal interfaces has been studied both experimentally [28, 29] and
theoreticaly [7], where a general expression has been derived within classical light
reﬂection theory. For the case of interest, corresponding to a small distance between
emissive molecule and metal in comparison with the resonant wavelength, it can be
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approximated with a x−3 dependence (Eq. (5.6)) [7, 30].
In order to model the time-resolved luminescence quenching in polymer/spacer/metal heterostructures and derive the transfer range x0 experimentally, we have combined the one-dimensional exciton diffusion equation [Eq. (3.1)] for the photoexcitation density distribution n(x, t) [14, 30] with Eq. (5.6),
"
µ
¶3 #
∂n(x, t)
∂ 2 n(x, t) n(x, t)
x0
=D
−
1+
+ g(x, t).
(5.9)
∂t
∂x2
τ∞
x+d
The spatial variable x represents the distance from the polymer/spacer interface.
In the second term, responsible for the decay of the exciton population, quenching
by the metal is represented by a distance-dependent nonradiative energy-transfer
subterm, where d stands for the thickness of the spacer layer. The last term describes
the exciton generation process and is governed by the spatially dependent absorption
profile of the femtosecond laser pulse. The contribution of interference effects into the
photogeneration profile is negligible in view of the small thicknesses of the polymer
films under consideration. Thus an exponential distance dependence of the intensity
of the excitation beam reflected from the metal interface is used for g(x, t). The
time dependence of this term is approximated by a delta function, as the excitation
pulse width (200 fs) is short in comparison to the dynamics of the quenching. At
both polymer film interfaces the boundary condition ∂n(x = L)/∂x=0 is applied,
representing negligible surface quenching and the absence of exciton current on both
boundaries. It should be noted that processing by spin coating implies that polymeric
chains are mostly aligned in plane of the substrate. However, since exciton diffusion is
mainly governed by interchain processes [31,32], in-plane exciton diffusion is expected
not to prevail. Therefore, a one-dimensional model gives a good approximation of the
exciton migration process.
In general, when the emissive layer is separated from the metal by a dielectric layer
(Fig. 5.5), the expression for the transfer rate in Eq. (5.6) and the corresponding term
in Eq. (5.9) have to be modified due to the difference in dielectric constants. If the
spacer dielectric constant is larger than the dielectric constant of the emissive layer,
it is expected that the energy-transfer rate to the metal becomes smaller because of
the suppression of the electrostatic interaction of an oscillating dipole with the metal.
In our study, the intermediate dielectric layer of LiF has a similar dielectric constant
(ε∞ ≈ 2) as the emissive conjugated polymer [33,34]. Therefore, a direct substitution
of Eq. (5.6) into the diffusion equation can be made, extending the distance x from
the polymer/spacer interface with the spacer thickness d.
rme =

1
τ∞

µ

x0
x+d

¶3
.

(5.10)

To account for the exciton lifetime τ∞ the neat NRS-PPV film luminescence decay
curve is recorded. A time-dependent exciton lifetime is used for analytical description
of the nonmonoexponential luminescence decay [14]. Thus, the PL decay curve of
the NRS-PPV/LiF/gold structure in Fig. 5.6 can now be numerically modeled by
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Figure 5.7: Energy-transfer range x0 vs LiF spacer layer thickness in NRSPPV/LiF/Au heterostructures. The inset shows the chemical structure
of NRS-PPV.

Eq. (5.9), with the neat polymer luminescence decay as a reference. The only ﬁt
parameter, the energy-transfer range x0 , is derived to be 9.2 nm for NRS-PPV ﬁlm
in front of a gold mirror with a 5-nm LiF spacer in between. Thus, the process of the
energy transfer to the metal is disentangled from the exciton migration mechanism,
which in turn can be spatially characterized by the exciton diﬀusion length, LD ≈
6 nm in pristine NRS-PPV ﬁlms [12, 14].
In order to verify the x−3 distance dependence in our system and check the assumption made in Eq. (5.10), we have varied the thickness of the LiF spacer layer.
PL decay curves analogous to Fig. 5.6 as a function of polymer ﬁlm thickness were
recorded for LiF exciton blocking layers varying from 3 to 13 nm in thickness. Analysis of these data with Eq. (5.9) provided the energy-transfer range x0 for polymer ﬁlms
at various distances from the quenching metal. When the distance dependence of the
exciton quenching is correctly described by Eq. (5.10), the parameter x0 should be independent on the geometry of the structure used. Indeed, as shown in Fig. 5.7, x0 was
found to be independent on the spacer layer thickness d within the range studied; x0
only slightly ﬂuctuates around an average number of 9.5 nm. This agreement proves
the applicability of the inverse cubic distance dependence of the energy-transfer rate
to the structures used in our study. Since the polymer ﬁlm thickness is limited to
only 35 nm, interference eﬀects on the radiative lifetime can be excluded [3].
Present polymer LEDs and photovoltaic devices often employ a cathode that consists of a thin LiF layer with aluminum evaporated on top [35, 36]. Time-integrated
PL quenching in NRS-PPV/LiF/Al heterostructures has been presented in Fig. 5.5.
Subsequently, polymer luminescence decay curves were measured and, analogously
to gold, analyzed in these structures for diﬀerent thicknesses of a polymer ﬁlm and

Migration-assisted energy transfer at polymer/metal interfaces

71

Figure 5.8: Steady-state exciton density proﬁles simulated for NRS-PPV/Al heterostructures with experimentally determined values for x0 and D. The
inset shows deconvoluted and normalized PL decay curves for NRSPPV/LiF/Al structures for diﬀerent polymer ﬁlm thicknesses (symbols) with the simulation of these data by Eq. (5.9) with transfer range
x0 =7.5 nm (solid lines).

constant thickness (5 nm) of the LiF spacer layer. In the inset of Fig. 5.8 luminescence decay curves are presented together with the ﬁt to Eq. (5.9), which results in
derivation of an energy-transfer range of 7.5 nm for the aluminum electrode. The
reduction of the energy-transfer distance as compared to gold is predicted by theory (Eq. (5.7)) [7] and is in qualitative agreement with the higher imaginary part
of the complex refractive index of aluminum (K2 = 6.33) in comparison with gold
(K2 = 2.86) [37, 38].
With the energy-transfer range x0 known we can simulate exciton density proﬁles
at the polymer/Al interface, using x0 and D as input parameters. In this simulation steady-state uniform exciton generation is assumed to demonstrate the eﬀect
of exciton quenching in terms of energy transfer and exciton diﬀusion. Figure 5.8
shows the redistribution of the steady-state exciton density proﬁle due to exciton
migration for NRS-PPV/LiF/Al heterostructures. Compared to “localized”excitons
(D = 0) the exciton population is shifted further away from the metal interface due
to the enhanced quenching. Furthermore, due to the diﬀusion-driven ﬂow of excitons
toward the metal interface, the exciton population at distances smaller than 5 nm
exceeds the population of localized excitons. Relative quenching of mobile excitons
estimated from areas under the curves in Fig. 5.8 for a 30-nm NRS-PPV ﬁlm at an
Al interface amounts to 38%, in contrast to 30% for virtually localized ones. Thus,
the time-integrated relative quenching shown in Fig. 5.5 can now be quantitatively
understood. The strong quenching, which is observed within a typical distance of
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15 nm from the aluminum interface, is due to the direct energy transfer to the metal
with a characteristic distance of 7.5 nm, being further enhanced by an exciton density
redistribution characterized by a diffusion length of 6 nm.

