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1 
Introduction 

 
An introduction is given to the different types of polymer solar cells. The basic 

operation of polymer bulk-heterojunction solar cells is described. The bulk-

heterojunction solar cells studied in this thesis are introduced and a short overview is 

given of the charge recombination processes in bulk-heterojunction polymer solar 

cells as studied by different techniques. The main issues concerning the 

recombination processes addressed in this thesis are presented. 
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1.1 Polymer solar cells 

Polymer solar cells are promising alternatives for conventional energy sources. Due to 
the lower cost of manufacturing, easy processing and flexibility of polymers, solar 
cells made of organic materials may compete with current inorganic solar cells. 

Early polymer solar cells showed rather low solar power conversion efficiencies.1-

4 In organic materials, photoexcitation results in a strong Coulombically bound charge 
pair (referred to as exciton). Without addition of electron donating/accepting dopants 
or functional groups, the efficiency of charge carrier generation in polymers is low. 
The energy needed for exciton dissociation comes available by relaxation from higher 
excited singlet states to the lowest excited singlet state.5 However, this energy is 
rapidly dissipated.  

Polymer solar cells based on a combination of donor and acceptor materials, 
showed a dramatic increase in efficiency.4,6-8 In such devices photogeneration of the 
charge carriers occurs mainly by charge transfer at a donor–acceptor interface. Solar 
cells consisting of a bilayer of donor and acceptor materials have a single donor–
acceptor interface across which the charge transfer step takes place. Provided that the 
exciton diffusion length is larger than the distance to the donor–acceptor interface, 
charge generation takes place with near unit efficiency.9 The disadvantage of this 
architecture is that the optimal thicknesses of the donor and acceptor layer are equal to 
the exciton diffusion length. Measured exciton diffusion lengths of various conjugated 
polymers range from 5 to 14 nm.10 If the exciton decays in a time shorter than 
necessary to diffuse to the interface, it will not contribute to the photogeneration of 
charges.  

This limitation has been overcome by the use of a bulk-heterojunction 
architecture. The most efficient polymer solar cells to date are based on this 
architecture. Bulk-heterojunction solar cells use a nanoscopically phase-separated 
blend of an electron donating and an electron accepting material in the active layer. 
This leads to donor and acceptor domains, separated by a large interfacial area. 
Compared to the bilayer, in a bulk-heterojunction, excitons have to diffuse a much 
shorter distance to the interface and charge generation takes place throughout the 
bulk, leading to high charge photogeneration efficiency. The drawback of the bulk-
heterojunction concept, however, is that the collection of the photogenerated charges 
becomes strongly dependent on the morphology of the blend. 

Bulk-heterojunction solar cells were first made by blending polymers with 
fullerenes.11,12 Power conversion efficiencies of polymer–fullerene bulk-
heterojunction solar cells have reached 3.3% to date under AM1.5 irradation.13-16 
Polymer–fullerene solar cells for which the morphology has been optimized, show 
high charge collection efficiencies.14 The performance of such optimized polymer–
fullerene solar cells is mainly limited by the poor overlap of their absorption spectrum 
with the solar light spectrum and the weak absorption of the fullerene. Therefore, 
extensive research is carried out searching for alternative materials.  

One alternative is to base the bulk-heterojunction solar cell on a mixture of 
strongly absorbing polymers with electron donating (p-type) and accepting (n-type) 
properties.17-19 A larger part of the solar light can be absorbed by lowering the band 
gap of the polymers and thereby increasing the absorption of infrared light. Various 
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low band gap polymers have been designed for this task.20-22 Polymer bulk-
heterojunctions have shown a photovoltaic effect.17 However, to date, polymer–
polymer solar cells have smaller power conversion efficiencies than polymer–
fullerene cells. Bulk-heterojunctions with PCNEPV as electron acceptor and PPV 
derivatives as electron donor show the highest power conversion efficiency obtained 
(1.7%) for polymer–polymer cells.23,24  

Another alternative is to blend a strongly absorbing p-type polymer with an 
inorganic nanostructured n-type semiconducting inorganic material.25-28 Such hybrid 
polymer solar cells have obtained AM 1.5 power conversion efficiencies of 2.8%.29 

Given their similar architecture, one may assume that important photophysical and 
electronic processes in polymer–polymer and polymer hybrid solar cells resemble 
those in the polymer–fullerene bulk-heterojunction.  

The operation of polymer bulk-heterojunction photovoltaic devices is not yet 
completely understood. One of the remaining issues is why the external quantum 
efficiencies reported for these cells are so high, despite the strong Coulomb 
interaction between the photogenerated electrons and holes in organic materials. 
Furthermore, due to the large interfacial area in bulk-heterojunction photovoltaic 
devices, recombination losses of the photogenerated charges are expected to impede 
efficient charge collection. Therefore, a better understanding of the charge 
recombination dynamics in devices is needed.  

1.2 Polymer bulk-heterojunction solar cells 

The power conversion process in polymer heterojunction solar cells can be described 
in the following basic steps: exciton generation and charge transfer, charge pair 
dissociation, and charge transport and collection. 

1.2.1 Exciton generation and charge transfer 

To achieve a high efficiency of charge generation, the active material in the solar cells 
should absorb as large a part of the solar light as possible. Upon absorption of a 
photon, an exciton is created in the active layer. The exciton diffuses to the interface 
between the donor and acceptor materials where it is dissociated into charges by a 
charge transfer reaction.  

Organic molecular materials are characterized by low values for the relative 
dielectric constant, typically εr = 3 to 4.30 The disordered arrangement of molecules or 
chain segments in the donor and acceptor domains will limit the delocalization length 
of the charge carriers to almost molecular dimensions. Therefore, one expects a strong 
Coulombic binding between a photogenerated electron and hole at the donor–acceptor 
interface. The electron and the hole may either undergo internal recombination 
(geminate recombination) or dissociate into free charge carriers when the carriers 
escape their mutual Coulombic attraction. 

1.2.2 Charge pair dissociation  

The electric field present in photovoltaic devices may facilitate dissociation of the 
interfacial electron–hole pairs into free charge carriers.9,31-36 It has been shown that a 
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built-in electrical field, resulting from the use of two electrodes with different work 
function, is essential to collect the charges generated at the interface efficiently.35 

The dissociation of the Coulombically bound electron–hole pair at the interface is 
often described by an Onsager-type model. Onsager theory predicts the probability for 
dissociation of a pair of two oppositely charged carriers by an external electric field as 
function of the initial separation of the carriers, strength and orientation of the field. 
Calculations of the Onsager radius,37 i.e. the distance at which the electrostatic 
binding energy of the two oppositely charged carriers is equal to the thermal energy, 
yields values of ~15 nm at room temperature and ~50 nm at 80 K. This is much larger 
than the molecular dimensions and so one may expect the electron–hole pair to be 
strongly bound. Evidence for such bound electron–hole (or polaron) pairs have come 
from magnetic resonance studies.38 The energy needed for separation of the pairs is 
estimated to be considerably larger than the thermal energy kT. At first sight this 
seems in contradiction with the high yields for collected charges in photovoltaic 
devices based on in polymer–fullerene blends.14 

The initial separation of the electron–hole pairs is due to thermalization of the hot 
carriers formed directly after charge transfer.9 It was argued that the excess photon 
energy after dissociation of the exciton is available to separate the Coulombically 
bound electron–hole pair at the interface into free charge carriers.39 The dissociation 
probability in bilayers was found to be enhanced by the interface in the following 
ways:9 First, since the electron and hole reside in two different phases, recombination 
of the charge carriers is limited to the region near the interface. Second, the electron–
hole pair is oriented by the interface. The orientation of the electric dipole made up by 
the charges is limited to a half sphere at the interface, as opposed to a full sphere in 
solar cells based on an active layer made of a single type of material. This orientation 
favors carrier separation perpendicular to the interface, thus in alignment with the 
electric field. And third, the electron and hole carriers in the domains separated by the 
interface are characterized by different mobilities.40 A large mobility difference will 
be unfavorable for carrier transport, but beneficial for charge pair dissociation.9,41 

Another model suggests an additional role of the interface in assisting charge pair 
dissociation.42 Due to the zero-point oscillation of the hole in the Coulombic well of 
the electron, an effective energy barrier may be formed which prevents back transfer 
of the hole. A dipole layer at the interface, due to partial charge transfer prior to 
photoexcitation, narrows the potential well and thereby increases both the energy of 
zero-point oscillations and the height of the barrier, thus reducing the probability of 
geminate recombination. 

1.2.3 Charge transport and collection  

In order to collect the photogenerated charges, the carriers have to migrate through the 
active materials to the electrodes. The active layer in polymer solar cells is usually 
deposited by spin-coating. In such a spin-coated film, the polymer chains are arranged 
in a disordered fashion. Conformational and chemical defects in the polymer chains 
and molecules will restrict the charge carriers to small segments, often referred to as 
sites. As a result, the delocalization length of the charge carriers is limited to almost 
molecular dimensions. The distribution of the π-conjugation lengths of the polymer 
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segments, results in a distribution of the energies of the localized states available to 
the charge carriers.  

Charge transport in energetically disordered materials has been successfully 
described within the Gaussian disorder model.43 In this model, energetic disorder is 
modeled by a Gaussian distribution of energy levels of the sites. After 
photogeneration of the charge carriers in the disordered system, the charge carriers 
relax towards tail states of the Gaussian distribution while performing a random walk 
throughout the disordered potential energy landscape. During this random walk, the 
carriers may get trapped on a low energy site. The charge can either be freed by 
thermal activation 39 or it may tunnel to a nearby site, without thermal activation.44 

The low mobility of the charge carriers in polymer solar cells may explain the 
longevity of the charge carriers in comparison with those in devices based on 
inorganic semiconductors. The longevity of the carriers increases the time available to 
extract the photogenerated charges from the device. Provided that uninterrupted 
pathways exist to the two electrodes, the photogenerated electrons and holes may be 
collected in an external circuit before they recombine. Microscopy studies reveal that 
the efficiency of this process depends on the interface between the electron donating 
and accepting material and the morphology, i.e. the extent and dimension of phase 
separation of the blend.19,21,45-48 In optimized bulk-heterojunction photovoltaic cells 
the yield of generating and extracting charges under illumination can be very high. 
Under short circuit conditions, external quantum efficiencies of 50–75% have been 
reported recently.13,14,16,49 

To achieve such efficient collection, the mobility of the charge carriers must be 
high enough to prevent high losses due to recombination. For materials with a low 
mobility, this puts a restraint on the thickness of the active film.50 A longer charge 
residence time in the film creates more chances for non-geminate charge 
recombination. Combined with the intimate blending of donor and acceptor materials 
in bulk-heterojunctions, the collection of photogenerated charges from thick films is 
likely to be in competition with non-geminate recombination.51 Non-geminate 
recombination during charge transport may be limiting the performance of these cells 
rather than generation.46 In order to understand the performance of optimized solar 
cells, detailed investigation of the complex recombination dynamics of the 
photogenerated charge carriers is therefore necessary.  

1.3 Recombination processes in bulk-heterojunction solar cells 

1.3.1 The MDMO-PPV:PCBM blend 

A well-studied blend of materials for bulk-heterojunction solar cells is the 
combination of MDMO-PPV (poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-
phenylene vinylene]) and PCBM (1-(3-methoxycarbonyl)-propyl-1-phenyl-[6,6]C61). 
Photovoltaic devices based on this blend give an optimum performance by mixing the 
MDMO-PPV and the PCBM in a 1:4 weight ratio.14,15 Power conversion efficiencies 
up to 2.5% have been achieved. The morphology of the blend has been studied in 
detail.47,48 When films are spin-coated from a solution containing MDMO-PPV and 
PCBM in a ratio of 1:4 by weight, domains rich in PCBM with typical dimensions 
around 80–100 nm are observed which are embedded in a matrix of material rich in 
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polymer. Transmission electron microscopy and selected-area electron diffraction 
studies showed that the PCBM-rich clusters consist of many PCBM nanocrystals with 
random crystallographic orientations.52 The PCBM rich phase extends throughout the 
film 47 and a model in which PCBM is present in domains with columnar shape has 
been proposed.48 A schematic picture of the MDMO-PPV:PCBM solar cell is shown 
in Figure 1-1. In the MDMO-PPV:PCBM blend, most light is absorbed by the 
MDMO-PPV, because of its high absorption coefficient. Photogeneration of the 
charge carriers occurs with a time constant of 45 fs and a quantum yield near 
unity.11,53-55 Because the properties of the MDMO-PPV:PCBM blend are well known, 
it serves as the ideal model system for study of the charge recombination dynamics in 
polymer bulk-heterojunction solar cells. 

PC
60

BMMDMO-PPV

electron

O

OMe---

light

LiF/Al electrode

ITO electrode

glass

+

-
i V

100 nm

PEDOT:PSS
O

O
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Figure 1-1 Left: Schematic drawing of a bulk-heterojunction solar cell. The cell consists of 

the MDMO-PPV:PCBM blend as active layer, sandwiched between a transparent electrode 

(ITO) and an Al/LiF electrode. An additional PEDOT:PSS layer is used to improve charge 

collection. Right: Chemical structure of MDMO-PPV (poly[2-methoxy-5-(3’,7’-dimethyl-

octyloxy)-1,4-phenylene vinylene]) and PCBM (1-(3-methoxycarbonyl)-propyl-1-phenyl-

[6,6]C61). 

1.3.2 Recombination processes 

After charge transfer, the charges may either escape their mutual Coulombic attraction 
and can be collected, or they recombine with a charge carrier of opposite sign to the 
ground state at the donor–acceptor interface. At the interface, the charges can either 
recombine geminately or non-geminately.  

In case of geminate recombination, the charge carriers within a single 
photogenerated charge pair recombine. In this case, the recombination rate is expected 
to be independent on excitation density, and the concentration of the generated charge 
pairs depends linearly on excitation density (monomolecular decay).  

In case of non-geminate recombination, the charge carriers from multiple charge 
pairs recombine and the recombination kinetics is therefore strongly dependent on 
excitation density. Non-geminate recombination is expected at high excitation 
densities. In the absence of trap sites, non-geminate recombination is a bimolecular 
reaction and occurs at a single reaction rate (non-dispersive). 

In the presence of trap sites, non-geminate recombination does not necessarily 
show bimolecular type kinetics. Relaxation of the photogenerated charge carriers to 
trap sites in the disordered potential landscape leads to dispersive recombination 
kinetics.43 In disordered materials, a power-law type decay of the charge carriers has 
been observed and related to dispersive recombination kinetics.56-58 If the 
recombination is limited by the detrapping rate of the charge carriers, it may show 
decay rates, which are independent of intensity in certain time range. In such a case, it 
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is difficult to distinguish the non-geminate bimolecular decay from a monomolecular 
decay process. 

Furthermore, numerical simulations of bimolecular recombination kinetics of 
excitations in a system in which the excitations are allowed to hop within a Gaussian 
density of states, show that, with time exceeding the energetic relaxation time of the 
excitations, at thermodynamic equilibrium a transition from dispersive (dn/dt ~ t

–1) to 
non-dispersive (dn/dt ~ t

–2) recombination may be observed.59 

To identify the processes governing the recombination dynamics, the decay of the 
charge-separated state is usually studied by temperature dependent, excitation density 
dependent, and time-resolved measurements. 

1.3.3 Photoinduced absorption spectroscopy 

The recombination dynamics of the photogenerated charges can be studied by 
photoinduced absorption (PIA) spectroscopy. In a PIA measurement, the material 
under investigation is excited via an allowed optical transition from the neutral ground 
state. The change in transmission of a probe beam is monitored after excitation at the 
wavelength at which the photoexcitations show an intense absorption band. In 
polymer–fullerene blends, usually the bleaching or the absorption of the positively 
charged photoexcitations (referred to as polarons or radical cations or holes) in the 
polymer are probed, because of the weak absorption coefficients associated with the 
charged states in the fullerene. 

Early transient absorption measurements on the picosecond time scale on 
polymer–fullerene blends showed the fast subpicosecond charge transfer 11,53-55 and a 
much slower decay of the charge separated state.12,60 More recently, transient 
nanosecond absorption measurements have been carried out,39,51,56,58 showing that the 
dynamics of charge recombination extends into the millisecond time scale. 

Transient optical spectroscopy on films of MDMO-PPV:PCBM at room 
temperature show a strongly excitation intensity dependent decay of the positively 
charged MDMO-PPV polarons, at time scales <20 ns, consistent with non-geminate 
recombination. On time scales >300 ns a slow power-law type of decay of the polaron 
concentration n following laser excitation according to n(t) = t

–0.4 was found, with 
decay and amplitude independent on incident laser intensity.56 This power-law type 
decay is indicative of dispersive recombination dynamics of localized charge 
carriers.57 Intensity independent decay is expected if the recombination is geminate. 
However, at higher excitation densities one would expect non-geminate 
recombination to be dominant. The intensity independent decay and amplitude cannot 
be explained in simple terms of a non-geminate bimolecular recombination reaction. 
Instead, the decay has been attributed to recombination, in which the dynamics is 
governed by thermal activation of the photogenerated holes from a limited number of 
traps and therefore shows an apparent monomolecular, intensity independent decay.56 
At very low temperature measurements suggest that the recombination is mainly due 
to tunelling.44 

Recently, the attention has shifted to photoinduced absorption measurements on 
photovoltaic devices under working conditions, and the influence of an externally 
applied electric field on the recombination dynamics has come under 
investigation.61,62 In the devices, collection of the photogenerated charges competes 
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with recombination. Photoinduced absorption measurement in the presence of an 
electric field can be applied to determine the mobility of the photogenerated charge 
carriers in the device.63  

Application of an external voltage over the device is expected to result in an 
increase of the average lifetime of the photoinduced charges by stabilization of the 
bound electron–hole pairs.9,31-36 Electromodulated photoinduced absorption (EPA) 
measurements on MEH-PPV:C60 films show that a moderate electric field 104–105 
V/cm has a negligible effect on the lifetime of mobile charge carriers, but a significant 
influence on lifetime of the charge transfer complex at the donor–acceptor interface.64 
In other studies it is found that the electric field enhances the escape of the charge 
carriers from their mutual Coulombic potential well. An increase in amplitude of the 
PIA signal with electric field was observed, though almost no change in the frequency 
dependence of the signal.65 It was suggested the increase of the PIA signal is due to a 
bias-dependent increase of the mean free path of the carriers.65 

1.3.4 Photocurrent measurements 

By applying a bias over the device, the photogenerated charges can be extracted. The 
processes limiting charge extraction are usually identified by temperature, voltage and 
light dependence measurements of the photocurrent.  