5.4

Conclusions

In summary, we have studied exciton quenching in conjugated polymer films due to the
presence of a metal contact. Time-resolved PL measurements have been performed
for characterization of this process. Nonradiative energy transfer is disentangled from
the exciton migration process by the use of a diffusion-assisted energy-transfer model.
The inverse cubic distance dependence of the energy-transfer rate has been demonstrated to be applicable to polymer/metal structures at distances of several tens of
nanometers. Analysis of the luminescence decay curves resulted in typical energytransfer ranges of 9.5 and 7.5 nm for gold and aluminum, respectively.
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Chapter 6

Exciton quenching in polymer
light-emitting diodes
Summary
The quenching of excitons at the metallic cathode of a polymer light-emitting
diode (PLED) has been investigated by time-resolved photoluminescence. The decay
of the luminescence is analyzed including both nonradiative energy transfer to the
metallic cathode and exciton diffusion. Incorporation of the resulting exciton density
profiles into a PLED device model consistently describes the reduction of the quantum
efficiency at low bias voltage.

76

6.1

Chapter 6

Introduction

Polymer light-emitting diodes (PLEDs) [1] are considered to be attractive candidates
for lighting and large-area display applications [2]. It has been recognized that charge
transport is one of the key ingredients for the PLED performance [3]. For derivatives of
poly(p-phenylene vinylene) (PPV) it has been obtained that the electron conduction
is significantly smaller than the hole conduction, which is attributed to the presence of
traps [4] or lower electron mobility [5]. For PLEDs, in which both electrons and holes
are injected, the different conduction of electrons and holes is directly responsible for
the distribution of the exciton generation in the polymer layer. Model calculations
on single layer PLEDs demonstrated that at low voltages most of the excitons are
formed close to the cathode, due to the reduced electron transport in PPVs [6].
The competition between radiative and nonradiative excitonic processes in conjugated polymers is another important issue that governs the conversion efficiency
(CE), defined as photon/charge carrier, of a PLED. Singlet/triplet exciton formation
branching and nonradiative quenching of excitons via defects also limit the CE of a
PLED [7, 8]. Furthermore, the presence of a metallic cathode opens up an additional
exciton loss channel via nonradiative energy transfer to the metal. Thus, confinement of the exciton generation profile to the metallic cathode, where excitons are
effectively quenched, is expected to strongly reduce the PLED efficiency at low voltages. For higher voltages, the exciton concentration is more uniformly distributed
throughout the PLED device. The increase of CE with voltage could be fitted by
assuming a quenching region of typically 10 nm for single-layer dialkoxy-PPV lightemitting diodes [6]. From photoluminescence (PL) experiments, a typical width of
the quenching region of 20 nm has been obtained for cyano derivatives of PPV [9].
Although the 10 nm estimation from the PLED device model is in reasonable
agreement with the luminescence data, it should be noted that it is based on a number of assumptions: First, in the model, the quenching of excitons is approximated by
simply ignoring all excitons that are generated within the first 10 nm of the cathode
when calculating the total light output. Outside the 10 nm region the quenching is
zero, thus the quenching process is approximated by a steplike profile. However, nonradiative energy transfer toward a metallic cathode is known to be strongly distance
dependent [10]. Furthermore, the energy transfer will lead to a strong gradient in the
exciton population, and resulting vacancies will be refilled by exciton diffusion. It is
demonstrated that the effective quenching region of 15 nm can be decomposed in an
energy transfer range of 7.5 nm and an exciton diffusion length LD of 6 nm [11]. In the
present study, the quenching of excitons at the Ba/Al cathode of a NRS-PPV based
PLED is investigated using time-resolved PL measurements. The extracted parameters describing exciton diffusion and quenching are subsequently incorporated into
a PLED device model [6] that is based on experimental results of charge transport
and bimolecular recombination. This combined optical and electrical characterization consistently explains the voltage dependence of the conversion efficiency of this
PPV-based PLED.
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Figure 6.1: Deconvoluted and normalized PL decay curves in polymer/metal structures with variable polymer film thickness (symbols). Lines are fits of
these data to Eq. (6.1) with x0 = 8 nm and D = 3 × 10−4 cm2 /s.

6.2

Optical characterization of the quenching
dynamics

As a first step, we investigate the modification of the time-resolved PL of NRS-PPV
due to the presence of a Ba/Al cathode. NRS-PPV was spin-coated from toluene
solution on a glass substrate; the film thickness was varied by changing the spin
speed. Layers of barium (5 nm) and aluminum (100 nm) were subsequently thermally
evaporated on top, representing a typical PLED cathode. The decay curves of the
PL in these heterostructures are shown in Fig. 1, together with the PL decay curve of
the neat polymer. Reduction of the polymer film thickness results in a faster decay
of the exciton population. Frequency-doubled laser pulses (FWHM=200 fs, 400 nm)
were used for excitation of the polymer luminescence; the emission was registered at
its maximum, 580 nm. In Fig. 6.1, the PL decay curves are shown after deconvolution
with the instrument response function (FWHM=30 ps) and normalization.
In order to quantify the exciton quenching mechanism, the time-resolved PL data
(Fig. 6.1) were modeled with a modification of Eq. (5.9) assuming direct polymermetal contact (d = 0) [11]
µ
¶
∂n(x, t)
∂ 2 n(x, t) n(x, t)
x0 3
=D
−
1
+
+ g(x, t).
(6.1)
∂t
∂x2
τ∞ (t)
x3
Here, the second term accounts for radiative and nonradiative exciton decay in the
polymer (lifetime τ∞ ), further enhanced by nonradiative exciton energy transfer to
the metal, described by the inverse cubic distance dependence.
Numerical modeling of the time-resolved PL in NRS-PPV/Ba/Al structures
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(Fig. 6.1) with Eq. (6.1) was carried out using the exciton diffusion constant D,
as determined in our previous studies [12]. The energy-transfer range x0 is the only
parameter to simultaneously fit all PL decay curves measured for different thickness of
the polymer films. A value of 8 nm is obtained for the NRS-PPV/Al/Ba hetrostructure, being nearly equal to the 7.5 nm previously found for an Al electrode [11]. With
D and x0 known, the steady-state exciton density profile can be calculated, taking
into account the quenching at the Ba/Al cathode.