Recent modeling of voltage dependence of the photocurrent in MDMO-
PPV:PCBM bulk-heterojunction devices suggests that the photocurrent generation is 
dominated by the dissociation efficiency of the bound electron–hole pairs at the 
donor–acceptor interface.35 In this model, the high experimental external maximum 
quantum efficiencies can be accounted for when a lifetime of 1 microsecond of the 
photogenerated electron–hole pair is assumed.35  

Temperature dependence measurements of the short–circuit photocurrent in this 
solar cell show a strong influence of temperature.50 This was attributed to the 
thermally activated transport of carriers, influenced by recombination with shallow 
traps. The near-linear dependence of the short-circuit current was assigned to mainly 
monomolecular recombination losses under short circuit conditions. The absence of 
bimolecular recombination together with the strong temperature dependence indicates 
that the collection efficiency is limited by the charge transport properties of the active 
materials rather than by dissociation of the geminate pairs. It was suggested that a low 
charge carrier mobility combined with a strong temperature dependence, limit the 
photocurrent and as a result in optimized devices the active layer thickness must be 
kept low at the cost of photogeneration.50 Simulations of photocurrent generation in a 
100-nm thick device show that, if the mobility of the charge carriers is high enough, 
charge collection can indeed successfully compete with recombination, leading to a 
linear dependence on light intensity I at short circuit.39  

Recent studies address the light intensity dependence of the photocurrent. If the 
photocurrent is limited by bimolecular recombination, a dependence of I1/2 has been 
predicted.66 However, new studies show that even in case of bimolecular 
recombination a linear dependence on light intensity may be observed.67 It was 
demonstrated that for a large difference between the electron and the hole mobility, 
the charges are not extracted at equal rates and space charge builds up in the device. 
Then the photocurrent follows a weaker dependence on the light intensity (I3/4).68  
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These observations show that trap states play an important role in the 
recombination processes and charge collection in bulk-heterojunction polymer solar 
cells.  

1.3.5 Time delayed collection field experiments 

A way of quantitatively probing the number of photogenerated charge carriers trapped 
in the device as a function of time is a time delayed collection field experiment 
(TDCF). In such an experiment the laser pulse is followed by an electric field pulse at 
variable delays to sweep out the photogenerated charge carriers. In contrast to the PIA 
technique in which the exact concentration cannot be determined because the 
absorption cross-section for the charge carriers is not known, this technique allows for 
measurement of the number of charge carriers present in the device.  

The TDCF technique has been used extensively to study recombination processes 
in amorphous semiconductors such as amorphous silicon,69,70 arsenic triselenide 71 as 
well as small organic molecules, 72 and lately, π-conjugated polymers.34,73-77 In these 
materials charge transport is dispersive resulting from multiple trapping or hopping 
events. Energetic relaxation of the charge carriers toward trap states in the tail of the 
density of states distribution gives rise to a time dependent mobility.  

Recently, the time dependent mobility of photogenerated charge carriers in a 
polythiophene 74 and photovoltaic devices consisting of a very thick layer (260 nm) of 
MDMO-PPV:PCBM 78 has been measured using the Photo-CELIV technique.79 In the 
Photo-CELIV technique, a voltage is applied to extract charges from the device and 
determine the charge carrier lifetime, as is in the TDCF technique, however, a linearly 
increasing voltage is used to simultaneously determine the charge carrier mobility. 
Photo-CELIV on MDMO-PPV:PCBM at room temperature show a decay of the 
charge concentration n approaching n(t) ~ t–1

 (dn/dt ~ t
–2), indicative of non-dispersive 

bimolecular recombination of the photoinduced charge carriers.74,78  

1.4 Aim of the thesis 

Studies on charge separation and recombination processes in polymer bulk-
heterojunction photovoltaic devices under actual working conditions have started only 
recently, and are of major interest to the understanding of the principles of operation 
of the devices. At present it is not fully understood why the separation of the 
photogenerated charges at the bulk-heterojunction interface is so efficient. The charge 
separation is likely to be affected by several factors, such as temperature, the electric 
field present in the device, and disorder in the active materials. For many 
combinations of donor and acceptor materials used in photovoltaic devices, the 
mobilities of the electron in the accepting component and the hole in the donating 
component are different. The influence of this difference in mobility on the 
dissociation of geminate charge pairs at the interface has not yet been systematically 
investigated. Because of the low mobility of the charges in disordered polymeric 
materials, charge collection is expected to compete with charge recombination. 
However, if the charge recombination dynamics is sufficiently slow, charge 
recombination may not limit charge collection. A better understanding of the complex 
decay dynamics of the photogenerated charge carriers in these devices is therefore 
necessary. In this thesis, the influence of disorder, the internal electric field and the 
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temperature on the recombination processes in polymer bulk-heterojunction solar cells 
are investigated with a variety of different techniques, both experimental and 
theoretical. 

1.5 Outline of the thesis 

The field and temperature dependence of the concentration of the photogenerated 
charges in MDMO-PPV:PCBM photovoltaic devices is investigated by near-steady-
state photoinduced absorption measurements in Chapter 2. The results are compared 
with photocurrent measurements under identical conditions.  

The influence of deeply trapped charge carriers in the device on the photocurrent 
is further examined in Chapter 3. 

To investigate the dynamics associated with the photogenerated hole at a shorter 
time scale, hole-burning spectroscopy is applied (Chapter 4). For these 
measurements a nanosecond time-resolved photoinduced absorption setup has been 
developed. It will be shown that the recombination dynamics is governed by 
detrapping of the hole in particular, leading to virtually monomolecular recombination 
dynamics.  

The role of disorder on the recombination kinetics of a geminate electron–hole 
pair created at a donor–acceptor heterojunction is investigated in Chapter 5. For this 
numerical simulations of the recombination dynamics are employed using the Monte 
Carlo technique. The temperature, external electric field, and the width of a Gaussian 
density of states distribution for both the electron and the hole transporting material 
are parameters that can easily be varied in the Monte Carlo simulation. In the initial 
geminate pair, the motion of the electron and the hole will be correlated by their 
Coulomb interaction. Such correlation can have a strong influence on the dynamical 
behavior of the particles.80 It will be shown that the dissociation of geminate charge 
pairs is assisted by disorder and the results can be understood in terms of a two-step 
model.  

In Chapter 6, the charge carrier dynamics in MDMO-PPV:PCBM solar cells is 
probed electrically. To this end, the TDCF technique is applied for the first time to 
polymer solar cells. The results are compared with those obtained by the time-
resolved photoinduced absorption measurements presented in Chapter 4. 

The photophysical properties of a polymer–polymer blend (MDMO-
PPV:PCNEPV) are investigated in Chapter 7. Possible loss channels for charge 
generation in photovoltaic devices based on this blend are identified.  

In Chapter 8 the main results obtained by the different techniques are summarized 
and discussed. 
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2 
Excited state spectroscopy of MDMO-
PPV:PCBM solar cells under operation 

 
Near-steady-state photoinduced absorption (PIA) spectroscopy is employed to study 

the charge carrier dynamics in polymer–fullerene (MDMO-PPV:PCBM) solar cells 

under operating conditions. The PIA measurement on the device is significantly more 

complicated than the PIA measurement on neat films, because the spectra are affected 

by the electrodes. Application of a reverse bias results in the increase of the PIA 

signal of photogenerated charge carriers and is accompanied by an increase of the 

photocurrent. Comparison between photocurrent measurements and PIA 

measurements under identical conditions shows that the two techniques probe 

different subsets of the photogenerated charge carriers. While near-steady-state PIA 

is sensitive to trapped carriers at the microsecond time scale, the photocurrent is 

mainly due to mobile charge carriers that are not deeply trapped.  
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2.1 Introduction 

Photoinduced charge transfer from MDMO-PPV to PCBM takes place on the 
femtosecond time scale.1-4 Recombination of the metastable charge pair created at the 
interface of the two materials by back transfer is a much slower process and takes 
place at a far longer time scale.5,6 This difference has been utilized with success in 
fabricating photovoltaic devices based on these materials. High external quantum 
efficiencies have been reported for the devices.7 Because of the long lifetime of the 
charge separated state in the blend, the charge carrier dynamics in films of MDMO-
PPV:PCBM have been studied extensively by near-steady-state absorption 
spectroscopy and more recently by nanosecond time-resolved transient absorption 
spectroscopy.8-11 Photoinduced absorption (PIA) measurements on films (no internal 
electric field) indicate that the recombination dynamics is limited by thermally 
activated detrapping of the positive polarons 9,11,12 as will be shown in Chapter 4. 
Lately, the recombination dynamics under the influence of an externally applied 
electric field has come under investigation.13,14 Application of an external voltage 
over photovoltaic devices made of the MDMO-PPV:PCBM blend is expected to 
result in an increase of the average lifetime of the photoinduced charges. It was shown 
that the photogenerated electron–hole pairs can be stabilized by an electric field.15-21 
In Ref. 13,14, the lifetime of photoinduced charges is found to decrease with 
increasing reverse bias by discharge at the device contacts. In contrast, the amplitude 
of the PIA signal of the MDMO-PPV radical cation is found to increase with reverse 
bias by field assisted detrapping of the persistent charge carriers, that are too long-
lived at low fields to be detected by PIA. The magnitude of the photocurrent under 
short circuit conditions depends on the dissociation efficiency of bound electron–hole 
pairs at the donor–acceptor interface. At low temperature (200 K) the photocurrent in 
devices was found to be limited by space charge effects 8 at high illumination 
intensity. In this Chapter it will first be shown that the electrodes significantly 
influence the PIA measurement as compared to the PIA measurement on neat films. 
Subsequently, a study of the charge carrier dynamics in the MDMO-PPV:PCBM solar 
cell under operation by means of photoinduced absorption spectroscopy and by 
photocurrent measurements under the same conditions is presented.  

2.2 Experiment 

2.2.1 Device preparation 

The photovoltaic devices were prepared using glass substrates with patterned indium 
tin oxide (ITO). After careful scrubbing, cleaning, and UV-ozone treatment, a 100 nm 
thin layer of poly(3,4-ethylenedioxythipophene):poly(styrene sulfonate) 
(PEDOT:PSS) (Baytron P, H.C.Starck) was applied by spin-coating, followed by the 
100 nm composite layer of poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1-4-
phenylene vinylene]:1-(3-methoxycarbonyl)-propyl-1-phenyl-[6,6]C61 (MDMO-
PPV:PCBM) in a 1:4 wt ratio from a chlorobenzene solution. The metal back 
electrode of LiF (1 nm) and Al (150 nm) was evaporated at 5 × 10-6 mbar through a 
shadow mask.  
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2.2.2 PIA spectroscopy 

Near-steady-state photoinduced absorption (PIA) spectra were recorded between 0.35 
and 3.00 eV by exciting with 2.7 eV photons from a mechanically modulated Ar+ 
laser. The resulting change in transmission (∆T) of a tungsten halogen probe light 
through the device after reflection at the back electrode was monitored with a phase-
sensitive lock-in amplifier after dispersion by a grating monochromator and detection 
using Si, InGaAs, and cooled InSb detectors (Figure 2-1). The pump power incident 
on the sample was typically 25 mW with a spot diameter of 3 mm. The PIA (–∆T/T) 
was directly calculated from the change in transmission after correction for the 
photoluminescence. Temperature was controlled between 80 and 300 K with an 
Oxford Optistat cryostat. 

V

white light

CW laser

monochromator

Lock-in amplifier

detector

Rs

V

white light

CW laser

monochromator

Lock-in amplifier

detector

Rs

 
Figure 2-1 Schematic of the used setup. 

2.2.3 Photocurrent measurements 

The photocurrent was measured using a modulated excitation (77 Hz) with 2.7 eV 
photons with intensity 0.4 W/cm2 from the Ar+ laser used in the PIA measurements, 
under background light illumination from a tungsten halogen lamp with similar 
intensity. The photocurrent was evaluated by measuring the amplitude of the 
oscillating voltage over a probe resistance Rs (0.02 Ohm) connected in series with the 
device using a lock-in amplifier (Figure 2-1). In forward bias the series resistance of 
the solar cell is finite, and in measuring the photocurrent care has to be taken that the 
Rs is much smaller than the series resistance of the solar cell. The driving voltage over 
the device was applied using a Keithley 2400 source measuring unit. During the 
measurement the device was held in vacuum using an Oxford Optistat cryostat, at 
room temperature or at 80 K. 

2.3 Experimental considerations 

2.3.1 Photoinduced absorption spectroscopy on semi-transparent devices 

In this section the influence of a transparent metal layer on the PIA spectrum of an 
MDMO-PPV film is evaluated. MDMO-PPV films with varying thickness (100 nm 
and 40 nm) were spin-coated on a glass substrate and transparent (15 nm) thin Al 
layers were evaporated on top, partially covering the polymer layer. Near steady-state 
PIA measurements at 80 K were performed, exciting the polymer layer next to the Al 
layer or through the Al layer (Figure 2-2).  
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Figure 2-2 PIA spectra of MDMO-PPV films of different thickness (40 nm, solid line; 100 

nm, dashed line) on glass with a thin (15 nm) Al top layer recorded at 80 K with excitation at 

458 nm (0.8 W/cm
2
) and a modulation frequency of 37 Hz, compared to the spectrum of 

MDMO-PPV (40 nm) on glass without Al top layer (dotted line). 

Exciting next to the electrodes results in a spectrum similar to that obtained for a 
neat MDMO-PPV film: a triplet absorption at 1.35 eV and a low intensity absorption 
below 0.4 eV due to radical cations. The spectrum obtained by exciting through the Al 
layer and measuring in transmission, however, shows a band at 1.52 eV. At 1.35 eV a 
contribution of the triplet state can be observed for the 100 nm film, but this 
contribution is absent for the 40 nm film. The MDMO-PPV radical cation has 
absorption bands around 1.4 eV and 0.4 eV. No radical cation band was measured at 
0.4 eV. Therefore, the 1.52 eV band cannot be assigned to (bulk) charges. In Figure 
2-3 the PIA spectra of glass/MDMO-PPV (40 nm)/Al (150 nm) recorded in 
transmission and reflection geometry are shown. The X (in-phase) and Y (90 degrees 
out-of-phase) components of the output of the lock-in amplifier are plotted. The Y 
component is similar in magnitude to the X component. The measurements in 
reflection show absorption around 1.3 eV and an increased reflection at 1.6 eV 
(Figure 2-3b). The crossover through zero occurs close to 1.45 eV.  

The PIA spectra bear close resemblance to thermotransmission and 
thermoreflection spectra on a thin Al layer carried out by Rosei and Lynch 22 (Figure 
2-3). These authors showed that at a certain spectral position, corresponding to an 
interband transition of Al, the reflectivity of Al changes relatively strongly with 
temperature. The ∆R/R spectrum of Al measured at 120 K using modulated heating 
power resulting from an AC current through the Al, shows a relatively large positive 
contribution at 1.5 eV, a zero crossing at 1.44 eV, and a negative contribution at 1.30 
eV.  
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Figure 2-3 PIA spectra in transmission (a) and reflection (b) of glass/MDMO-PPV (40 

nm)/Al (15 nm) recorded at 80 K with excitation at 458 nm (0.8 W/cm
2
) through glass using a 

modulation frequency of 37 Hz. The solid line is the X component, the dashed line the Y 

component of the signal. The thermotransmission (a) and thermoreflection (b) signals of a 29 

nm Al film at 120 K are shown with open (∆T/T) and closed (∆R/R) circles. About 1.5 W of 

modulating power were dissipated in the sample (data taken from Ref. 22). 

In the experiments presented here, illumination with the modulated Ar+ laser beam 
results in various types of photoexcitations, which eventually decay to the ground 
state and produce heat. The heat generated in the polymer layer will diffuse to the Al 
layer. This results in a slight heating of the metal. This gives rise to the 
thermotransmission and thermoreflection effect mentioned above. Eventually, the heat 
in the polymer and the thin Al layer will diffuse into the thick glass substrate. Then, 
the thermal excitation in the metal decays in time according to 1/√t and lags behind in 
phase relative to the optical excitation with a phase angle of 45 degrees.23 

To avoid the large contribution of the thermotransmission of the Al at 1.52 eV, 
which overlaps with the MDMO-PPV radical cation absorption band, PIA 
measurements are performed in reflection geometry. To minimize effects of the 
thermoreflection, the intensity of the signals due to MDMO-PPV were measured at 
the zero-crossing of the thermoreflection close to 1.45 eV. 

2.3.2 Photoinduced absorption spectroscopy in reflection on devices 

One other complication in measuring photoinduced absorption on devices based on 
thin polymer films in reflection geometry is the reduced absorption of light by films 
on which a metal electrode is spin-coated as compared to neat films without 
electrodes, as will be shown below.  