6.3

Voltage dependence
of the PLED conversion efficiency

In order to demonstrate the implications of these findings for the device operation
of a NRS-PPV-based PLED, we have to take into account the positional dependence
of the exciton generation rate g(x). In a PLED, the spatial generation of excitons
is governed by the charge transport properties of the injected electrons and holes.
In order to calculate the distribution of free electrons n(x) and holes p(x) inside
the PLED, we make use of a standard device model that has been explained in
detail previously [6]. The hole mobility has been derived from space-charge-limited
current-voltage characteristics; a zero-field mobility of 1.5 × 10−12 m2 /Vs is used
in this model [13, 14]. Electron and hole mobilities are assumed to be equal, and
the electron transport is strongly limited by an exponential distribution of trapping
sites, characterized by a density of traps Nt = 8 × 1023 m−3 and a trap temperature
Tt = 1100 K [4, 15]. The bimolecular recombination (rate B) between free electrons
and holes is of the Langevin type. As a result the profile g(x) of exciton generation in
the PLED is given by Bn(x)p(x). In Fig. 6.2, n(x) and p(x) are shown for a PLED
based on a 124 nm thick NRS-PPV film, together with the exciton generation profile
Bn(x)p(x) for a bias voltage of 2.4 V.
As a next step, this exciton generation profile is incorporated into Eq. (6.1), together with D and x0 as determined from the luminescence decay curves. The steadystate exciton distribution in the PLED is calculated by setting ∂n(x, t)/∂t = 0. Figure 3 shows the calculated profiles of the exciton density. For comparison, the dotted
profile represents the previous model that simply ignores the radiative decay of the
excitons within the width Lq at the cathode, in order to take exciton quenching into
account [6]. In that model Lq has been used as a fit parameter to simulate the voltage dependence of the PLED conversion efficiency. The solid line (Fig. 6.3) shows
the numerical steady-state solution of Eq. (6.1), where the exciton generation profile
Bn(x)p(x) from Fig. 6.2 is taken to represent the last term. The exciton density
peaks at 13 nm away from the cathode at 2.4 V, and then gradually decreases further
away from the cathode.
In Fig. 6.4, the normalized experimental CE of a NRS-PPV-based PLED with a
polymer film thickness of 124 nm and a Ba/Al top contact is shown. Due to the strong
enhancement of the electron transport with increasing voltage, the exciton generation
profile shifts away from the quenching zone at the cathode, leading to an improved
CE. With the exciton profiles and the resulting amount of quenching known at any

Exciton quenching in polymer light-emitting diodes

Figure 6.2: Hole (p, dashed curve) and electron (n, dotted curve) density distribution in the cross-section of the device simulated with a PLED model.
Also shown is the exciton generation profile (solid curve) assuming
Langevin recombination of the charge carriers.

Figure 6.3: Exciton density profile (solid curve) simulated for a bias voltage of
2.4 V. Exciton profile (as implied in Ref. [6]) is shown for comparison
(dashed curve).
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Figure 6.4: Normalized efficiency CE vs voltage for ITO/NRS-PPV/Ba/Al LED
form experiment (•) and model (line). Exciton quenching parameters
used are obtained in from optical experiments.

applied voltage, the increase of CE with voltage can be now calculated without any
fit parameter. The two parameters that govern the spatial distribution of excitons, D
and x0 , have both been independently determined from time-resolved luminescence
measurements (Fig. 6.1). As shown in Fig. 6.4 the calculated CE is in good agreement
with the experimental results, showing that our model quantitatively accounts for the
exciton quenching at the cathode of the PLED.

6.4

Conclusions

In conclusion, we have studied the quenching of excitons at the cathode of a PLED and
its relevance to the device performance. The diffusion of excitons and nonradiative
energy transfer to the cathode were characterized by means of time-resolved PL.
The results of these optical studies were implemented in a PLED device model and
the exciton density profiles at any applied voltage are calculated. This combined
optical and electrical characterization leads to a quantitative description of the voltage
dependence of the conversion efficiency of a NRS-PPV based PLED.
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Chapter 7

Anisotropy of exciton
migration in PPV
Summary
The dynamics of the exciton transport in poly(p-phenylene vinylene) (PPV)
blended with a low concentration of fullerene molecules is monitored by time-resolved
photoluminescence measurements. The diffusion driven motion of excitons toward
these scavengers is modeled using a theory based on a random walk of a particle on lattice sites with traps. From this analysis an exciton diffusion constant of
(4 ± 0.5) × 10−4 cm2 /s and a diffusion length of 7 nm are obtained. These exciton
transport parameters are equivalent to results obtained in bilayer polymer/fullerene
heterostructures, demonstrating that the exciton dynamics in PPV are dominated by
a one-dimensional migration perpendicular to the film.

84

7.1

Chapter 7

Introduction

Conjugated polymers are currently seen as attractive materials for optoelectronic applications as light-emitting diodes and solar cells. Excitonic processes play an important role in the operation of these polymer-based devices. In particular, the migration
of excitons in the conjugated polymer phase of bulk heterojunction polymer:fullerene
photovoltaic (PV) cells [1,2] is crucial for harvesting of photons: the length of exciton
diffusion sets a limit to the characteristic size of the polymer phase in this type of
PV cells. In polymer light-emitting diodes (PLEDs) based on poly(p-phenylene vinylene) (PPV) derivatives, it has been demonstrated that a metallic cathode effectively
quenches the electroluminescence (EL) by photoexcitation energy transfer from the
polymer to the metal [3]. The resulting exciton depletion zone at the cathode is further enlarged by migration of excitons toward this exciton quenching sink, thereby
enhancing the EL quenching and reducing the device efficiency [4]. An important
difference is that in a bulk heterojunction excitons in the polymer phase can carry
out a three dimensional migration towards the fullerene interface, whereas in a PLED
the excitons migrate towards the cathode in the direction orthogonal to the plane of
the thin film. Understanding of the nature and dimensionality of exciton migration
in thin films of conjugated polymers is therefore of crucial importance. The optical
properties of spin-coated conjugated polymer films are known to exhibit a significant anisotropy, pointing to a preferential alignment of the chains in the plane of
the film [3, 5, 6]. Consequently, a dominance of either intrachain or interchain energy
transfer will lead to a strong anisotropy of the exciton migration in thin conjugated
polymer films.
From excited state decay studies in an artificial system consisting of a conjugated
polymer encapsulated into the channels of mesoporous silica glass, it has been suggested that intrachain energy transfer is slow because it requires physical reorientation
(more likely, thermally activated) of the polymer segments to facilitate communication
between regions of broken conjugation [7, 8]. Interchain energy transfer is expected
to be more rapid since it requires nothing more than physical proximity of polymer
segments that are strongly dipole-dipole coupled. However, this conclusion is contrary
to previous interpretations of anisotropy decay data obtained in solutions and films of
conjugated polymers, which suggested a fast initial exciton hopping step most likely
to occur along the polymer backbone in the film as well as in solution [9–11].
Conjugated polymers can be considered as arrays of chromophores consisting of
fully conjugated segments of the polymer chains of varying length, separated by breaks
in conjugation due to kinks and chemical defects [12]. It is generally accepted that energy migration in conjugated polymer films can be understood in terms of an incoherent hopping motion of neutral photoexcitations between the different sites of the polymer [13]. Two mechanisms of the energy transfer have been considered: dipole-dipole
coupling (Förster transfer) and phonon-assisted tunneling (Miller-Abrahams type).
Monte Carlo (MC) simulations of the transient luminescence in poly(p-phenylene
vinylene) (PPV) films showed that the exciton dynamics on the time scale of several
hundred picoseconds to nanoseconds are very sensitive to the choice of the transfer
mechanism [13]. Assuming transfer via dipole-dipole coupling resulted in a much
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Figure 7.1: Schematic geometry of the two model systems: a) Polymer/fullerene
bilayer heterostructure (1D); b) polymer:fullerene blend (3D).

faster luminescence decay than observed experimentally, whereas a better agrement
was achieved using exciton hopping rates with an exponential distance dependence.
However, in these simulations the exciton dynamics were considered to be of a threedimensional isotropic nature and the dimensionality of exciton migration was not
addressed.
Recently, we have studied exciton diffusion in PPV derivatives by means of timeresolved luminescence spectroscopy [14, 15]. Exciton dynamics has been monitored
on the time scale of several hundred picoseconds in a bilayer model system, consisting of conjugated polymer film spin-cast on top of a fullerene layer. The fullerene
molecules were immobilized via a polymerization reaction, leading to a well-defined
and sharp polymer/fullerene interface. Since the polymeric chains are mostly aligned
in the plane of the substrate, the dynamics of the photoluminescence is mainly governed by exciton migration between adjacent conjugated segments of different chains
(interchain) in the direction orthogonal to the quenching fullerene interface. Thus,
photoluminescence quenching in this bilayer model system, as schematically shown in
Fig. 1a, serves as a probe for the interchain exciton dynamics, characterized by a onedimensional diffusion constant D. For poly[2-(4-(30 ,70 -dimethyloctyloxyphenyl))-co2-methoxy-5-(30 ,70 -dimethyloctyloxy)-1,4-phenylene vinylene] (NRS-PPV) an exciton
diffusion constant of 3 × 10−4 cm2 /s has been obtained.
In order to further assess the dimensionality of the exciton migration in PPV we
present time-resolved luminescence measurements on identical conjugated polymer
films but now blended with a low concentration of fullerene molecules. The randomly
distributed fullerene molecules serve as exciton quenching centers. As schematically
shown in Fig. 1b this experimental geometry mimics exciton capture upon diffusion
in three dimensions (3D). We find that the 3D energy migration in films of this PPVbased copolymer is quantitatively described with a random walk model in which the
excitons predominantly migrate in one dimension. The diffusion constant obtained for
this preferred direction of exciton migration is identical to the one found previously in
the polymer/fullerene bilayer model system [14]. This demonstrates that the exciton
migration in a PPV thin film is dominated by energy transfer perpendicular to the
film. Combined with the anisotropic optical properties this indicates that exciton
transport in PPV is governed by interchain energy transfer rather than by intrachain
hopping.
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Experimental

For the preparation of the polymer:fullerene blend films, stock solutions of poly[2-(4(30 , 70 -dimethyloctyloxyphenyl))-co-2-methoxy-5-(30 , 70 -dimethyloctyloxy)-1,4-phenylene vinylene] (NRS-PPV) (see inset in Fig. 2) and the soluble fullerene derivative [6,6]-phenyl C61 -butyric acid methyl ester (PCBM) in toluene were prepared. Then,
the PCBM solution was titrated into the NRS-PPV solution and the PCBM concentration was varied from 0 to 6 w%. Subsequently, these solutions with low PCBM
concentrations were spin-coated on top of a glass substrate. This resulted in NRSPPV films with the incorporated PCBM molecules separated by average distances
ranging typically from 2 to 7 nm. The films were prepared in the glove box under
nitrogen atmosphere to minimize carbonyl defects, and the film thicknesses typically
amount to 100 nm. Fig. 1(b) schematically represents a sample configuration, used
in our study.
PCBM molecules are known to quench conjugated polymer luminescence by efficient electron transfer from the polymer to the fullerene, and thus act as exciton
scavengers [16, 17]. Photoinduced short-range electron transfer from the conjugated
polymer to the fullerene is highly efficient and occurs with a characteristic time of
45 fs [17–19]. Time-resolved luminescence quenching was monitored as a function of
PCBM concentration (quencher spacing distance) in NRS-PPV films. Time-resolved
optical experiments were carried out with the frequency doubled output of a modelocked femtosecond Ti:sapphire laser. The polymer excitation was performed at
400 nm, with p-polarized light at 64◦ incident angle in order to minimize internal
reflections. Typical time-averaged excitation intensities on the sample were about 30
mW/cm2 . Exciton-exciton ’bimolecular’ quenching interactions are ruled out at this
excitation conditions as the exciton densities are well below the threshold for amplified
spontaneous emission or exciton-exciton annihilation [20, 21]. Emission was collected
normal to the excitation beam, at 580 nm, which corresponds to the maximum of the
polymer luminescence spectrum. To avoid degradation, samples were sealed under
nitrogen in a cell with a quartz window. In time-correlated single photon counting
(TCSPC) experiments [22] an instrument response function of 30 ps (full width at
half maximum) was used for the deconvolution of the luminescence decay. All optical
experiments were performed at room temperature.