Photoinduced absorption measurement in transmission on a MDMO-PPV:PCBM 
film spin-coated on glass shows the absorption bands of the radical cation of MDMO-
PPV at 0.4 eV and 1.4 eV (Figure 2-4). The measurement on the glass/MDMO-
PPV:PCBM/Al sample recorded in reflection, however, shows only an absorption 
band around 1.4 eV, an increased bleaching band, and the thermoreflection 
contribution at 1.5 eV also observed for the glass/MDMO-PPV/Al sample (Figure 
2-3b). As a control measurement, a sample was measured for which the Al layer was 
evaporated on the glass side instead of on top of the blend, thus increasing the 

a b 
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distance between polymer layer and Al layer. Only when the Al layer was evaporated 
directly on the blend, the absorption band around 0.4 eV was absent.  

Because of the apparent absence of the 0.4 eV band, the PIA signal of the 
glass/MDMO-PPV:PCBM/Al sample could be falsely attributed to triplet excitations 
in the device. The triplet of MDMO-PPV has a single PIA band at 1.35 eV. However, 
the triplets are not formed in this blend and the single band is assigned to originate 
from MDMO-PPV radical cations. 

This then leaves to explain the reduction of the intensity of the low-energy PIA 
band of MDMO-PPV radical cations at 0.4 eV. Actually, the reduced absorption in 
the infrared region of the radical cation in the blend is caused by the electro-magnetic 
field being zero at the metal.24 In order to satisfy this condition, destructive 
interference of the incoming light and the reflected light has to occur near the 
electrode. The destructive interference results in low values for the amplitude of 
electro-magnetic fields near the electrode. For wavelengths larger than the film 
thickness d, i.e. λ/4 > d, the electric field in the film is small, and hence less energy is 
absorbed than for wavelengths comparable to the film thickness, λ/4 ~ d, (Figure 2-5). 
This causes the low-energy absorption band of the radical cation of MDMO-PPV to 
be reduced substantially in photoinduced measurements on MDMO-PPV:PCBM 
devices. It is possible to correct for this effect by dividing the measured absorption at 
each wavelength by the |E|

2 profile integrated over the film thickness d:24  

2

0

2 ( )
sin

d
n

x dx
π λ

λ
 
 
 

∫ , (2-1) 

where n(λ) is the wavelength dependent refractive index of the film. Since the blend 
contains 80 wt% PCBM, the correction has been carried out with a refractive index of 
2. The refractive index of PCBM is close to 2 in the wavelength region of interest.25 
After correction the low energy band is recovered and the spectrum matches the 
spectrum of the glass/blend sample (Figure 2-4). Thus, even though the measured PIA 
of a MDMO-PPV:PCBM blend shows a single band at 1.4 eV, this band is due to 
absorption of the MDMO-PPV radical cations and not to triplet excitations. 
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Figure 2-4 Photoinduced absorption measurements of the MDMO-PPV:PCBM (1:4) blend 

spin-coated on glass (dash-dotted), with an aluminium layer evaporated on top, before 

(dashed) and after (dotted) correction (see text), with the aluminium layer evaporated on the 

glass side (solid). The measurements were recorded in reflection. 
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Figure 2-5 Wavelength dependent absorption of light by thin films spin-coated on metal 

layers. 

2.4 Results 

2.4.1 Photoinduced absorption 

Figure 2-6 shows the photoinduced absorption of a MDMO-PPV:PCBM based 
photovoltaic device for different applied voltages. The spectra were measured 
between 1.0 and 2.5 eV in reflection and are uncorrected for the reduced absorption in 
the infrared. Figure 2-6 reveals an increase of both the (time-integrated) concentration 
of the MDMO-PPV radical cation band and of the bleaching band with increasing 
reverse bias. At a forward bias of +2 V, virtually no radical cation absorption is 
observed and the spectrum is dominated by the thermoreflection of the Al. The bias 
dependence of the radical cation absorption band in the devices was measured for 
different temperatures at the zero-crossing of the thermoreflection (Figure 2-7a). The 
minimum concentration of charge carriers is expected to occur close to VOC, where the 
field in the device is close to zero and the photogenerated charge pairs at the MDMO-
PPV:PCBM interface are not dissociated by an electric field. In contrast, a continuous 
decrease of the signal is found with increasing applied voltage going from –2 V to +3 
V. Around the open circuit voltage the drop in the signal is largest. At high 
temperature (295 K) the charge concentration is lower than at 80 K, however, at bias 
> 1.5 V the signals are found to converge for the different temperatures and approach 
zero.  
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Figure 2-6 Photoinduced absorption spectra at VOC = 1 V (solid line), –3 V (dashed line) and 

+2 V (dotted line). Excitation at 2.7 eV, 0.4 W/cm
2
 with 77 Hz modulation. Background 

illumination 0.4 W/cm
2
 white light.  
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Figure 2-7 (a) Near-steady-state photoinduced absorption at the thermoreflection crossover 

point (1.47 eV at 80 K), as function of applied voltage at 295 K (solid), 150 K (dashed) and 

80 K (dotted). Excitation at 2.7 eV, 0.4 W/cm
2
 with 77 Hz modulation. b) Corresponding 

phase of the photoinduced absorption relative to the phase of the laser light. The insets show 

the signals detected at 1.5 eV. 

Figure 2-7b shows the corresponding voltage dependence of the phase difference 
of the photoinduced absorption with respect to the phase of the excitation modulation. 
At reverse bias, the signal is found to be 180 degrees out of phase with the laser light. 
At forward bias, for V > VOC, the phase angle drops toward zero. The insets of Figure 
2-7 shows the same measurements, but now measured at a fixed probe photon energy 
of 1.5 eV. At this energy, the thermoreflection is not negligible and dominates the 
measurements for V > 2 V. A phase angle of 45 degrees is found, as expected for 
thermoreflection. 

Figure 2-8 shows the evolution of the photoinduced absorption signal when 
varying the excitation modulation frequency. The measurement was done at 1.47 eV 
photon energy where the thermoreflection contribution crosses zero at 80 K. The 
traces are shown for different applied voltages over the device and are all virtually 
independent on the excitation modulation frequency. This indicates that the charge 
carriers have a lifetime much shorter than the modulation period. Under these 
circumstances, the PIA signal gives the charge concentration as a linear function of 
the illumination intensity.  
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Figure 2-8 Frequency dependence at 80 K as function for different applied voltages: VOC (■), 

–3 V (▲), +2 V (♦). Excitation at 2.7 eV, 0.4 W/cm
2
 with 77 Hz modulation. Background 

illumination 0.4 W/cm
2
 white light. 
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2.4.2 Photocurrent 

The photocurrent has been measured as a function of applied voltage, under the same 
conditions as the photoinduced absorption measurements. The change in 
concentration (~ –∆T/T) of the radical cation can be directly compared to the changes 
in photocurrent. Figure 2-9a shows the current due to the laser-induced charge 
carriers. For V < VOC, the photocurrent displays a similar trend with increasing 
reverse bias at room temperature as was found for the PIA signal: a steep increase, 
followed by an apparent saturation. At lower temperatures, however, the trend in the 
photocurrent is different than at room temperature: an almost linear increase of the 
photocurrent is observed with increasing reverse bias. At 295 K the photocurrent is 
larger than at 80 K. This is contrast to the temperature dependence of the PIA signal, 
which is larger at 80 K than at 295 K. 

For V > VOC, the measurements show a photocurrent, which is strongly reduced 
compared to reverse bias. The trend in the photocurrent is strongly dependent on 
temperature: the photocurrent is found to approach zero for V > 2 V at 80 K, at room 
temperature for V > 1.3 V.  

Figure 2-9b shows the phase difference of the photocurrent with respect to laser 
modulation. The photocurrent is in phase with the modulation of the laser light and 
switches sign just above the open circuit voltage. At 295 K an open circuit is found at 
0.85 V and increases to 1 V at 80 K. Thus, in the measurement the transit time of the 
photogenerated charges τC must be <<1/77 s and does not limit the charge collection.  
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Figure 2-9 (a) Photocurrent as function of applied voltage at 295 K (solid), 150 K (dashed) 

and 80 K (dotted). Excitation at 2.7 eV, 0.4 W/cm
2
 with 77 Hz modulation. Background 

illumination 0.4 W/cm
2
 white light. (b) Phase of the photoinduced absorption relative to the 

phase of the laser light. 

2.4.3 Pump fluence dependence of the photocurrent and PIA signal at short 

circuit 

In Figure 2-10 the dependence of the photocurrent and the photoinduced absorption 
signal at 1.47 eV at 80 K under short circuit conditions is plotted against the pump 
fluence. The photocurrent follows a sublinear dependence on pump fluence above 0.6 
W/cm2, and a linear dependence below 0.6 W/cm2. This indicates that bimolecular 
recombination is not limiting the collection of charge carriers in our measurements. 
The sublinear dependence above 0.6 W/cm2 could be fitted according to I/I0

3/4
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which is an indication that the photocurrent is space charge limited at high pump 
fluences and a low temperature of 80 K. 

In contrast, the photoinduced absorption signal is found to follow a sublinear 
intensity dependence up to 0.6 W/cm2. Above 0.6 W/cm2 the signal starts to saturate. 
The data can be fitted with a trap filling model that accounts for this saturation at high 
intensities. Because the PIA signal is not limited by non-geminate recombination of 
the photogenerated charges, as discussed above, in the trap filling model the trapped 
carriers have a lifetime that is independent of the illumination intensity consistent 
with geminate or monomolecular decay. The steady-state solution for the pump 
fluence dependence of the PIA signal in this model is:27 

0

0

n gI
T

n gI

τ
τ

−∆ ∝
+

, (2-2) 

where n0 is the trap density, gI the trapping rate of photogenerated charges to empty 
trap sites and τ the average trapped charge carrier lifetime. The model fits the data 
quite nicely. This suggests that the long-lived charges probed in the near-steady-state 
regime are bound to shallow traps and may recombine to the ground state by a 
monomolecular type mechanism.28,29 Alternatively, the data can be fitted by a trap 
filling model incorporating bimolecular recombination.30 In such a model, the term 
for the average lifetime of the charge carriers is replaced by an intensity dependent 
term quadratic in the charge concentration.31 

The different fluence dependences of the photocurrent and photoinduced 
absorption signal, indicate that with near-steady-state PIA the trapped carriers are 
probed, and with the photocurrent the non-trapped carriers. 
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Figure 2-10 (a) Laser power dependence at short circuit conditions at 80 K of the 

photocurrent. The fits are according to ~I/I0
α, with α = 1 for pump fluence below 0.6 W/cm

2
 

(dashed), and α = 0.75 above 0.6 W/cm
2
 (solid). (b) Laser power dependence at short circuit 

conditions at 80 K of the photoinduced absorption at 1.47 eV. The fit is according to the 

monomolecular trap filling model. Excitation at 2.7 eV, 0.4 W/cm
2
 with 77 Hz modulation. 

Background illumination 0.4 W/cm
2
 white light. 
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2.5 Discussion  

The larger photoinduced absorption signal observed at reverse bias compared to VOC 
implies an increase of the concentration of photogenerated charges with increasing 
electric field. This may indicate that when the electric field over a metastable charge 
carrier pair is increased, the pair is stabilized 15-21 and recombination is reduced, 
resulting in a larger concentration of long-lived charge carriers.  

Upon increasing the temperature, charge carrier pair dissociation is facilitated and 
the charges can be transported by the electric field more easily. If charge pair 
dissociation is facilitated, less charge pairs are trapped in the device — which leads to 
a smaller PIA signal — and the detrapped carriers can contribute to the photocurrent. 
Because of the higher charge carrier mobility at room temperature, the residence time 
of the carriers is shorter. This leads to lower concentration of the charge carriers under 
near-steady-state conditions, thus reducing the PIA signal, and to a reduction of the 
recombination probability, thereby increasing the photocurrent. At larger reverse bias, 
the photocurrent approaches a saturation limit at room temperature. At saturation, all 
charge pairs are dissociated and extracted from the device.19 This saturation is not yet 
attained for equal reverse bias at 80 K, because there is less thermal energy available 
to dissociate the charge pairs. 

An estimate can be made of the total amount of photocharge that can be extracted: 
At 25 mW excitation with 458 nm photons at a spot of 0.071 cm2 of the film, the 
photon flux is 8 × 1017 cm–2s–1. With OD = 0.6 and assuming 100% charge transfer 
efficiency 6 × 1017 cm–2s–1 electron–hole pairs are photogenerated. At room 
temperature the photocurrent at –2 V is 15 mA/cm2. Thus per second 9 × 1016 

electrons are collected. This gives an estimated collection efficiency of ~15% at –2 V 
at room temperature. 

The possibility that collection of the photogenerated charges is limited by the 
transit time can be ruled out; Figure 2-9b shows that the photocurrent is in phase with 
photoexcitation. This shows that the transit time of the charges is much smaller than 
the excitation modulation period. The collection efficiency must be limited by 
recombination or by capture at deep traps. At larger charge concentrations, the 
collection may become space charge limited,8,26 resulting in an incomplete extraction 
of the charges within the collection pulse width. In case of space charge limited 
collection, a I/I0

3/4 dependence 26 on the excitation density is expected. This is in 
contradiction with the observed linear dependence of the photocurrent on excitation 
density below 1 W/cm2. The linear dependence shows that current collection is not 
limited by non-geminate recombination of the photogenerated charges. Therefore 
space charge limited collection is an unlikely factor. 

Above the open circuit voltage, the photoinduced absorption vanishes. 
Concurrently, the photocurrent is strongly reduced. Given the large injected current 
above VOC, the low concentration of photogenerated charges may be due to 
recombination with injected charges.13,14 At room temperature, the photocurrent 
approached zero at smaller forward bias than at 80 K. This may be explained by the 
shift of the onset of current injection with temperature. With increasing temperature, 
the barrier for injection is overcome more easily. In addition, reduction of the 
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photocurrent may in part also be due to a lower electric field in the bulk of the 
polymer film caused by the presence of a relatively large number of injected charge 
carriers trapped at the PEDOT electrode.32 For voltages larger than 1.5 V at room 
temperature and larger than 2 V at 80 K, the injected charge concentration trapped at 
the electrode might be enough to screen the electric field present in the device.32,33  

2.6 Conclusions 

Photoinduced absorption measurements on MDMO-PPV:PCBM bulk-heterojunction 
solar cells were performed under working conditions and at lower temperatures. 
Major complications measuring on devices are i) the thermoreflection at the 
aluminium electrode and ii) the small absorption of infrared light by the thin active 
layer. The small absorption of the device in the infrared complicates probing the low 
energy absorption of the MDMO-PPV radical cation. Although the MDMO-
PPV:PCBM solar cell has little ground state absorption in the infrared, the reduced 
absorption should be taken into account when designing novel low band gap solar 
cells. 

Photoinduced absorption measurements on the devices at reverse bias showed an 
increase in the concentration and collection of the photogenerated charges. At forward 
bias, the injection of charges leads to a strong reduction of the photocurrent and near-
steady-state PIA signal by either screening of the electric field or increased 
recombination of photogenerated charges. At short circuit, the photocurrent and PIA 
show a different intensity dependence. 

The linear dependence on intensity of the photocurrent indicates that the 
dissociation probability of the geminate charge pairs is limiting charge collection. The 
sublinear intensity dependence of the PIA signal is in accordance with a 
monomolecular trap filling model. This indicates that near-steady-state photoinduced 
absorption measurements probes the trapped rather than the non-trapped charge 
carriers in the device.  
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3 
Electro-optical studies on the MDMO-
PPV:PCBM bulk-heterojunction solar 

cell on the millisecond time scale: 
trapped carriers 

 
The influence of a periodically modulated electric field on the concentration of 

photogenerated charges in MDMO-PPV:PCBM solar cells is studied at 80 K by near-

steady-state photoinduced absorption (PIA). By changing the phase difference 

between the applied voltage modulation and the photoexcitation modulation the 

existence of long-lived carriers is probed, both optically and electrically by 

simultaneously monitoring the amount of photogenerated charges collected at the 

electrodes and the photoinduced absorption. Photogenerated electron–hole pairs may 

be stabilized by the applied voltage resulting in an increased concentration of charge 

carriers. The lifetime of the stabilized charges is small compared to the modulation 

period. It is estimated that at maximum 4% of the total concentration of 

photogenerated charges may be due to charges with a lifetime comparable or larger 

than the photoexcitation modulation period for the PIA signal and 10% for the 

photocurrent. Collection of the photogenerated charges was found not to be limited by 

bimolecular recombination under the experimental conditions. The photoinduced 

absorption signal was found to be dominated by trapped charge carriers with 

lifetimes smaller than the modulation period (14.3 ms). The different dependencies of 

the PIA signal and the photocurrent on the excitation density indicate that trap sites 

are important for PIA, but do not play a major role in collection of the majority of 

photogenerated charge carriers. 
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3.1 Introduction 

Bulk-heterojunction solar cells use a nanoscopic phase-separated blend of an electron 
donating and an electron accepting material as the active layer.1,2 When light is 
absorbed in the active layer by either of the two components, a photoinduced charge 
transfer across the interface can produce a geminate electron–hole pair. Provided that 
percolation pathways exist to the two electrodes, the photogenerated electrons and 
holes may be collected in an external circuit before they recombine. The built-in 
electric field is expected to assist in separation of the electron–hole pair. In the 
previous Chapter it was shown that application of a reverse bias over the device 
results in an increase of the concentration of long-lived photogenerated charges and 
an increase of the photocurrent. It was interpreted that the electric field stabilizes the 
metastable photogenerated charge pairs and facilitates their dissociation.  

With photoinduced absorption (PIA) measurements, no quantitative data on the 
number of photoinduced charges can be acquired when the absorption coefficient is 
unknown. Static photocurrent measurements do provide quantitative data, but give no 
information on the lifetime of the charge carriers in zero electric field. Therefore, the 
influence of a periodically modulated electric field on the concentration of 
photogenerated charges in MDMO-PPV:PCBM solar cells is studied by near-steady-
state photoinduced absorption. Here, photoinduced charges are probed both optically 
and electrically by simultaneously monitoring the amount of photogenerated charges 
collected at the electrodes and the photoinduced absorption. An AC voltage is applied 
to the device rather than a constant bias. The AC voltage is modulated between VOC 

and –4 V. When a voltage close to VOC is applied, charge carriers are not extracted 
and their lifetime is mainly determined by recombination. At –4 V, the charges are 
extracted. By changing the phase difference between the applied voltage wave and 
photoexcitation modulation, the lifetime and concentration of photogenerated charges 
in zero electric field may be probed in time. In the experiment, the excitation light is 
also modulated. By comparison of the photocurrent and the photoinduced absorption 
signal it is shown that both methods probe different subsets of the photogenerated 
charge carriers. 

3.2 Experiment 

The MDMO-PPV radical cation was monitored by measuring the photoinduced 
absorption in reflection at 1.47 eV at 80 K after excitation with 2.71 eV photons from 
a cw Ar ion laser. The probe energy of 1.47 eV was chosen to ensure that the 
contribution of the thermoreflection signal from the aluminum back electrode is 
negligible, see previous Chapter. The laser light was modulated at 70 Hz by a 
mechanical chopper. The resulting change in transmission ∆R of a tungsten halogen 
probe light after reflection at the back electrode of the device is monitored with a 
phase-sensitive lock-in amplifier after dispersion by a grating monochromator and 
detection by a Si detector. The pump power incident on the sample was typically 25 
mW with a spot diameter of 3 mm. The device was held in vacuum using an Oxford 
Optistat cryostat, at 80 K. 
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Figure 3-1 (a) Experimental setup (b) Overview of the pulses used: i) laser on/off signal at 70 

Hz, ii) collection pulse from Vbias = 1 to Vcoll = –4 V, with width 8.7 ms for td < 8.4 ms and 

width 5.6 ms for td > 8.4 ms and iii) the overlap between laser signal and collection pulse. 

During the modulation period of the photoexcitation a voltage pulse is applied to 
the device to extract the photogenerated charges. The extracted current was evaluated 
by measuring the amplitude of the oscillating voltage over a probe resistance R (50 

Ohm) connected in series with the device using a lock-in amplifier (Figure 3-1a). The 
applied voltage was modulated between 1 V and –4 V. The voltage of 1 V 
corresponds to the open circuit voltage at 80 K of the device and was applied to 
counteract the internal electric field. The voltage pulse over the device was generated 
using an Agilent 33120A function generator triggered by the chopper, creating a pulse 
with a width smaller than the period of the trigger signal (14.3 ms) to ensure 
synchronization. The phase difference between the applied voltage pulse and 
photoexcitation was changed in steps of 10 degrees, causing the pulse to be shifted 
with respect to the excitation in time and allowing the concentration of 
photogenerated charges to be followed as function of time td. Going from a positive to 
a negative phase difference, however, caused the duty cycle of the applied voltage 
pulse to be reversed and a change in the pulse width (5.6 ms to 8.7 ms), see Figure 
3-1b.  

The photocurrent was measured under the same conditions as the PIA, thus under 
both laser and white light illumination. The white light probe illumination contributes 
to the photocurrent measurement. This contribution was corrected for by subtraction 
of the photocurrent induced by the probe light only. Also the photocurrent was 
measured with laser illumination only. 

3.3 Results  

The dependence of the photoinduced absorption signal on the delay time td between 
photoexcitation and application of the charge collection voltage is shown in Figure 
3-2a for one full period of the modulation (14.3 ms). At td = 0, the applied field and 
the illumination overlap in time and a maximum in the photoinduced absorption 
signal is observed. At td = 8.4 ms, where illumination and the electric field are out of 

a b 
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phase, a minimum in the PIA intensity is observed, corresponding to the intensity 
 –∆R/R = 0.26 × 10–3 found at constant open circuit. Apparently, charge carriers that 
are generated when laser light and the electric field overlap in time, are longer lived. 
Thus the applied voltage of –4 V enhanced the PIA signal when it coincides with the 
illumination. The amplification of the PIA signal by the applied field gives rise to an 
apparent phase lag of the PIA signal with respect to the excitation modulation, shown 
in Figure 3-2b. The PIA signal oscillates between 150 and 210 degrees out of phase 
with the photoexcitation modulation, corresponding to an absorption signal with a 
maximum phase lag of 30 degrees. 

Figure 3-3a shows the corresponding dependence on the delay time of the 
photocurrent. With field on, the geminate charge pairs are dissociated, free charge 
carriers are extracted from the device and a photocurrent is measured. At td = 0, the 
applied field and the illumination overlap in time and a maximum in the photocurrent 
is observed. At td = 8.4 ms, at the smallest temporal overlap of illumination and field, 
the photocurrent is zero. In Figure 3-3b the phase of the photocurrent with respect to 
the photoexcitation is plotted. The photocurrent is in phase with the excitation 
modulation at td = 0. The phase angle increases to 120 degrees when td approaches 
half the modulation period. Then the phase switches sign and decreases again to zero. 
The sign difference arises because in the first half period the excitation precedes the 
collection pulse and in the second half the collection pulse precedes the excitation. 

The photocurrent can be modeled by calculating the overlap S(t) between detector 
response to the laser modulation L(t) and the collection pulse V(t–td) for a single 
period. Here, it is assumed that i) all photogenerated charge carriers recombine or are 
extracted during the –4 V pulse, and ii) extraction of photogenerated charge carriers is 
quasi-instantaneous. The second assumption is supported by voltage dependent 
photocurrent measurements, reported in the previous Chapter, which show no phase 
difference of the photocurrent with respect to the modulated illumination. The first 
assumption, however, is open to question, and its validity will be investigated here. 
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Figure 3-2 Amplitude of (a) the photoinduced absorption signal and (b) phase difference with 

the photoexcitation modulation of the photoinduced absorption signal, versus delay time td. 

Solid symbols correspond to the measured values and open symbols to the model. The 

measured values are corrected for the background illumination.  
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Figure 3-3 Amplitude of (a) the photocurrent density and (b) phase difference with the 

photoexcitation modulation of the photocurrent density, versus delay time td. Solid symbols 

correspond to the measured values and open symbols to the model. The measured values are 

corrected for the background illumination.  

In the calculation, the laser light L(t) is approximated by a square wave B(t) with a 
frequency of 70 Hz. For the overlap S at delay td we write: 

( ) ( )( ( ) )
d d OC

S t B t V t t V dt≅ − −∫ , (3-1) 

where V(t)–VOC ∝ E, with E the internal electric field, since application of VOC 
compensates the built-in voltage. Here, the band bending at the interface of the device 
is neglected and it is assumed that the photocurrent is proportional to the electric field. 
The output of the lock-in amplifier after acquisition of S(t) can be calculated by taking 
the Fourier component at the fundamental frequency ω of S(t): 

1

2sin
' ( ) cos( )

d
S s t

γ
ω ω φ

π
= + , (3-2) 

where s is a proportionality factor, 2γ the width of the pulse, and φd is the phase 
difference, see Figure 3-4a. 

The amplitude of S’1(ω) is plotted in Figure 3-3a. The model agrees with the data, 
except for points between td = 8 and 9 ms. The model predicts a zero amplitude for 
these delay times. This deviation is due to the approximation of the laser light by a 
square wave. The model satisfactorily predicts the phase behaviour of the 
photocurrent (shown in Figure 3-3b). The good fit of the model to the data indicates 
that the majority of the photogenerated charge carriers have a lifetime small compared 
to the modulation period. 

 

Analogously, the photoinduced absorption signal can be modeled. In the 
calculation the laser induced contribution to the signal is modeled as a square wave 
B(t) with a frequency of 70 Hz as an approximation of the detector response of the 
laser light L(t). The field-induced contribution to the signal was modeled as the 
overlap A(t) between the laser light and the collection pulse, see Figure 3-4b. The 
total signal T(t) can be calculated using the Fourier transform of A(t) and B(t): 

 F(T(t)) = F(A(t) + B(t)) = F(A(t)) + F(B(t)) = A’(ω) + B’(ω). 

a b 
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The fundamental components can be expressed as:  

1

1

2sin
' ( ) cos( )

2sin
' ( ) cos( )

dA a t

B b t

α
ω ω φ

π
β

ω ω
π

= +

=
, (3-3) 

where a and b are proportionality factors, 2α and 2β the width of the pulses, and φd is 
the phase, see Figure 3-4b. The in- A’1X(ω) and out-of-phase A’1Y(ω) components of 
A’1 (ω) can be calculated: 

1

1

2sin
' ( ) cos

2sin
' ( ) sin

X d

Y d

A a

A a

α
ω φ

π
α

ω φ
π

=

=
. (3-4) 

The amplitude R and phase φ of the total signal T’1(ω) are: 

2 2
1 1 1 1

1 1 1

1 1

( ' ' ) ( ' ' )

' '
tan ( )

' '

X X Y Y

Y Y

X X

R A B A B

A B

A B
φ −

= + + +

+
=

+

, (3-5) 

where the quadrant in which T’1(ω) lies has been taken into account. 

A good fit between modeled (shown in Figure 3-2a) and measured photoinduced 
absorption signal is obtained for a 3:2 ratio between the amplitudes of the field 
induced and laser induced contributions a:b. This gives a factor (a + b) / b = 2.5 for 
the increase of the PIA signal when the –4 V voltage is applied compared to the PIA 
signal at 1 V. An increase of similar magnitude of the PIA signal was found when a 
continuous voltage of –4 V was applied to the device; in the previous Chapter it was 
shown that the saturation value of the PIA magnitude at a constant applied voltage 
V < –2 V is a factor 3.5 larger than the PIA magnitude at V = 1 V. The increase is 
attributed to the stabilization of the photogenerated electron–hole pairs by the electric 
field. Slower recombination leads to an increased average lifetime of the 
photogenerated charges and therefore an increase in the charge concentration. In 
Figure 3-2b the phase of the calculated PIA signal is compared to the measured phase. 
The model satisfactorily predicts the phase behaviour of the signal. 
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Figure 3-4 Model of (a) the photocurrent and (b) the photoinduced absorption signal. 

In Figure 3-5 the influence of the white probe illumination used in the PIA 
experiment on the laser induced photocurrent is investigated. By blocking the white 
light, the photocurrent due to the laser illumination can be measured selectively. After 
subtraction of the measurement with laser light but without white light from the 
measurement with both laser and white light, the contribution of the probe 
illumination on the photocurrent can be evaluated. The result is a constant and small 
contribution to the photocurrent. This contribution is equal in magnitude as the 
photocurrent measured allowing the white light only. From the comparison it can be 
concluded that the background illumination does not interfere with the photocurrent 
resulting from laser illumination in this experiment. This shows that the photocurrent 
measured with both laser and white light illumination can indeed be corrected for the 
contribution of the white light by subtracting the measured current with white light 
only. 

In Figure 3-6 the excitation density dependence of the PIA signal and the 
photocurrent is plotted for four delay times. For excitation densities below 1 W/cm2, 
the photocurrent (Figure 3-6a) shows an almost linear dependence on excitation 
density. Above 1 W/cm2 and at high current densities the photocurrent seems to 
saturate and can be fitted according to I0.5

. The photoinduced absorption signal (Figure 
3-6b) shows a sublinear dependence (I/I0)

0.4, below 1 W/cm2
. In the plot, the PIA 

signals are fitted with the monomolecular trap filling model:3 

-1( )
R cI

I
R I d

∆
− =

+
,  (3-6) 

where 
0

g
d

n

τ
= and c=An0. Here g represents the generation efficiency of 

photogenerated charges that can be trapped, τ the lifetime of the trapped carriers, I the  
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Figure 3-5 The photocurrent density due to the background illumination after subtraction of 

the laser induced contribution (▲) and the photocurrent density due to the background 

illumination measured with laser beam blocked (∆). 

excitation density, n0 the trap sites density and A is the proportionality factor between 
the PIA signal –∆R/R and the photocharge concentration. Both c and d are taken to be 
field dependent. Keeping either c and d constant, i.e. independent of the field, did not 
produce a good fit for all delay times. From the fits we find for the ratio of c at time 
td = 0.3 ms (where the overlap between illumination and the applied voltage is 
maximum), and c at td = 8.1 ms (where the overlap is minimum), a value of 3.5. For 
the ratio of the values of d at time td = 0.3 ms and at td = 8.1 ms, a factor of 0.5 is 
obtained. Following (3-6) we find the ratio of gτ  at the delay times td = 0.3 ms and at 
td = 8.1 ms equals 1.7. Thus, upon application of an external electric field the number 
of available trap sites n0 increases by a factor 3.5, which results in a more efficient 
generation of trapped, long-lived charge carriers. 
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Figure 3-6 Excitation density dependence at different collection delay times (see inset) of (a) 

the photocurrent density and (b) the photoinduced absorption signal. The fit to the PIA signal 

is according to a monomolecular trap filling model. The fit to the photocurrent (I) is linear 

(solid) for excitation density below 1 W/cm
2
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(dashed). 

a 

b 



ELECTRO-OPTICAL STUDIES ON THE MDMO-PPV:PCBM BULK HETEROJUNCTION SOLAR CELL ON 
THE MILLISECOND TIME SCALE: TRAPPED CARRIERS 

 

 37 

3.4 Discussion 

Good fits of the models for the photoinduced absorption signal and the photocurrent 
to the measurements are obtained. Since the models do not accommodate charges that 
have a lifetime comparable (or larger) to the modulation period, this indicates that 
these long-lived charges may be too few in number to significantly contribute to the 
PIA signal and photocurrent. The largest deviation found in Figure 3-2 between 
model and data is at td = 9.7 ms. At this delay time it is estimated that at maximum 
4% of the total concentration of photogenerated charges that can be collected may be 
due to long-lived charges for the PIA signal. From Figure 3-3 a maximum 10% for the 
photocurrent is found. These estimates are close to the experimental error and 
therefore the number of long-lived charge carriers may be less than the values 
indicated here. 

The linear dependence of the photocurrent on excitation density shows that the 
photocurrent is not limited by non-geminate recombination of photogenerated charge 
carriers. Then it seems unlikely to attribute the sublinear dependence of the PIA signal 
to bimolecular recombination effects. Alternatively, the excitation density dependence 
of the PIA signal can be fitted with a monomolecular trap filling model 3 (Equation 
(3-6)) within experimental error. A fit can also be obtained by the bimolecular trap 
filling model (see previous Chapter).  

In the trap filling model, there is a limited number of trap sites available to the 
charge carriers, therefore the trap filling saturates at higher excitation densities.4,5 
Here the contribution for the non-trapped carriers to the PIA signal is neglected. From 
the fits we find that both n0 and gτ have to be taken field-dependent. The increase of 
n0 with increasing temporal overlap between illumination and applied voltage can be 
explained as follows; field-stabilized charge pairs are longer lived and as such have a 
larger probability to find a trap site, thus n0 is increased by the field. 

The increase of gτ  implies that either τ increases and/or g increases, because more 
photogenerated charge carriers can move to the previously inaccessible trap sites due 
to less recombination under the influence of the electric field.  

3.5 Conclusions 

By changing the phase difference between the applied voltage modulation and the 
photoexcitation modulation the existence of long-lived carriers can be probed. 
Photogenerated electron–hole pairs are stabilized by the internal electric field 
resulting in an increased concentration of charge carriers. The lifetime of the 
stabilized charges at VOC is small compared to the modulation period. It is estimated 
that at maximum 4% of the total concentration of photogenerated charges may be due 
to charges with a lifetime comparable or larger than the photoexcitation modulation 
period for the PIA signal and 10% for the photocurrent. However, these estimates are 
close to experimental error.  

Collection of the photogenerated charges was found not to be limited by non-
geminate recombination at 80 K at excitation densities below 1 W/cm2. The 
photoinduced absorption signal was found to be dominated by trapped charge carriers 
with lifetimes smaller than the modulation period (14.3 ms). The different 
dependencies for the PIA signal and the photocurrent on the excitation density show 
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that trap sites are important for PIA, but do not play a major role in collection of the 
photogenerated charge carriers. 
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4 
Charge recombination in a MDMO-

PPV:PCBM composite film studied by 
transient, non-resonant hole-burning 

spectroscopy∗ 
 
Transient, non-resonant, hole-burning spectroscopy has been used to study the charge 

recombination process in poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1-4-phenylene 

vinylene] (MDMO-PPV):methanofullerene (PCBM) composite films. The position and 

intensity of the spectral hole in the absorption band of MDMO-PPV have been 

monitored as a function of time in the 10 ns–10 µs time range. A time-dependent 

redshift is observed. The intensity of the spectral hole decays with time according to a 

power-law (∝ t
–α

). The exponent α ≈ 0.5 is found to be nearly independent of the 

excitation fluence in the range 0.05–2 mJ/cm
2
. The depth of the spectral hole depends 

sub-linearly on the excitation fluence (I) and can be described by (∝ I
–β

) with β ~ 0.5. 

The time-dependent redshift and the power-law type time decay can be reproduced by 

numerical simulations. The Monte Carlo method is used to simulate the hopping 

dynamics of the photo-induced charges in a lattice of energetically disordered sites 

before they eventually recombine at the MDMO-PPV:PCBM interface. The results 

indicate that charge separation is assisted by disorder and that, in the 10 ns–10 µs 

time range, the recombination rate is limited by the detrapping of the cationic charge 

carriers in MDMO-PPV. 