7.3

Random walks of an exciton in presence of traps

Time-resolved PL experiments were performed to study the exciton decay dynamics for various PCBM concentrations in NRS-PPV films. Fig. 2 presents deconvoluted and normalized PL decay data for a neat polymer film (dashed curve) and
for NRS-PPV:PCBM films of two PCBM concentrations: 0.43 and 0.86 w% (symbols). The excitons generated in the polymer by pulsed laser excitation reach the
PCBM molecules, being dispersed in the polymer film, by diffusive motion over several nanometers. Then the excitons get quenched due to electron transfer from the
polymer to the PCBM [16, 17]. This results in a faster PL decay as compared to the
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neat polymer PL decay. An increase of the PCBM concentration reduces the average
distance between the PCBM molecules, and enhances the probability for an exciton
to reach such a quenching center. This leads to an increase of the PL quenching
and a faster PL decay, as shown in Fig. 2. For PCBM concentrations lower than
0.4 w%, meaning that the exciton quenchers are separated by distances larger than
the characteristic exciton diffusion length (∼ 7 nm) [14], the PL quenching is so small
that it does not allow a reliable quantitative analysis of the exciton dynamics. On
the other hand, for PCBM concentrations exceeding 2 w% all PL is quenched. Our
study therefore focuses on PCBM concentrations in the 0.4-2 w% range.
As a next step we want to extract the exciton migration parameters from the experimental PL decays of Fig. 2 by modeling the diffusion of excitons to the quenching
sites in the polymer film. The diffusion considered in this study is a slow activated
process of exciton hopping between the chain segments, which occurs upon fast subpicosecond thermalization within an inhomogeneously broadened density of excitonic
states [23–25].
As shown by Bässler and co-workers depopulation of high-energy excitonic states
and ’filling up’ states below the center of DOS directly after excitation is of major
importance on the time scale of several picoseconds [13]. On the time scale of hundred picoseconds, stretched exponential dynamics of the luminescence, detected for
states lying deep in the low-energy tail of the DOS, are mostly governed by a slow
activated process of exciton hopping between the chain segments. From Monte Carlo
simulations it is obtained that at these energies exciton dynamics are dominated by
the exciton diffusion toward traps. However, modeling results critically depend on the
choice of the microscopic hopping mechanism. Furthermore, in the modelling, hopping is always assumed to be isotropic. Additionally, there is evidence that interchain
polaron pairs are formed [26, 27], and exciton reformation from back transfer occurs
with a distribution of rates resulting in a nonmonoexponential decay [23]. In our
study we use a time-dependent exciton lifetime in order to account for the complex
intrinsic dynamics of photoluminescence (PL) of the polymer. The PL is detected in
its spectral maximum on the time scale of several hundred picoseconds, which corresponds to excitons thermalized on states lying deep in the low-energy tail of the DOS.
It should be noted that the nonmonoexponential PL decay of the neat NRS-PPV film
is only used as a reference. The exciton diffusion parameters are determined from
the difference in dynamics with and without quenching centers. In an earlier study
we have demonstrated that the extracted parameters only very weakly depend on the
particular mechanism that is used to describe the neat PPV luminescence [14].
Balagurov and Vaks (BV) have calculated the survival probability of a particle
(an exciton) after a time t diffusing in the presence of randomly distributed absorbing
traps (PCBM) for the one, two, and three-dimensional case [28]. We apply this
theory to the case of a structurally and energetically disordered system as PPV, where
diffusive motions of excitons deep in the low-energy tail of the DOS is considered. Here
energetic relaxation plays a small role and trapping effects prevail. The 1D result of
this theory has been previously used to describe the photoexcitation relaxation toward
intrinsic recombination centers in polythiophene thin films [29]. Later the 1D, 2D,
and 3D results of this model have been applied to the photoexcitation dynamics of
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Figure 7.2: Luminescence decay curves for a neat NRS-PPV (dashed curve) and
for NRS-PPV:PCBM films of two PCBM concentrations: 0.43 w% (•),
0.86 w% (¥). Solid lines are fits to Eq. (1) giving the exciton diffusion
constant of the order of 4 × 10−4 cm2 /s (solid curves). The inset shows
a chemical structure of NRS-PPV.

a PPV derivative in which exciton quenching sites were intentionally introduced by
photooxidation [30].
The theory calculates the survival probability of an exciton that diffuses with a
coefficient D in a matrix of quenching sites. The spreading of the spacing distance
between the quenching sites is approximated by a Poisson distribution with average
distance L. The BV theory predicts that the PL decay dynamics in the limit of a high
trap density or at long times (Eq. (2)) is described by a stretched exponential [29, 30]
given by
!
Ã
µ
¶1/2
µ
¶
t
tβ
t
I(t) = I(0)
exp − β
exp −
,
(7.1)
τdif f
τ0 (t)
τdif f
tÀ

L2
,
π2 D

(7.2)

where τdif f = [2π 2 (3/2)3 Dn21d ]−1 is a characteristic diffusion time and n1d ≡ 1/L is
the one-dimensional density of quenching centers. The exponent β in the stretched
exponential equals 1/3, 1/2 and 3/5 for diffusion in the 1D, 2D and 3D case, respectively.
A complication is that the photoluminescence decay of the neat NRS-PPV is
not monoexponential. In order to account for this more complex decay dynamics a
time-dependent exciton lifetime τ0 (t) is used (see Ref. [14] and references therein).
Correspondingly, the BV model is adapted by including τ0 (t) in the last multiplicative
term exp(−t/τ0 (t)) of Eq. (1), describing the process of radiative and nonradiative
decay of the excited state in the neat polymer film (Fig. 2, dashed curve).
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The PL decay data, measured in NRS-PPV films with varying PCBM density,
were modeled with Eq. (1) using only two free parameters, I(0) and τdif f . The
PL decay in the neat NRS-PPV film (Fig. 2, dashed curve) was used as a reference
to account for the natural exciton decay, giving the time-dependent lifetime τ0 (t).
Values for τdif f are derived from the fits to the data of Fig. 2 for two different PCBM
concentrations in NRS-PPV film (0.43 w% and 0.86 w%) and these are proportional
−2/3
−2
to n−2
= n3D ) [23]. In order to estimate the average distance between the
1D (≡ L
fullerene molecules we used a PCBM molar mass of 900 g, a polymer mass density of
0.91 g/cm3 and we accounted for the fullerene diameter of about 1 nm. For PCBM
concentrations of 0.43 and 0.86 w% the fullerene-fullerene spacing L was found to be
6.3 and 4.8 nm respectively. These values are applied to the right-hand side of Eq. (2)
to test the validity of Eq. 1, yielding 100 ps and 58 ps for the two concentrations,
respectively. Consequently, to ensure the fulfilment of the condition described by
Eq. (2), only the data in the time range from 150 ps till 1.5 ns are considered in
the simulations. Fitting results do not depend on the choice of the time interval,
using p.e. the 400 ps-1.5 ns interval yields identical results. For the 1D model the
experimental data can be accurately fitted with a single exciton diffusion constant of
(4 ± 0.5) × 10−4 cm2 /s.
Combining this exciton diffusion constant with the the time-average of the (timedependent) lifetime hτ i we estimate a value of 7 nm for the exciton diffusion length
LD from [14]
p
LD = Dhτ i.
(7.3)

7.4

Interchain vs intrachain exciton transport

The two- and three-dimensional solutions of the BV model also provide satisfactory
fits to the data (Fig. 7.3) with exciton diffusion parameters, as shown in Table 7.1.
Also shown in Table 7.1 are the exciton diffusion parameters as obtained from the
PL dynamics in well-defined NRS-PPV/fullerene heterostructures (Fig. 1a) [14]. This
diffusion coefficient describes the 1D transport of excitons in the direction orthogonal
to the plane of the films (Fig. 1b) and serves as a reference for the present study;
When the intrachain diffusion, as schematically indicated by the horizontal arrows in
Fig. 1b, is dominant the exciton migration can be regarded as one-dimensional in the
plane of the film. Then, the 1-D analysis of the PL quenching in polymer:fullerene
blends would lead to a significantly higher diffusion coefficient than found in the heterostructure experiment. When both intra- and inter-chain migration are of equal
magnitude a 2D or even a 3D analysis of the PL quenching would result in an equal
number as found in the heterostructure. Finally, a dominance of interchain migration, indicated by the vertical arrows in Fig. 1b, leads to a mainly one-dimensional
movement of excitons perpendicular to the film with the 1D analysis giving identical
numbers as the heterostructure measurements. It is evident that in all cases the heterostructure result for D and LD represent a lower limit for either the 1D, 2D or 3D
analysis.
As seen in Table 7.1 we find that the exciton diffusion parameters as extracted
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Table 7.1: Exciton diffusion parameters derived from modeling bilayer and blend
structures.

Bilayer [14], 1D model
Blend, BV 1D model
Blend, BV 2D model
Blend, BV 3D model

D [10−4 cm2 /s]

LD [nm]

3
4
0.6
0.3

6
7
2.5
2

from the 1D BV model are nearly equal to the heterostructure data, representing the
1D exciton migration normal to the film. However, the increase in the dimensionality
of the model, when modeling exciton diffusion and capture in these blend structures,
results in a dramatic reduction of the derived values for the exciton diffusion constant
D (one order of magnitude). Correspondingly, the typical exciton diffusion length
LD decreases down from 7 nm to values of ∼ 2 nm. Since these numbers are smaller
than the heterostructure limit they can be regarded as unphysically small. Furthermore, such a small LD is in strong contradiction with the relatively high efficiencies
of polymer/fullerene heterostructure photovoltaic devices [31]. The close agreement
between exciton diffusion constants found from the experiments in the heterostructure
(3 × 10−4 cm2 /s) and blend (4 × 10−4 cm2 /s) model systems demonstrates that the
exciton migration in PPV is dominated by energy transfer normal to the polymer film.
With most of the polymer chains aligned parallel to the layer this suggests that the
exciton migration is governed by interchain hopping between conjugated segments on
different polymer chains. The dominance of interchain exciton transport is in qualitative agreement with the result derived from conjugated polymers that are aligned and
encapsulated into the channels of mesoporous silica glass [8]. It was suggested that
the interchain energy transfer is efficient since it only requires the physical proximity
of polymer segments that are dipole-dipole coupled [7]. The fact that we observe that
exciton migration is essentially of one-dimensional nature suggests that the aromaticand side-groups of the polymer chains are preferentially aligned in-plane with the substrate upon spin-processing of the polymer films [6, 32]. Interchain distances in the
in-plane dimension are then controlled by the side-groups and are several times lager
as compared to the direction normal to the plane, which results in a preferentially 1D
migration of excitons by Förster transfer.
It should be noted that the dominance of exciton diffusion perpendicular to the
plane of the film, as observed for NRS-PPV, will depend on the chemical structure
of the polymer. For example, the nature and lengths of side-chains influence the
π − π stacking and energy transfer in various directions, thereby strongly influencing
the exact contribution of each dimension. Furthermore, although polymeric chains
preferentially align in the plane of the film upon spin-coating, there is a significant
portion (15%) of conjugated segments oriented perpendicular to the film plane [3]. As
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Figure 7.3: Luminescence decay curves for a neat NRS-PPV (dashed curve) and
for NRS-PPV:PCBM films of two PCBM concentrations: 0.43 w% (•),
0.86 w% (¥). Solid lines are fits to 2D and 3D cases of Eq. (7.1)
giving the unphysically small exciton diffusion length LD ∼ 2 nm (solid
curves).

a result also exciton migration in the plane of the film will be present. However, the
equivalence of the exciton dynamics in the bilayer heterostructure and blend shows
that for this materials system exciton migration is dominated by diffusion normal to
the plane of the film.