                                                 
∗ Part of this work has been published: T. Offermans, S. C. J. Meskers, and R. A. J. Janssen, 
Journal of Chemical Physics 119, 10924-10929 (2003). 
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4.1 Introduction 

Following the discovery of photo-induced charge separation between conjugated 
polymers and fullerene C60 

1 there has been a large research effort aimed at 
construction of polymer–fullerene photovoltaic devices.2 Energy conversion 
efficiencies of 2.5% in simulated solar light have been obtained by sandwiching a 
strongly absorbing electron donating conjugated polymer (MDMO-PPV, Figure 4-1) 
and an electron accepting fullerene derivative (PCBM, Figure 4-1) into a single bulk-
heterojunction layer between two electrodes with different work function (usually 
aluminum and doped indium tin oxide) for charge collection.3,4 These bulk-
heterojunctions are formed spontaneously when the two materials are spin cast from a 
common solution under appropriate conditions. In the active layer, phase separation 
into bi-continuous fullerene and polymer rich phases occurs with a typical length 
scale of 50–100 nm. Photogeneration of charge carriers in MDMO-PPV:PCBM 
blends occurs with a time constant of 45 fs 5 and a quantum yield near unity.  

Organic molecular materials are characterized by low values for the relative 
dielectric constant εr (typically εr = 3 to 4). Due to this fact, one expects tight binding 
between photo-generated electrons and holes. Calculations of the Onsager radius yield 
values of typically ~50 nm at low temperature (80 K),6 i.e. much larger than the 
molecular dimensions. Based on these considerations, one may expect that the main 
product of a photo-induced charge transfer reaction in a blend of electron donating 
and accepting molecular materials is a Coulombically bound electron–hole pair at the 
interface of the two materials. The energy needed for separation of such pairs is 
expected to be a few tenths of an eV and, hence, considerably larger than kT. Still, 
measurements of the internal quantum yield of collected charges in a photovoltaic 
device show high yields (estimated > 85%).2,3,7 A number of papers have dealt with 
this problem of generation of free charge carriers in organic materials.8-11 In an 
alternative view, the exciton binding energy for the conjugated polymer is estimated 
to be very low (~0.1 eV) and nearly ‘free’ charge carriers (positive and negative 
polarons) on the polymer chains are viewed as primary excitations.12 The photocarrier 
quantum efficiency in pure MEH-PPV was estimated at 0.1 in zero applied field,13 
while upon addition of fullerene the yield for carrier generation involving electron 
transfer to the C60 approaches unity.14 
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Figure 4-1 Compounds used: a) MDMO-PPV (poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-

1,4-phenylene vinylene]) and b) PCBM (1-(3-methoxycarbonyl)-propyl-1-phenyl-[6,6]C61) 

Here hole-burning spectroscopy is used to study the dynamical behavior of photo-
generated charge carriers in MDMO-PPV:PCBM blends as used in organic solar cells. 
Transient, non-resonant, hole burning can be applied to conjugated polymers provided 
that a long-lived “bottle-neck” state is accessible.15 Here the charge-separated state 
plays this role.16 Hole-burning spectroscopy allows for investigation of the dynamical 

a b 
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behavior of cationic charge carriers in blend by monitoring the properties of the 
associated spectral hole in the MDMO-PPV absorption band. 

4.2 Experiment 

4.2.1 Film preparation  

Thin films of the MDMO-PPV:PCBM (1:4 w/w) composite material were obtained 
by spin-coating from chlorobenzene solution on a glass substrate. For a film of 170 
nm the optical density at 2.76 eV was 0.5.  

4.2.2 Device preparation 

The photovoltaic devices were prepared using glass substrates with patterned indium 
tin oxide (ITO). After careful scrubbing, cleaning, and UV-ozone treatment, a 100 nm 
thin layer of poly(3,4-ethylenedioxythipophene:poly(styrene sulfonate) (PEDOT:PSS) 
(Baytron P, H.C.Starck) was applied by spin-coating, followed by the 100 nm 
composite layer of poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1-4-phenylene 
vinylene]:1-(3-methoxycarbonyl)-propyl-1-phenyl-[6,6]C61 (MDMO-PPV:PCBM) in 
a 1:4 wt% ratio from a chlorobenzene solution. The metal back electrode of LiF 
(1 nm) and Al (150 nm) was evaporated at 5 × 10–6 mbar through a shadow mask.  

4.2.3 Measurement setup 

Transient hole burning spectra were recorded by exciting the sample with pulses of 
2.76 eV photons (pulse width 4 ns, repetition rate 10 Hz) obtained from an optical 
parametric oscillator (OPO), pumped by the third harmonic of an Nd-YAG laser. For 
measurements on films, the excited area was 1.8 mm2, for devices the excited area 
was 7.1 mm2. The sample was held at 80 K in a vacuum cryostat. An intensified CCD 
camera was used to record the transmission of a tungsten-halogen probe light through 
the film after dispersion by a spectrograph. For devices, the reflection of the probe 
light at the Al electrode was monitored. The signal acquisition by the camera was 
electronically gated. To obtain differential transmission/reflection spectra, the probe 
light was recorded at the delay time of interest (T + ∆T) and then the reference 
transmission (T) at a 25 ms delay after excitation. The final signal is obtained by 
taking the relative difference between these two signals: –∆T/T. For short delays after 
excitation, the transmission/reflection spectra were corrected for a very small residual 
fluorescence.  

4.3 Results and discussion 

4.3.1 Temporal evolution of the spectral hole 

Figure 4-2a shows the absorption spectrum of the MDMO-PPV:PCBM (1:4 w/w) 
composite film, featuring the lowest energy absorption band of the polymer at around 
2.5 eV. Figure 4-2a also shows the non-resonant spectral hole induced by excitation at 
2.76 eV photon energy with pulses of 4 ns temporal width from our laser setup. As 
can be seen from Figure 4-2a, the position of the spectral hole has shifted by about 0.5 
eV from the excitation energy. Furthermore, the width of the hole is considerably 
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smaller that the width of the absorption band of MDMO-PPV. This illustrates the 
inhomogeneous broadening of the polymer band and is consistent which charge 
transport 17,18 and time-resolved photoluminescence 19,20 studies on PPV polymers. 
These measurements have provided strong evidence for a disorder model in which 
quasi particles such as charge carriers or neutral photo-excitations are localized on 
chain segments, separated by defects in the polymer structure. The statistical 
distribution of the length of the segments resulting from the random position of the 
defects along the chain gives rise to dispersion in the energy of the states available to 
the particles. The density of states distribution is usually approximated by a Gaussian 
curve. In the disorder model, the particles move between the chain segments by a 
hopping type motion. For the data shown in Figure 4-2a, the shift of the hole away 
from the excitation photon energy can be due to several factors. We name relaxation 
of the initial excitations by intrachain vibrational relaxation and intersegment energy 
transfer hopping. In addition, migration of the cationic charge carrier (h+) to chain 
segments with longer conjugation length can also contribute. From studies on 
oligomer model compounds it is known that the ionization energy of PV oligomers 
decreases with increasing conjugation length.21 Also the energy of the first singlet-
excited state decreases with increasing oligomer length,22 leading to a redshift of the 
lowest energy absorption band with increasing conjugation length. Explanation in 
terms of the dynamic Burstein–Moss shift 23 seems unlikely as no changes in hole 
position could be measured as a function of excitation density. 
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Figure 4-2 (a) Absorption spectrum and spectral holes (excitation at 2.76 eV, acquisition 

delay 33 ns, gate width 10 ns, T = 80 K) of a MDMO-PPV:PCBM blend. (b) Time-

dependence of spectral holes. Spectra were recorded at delay time/gate width combinations 

of: 10 ns/2 ns; 33 ns/10 ns; 233 ns/30 ns; 1 µs/100 ns, 3 µs/300 ns; and 10 µs/300 ns. Spectra 

were recorded with excitation at 2.76 eV (fluence 2.0 mJ/cm
2
) at T = 80 K and are shifted 

upward in successive steps for clarity. 
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Figure 4-2b shows the temporal evolution of the spectral holes. A time-dependent 
redshift of the hole is observed in the ns–ms time window. This can be due to 
migration of the cationic charge carriers to chain segments of MDMO-PPV with 
longer conjugation length as explained above. An alternative explanation is that 
recombination, and hence, the lifetime of the charge-separated state, depends on the 
ionization energy of the chain segment (in its neutral state) occupied by the cationic 
charge carrier. To explain the experimental observation one then has to assume a 
slower recombination rate for chain segments with longer effective conjugation 
length.  

4.3.2 Recombination dynamics in the absence of an electric field 

To gain more insight in these matters, numerical simulations of the geminate charge 
recombination process were performed using a hopping model with energetic disorder 
and a Gaussian density of states distribution.17,24-27 The simulations include the 
electrostatic interaction between the geminate charge carriers. In this model, the 
MDMO-PPV phase is represented by a cubic lattice of 15×15×15 sites with lattice 
constant a = 10 Å. The width of the Gaussian distribution of states can be obtained 
from charge transport measurements and from experimental data on pristine MDMO-
PPV, σPPV ≅ 120 meV has been reported.28 The PCBM phase is represented by a 
similar cubic lattice, adjoining the MDMO-PPV. Also for PCBM the width of the 
Gaussian DOS has been evaluated from transport measurements yielding 
σPCBM = 70 meV.29 This value is smaller than for MDMO-PPV, which may reflect the 
high purity of the material and the limited conformational freedom for chemical bonds 
involved in the π electron system. At the start of the simulation, a pair of charge 
carriers is placed at the MDMO-PPV:PCBM interface on opposing lattice positions. 
The energy of the initially occupied site (εstart) is taken as an adjustable parameter. 
Recombination is allowed only when carriers are directly at the interface on opposing 
lattice positions. Probabilities for hopping were calculated according to the well-
known Miller–Abrahams expression:26,30  
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ij ij
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r k T
r T
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ν γ ε ε
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∆ = 

− ∆ <
. (4-1) 

The distribution in site energies εi is characterized by width σ. Because σ > kBT, in 
the hopping rate (4-1) the term with ∆εij / kBT becomes important. Therefore the 
hopping rate is determined by both rij and ∆εij. This is the situation that is called 
Variable Range Hopping (VRH).31  

In the simulations the following values for the parameters were used: ν0 = 10 ps–1, 
γ  = 0.5 Å–1, and T = 80 K. For both lattices a relative dielectric constant of εr = 4 is 
chosen.32 At the interface, the minimal distance between electron and hole is 1 nm. 
The rate for charge recombination at the interface krec = 1.0 ns–1. In the simulations the 
energy associated with the initial site of the carriers (εstart) is taken as an adjustable 
parameter. The site energy ε = 0 is defined as the center of the Gaussian distribution 
for both types of carriers. Since the charges are placed each in an otherwise empty 
(undoped) lattice, the Fermi level is positioned at a large distance with respect to the 
center of the Gaussian distribution and therefore the energy difference of the charge 
carriers between hopping sites is expressed relative to the center of the Gaussian 
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distribution and not relative to the Fermi level. The simulations allow for variable-
range hopping, but only hops to sites within the cubic volume of 6a×6a×6a around 
the occupied site were taken into account. This restriction does not significantly 
influence the results.  

Typical results of the Monte Carlo (MC) simulations are illustrated in Figure 4-3 
and Figure 4-4. In Figure 4-3a the fraction of charge carriers surviving the (geminate) 
recombination is shown versus time for two different values of εstart. As can be seen a 
considerable number of recombination events take place at 1 ns and these events can 
be assigned to recombination of the original charge pair before migration of the 
carriers away from the interface occurs. A number of carriers survive for a 
considerable time by hopping away from the interface to a site in the bulk with low 
site energy. This can be seen in Figure 4-3b where the average distance of both 
negatively (e–) and positively charged carrier (h+) to the interface are plotted as a 
function of time. As can be seen, the carriers remain relatively close to the interface 
and do not escape from their mutual Coulomb attraction. Curiously, the h+ moves 
further away from the interface than the e–, even though the h+ is expected to be the 
lowest (bulk) mobility. The following picture is proposed: due to the stronger 
energetic disorder in MDMO-PPV, the difference in energy between a site at the 
interface and a neighboring site closer to the bulk can reach more negative values for 
the MDMO-PPV lattice than for the PCBM grid. The energy gained by jumping of h+ 
to a lattice site with lower energy can be used to overcome the Coulomb attraction. As 
the energetic disorder of the PPV lattice is higher, the probability for the presence of a 
site slightly away from the interface with sufficiently low energy to compensate for 
the loss of electrostatic potential energy, is higher for the h+ than for the e–. Thus one 
may expect that, initially, the h+ can jump away from the interface more easily than 
the e–.  

In the limit of low temperature and vanishing disorder for the PCBM phase, one 
could envision the e– as sort of ‘image charge’ of the h+. It will be trapped at the 
interface by the Coulombic attraction, but should be able to ‘follow’ motion of the h+ 
in the x, y plane. Once the Coulombic attraction was lowered by diffusion of the h+ 

away from the interface, it may be possible for the e– to escape from the potential 
well. Once escaped, the e– can travel over larger distance than h+ in a certain time 
interval, due to its higher mobility.  

Figure 4-4a shows the energy of the site on which the h+ in the MDMO-PPV 
phase resides. From the results, it follows that the long-lived charge carriers occupy a 
low-energy site, which must have been reached by hopping. Apparently, the ‘driving 
force’ to jump away from the interface, opposing the Coulomb attraction is the 
energetic disorder; a number of h+ can jump to a low energy site further away from 
the interface. Since the width of the Gaussian distribution of the energy of the sites is 
broader for h+ than for e–, it follows that cationic carriers can gain more energy by 
jumping away from the interface, which gives them more freedom to move in the 
potential well built up by the Coulomb attraction.  
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Figure 4-3 MC simulations of electron (e

–
) and hole (h

+
) recombination at the 

donor:acceptor (MDMO-PPV:PCBM) interface. (a) Fraction of charges that escape 

recombination. Solid lines correspond to an initial site energy of εstart = 0 eV, dashed lines to 

an initial site energy of εstart = 60 meV for both types of charge carriers. The dotted lines 

represent simulations starting with 4 charge pairs instead of one. (b) Distance of hole (h
+
) 

and electron (e
–
) from the interface in units of the lattice constant b = 1 nm. 

Once the carriers have jumped away from the interface to a low-energy site and 
have become ‘trapped’, the mobility of the charge carrier is strongly reduced and 
recombination with the opposite charge at the interface now requires thermal 
activation. Charges at deep traps have the lowest chance per unit time to be detrapped, 
and therefore these carriers are the more persistent species. When increasing εstart, the 
probability to jump away from the interface is increased and the yield of long-lived 
charge carriers is enhanced. Interestingly, for the decay of the number of charges with 
time t, the simulations show an algebraic law ∝ (1/t)α with α = 0.17 (when εstart = 0). 
Algebraic behavior has also been predicted for bulk recombination 33 and seems 
therefore not exclusively related to the presence of the interface but rather to the 
dispersive nature of the carrier transport. Due to the dispersive charge transport, 
recombination of the charge carriers takes place throughout a large time range. As a 
result, fraction of surviving charge carriers decays non-exponentially. 

The numerical results shown in Figure 4-4a show that the average energy of the 
sites occupied by the hole decreases with time. This is consistent with the 
experimentally observed redshift of the spectral hole. Figure 4-4b exhibits the 
standard deviation of the energy of the states occupied by the h+ as function of time. 
At short times, all h+ occupy the initial site with εstart and hence the standard deviation 
is zero. During the first hopping events, the deviation increases rapidly as the carriers 
jump to sites that are widely distributed in energy. Curiously, at longer time delays the 
standard deviation reduces again. Such a time-dependent narrowing has also been 
observed for the relaxation of neutral photo-excitations in conjugated polymers 34 and 
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Figure 4-4 MC simulations of electron (e

–
) and hole (h

+
) recombination at the 

donor:acceptor (MDMO-PPV:PCBM) interface. Solid lines correspond to an initial site 

energy of εstart = 0 eV, dashed lines to an initial site energy of εstart = 60 meV for both types of 

charge carriers. (a) Energy of the site on which the h
+
 resides, expressed in units σ =120 

meV, the standard deviation of the Gaussian density of states for the PPV segments. (b) 

Standard deviation of the h
+
 site energy.  

can be understood in terms of non-equilibrium dynamics. If quasi-particles with an 
energy above the average of the ensemble have a faster rate of relaxation or 
disappearance than the particles with lower energy, such a time-dependent narrowing 
has to occur. The experimental data show evidence for the occurrence of the 
dynamical narrowing. 

As mentioned above, the simulations predict an algebraic decay for the number of 
charges with time. To verify this prediction the depth of the spectral hole as a function 
of time was measured. The results are illustrated in Figure 4-5 and reveal an algebraic 
∝ (1/t)α decay, with α = 0.45–0.50. The exponent α predicted by the simulations is, 
however, 2–3 times smaller than the experimentally observed value. This discrepancy 
will be dealt with in Chapter 8. The experimental power-law decay is in agreement 
with other recent studies of charge recombination, where specific absorption bands of 
the charge carriers were monitored.35-39 

4.3.3 Fluence dependence of the photoinduced absorption signal 

Figure 4-5 also shows the experimental pump fluence dependence of the decay 
process. Curiously, there is only a limited influence of effect of the pump intensity on 
the decay. At all fluences investigated (2–0.05 mJ/cm2), a power-law decay is 
observed. For the highest fluence used, a slightly higher value for the exponent α of 
the power-law decay is obtained, but the increment is within experimental uncertainty.  
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Figure 4-5 Decay of the depth of the spectral hole in MDMO-PPV:PCBM as a function of 

time. Excitation 2.76 eV, pump fluences: (■) ~2 mJ/cm
2
; (○) ~1 mJ/cm

2
; (▲) ~0.5 mJ/cm

2
; 

and (∇) ~0.05 mJ/cm
2
. Solid lines represent fits of ∆T ∝ (1/t)

α
 to the data with (■) 

α = 0.50±0.01; (○ )α = 0.46±0.02; (▲) α = 0.45±0.03; and (∇) α = 0.46±0.16. 