7.5

Conclusions

In conclusion, we have studied the anisotropy of the exciton diffusion in a PPV derivative by monitoring the time-resolved luminescence in polymer:fullerene blend model
systems, where exciton scavengers (fullerene) are randomly distributed in three dimensions. The decay of the luminescence for different fullerene densities is described
by a theory based on a one-dimensional random walk and an exciton diffusion coefficient of (4 ± 0.5) × 10−4 cm2 /s has been derived. The equivalence of exciton diffusion
parameters obtained from bilayer and blend polymer/fullerene model-systems shows
that exciton migration in PPV is of a one-dimensional interchain nature.
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Summary
Conjugated polymers are currently seen as attractive materials for optoelectronic
applications such as light-emitting diodes and solar cells. Excitonic processes play
an important role in the operation of these polymer-based devices. In particular,
the migration of excitons in the conjugated polymer phase of bulk heterojunction
polymer:fullerene photovoltaic (PV) cells is crucial for harvesting of photons. The
length of exciton diffusion sets a limit to the characteristic size of the polymer phase
in this type of PV cell. In polymer light-emitting diodes (PLEDs) based on poly(pphenylene vinylene) (PPV) derivatives, it has been demonstrated that a metallic
cathode effectively quenches the electroluminescence (EL) by photoexcitation energy
transfer from the polymer to the metal. Performance improvement of these polymerbased devices requires physical understanding of the exciton migration and quenching
in thin films of conjugated polymers. The major purpose of this thesis is to provide
an insight into the nature of the excitonic processes crucial for the operation of the
polymer-based optoelectronic devices.
In Chapter 2 we investigate the exciton diffusion length in a random copolymer
of poly(2-methoxy-5-(3’,7’-dimethyloctyloxy)-p-phenylene vinylene) and poly[4’-(3,7dimethyloctyloxy)-1,1’-biphenylene-2,5-vinylene] (NRS-PPV), which is a PPV derivative suitable for optoelectronic device fabrication by solution processing. Exciton diffusion and photoluminescence quenching in conjugated polymer/fullerene heterostructures are studied by means of time-resolved photoluminescence measurements. It is
demonstrated that evaporation of C60 on top of these spin-coated layers results in
ill-defined heterostructures. The C60 diffuses into the polymer layer on a time scale
of several hours, masking the intrinsic exciton diffusion process. As a result, analysis of the photoluminescence quenching of such a heterostructure leads to a strong
overestimation of the exciton diffusion length. This artifact is resolved by the use of
an immobilized electron acceptor layer. For this purpose, a new fullerene derivative
with two diacetylene moieties is developed, which can be polymerized in the solid
state. After polymerization, the resulting poly(F2D) layer is completely insoluble,
and well-defined heterostructures can be constructed with any soluble material on
top of it. Therefore, it serves as an ideal substrate acceptor material to study exciton
diffusion in soft materials such as conjugated polymers. An exciton diffusion length
of 5 ± 1 nm was derived for NRS-PPV/poly(F2D) heterostructure model system from
time-integrated photoluminescence quenching data.
Knowledge of the exciton diffusion coefficient is required to describe the spatial
and temporal evolution of the exciton population in conjugated polymers. In Chapter 3, the exciton diffusion coefficient is directly obtained from the photoluminescence
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dynamics of PPV derivative/polymerizing fullerene bilayer heterostructures. It is
demonstrated that a single exciton diffusion coefficient can be utilized as a descriptive parameter for the dynamics of excitation migration in conjugated polymers. The
photoluminescence decay curves of polymer layers with varying thickness are consistently modeled using an exciton diffusion constant of 3 × 10−4 cm2 /s. The resulting
exciton migration radius amounts to 6 nm, which is a measure for the active part of
the PPV/fullerene heterojunction for photovoltaic applications.
In order to determine an eventual relationship between the charge carrier mobility
and exciton diffusion parameters in conjugated polymers, we performed time-resolved
photoluminescence quenching measurements in polymer/fullerene bilayers for various
PPV derivatives with a varying degree of energetic disorder. The width of the Gaussian DOS σ, which is a measure of the disorder in the polymer, decreases upon the
chemical modifications of the PPV. We demonstrate in Chapter 4 by the numerical
modeling of the photoluminescence decay curves of PPV/fullerene heterostructures
that a reduction of the width of the electronic Gaussian DOS from 125 to 92 meV
leads to a three-order-of-magnitude enhancement of the charge carrier mobility and simultaneously to a one-order-of-magnitude increase of the exciton diffusion coefficient.
The exciton diffusion length is independent of the amount of energetic disorder, since
the increase in the diffusion coefficient is compensated by a decrease of the exciton
lifetime, leading to an exciton diffusion length of 5-6 nm for the various PPV derivatives.
The exciton diffusion length in conjugated polymers is of the same order of magnitude as the estimates for the range of energy transfer to a metal. Therefore, a
fundamental question for polymer-based light-emitting devices to be solved is which
of these two processes is mainly responsible for the quenching of excitons at the interface with the metallic electrode. The dynamics of exciton quenching in a conjugated
polymer due to the presence of metal films is analyzed in Chapter 5. The quenching
is governed by direct radiationless energy transfer to the metal and is further enhanced by diffusion of excitons into the depletion area of the exciton population at
the polymer/metal interface. The time-resolved luminescence is described by a numerical exciton diffusion model with the energy transfer incorporated via long-range
dipole-dipole interaction at the metallic mirror. Our knowledge of the exciton migration in the neat polymer enables us to disentangle the contributions from both the
exciton diffusion and energy transfer to the metal to the exciton quenching process.
For an aluminum electrode strong exciton quenching occurs in a region of typically
15 nm, which can be decomposed in a characteristic energy transfer range of 7.5 nm
and an exciton diffusion length of 6 nm. The inverse cubic distance dependence of
the energy-transfer rate has been demonstrated to be applicable to polymer/metal
structures at distances of several tens of nanometers. Analysis of the luminescence
decay curves resulted in typical energy-transfer ranges of 9.5 and 7.5 nm for gold and
aluminum, respectively.
The quenching of excitons at the Ba/Al cathode of a PLED and its relevance to
the device performance are investigated in Chapter 6. Using the approach presented
above, the decay of the luminescence is analyzed including both nonradiative energy
transfer to the metallic cathode and exciton diffusion. The results of these optical
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studies were implemented in a PLED device model that is based on experimental
results of charge transport and bimolecular recombination, and the exciton density
profiles at any applied voltage were calculated. This combined optical and electrical
characterization leads to a quantitative description of the voltage dependence of the
conversion efficiency of a NRS-PPV based PLED.
Processing of the polymer layers by spin coating implies that the polymeric chains
are mostly aligned in the plane of the substrate. In Chapter 7, we report the study
of the anisotropy of the exciton diffusion in a PPV derivative by monitoring the
time-resolved luminescence in polymer:fullerene blend model systems, where exciton
scavengers (fullerene) are randomly distributed in three dimensions. The diffusion
driven motion of excitons toward these scavengers is modeled using a theory based on
a random walk of a particle on lattice sites with traps. We find that the 3D energy
migration in the films of the PPV-based copolymer is quantitatively described with a
random walk model in which the excitons predominantly migrate in one dimension.
An exciton diffusion constant of (4 ± 0.5) × 10−4 cm2 /s and a diffusion length of 7 nm
obtained for this preferred direction of exciton migration are identical to those found
previously in the polymer/fullerene bilayer model system. This demonstrates that the
exciton dynamics in PPV are dominated by an essentially one-dimensional migration
perpendicular to the film.