The absence of a significant dependence of the decay rate on excitation fluence 
could be interpreted as an indication that the recombination involves only geminate 
pairs. Clearly, when recombination occurs exclusively with the geminate carrier of 
opposite charge, the decay profile will be independent of the excitation density. 
Conversely for ‘free’ charge carriers, recombination will be non-geminate in nature 
and is expected to depend strongly on excitation density. In the case of geminate 
recombination one expects a linear dependence of the carrier density on the excitation 
fluence. The latter prediction holds of course as long as no exciton–exciton or 
exciton–charge 40 annihilation processes become operative.  

In Figure 4-6, the dependence of the intensity of the spectral hole on excitation 
fluence for several time intervals of detection after the excitation pulse is illustrated. 
The data show a sub-linear dependence of the photo-induced absorption signal on the 
excitation fluence. This observation is not consistent with only geminate 
recombination. Incidentally, we mention that our observations summarized in Figure 
4-6, differ from those reported by Montanari et al.

35 who observe that the density of 
photogenerated charge carriers saturates for excitation densities >1 µJ/cm2 and times 
>20 ns after excitation at room temperature. 

The sublinear dependence of the hole intensity on the excitation fluence can be 
explained in several ways and we mention the possibility of limitation by trap 
filling.41 Before being trapped charges might recombine in either a geminate or non-
geminate fashion and the limited number of trap sites will give rise to a sublinear 
dependence of the number of long-lived charge carriers on the initial carrier density.  
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Figure 4-6 Fluence dependence of the spectral hole depth. Excitation 2.76 eV, T = 80 K, 

I0 ≈ 1 mJ/cm
2
. Data were recorded at delay time/gate width combinations of (■) 33 ns/50 ns; 

(○) 183 ns/250 ns; (▲) 933 ns/300 ns; (∇) 2933 ns/620 ns. Dashed lines represent a fit of 

∆T ∝ (I/I0)
β
 to the data with: (■) β = 0.67±0.08; (○) β = 0.44±0.06; (▲) β = 0.40±0.06; and 

(∇) β = 0.44±0.2.  

Once the charges are trapped, the recombination rate may be controlled by several 
processes, such as the rate of release from the trap and the rate at which encounters 
with a charge carriers of opposite sign occur at the interface.  

To investigate these options further, additional MC simulations were performed. 
In Figure 4-3a, the outcome of simulations starting with just one charge pair are 
compared with simulations starting with four charge pairs. In the latter case the initial 
positions of the charge pairs was on a horizontal line with just one empty lattice 
position between like charges. To assess the effect of non-geminate recombination, 
the carriers were allowed to recombine with all other carriers of opposite sign when at 
the interface and on opposing lattice positions. The simulations were performed for 
the same start energies as those with only one charge pair. The results show that in the 
time range from 10 ns onward, the percentage of surviving holes is smaller for the 
simulation with four charge pairs when compared to the data for just one charge pair. 
This means that the density of long-lived carriers depends sublinearly on the initial 
density of carriers. Qualitatively, this prediction is in agreement with the 
experimentally observed, (I/I0)

0.5 dependence indicating that the disorder model can in 
principle account for a non-linear fluence dependence.  

Assuming that the microphase separation of the PCBM and the MDMO-PPV takes 
place with a characteristic length scale of ~100 nm, the internal MDMO-PPV:PCBM 
surface area can be estimated at 106 cm2/cm3. Furthermore assuming that all absorbed 
photons lead to generation of a charge directly at the interface and neglecting 
recombination events, the distance between two photo-induced charge carriers 
generated by pulsed illumination of a 100 nm thick film with ~1 mJ/cm2 of 2.75 eV 
photons can be estimated at a few nm. Therefore it may be anticipated that under our 
experimental conditions a significant number of sites at the interface will be occupied 
after illumination. It seems possible that in the present simulations the number density 
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of charge carriers at the interface is not taken high enough to fully bear out the effect 
of non-geminate carrier–carrier interactions. Looking at Figure 4-3a, it appears that 
the decay of the number of charge carriers for t > 100 ns is rather insensitive to their 
initial number density. This observation also holds for simulation at higher 
temperatures where the yield rate long-lived carriers is higher. Therefore, it is likely 
that the recombination in this time window is limited by the rate of release of h+ from 
the ‘traps’ in the MDMO-PPV phase of the mixture. In this case the rate-determining 
step in the recombination process is a simple monomolecular reaction, it is expected 
to be independent of the excitation density.  

An unanswered question is why the efficiency of charge collection is so high in 
MDMO-PPV:PCBM photovoltaic devices. A possible factor contributing to the 
efficient charge separation at the donor–acceptor interface may be the excess energy 
arising from the difference between the singlet excited state of the MDMO-PPV and 
the LUMO of the PCBM. This excess energy may be available after electron transfer 
to provide the charges with enough kinetic energy to move away from the interface. A 
larger initial electron–hole distance lowers the Coulombic attraction between the 
carriers and therefore may decrease the probability for recombination and increase the 
longevity of the charge carriers. To simulate the influence of the excess exciton 
energy on the charge carrier dynamics, the excess energy was modeled as the energy 
of the sites εstart at which the initial charge pair resides, shown in Figure 4-7. In the 
simulation, the start energy of the electron was varied between –120 meV and 60 
meV. The start energy of the hole was taken identical to the start energy of the 
electron. The simulations show with increasing εstart, a significant increase of long-
lived charge carriers, whereas the decay kinetics remains virtually the same. 
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Figure 4-7 MC simulation of fraction of holes left after recombination at the donor:acceptor 

(MDMO-PPV:PCBM) interface as function of time. The initial site energy εstart has been 

varied from 60 to –120 meV, identical for both electron and hole. The fits are according to a 

power law ~t
–α

. 

4.3.4 Electric field dependence of the photoinduced absorption signal 

To elucidate the charge carrier dynamics in the presence of an electric field, 
measurements on MDMO-PPV:PCBM devices have been carried out.  
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Figure 4-8 Decay of the depth of the spectral hole in MDMO-PPV:PCBM as a function of 

time for different applied voltages, see inset. Excitation 2.76 eV, pump fluence ~1 mJ/cm
2
 at 

T = 80 K. The fit through the date corresponding to VOC is according to At
–α

 with 

α =  0.55 ± 0.02. 

Figure 4-8 shows the spectral hole depth as function of time for different applied 
voltages. A power-law At

–α is observed, with exponent α = 0.55 ± 0.02 at VOC. This is 
consistent with measurements on films, presented above. At V < VOC, a deviation 
from the power-law is observed. Approximately 100 ns after photoexcitation, an 
increase of the charge carrier lifetime is found for V = –4 V and V = –6 V. This shows 
that the electric field enhances the concentration of holes. In an electric field, the 
photogenerated electron–hole pair may be stabilized. The charge carriers making up 
to pair have a higher probability to move away from the interface toward low energy 
sites and get trapped. As a result the charge carriers are longer lived and the 
photoinduced bleaching will be enhanced. After 10 µs the charge carrier 
concentration at high reverse bias (–4 and –6 V) show a fast decay. This may be 
attributed to charge extraction at the electrode. This interpretation implies that the 
charge pairs have dissociated. From the measurement a transit time of ~10 µs can be 
inferred, consistent with results obtained by TDCF (Chapter 6).  

Figure 4-9 shows the depth of the spectral hole as function of the applied voltage 
shortly (20 ns) after excitation and at 1 microsecond after excitation. At both time 
delays a linear dependence of the PIA signal on applied voltage is observed. Such a 
linear dependence was also observed by near-steady-state photoinduced absorption at 
80 K, presented in Chapter 2, though in a much smaller voltage range 0.5–1 V. It 
appears that the saturation of the dependence found at longer time scale in near-
steady-state PIA measurements, has not been reached at this time scale. Furthermore, 
with increasing forward bias no significant decrease of the charge concentration is 
found at this time scale.  
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Figure 4-9 Decay of the depth of the 

spectral hole in MDMO-PPV:PCBM as a 

function of applied voltages for 20 ns and 

1000 ns time delay Spectra were recorded 

at delay time/gate width combinations of: 

20 ns/20 ns (triangles); 20 ns/500 ns 

(circles); 1000 ns/500 ns (squares), 

excitation at 2.76 eV, fluence ~1 mJ/cm
2
 at 

T = 80 K. 

Figure 4-10 Position of the spectral hole 

for different applied voltages at 20 ns and 

at 1000 ns. Spectra were recorded at delay 

time/gate width combinations of: 20 ns/20 

ns (triangles); 20 ns/500 ns (circles); 1000 

ns/500 ns (squares), excitation at 2.76 eV, 

fluence ~1 mJ/cm
2
 at T = 80 K. 

 

Figure 4-10 shows the position of the spectral hole vs. applied voltage. At a 1000 
ns delay a blueshift of the maximum of the photoinduced bleaching is observed with 
increasing reverse bias. At short delay the spectral energy of the photoinduced 
bleaching is found to be virtually independent on the applied voltage.  

In Chapter 5, the influence of the electric field on charge recombination will be 
investigated in more detail by MC simulations. 

4.3.5 Temperature dependence of the photoinduced absorption signal 

Figure 4-11 shows the temperature dependence of the depth of the spectral hole in the 
80–200 K range. The decay of the spectral hole is virtually independent of the 
temperature. This is in agreement with recently published experiments.42 One 
explanation given in Ref. 42 is that at low temperature charge recombination occurs 
mainly by tunneling, which is a temperature independent process. At room 
temperature, charge recombination is governed mainly by thermal activation out of 
traps. Figure 4-12 shows the influence of the temperature on recombination kinetics 
as predicted by the Monte Carlo simulations. The figure shows that in the first 10 ns, 
the fraction of holes that escape recombination increases with temperature. For times 
exceeding 10 ns, an equal amount of holes survives at 200 K and at 298 K and the 
recombination kinetics follow approximately the same power-law decay t

–α with 
exponent α = 0.3. At 80 K the amount of charges surviving up to 1 ms is one order of 
magnitude larger than at 200 K and the recombination kinetics follows a power-law 
decay t–α with exponent α = 0.17. 
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Figure 4-11 Decay of the depth of the 

spectral hole in MDMO-PPV:PCBM as a 

function of temperature, see inset. 

Excitation at 2.76 eV, fluence ~1 mJ/cm
2
. 

Figure 4-12 MC simulation of fraction of 

holes left after recombination at the 

donor:acceptor (MDMO-PPV:PCBM) 

interface as function of time for different 

temperatures. 

4.4 Conclusions 

By transient non-resonant hole burning spectroscopy it has been shown that 
recombination of photogenerated charges in the 10 ns–10 µs time range in MDMO-
PPV:PCBM blends follows a power-law decay with time (~t

−α, with α = 0.45–0.50). 
According to MC simulations this behavior is consistent with a hopping model of 
photogenerated positive and negative charges in energetically disordered Gaussian 
distributed density of states of donor and acceptor phases, eventually followed by 
recombination at their interface. In the 10 ns–10 µs time range, the number of charges 
present depends sub-linearly on the excitation fluence. Surprisingly, the power-law 
exponent α is not affected by the fluence. MC simulations show that this behavior can 
be rationalized when the recombination is limited by the detrapping of the holes in 
MDMO-PPV. Experimental evidence is given that the electric field can influence the 
carrier concentration at long time delays. Applying a reverse bias resulted in a 
significant increase of the carrier concentration in the 100 ns–10 µs time range.  
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5 
Monte-Carlo simulations of geminate 

electron–hole pair dissociation in a 
molecular heterojunction: a two-step 

dissociation mechanism∗ 
 
Monte-Carlo simulations are used to investigate the dissociation of a Coulomb 

correlated charge pair at an idealized interface between an electron accepting and an 

electron donating molecular material. In the simulations the materials are 

represented by cubic lattices of sites, with the site energies spread according to 

Gaussian distributions. In contrast to the simulations presented in the previous 

Chapter, here the charge pair dynamics in the presence of an externally applied 

electric field is investigated. Also the influence of temperature and the width of the 

Gaussian densities of states distribution for both the electron and the hole 

transporting material are investigated. The results show that in a moderate electric 

field, the dissociation of geminate charge pairs is assisted by disorder and the results 

can be understood in terms of a two-step model. In the first step, the slow carrier in 

the most disordered material jumps away from the interface. In the following, second 

step, the reduced Coulombic attraction allows the faster carrier in the less disordered 

material to escape from the interface by thermally activated hopping. When the rate 

for geminate recombination at the interface is very low (<<1 ns
–1

) the simulations 

predict a high yield for carrier collection, as observed experimentally. Comparison of 

the simulated and experimentally observed temperature dependence of the collection 

efficiency indicates that at low temperature dissociation of the geminate charge pairs 

may be one of the factors limiting the device performance. 

                                                 
∗ Part of this work has been published: T. Offermans, S. C. J. Meskers, and R. A. J. Janssen, 
Chemical Physics 308, 125-133 (2004). 
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5.1 Introduction 

Bulk-heterojunction solar cells use a nanoscopically phase-separated blend of an 
electron donating and an electron accepting material as the active layer.1,2 When light 
is absorbed in the active layer by either of the two components, a photoinduced 
charge transfer across the interface can produce a geminate electron–hole pair. 
Provided that percolation pathways exist to the two electrodes, the photogenerated 
electrons and holes may be collected in an external circuit before they recombine. 
Microscopy studies revealed that the efficiency of this process depends on interface 
between the electron donating and accepting material and the morphology, i.e. the 
extent and dimension of phase separation of the layer.3-7 In optimized bulk-
heterojunction photovoltaic cells the yield of generating and extracting charges under 
illumination can be very high. Under short circuit conditions, external quantum 
efficiencies of 50–75% have been reported recently.8-11 

The organic molecular materials and polymers used for these photovoltaic devices 
are usually characterized by low values for the relative dielectric constant, typically 
εr = 3 to 4.12 In films deposited by spin-coating the disordered arrangement of 
molecules or chain segments will limit the delocalization length of the charge carriers 
to almost molecular dimensions. Due to these facts, one expects a tight binding 
between photo-generated electrons and holes at the interface between the accepting 
and donating material. Calculations of the Onsager radius,13 i.e. the distance at which 
the electrostatic binding energy of two oppositely charged carriers is equal to the 
thermal energy, yields values of ~15 nm at room temperature and ~50 nm at 80 K. 
This is much larger than the molecular dimensions and so one may expect that the 
main product of a photoinduced charge transfer reaction is a Coulombically bound 
electron–hole pair at the interface of the electron donating and accepting molecular 
material. The energy needed for separation of such pairs is estimated to be 
considerably larger than the thermal energy kT. At first sight this is contradictory with 
the high yields for collected charges.8-11 

In the initial geminate pair, the motion of the electron and the hole will be 
correlated by their Coulomb interaction. It is well known that such correlation can 
have a strong influence on the dynamical behavior of the particles.14 Interestingly, for 
many combinations of donor and acceptor materials used in photovoltaic devices, the 
mobilities of the electron in the accepting component and the hole in the donating 
component are different. The influence of this difference in mobility on the 
dissociation of geminate charge pairs at the interface has not yet been systematically 
investigated.  

The dissociation of the photogenerated charge pairs in disordered systems can be 
simulated using the Monte Carlo method.15 It was found that disorder described by a 
random distribution of the energies of localized sites available for the carriers assists 
in the dissociation of pairs.16-18 Recently also an explanation in terms of the light 
effective mass of the charge carriers has been proposed.19 

Here Monte Carlo simulations are reported on the dissociation of Coulombically 
bound electron–hole pairs at the interface of two disordered materials. The type of 
disorder studied is one in which there is an uncorrelated Gaussian distribution for the 
density of localized states (energetic disorder). The influence of the disorder 
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parameter, temperature, and applied electric field on the pair dissociation is 
investigated.  

5.2 Choice of the model and computational details 

The system that will be modeled is the well-known combination poly[2-methoxy-5-
(3’,7’-dimethyloctyloxy)-1-4-phenylene vinylene] (MDMO-PPV) and (1-(3-
methoxycarbonyl)-propyl-1-phenyl-[6,6]C61) (PCBM). These materials, blended in a 
1:4 weight ratio were found to give 2.5% efficient photovoltaic cells. The morphology 
of thin solid films of the blend films obtained has been studied in detail.6,7 When films 
are spin-coated from a solution containing MDMO-PPV and PCBM in a ratio of 1:4 
by weight, domains rich in PCBM with typical dimensions around 80–100 nm are 
observed which are embedded in a matrix of material rich in polymer. Transmission 
electron microscopy and selected-area electron diffraction studies showed that the 
PCBM-rich clusters consist of many PCBM nanocrystals with random 
crystallographic orientations.20 The PCBM rich phase extends throughout the film 7 
and a model in which PCBM is present in domains with columnar shape has been 
proposed.6 Here the columns are oriented along the normal of the film, resulting in an 
applied field parallel to the columns. 