Samenvatting
Geconjugeerde polymeren worden gezien als materialen die aantrekkelijk zijn voor
optoelektronische toepassingen zoals licht-emitterende diodes en zonnecellen. Excitonprocessen spelen een belangrijke rol bij de werking van deze op polymeren gebaseerde
toepassingen. Met name voor het oogsten van fotonen in de geconjugeerde polymeer
fase van bulk heterojunctie polymeer:fullereen fotovoltasche (PV) cellen is de migratie
van excitonen belangrijk. De excitondiffusielengte zet een limiet op de karakteristieke
grootte van de polymeer fase voor dit type PV cel. Voor licht-emitterende diodes
gebaseerd op polymeren (PLEDs) die afgeleid zijn van poly(p-fenyleen vinyleen)
(PPV), is er aangetoond dat een metallische kathode zeer effectief de elektroluminescentie (EL) uitdooft via fotoexcitatie-energieoverdracht van het polymeer naar het
metaal. Het verbeteren van de prestaties van deze op polymeren gebaseerde toepassingen vereist een fysisch begrip van exciton migratie en uitdoving in dunne films van
geconjugeerde polymeren. Het belangrijkste doel van dit proefschrift is het verlenen
van inzicht in de intrinsieke eigenschappen van exciton-processen die cruciaal zijn
voor de werking van op polymeren gebaseerde optoelektronische technologien.
In Hoofdstuk 2 bestuderen we de excitondiffusielengte in een willekeurig geordend copolymeer van poly(2-methoxy-5-(3’,7’-dimethyloctyloxy)-p-fenyleen vinyleen)
en poly[4’-(3,7- dimethyloctyloxy)-1,1’-bifenyleen-2,5-vinyleen] (NRS-PPV). Dit is een
PPV afgeleide die geschikt is voor gebruik in optoelektronische toepassingen die gefabriceerd worden vanuit een oplossing. Exciton-diffusie en fotoluminescentie-uitdoving
in geconjugeerde polymeer/fullereen heterostructuren worden bestudeerd met gebruik
van tijdsopgeloste fotoluminescentiemetingen. Er wordt aangetoond dat als we polymeerlagen maken met spincoaten en daar C60 bovenop dampen, dat dit leidt tot slecht
gedefinierde heterostructuren. Het C60 diffundeert de polymeer laag in, op een tijdschaal van enkele uren, en maskeert vervolgens de intrinsieke exciton-processen. Het
eindresultaat is dat de analyse van de fotoluminescentie-uitdoving van een dergelijke heterostructuur leidt tot een sterke overschatting van de excitondiffusielengte.
Dit artefact kan worden teniet gedaan middels het gebruik van een gemmobiliseerde
elektron-acceptor laag. Voor dit doeleinde is er een nieuwe fullereen afgeleide met
twee diacetyleen delen ontwikkeld die gepolymeriseerd kan worden in de vaste fase.
Na het polymeriseren is de resulterende poly(F2D) laag volledig onoplosbaar zodat
goed gedefinieerde heterostructuren geconstrueerd kunnen worden met elk willekeurig
oplosbaar materiaal erbovenop. Het dient zodoende als een ideaal substraat acceptor materiaal om de exciton-diffusie te bestuderen in zachte materialen zoals geconjugeerde polymeren. Analyse van de metingen aan dit modelsysteem dat bestaat uit
een NRS-PPV/poly(F2D) heterostructuur, door middel van metingen aan tijdsgente-
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greerde fotoluminescentie-uitdoving, laten zien dat de excitondiffusielengte 5 ± 1 nm
bedraagt.
De evolutie van de excitonen-populatie in geconjugeerde polymeren in ruimte en
tijd kan alleen beschreven worden indien de excitondiffusiecofficint bekend is. In
Hoofdstuk 3 wordt de excitondiffusiecofficint rechtstreeks verkregen uit de dynamica van de fotoluminescentie van (PPV afgeleide/polymeriseerbare fullereen) bilaagheterostructuren. Er wordt gedemonstreerd dat n enkele excitondiffusiecofficintwaarde
gebruikt kan worden als een parameter die de dynamica van de excitonmigratie in
geconjugeerde polymeren beschrijft. De fotoluminescentie-vervalcurves van polymeerlagen met verschillende laagdiktes worden consistent beschreven met gebruik van een
excitondiffusiecofficint van 3 × 10−4 cm2 /s. De resulterende waarde voor de excitonmigratieradius is 6 nm, wat een maat is voor het actieve deel van de PPV/fullereen
heterojunctie voor fotovoltasche toepassingen.
Om een eventueel verband tussen de ladingsdragermobiliteit en de exciton-diffusie
parameters in geconjugeerde polymeren aan te tonen, voeren we tijdsopgeloste fotoluminescentie-uitdoving metingen uit op polymeer/fullereen bilagen voor verschillende
PPV afgeleides met een varirende mate van energetische wanorde. De breedte van
de Gaussische DOS σ, die een maat vormt voor de wanorde in het polymeer, neemt
af door chemische modificatie van het PPV. We tonen aan in Hoofdstuk 4, bij de
numerieke modellering van de fotoluminescentievervalcurves van PPV/fullereen heterostructuren, dat een afname van de elektronische Gaussische DOS breedte van 125
naar 92 meV leidt tot een toename van de ladingsdragermobiliteit met drie ordegroottes en een toename van de excitondiffusiecofficint met n ordegrootte. De excitondiffusielengte daarentegen is onafhankelijk van de mate van energetische wanorde,
omdat de toename van de diffusiecofficint gecompenseerd wordt door een afname van
de levensduur van het exciton, wat leidt tot een excitondiffusielengte van 5 tot 6 nm
voor de diverse PPV afgeleides.
De excitondiffusielengte in geconjugeerde polymeren is van dezelfde ordegrootte
als de schattingen voor de karakteristiek lengte van de energieoverdracht van excitonen naar een metaal. Voor licht-emitterende toepassingen gebaseerd op polymeren
is het zodoende een fundamentele vraag welke van deze twee processen de hoofdrol
speelt bij het uitdoven van excitonen bij het raakvlak met een metallische elektrode.
De dynamica van exciton-uitdoving in een geconjugeerd polymeer, veroorzaakt door
de aanwezigheid van een metaalfilm, wordt onderzocht in Hoofdstuk 5. De uitdoving
wordt beheerst door directe, stralingsloze energieoverdracht naar het metaal en wordt
verder versterkt door diffusie van excitonen naar het gebied waar de exciton populatie
sterk verlaagd is, nl. bij het raakvlak tussen het polymeer en het metaal. De tijdsopgeloste luminescentie wordt beschreven door een numeriek excitondiffusiemodel
waarin de energieoverdracht meegenomen wordt middels lange-afstand dipool-dipool
interacties bij de metallische spiegel. Onze kennis over de exciton migratie in het zuivere polymeer stelt ons in staat om de bijdrages aan het exciton-uitdovingproces van
de exciton-diffusie en de energieoverdracht naar het metaal te scheiden. Voor een aluminium electrode treedt er een sterke exciton-uitdoving plaats binnen een gebied van
typisch 15 nm. Dit gebied kan gedeconstrueerd worden naar een karakteristiek bereik
voor de energieoverdracht van 7.5 nm en een excitondiffusielengte van 6 nm. Het is
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aangetoond dat de energieoverdrachtsnelheidafhankelijkheid van de inverse van de afstand tot de derde macht toepasbaar is voor polymeer/metaal structuren bij afstanden
tot enkele tientallen nanometers. Een analyse van de luminescentievervalcurves resulteert in typische waardes voor het bereik van de energieoverdracht van 9.5 en 7.5 nm
voor respectievelijk goud en aluminium.
De uitdoving van excitonen bij de Ba-Al kathode van een PLED en de gevolgen
voor het prestatieniveau, worden onderzocht in Hoofdstuk 6. Met gebruik van de hierboven gepresenteerde aanpak wordt het verval van de luminescentie geanalyseerd, inclusief stralingsloze energieoverdracht naar de metallische kathode en exciton-diffusie.
De resultaten van deze optische studies werden gemplementeerd in een PLED model
dat gebaseerd is op experimentele resultaten aangaande ladingstransport en bimoleculaire recombinatie. De exciton-dichtheidsprofielen voor alle aangebrachte voltages
werden uitgerekend. De combinatie van de optische en elektrische karakterisaties
heeft tot een kwantitatieve beschrijving van de voltage-afhankelijkheid van de de
conversie-efficintie van een op NRS-PPV gebaseerde PLED geleid.
Het fabriceren van polymeerlagen middels spin coaten impliceert dat de polymeerketens zich voornamelijk in een vlak bevinden dat parallel ligt aan het substraat. In
Hoofdstuk 7 rapporteren we een studie van de anisotropie van de exciton-diffusie
in een PPV afgeleide middels tijdsopgeloste luminescentie in een polymeer:fullereen
mengsel modelsysteem, waarin de exciton-vangers (fullereen moleculen) willekeurig
gedistribueerd zijn in drie dimensies. De diffusie-gedreven beweging van excitonen
in de richting van deze exciton-vangers wordt gemodelleerd met gebruik van een
theorie waarin de deeltjes een door willekeur bepaald traject volgen en waarin de
excitonen voornamelijk migreren in n dimensie. Een exciton-diffusie constante van
(4 ± 0.5) × 10−4 cm2 /s en een diffusielengte van 7 nm die verkregen zijn voor een
preferentile richting voor de exciton migratie zijn identiek aan de waarden die eerder
gevonden werden in het polymeer/fullereen bilaag-modelsysteem. Dit laat zien dat
de exciton-dynamica in PPV in essentie gedomineerd wordt door een n-dimensionale
migratie loodrecht op de film.
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