 

Table 1 Standard parameters 

used in the Monte Carlo 

simulations 

σh 120 meV 

σe 70 meV 

T 298 K 

εstart 0 meV 

ν0 10 ps–1 

γ 0.5 Å–1 

εr 4 

krec 1 ns–1 

drec 1 nm 

a 1 nm 

F 105 V/cm 
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Figure 5-1 Sketch of model used in the Monte Carlo simulations. 

Two adjacent lattices (A and B) of hole and electron sites are used in the 
simulations to represent the MDMO-PPV-rich and PCBM-rich domains in the film. 
The sites are arranged in cubic lattices with 153 sites for both electron and holes, see 
the sketch in Figure 5-1. In the simulations it was sufficient to limit the lattice to 153 
sites. Enlarging the lattice did not lead to different results, but did lead to a 
considerable larger time for the calculations. In fact, as will be shown below, the 
charges are confined to a narrow region close to the interface, due to their mutual 
Coulombic attraction. For accurate modeling of the mobilities a larger lattice may be 
required but this falls outside the scope of this study. Energetic disorder is taken into 
account by assigning an individual energy ε to each lattice site taken at random from a 
Gaussian distribution,15,21 representing the density of states (DOS).  

( )
2

2
DOS exp( )

22

n ε
ε

σσ π
= −  (5-1) 

Here n is a normalization constant and σ represents the width of the distribution. 
Estimates for σ are available from transport measurements. For pure MDMO-PPV, 
σh  = 120 meV has been obtained for the holes.22 From measurements of the electron 
mobility of pure PCBM, σe = 70 meV has been found.23 At the start of the simulation, 
a pair of oppositely charged carriers is placed at the A:B (MDMO-PPV:PCBM) 
interface on opposing lattice positions. The electron is placed on the lattice B, its 
motion is restricted to the B lattice only. Similarly, the hole can only reside in lattice 
A. The energy of the initially occupied site (εstart) is an adjustable parameter. In the 
simulations described here, this energy was taken equal to the center of the Gaussian 
distribution (εstart = 0) for both types of carriers.  

In the simulations the probability for a hop of an electron or a hole is calculated 
according to the well-known Miller–Abrahams expression, Equation 4-2. In the 
simulations the following values for the parameters were used: ν0 = 10 ps–1, γ  = 0.5 
Å–1, and T = 80 K. In calculating the difference in energy (∆εij) before and after the 
hop of the charge carrier from position i to j also the difference in potential energy 
due to the Coulombic attraction between the oppositely charged carriers is taken into 
account, with a relative dielectric constant εr = 4 for both lattices.12 

At the interface, the minimal distance between electron and hole is 1 nm. 
Recombination of the electron and the hole is allowed only when carriers are directly 
at the interface on opposing lattice positions and at a distance (drec) of 1 nm. The 
probability for recombination when the electron and the hole are in this configuration 
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is taken as krec = 1.0 ns–1, unless stated otherwise. Given a particular configuration of 
the electron and hole, the probability of all possible subsequent events (a hop by the 
electron, a hop by the hole or recombination) and a particular event is chosen at 
random taking into account the relative probabilities of the events. 

In the calculation of ∆εij for a particular hop also the change in potential energy of 
a carrier due to the presence of a uniform electric field is taken into account. The 
direction of the electric field is taken parallel to the interface electric field. Under 
influence of the electric field the carriers drift towards the upper or lower face of their 
lattice. When they arrive here they are taken out of the simulation and are registered 
as a charge collected at the electrode. The results shown in the figures are averages 
over 30000 runs. 

5.3 Results 

Figure 5-2 a shows the fraction of holes present in the lattice as a function of time. 
These are the holes that have not yet recombined and have not yet been collected at 
the electrode. Results for two different applied electric fields (20 × 105 V/cm and 
0.05 × 105 V/cm) are shown. Looking first at the results for the low electric field, one 
sees a rapid drop in the number of holes around 1 ns. These losses reflect the 
geminate recombination of the electron hole pair which occurs with krec = 1 ns–1. The 
charges can escape recombination by moving to another lattice position. This is 
illustrated in Figure 5-2b, which shows the average distance of the surviving holes to 
the interface as a function of time. One can see that after 1 ns the distance gradually 
increases, demonstrating that the long-lived holes have moved away from the 
interface. Under influence of the electric field the charges drift towards the electrode 
and a relatively small fraction is collected. The earliest arrival of holes at the electrode 
is at approx. 1 µs. 

At high electric fields, the number of electron–hole pairs that are lost through 
recombination is reduced because the electric field assists in dissociation of initial 
charge pair. As a result the fraction of surviving holes 10 ns after the creation of the 
initial pair is larger at high electric field. In disordered systems the mobility of carriers 
strongly depends on the applied field. This is also apparent in our simulations. The 
earliest arrival of holes at the electrode occurs now a few nanoseconds after creation, 
i.e. considerably faster than at low fields. Due to the more efficient dissociation of the 
initial pair, a considerable fraction of the holes can be collected at high field (~0.5). 
Curiously, the field applied is strong enough to confine the path taken by the charges 
on their way to the electrode to a thin layer close to the interface and diffusion of the 
holes into the inner parts of the lattice is suppressed (Figure 5-2b).  

Analogous data have been obtained for the electrons (Figure 5-3). For high electric 
fields the efficiency of charge collection is large. Since the energetic disorder of the 
sites in the lattice for the electron is smaller than for the holes, one expects the 
electrons to be more mobile. Consistent with this prediction, the electrons arrive faster 
at the electrode than the holes (Figure 5-3). 



 
CHAPTER 5 
 

 60 

10-3

10-2

10-1

100

10-3

10-2

10-1

100

a

F
ra

c
tio

n
 o

f h
+

 c
o

lle
c
te

d

 

 

Applied electric field

 2 × 106 V/cm

 5 × 103 V/cm

F
ra

c
ti
o

n
 o

f 
h
+

10-1 100 101 102 103 104 105

1

2

3

4

5

b

Time (ns)

 

D
is

ta
n
c
e

 f
ro

m
 i
n

te
rf

a
c
e

 (
n
m

)

 

10-3

10-2

10-1

100

10-3

10-2

10-1

100

a

F
ra

c
tio

n
 o

f e
- c

o
lle

c
te

d

 

 

Applied electric field 

 2 × 106 V/cm

 5 × 103 V/cm

F
ra

c
ti
o

n
 o

f 
e

-

10-1 100 101 102 103 104 105

1

2

3

4

5

6

b

Time (ns)

 

D
is

ta
n
c
e
 f
ro

m
 i
n

te
rf

a
c
e
 (

n
m

)

 

 

Figure 5-2 Simulated dynamics of the 

holes (positive charge carrier). (a) 

Fraction of holes present (left axis) and 

collected at the electrode (right axis) as a 

function of time for two electric fields: 

2 × 10
6
 V/cm (solid lines) and 5 × 10

3
 

V/cm (dashed lines). (b) Average distance 

of the surviving holes from the interface as 

a function of time. For other parameters 

used in the simulation see Table 1. 

Figure 5-3 Simulated dynamics of the 

electrons (negative charge carrier). (a) 

Fraction of electrons present (left axis) 

and collected at the electrode (right axis) 

as a function of time for two electric fields 

2 × 10
6
 V/cm (solid lines) and 5 × 10

3
 

V/cm (dashed lines). (b) Average distance 

of the surviving electrons from the 

interface as a function of time. For other 

parameters used in the simulation see 

Table 1. 

It is well known from hopping type simulations on energetically disordered 
systems that particles relax by hopping to sites with low energy. With time the energy 
of the carriers approaches the thermodynamic equilibrium energy. For a single 
particle in a Gaussian DOS one can easily calculate this energy (ε∞ = σ2/kT). The time 
needed to reach this thermodynamic equilibrium energy is often referred to as the 
relaxation time (τrel). τrel itself also depends on the disorder and in less disordered 
systems, carriers relax more quickly. Following these well-known results for single 
charge carriers one may expect for the system under study here that the electrons relax 
more quickly than the holes as the electrons are in a lattice with less energetic 
disorder. Figure 5-4 illustrates the energetic relaxation of each type of carrier 
individually. Here the influence of a moderate electric field (105 V/cm) is taken into 
account. Curiously, as will be explained below, the results show that initially, the 
electrons relax more slowly than the holes. This is contrary to the prediction given 
above on the basis of behavior of individual carriers and shows that correlated motion 
of the electron and the hole is important in the dynamics of the initial Coulombically 
bound charge pair.  
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The plot of the distance between carrier and the interface shows that both the 
electron and the hole start to move away from the interface effectively after 1 ns 
(Figure 5-4a). After 10 ns the hole has, on average, moved further away from the 
interface than the electron. After 100 ns, the electron starts moving away from the 
interface more rapidly and becomes more mobile than the hole. Figure 5-4b shows the 
energy of the site occupied by the electron and the hole as a function of time in units 
of σ, i.e. 120 meV for the hole and 70 meV for the electron. Initially, the site energy 
of the hole is lowered more rapidly than that of the electron, consistent with the view 
that the hole is the particle that makes the first move. Also the standard deviation of 
the energies of occupied sites at a certain time after the start of each simulation 
(density of occupied states) was determined. As all simulations start with the carrier 
occupying a site with the same start energy (εstart = 0), the standard deviation of the 
occupational density of states is zero. When carriers jump to a site with lower energy 
the standard deviation increases. Correspondingly, the standard deviation rises rapidly 
from ~0.1 ns and reaches a maximum value at ~1 ns (Figure 5-4c). Subsequently the 
standard deviation decreases. This is very characteristic for relaxation dynamics in 
disordered systems and arises from the fact that carriers occupying a site with low 
energy have few possibilities to hop to a site with even lower energy because low-
energy sites are few in number. The rate of energy relaxation is therefore dependent 
of the site energy of the particle and particles with higher energy relax faster. This 
results in a narrowing of the occupational density of states. In the thermodynamic 
limit the standard deviation for free particles is 1. For the electron the standard devia- 
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Figure 5-4 Dynamics of relaxation of the hole (solid line) and the electron (dashed line). (a) 

Distance from the interface. (b) Average energy of the sites occupied by the electrons and the 

holes in units of σe and σh respectively. (c) Standard deviation of the energy of the set of 

occupied sites in units of σe  and σh. For parameters used in the simulation see Table 1. 
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tion also increases rapidly but its relaxation is lagging behind in time (Figure 5-4c). 
The standard deviation does not decrease significantly after 10 ns, indicating that this 
carrier relaxes rather quickly once the hopping process has started.  

These observations can be rationalized as follows. Initially, the carriers are bound 
Coulombically and are tied to the interface. When a carrier moves away from the 
carrier of opposite charge, the increase in potential energy of the pair due to the 
mutual Coulomb attraction has to be compensated by energy gained through hopping 
to a low-energy site. For the cubic lattice of sites assumed here, the difference in 
electrostatic potential energy between the initial geminate pair of charges and an 
expanded pair in which one of the carrier has hopped away from the interface to the 
next lattice point amounts to 0.18 eV. According to the Miller–Abrahams conditions 
(Equation 4-2), such a jump of a carrier away from the interface will only have a 
significant probability when the lattice site to which the carrier jumps has an energy 
that is ~0.18 eV lower than the site originally occupied by the jumping carrier in the 
initial geminate pair. For the electron, the probability to find a neighboring empty site 
fulfilling this criterion is quite low because the σ of its DOS is quite small. Hence, the 
electron is initially not free to move. For the hole more low-energy sites fulfilling this 
criterion are available because the σ of its Gaussian DOS is larger. Therefore the hole 
can make a jump away from the interface more easily. Once the hole has made its 
move, the Coulomb attraction is lowered and it becomes possible for the electron to 
make the next move. Once the electron has escaped from the attraction of the hole, the 
latter charge carrier can move (slowly) towards the electrode. 

Thus, the simulations give an indication that the dissociation of the initial charge 
pair may be understood in terms of a two-step process. In the first step, the hole jumps 
to a low-energy site, away from the interface. After the jump of the hole, the 
probability for recombination of electron and hole will be strongly suppressed 
because of the steep distance dependence of the electron–hole recombination. Hence, 
after the initial jump of the hole, the ‘expanded’ charge pair may be considered to be 
meta-stable. In the second step, this expanded pair can dissociate via diffusional 
motion of the electron in the potential well created by the Coulombic attraction to the 
now distant hole. At the same time, the hole may also jump back to the interface, 
allowing for fast and efficient recombination. The dissociation process of the 
expanded pair will therefore be in competition with ‘implosion’ of the pair followed 
by rapid recombination.  

The rate at which the hole can jump away from the interface (kini) can be estimated 
from the Miller–Abrahams rates (Equation 4-2) and expressed as follows: 

εσεεσεεσε dTgTFrvTFrk ),,(),,,,,(),,,,( hstarthstarthstartini −= ∫
��

 (5-2) 

where ε denotes the energy of the site at position r
�

to which the hole may jump and g 
is the site density. To calculate the probability for a jump of the hole away from the 
interface, the rate for a particular jump is divided by the sum of the rates for 
recombination and all possible jumps: 
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Here krec represents the rate for recombination in the initial geminate pair, which 
competes with the hopping of the hole. For the summed rates, kini has to be integrated 
over all regions of space V to which the hole may jump. Because the motion of the 
hole is restricted to one side of the interface integration can be carried out over a half 
sphere. In the integration, jumps over a distance varying from 0 to 0.5 nm are 
excluded, as jumps to sites at such close distance are not possible in the hopping 
simulations. 

If the energetic disorder for the electron sites σe is comparable to or smaller than 
the thermal energy, the hopping acquires a nearest neighbor hopping character and it 
may be assumed that the electron thermalizes rapidly after the jump of the hole away 
from the interface.24 Here the relevant time scale is set by the rate with which the hole 
jumps back to the interface. The latter event will allow for recombination of electron 
and hole, terminating the free motion of the electron. Especially when σh is large, the 
probability that the hole jumps to a deep trap site is considerable and in such cases the 
jump back to the interface will occur at a low rate. After a jump of the hole to a trap 
site, the electron may jump away from the interface as well and thermalize. 
Subsequently the electron can perform random diffusional motion in the potential 
well arising from the Coulombic attraction to the hole with an equilibrium mobility µ. 
The yield for dissociation of the pair under these conditions may be estimated using 
the expression given by Braun 25 for dissociation of charge pairs based on an Onsager 
approach. Here the rate for dissociation can be written as the product of a field 
independent rate kd

0 and a factor Kd(F) describing the dependence of the dissociation 
on the electric field strength F: 
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with J1 denoting the Bessel function, a the distance of closest possible approach 
between the positively and the negatively charged particle. The average mobility <µ> 
will be determined mainly by the electron.23 

As mentioned above, the diffusion driven dissociation of the expanded pair will be 
in competition with the collapse of the expanded pair. In first approximation we may 
estimate this rate by calculating the rate for the jump of the hole back to its initial site 
(νrev) with energy εstart. The overall probability for dissociation of the initial geminate 
pair at the interface can now be expressed as:  

start h

0
d e d

start h 0
rev start h d e d

( , , , )

( , , ) ( ))
( , , , , )

( , , , , , ) ( , , ) ( )
V

Ρ F T

k r T K F
r F T dV

v r F T k r T K F

ε σ

µ
ρ ε σ

ε ε σ µ

=

+∫
�

�

� �

 (5-6) 

Here, ρ gives the probability for the initial jump (Equation (5-3)) and the ratio 
expresses the probability for the dissociation of the expanded pair in the second step.  

From this simplified expression the following predictions are derived. First, the 
yield should increase with increasing σh. For larger values of the disorder parameter 
of the hole-transporting lattice (σh), the energy that can be gained by jumping to a 
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low-energy site increases and hence there is more energy available to compensate for 
the Coulombic binding energy. In contrast, the yield of collected carriers is expected 
to rise when with decreasing σe. As the disorder parameter of the material with the 
lowest energetic disorder decreases, the mobility will rise and this allows for faster 
separation of the charges in the second step of the sequence.  

To test these predictions, simulations have been performed for various values of 
the disorder parameters of both the electron- and the hole-transporting phase. When 
σe is constant (70 meV), the yield of collected carriers increases sharply as σh is 
raised, consistent with the view of disorder-assisted pair dissociation (Figure 5-5a). 
This trend is reproduced by Equation (5-6) (Figure 5-5a, dashed line). When σh is 
constant (120 meV), the yield does not depend very strongly on σe, as long as σe ≤ 70 
meV although there seems a slight increase for σe < 30 meV, in agreement with the 
prediction made above. In contrast, for σe > 70 meV the yield increases significantly 
with increasing σe. This demonstrates that also the disorder in the n-type material 
assists in separating the initial charge pair. Apparently, the electron no longer 
thermalizes quickly under these conditions and the description of the separation 
process in terms of a two-step process starts to become inaccurate.  

Figure 5-5a shows that dissociation of the initial geminate pair is more likely for 
higher values of the disorder parameter σ for the electron and the hole. An interesting 
question is whether this probability also depends on the difference of σh and σe; i.e. is 
the yield for dissociation higher at the interface of a highly disordered phase with a 
less disordered phase higher compared to a homogeneous system? Simulations with 
σe = σh = 95 meV, σe = 70 meV σh = 120 meV and with σe = 40 meV σh = 150 meV 
result in a yield for collected carriers of 4.4%, 4.9% and 6.5% resp. This indicates that 
a difference in disorder parameter for the electron and hole transporting phase may 
indeed be beneficial for a photovoltaic device.  

Using Equation (5-6) also the dependence of the charge separation yield on the 
applied electric field (Figure 5-5b, dashed line) can be analyzed. At very low fields, 
the predicted yield amounts to a few percent, almost independent of the applied field. 
This is consistent with the view that the charge separation is driven by diffusional 
motion of the electron with only a very weak field sufficing to collect the ‘free’ 
carriers. The numerical simulations reproduce the insensitivity of the yield to the 
applied field. At higher fields the yield rises sharply and the numerical simulations 
show a marked onset at the field strength F for which the difference in potential 
energy due to the electric field for a carrier on two adjacent lattice sites (aeF) is equal 
to the thermal energy. For field strengths around 12 × 105 V/cm the quantity aeF 
becomes equal to the disorder parameter σh and hence the motion of the hole will 
become driven by the field. Under these conditions almost all pairs dissociate.  
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Figure 5-5 Simulated yield of collected charges. (a) Influence of the disorder parameter σ of 

the hole (σh) with σe = 70 meV (solid squares) and the electron (σe) with σh = 120 meV. 

(down triangles) Dashed line: Equation (5-6). (b) Influence of the electric field strength F. 

Dashed line: Equation (5-6). (c) Influence of the recombination rate krec. (d) Influence of 

temperature. Open squares: experimental data of the short circuit current density (Jsc) of 

MDMO-PPV:PCBM photovoltaic cells.
26

 For other parameters used in the simulation see 

Table 1. (e) As function of the energy of the initial sites at which the electron and hole reside 

in the presence of an electric field 10
5
 V/cm at 298 K. The same start energy is used for both 

the electron as the hole.  
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The yield of collected carriers strongly depends on the rate of geminate electron–
hole recombination at the interface (Figure 5-5c). The dissociation of the charge pairs 
occurs with almost unit efficiency when the recombination is slow (krec ≤ 1 µs–1 ). 
When the recombination is on the order of a nanosecond, the yield of collected 
carriers strongly depends on krec because dissociation and internal recombination of 
the charge pair are competitive processes. When recombination rate is high, almost no 
free charge carriers are formed.  

Figure 5-5d illustrates the temperature dependence of the yield. The simulations 
show that the yield varies almost quadratically with the absolute temperature (∝ T1.8). 

To simulate the influence of the excess exciton energy on the charge carrier 
dynamics, the excess energy was modeled as the energy of the sites εstart at which the 
initial charge pair resides. Figure 5-5e shows the yield of collected charges in the 
presence of a moderate electric field (105 V/cm) at room temperature. With increasing 
εstart, a significant increase in the yield of collected charges is observed. 

5.4 Comparison with experimental data 

In an actual photovoltaic device the internal electric field near the junction directs the 
charge carriers to the anode or cathode. The simulations indicate the electric field 
enhances the efficiency of the dissociation of the geminate electron–hole pairs and — 
consequently — the yield of collected carriers. A field-dependent dissociation rate 
will result in a low fill factor for the device because dissociation of geminate pairs at 
the interface is reduced when the device is operated close to its open circuit voltage 
where the internal electric field will be compensated. In general, fill factors for 
organic solar cells are modest (≤ 0.60) and decrease at low temperatures.27 Apart from 
the fill factor also the short circuit current of ITO/PEDOT:PSS/MDMO-
PPV:PCBM/Al photovoltaic devices has recently been evaluated as a function of light 
intensity and temperature.26,27 For a range of temperatures (T = 120–325 K) the 
dependence on the light intensity was found to be almost linear. This was interpreted 
in terms of a dominance of monomolecular recombination of electrons and holes. The 
monomolecular recombination may arise from charge trapping of e.g. the holes on a 
limited number of trap sites and subsequent recombination of the mobile electrons 
with the trapped holes.26,27 This will result in a recombination reaction whose rate 
varies linearly with the number density of electrons. Alternatively the monomolecular 
recombination may also be explained by geminate recombination. The latter process 
is evident in our simulations. To compare the experimental data with our predictions, 
the short circuit currents observed by Dyakonov et al.

26,27 are plotted together with 
our simulated yield of carrier collection at an applied electric field equivalent to 1 V 
potential difference over 100 nm distance (Figure 5-5d). The field strength in the 
simulation should be of the same order of magnitude as the internal electric field in 
the devices as estimated from the open circuit voltage of the cell under illumination. 
The magnitude of the short circuit current is reduced by about a factor of 10 at low 
temperature (T = 120 K, Figure 5-5d). The temperature dependence of the yield from 
the simulation and the experiments show similarity, especially in the range from 200–
300 K. This indicates that at reduced temperature, the efficiency of dissociation of 
geminate pairs of carriers may influence the device performance.  
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The experimental short circuit currents in ITO/PEDOT:PSS/MDMO-
PPV:PCBM/LiF/Al devices correspond to an efficiency of charge collection of ~50% 
per incident photon at 500 nm and the internal quantum efficiency (charges collected 
per absorbed photon) is even higher.8 The simulations can reproduce these high yields 
when the rate of recombination krec is significantly less than 1 ns–1. Interestingly, such 
low recombination rates have also been invoked recently in modeling the light 
intensity and temperature dependent photocurrent characteristics of polymer solar 
cells.28,29 

Studies of recombination of charges in a model compounds comprising a short 
PPV oligomer and a covalently attached fullerene derivative, have revealed that in 
these compounds, intramolecular charge recombination in solution can be very fast 
(krec > 10 ns–1).30,31 At present, it is not fully clear to what extent the behavior of these 
model compounds, comprising a very short PPV oligomer in solution, is 
representative for the properties of the solid MDMO-PPV:PCBM blend. The rate krec 
for the latter material may be different.  

It is important to note that our model contains several simplifications, e.g. the 
excess energy liberated in the photoinduced charge transfer process may be available 
for dissociation of the geminate pair through local heating effects.32-34 Another way to 
explain the high yield for carrier collection within the framework of our simulations is 
to increase the start energy. The start energy may be viewed as a simplified way to 
take into account the excess energy. With increasing εstart, a significant increase in the 
yield of collected charges is observed (Figure 5-5e).  

Another explanation for the high yield may be given by the recent analysis by 
Arkhipov et al.

19 who argue that for carriers with very low effective mass, zero 
vibrational energy needs to be included in the evaluation of the energy of a carrier.  

5.5 Conclusions 

The simulations presented here show that disorder assisted pair dissociation is feasible 
at the interface of an energetically disordered electron and hole transporting material. 
As a result of correlated hopping dynamics of the carriers in the pair, disorder in one 
of the two materials is sufficient to allow for pair dissociation in a weak electric field. 
Here a description of the dissociation in terms of a two-step mechanism seems 
appropriate. In the first step, the ‘slow’ carrier in the more disordered lattice jumps 
away from the interface with the energy gained by jumping to a low-energy lattice site 
compensating the loss in electrostatic binding energy. In the second step, the more 
mobile carrier can escape from the reduced electrostatic interaction with the 
oppositely charged ‘slow’ carrier in a thermally activated dissociation. The high yield 
for carrier collection observed experimentally can be accounted for by our model 
calculations when a slow rate for geminate recombination of oppositely charged 
carriers at the interface of the MDMO-PPV and fullerene phase is chosen. 
Furthermore the simulations indicate that the reduction of power conversion 
efficiency of the MDMO-PPV–fullerene photovoltaic device at lower temperatures 
may, at least in part, be explained by a lower probability for dissociation of the initial 
geminate pair of carriers. 
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6 
Time delayed collection field 

experiments on the MDMO-PPV:PCBM 
bulk-heterojunction solar cell 

 
The recombination dynamics of the photogenerated charge carriers in MDMO-

PPV:PCBM bulk-heterojunction solar cells is investigated by electrical means. Time 

delayed collection field (TDCF) experiments are performed, using an external field 

large enough to sweep out all charge carriers generated by a short laser pulse. By 

delaying this collection field in time with respect to the excitation pulse, the 

recombination kinetics of the photogenerated charges can be followed. With TCDF, 

the lifetime and number of photogenerated charges can be probed in zero field 

present in the device. TDCF probes the existence of long-lived (>1 µs) carriers. At 80 

K, nearly 80% of all photogenerated charges that can be collected using a static 

applied voltage, recombine within 1 µs in the absence of an internal field. The 

remaining carriers decay with time according to a power-law, with an exponent 

independent on the excitation density. This was also found by time-resolved PIA 

measurements in Chapter 4. Quantitative agreement with the PIA measurements is 

obtained when background illumination is taken into account. Background 

illumination shortens the lifetime of the photogenerated charge carriers detected by 

TDCF, which is attributed to trap filling of the deeper traps by carriers generated 

from the background illumination. At room temperature only 1% of all 

photogenerated charges that can be collected using a static applied voltage, remain 

at 1 µs in a near zero internal field and follow a faster decay dynamics than at 80 K, 

attributed to bimolecular recombination. 
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6.1 Introduction 

Bulk-heterojunction solar cells use a nanoscopically phase-separated blend of an 
electron donating and an electron accepting material as the active layer.1,2 When light 
is absorbed in the active layer by either of the two components, a photoinduced 
charge transfer across the interface can produce a geminate electron–hole pair. 
Provided that percolation pathways exist to the two electrodes, the photogenerated 
electrons and holes may be collected in an external circuit before they recombine.  

The eventual recombination of the cationic charge carriers with their anionic 
counterparts takes place over several orders of magnitude in time, resulting in a 
power-law (~t

–α) type of decay of the charge carrier concentration with time.3-7 In 
Chapter 4, application of an external voltage over the device results in an increase of 
concentration of the photoinduced charges, at times between 10 ns and 10 µs after 
excitation, attributed to stabilization of the photogenerated electron–hole pairs. 

In a time delayed collection field (TDCF) experiment a field is applied that is 
large enough to sweep out charge carriers that have been generated by a short laser 
pulse. By delaying this collection field in time with respect to the laser pulse, the 
recombination kinetics of the photogenerated charges can be followed. Time-delayed 
collection field experiments have been used extensively to study recombination 
processes in amorphous semiconductors such as amorphous silicon,8,9 arsenic 
triselenide,10 as well as small organic molecules,11 and lately, π-conjugated 
polymers.12-17 Recently, the recombination dynamics of photogenerated charge 
carriers in a poly(3-hexylthiopene) 13 and photovoltaic devices consisting of a very 
thick layer (260 nm) of MDMO-PPV:PCBM 18 have been measured using the Photo-
CELIV technique (Charge Extraction by a Linearly Increasing Voltage).19 In the 
Photo-CELIV technique, a voltage is applied to extract charges from the device and 
determine the charge carrier lifetime, as is in the TDCF technique. However, a 
linearly increasing voltage is used to simultaneously determine the charge carrier 
mobility. These measurements showed a deviation from the power-law decay 
observed by photoinduced absorption measurements.3-7 According to Ref. 18 a 
possible explanation for this difference is that in the CELIV technique the deepest 
trapped charge carriers are not extracted, whereas in PIA also the deepest trapped 
carriers are detected.  

The TDCF technique enables one to measure in a quantitative way the number of 
charge carriers present in the device, in contrast to photoinduced absorption 
measurements for which the absorption coefficient of the charge carriers absorption is 
unknown and the signal intensity also depends on the optical field in the thin multi-
stack layout of the device. 

Here it is shown that white probe light, used in PIA experiments, has an influence 
on the recombination kinetics on the time scales probed (1 µs–10 ms). An 
investigation is presented of the recombination dynamics in thin (100 nm) MDMO-
PPV:PCBM bulk-heterojunction solar cells under varying background illumination 
intensities both at low temperature (80 K) and at room temperature with the TDCF 
technique.  
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6.2 Experiment 

In the TDCF experiment, a collection pulse is applied to the photovoltaic device with 
a variable delay after pulsed photoexcitation. Photoexcitation is done with 2.76 eV 
photons (pulse width 4 ns, repetition rate 10 Hz) obtained from an optical parametric 
oscillator, pumped by the third harmonic of an Nd-YAG laser. The background 
illumination is generated by a tungsten-halogen lamp at excitation densities up to 0.8 
W/cm2. 

The photovoltaic devices used, consist of an ITO-coated glass substrate, followed 
by a 100 nm spin-coated PEDOT:PSS layer, a 100 nm spin-coated layer of a 1:4 
weight ratio mixture of MDMO-PPV:PCBM solution from chlorobenzene, a 1 nm LiF 
layer, and a 150 nm aluminum electrode. The optical density of the device at 2.76 eV 
was 0.6. This was determined by measuring the intensity of a 2.76 eV laser beam 
reflected at the aluminum back electrode. 

The excited area was 0.071 cm2 and the sample was held in a vacuum cryostat at 
room temperature or 80 K. Measurements where done at high (750 µJ/cm2 , 1.7 × 1020 

photons/cm3) and low (4 µJ/cm2, 9 × 1017 photons/cm3) excitation densities. The 
emission from a tungsten–halogen lamp, covering the entire device area, is used for 
background illumination.  

The Nd-YAG laser triggers an Agilent 33250A function generator used to 
generate a collection pulse with a width of 150 µs. The generator is capable of 
creating a pulse with a rise time within 5 ns, much smaller than the device response 
time (see below), assuring that the current collection is not limited by the bandwidth 
of the function generator. A Tektronix TDS5052B digital oscilloscope was used to 
measure the voltage over a 50 Ohm resistance placed in series with the photovoltaic 
device (Figure 6-1). The measured transients were averaged over up to a 1000 
acquisitions. 
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Figure 6-1 Sketch of the experimental setup and compounds used: MDMO-PPV (poly[2-

methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylene vinylene]) and PCBM (1-(3-

methoxycarbonyl)-propyl-1-phenyl-[6,6]C61). 

6.3 Results and Discussion 

First the TDCF measurement is briefly explained and some of the limitations of the 
technique are addressed. The current traces induced by the collection voltage (Vcoll) 
with laser light on and off are shown in Figure 6-2a. Since the differences between the 
traces with laser on and off are small, for clarity, a sketch is shown in Figure 6-2b. 
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When the laser is off, the traces show a negative response when the collection field is 
applied and an equally large positive response when the field is turned off. These 
responses are capacitive in origin and due to charging and discharging of the 
photovoltaic device.20 The RC-time of the device can be determined from the trace 
and was found to be ~3 µs. This means that with the TDCF measurements no 
information on a time scale smaller than 1 µs can be obtained with the device used, 
since the RC time limits the build up of the collection voltage over the device. 

When the laser is on, an extra contribution to the trace due to the photocurrent is 
measured at t = 0. This contribution is due to extraction of photogenerated charges 
driven by the internal electric field present in the device during excitation. At t = td the 
collection pulse is applied and the current due to collected charges is measured. The 
charges that contribute to this current must have survived recombination and 
extraction before t = td. An external voltage VB over the device is applied to minimize 
the photocurrent during illumination. Then, the difference between laser on and off 
traces is a measure of the light-induced current and its integral over time is 
proportional to the total amount of photogenerated charges collected by the field. 

For the measurement, the voltages Vcoll and VB should be chosen carefully. Figure 
6-3 shows the influence of VB on the photocurrent yield. The yield is calculated as the 
percentage of collected electrons per incident photons. An almost linear dependence 
of the current yield on the applied voltage is found at 80 K. Applying a bias of 
VB = 1.08 V minimizes the photocurrent at 80 K, and will be used in the TDCF 
experiments.  
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Figure 6-2 (a) Sketch of the current through the device, with and without laser excitation. 

Optical excitation is at t = 0, if a bias close to VOC is applied to the device, the photocurrent 

reduced at 80 K. The collection pulse is applied at td. (b) Measured current traces. Excitation 

is at t = 0, collection at td = 10 µs, the device is kept at VOC eliminating the photocurrent. The 

inset shows a magnification of the first 40 µs. 
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Figure 6-3 Yield of the photocurrent as function of a constant applied bias during pulsed 

laser illumination and collection at 80 K at an excitation fluence of 4 µJ/cm
2
. 

If Vcoll is chosen too high, charges are injected. This is undesirable because the 
injected charges may interfere with extraction of photogenerated charges. If Vcoll is too 
low, not all photogenerated charges will be collected. In Figure 6-4 the dependence of 
the collection yield on the voltage Vcoll of the collection pulse at 80 K is plotted. A 
constant bias VB of 1.08 V is kept on the device during excitation to counteract the 
built-in potential of the device. The yield approaches a saturation below –3 V. With 
increasing voltage Vcoll of the collection pulse, the decay constant of the collection 
current approaches the RC-time of the device. This is an indication for effective 
extraction of charges. Therefore, the measurements have been carried out with a 
collection pulse voltage Vcoll of –4 V. 

The dependence of the collection current on the time delay was measured by 
varying the time delay between photoexcitation and application of the collection pulse 
at both low and high excitation density. The time dependence of the yield of collected 
charges is plotted in Figure 6-5 for both VB = 1.08 V and VB = 0 V.  

At low excitation density (Figure 6-5a), 25% of the incident photons are converted 
into charges that can be extracted by a voltage of –4 V. The measurement shows that 
after 1 µs, about 13% of this fraction remains, independent on the applied voltage VB 
during excitation. 
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Figure 6-4 Dependence of the yield of collected carriers on the voltage Vcoll of the collection 

pulse. VB = 1.08 V. Time delay = 10 µs. Excitation fluence = 4 µJ/cm
2
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Figure 6-5 Collection yield as a function of delay time for (a) 4 µJ/cm

2
, (b) 750 µJ/cm

2 

excitation density. The applied bias VB was varied: VB = 1.042 V (■), VB = 1.08 V (▲) and at 

VB = 0 V (● and ▼). The collection pulse Vcoll was at –4 V. The yields obtained when a 

constant bias of –4 V was applied are 0.49% at –4 V DC for 750 µJ/cm
2
, and 25% at –4 V DC 

for 4 µJ/cm
2
.  

A power-law type decay ~t
–α of the charges with an exponent of α = ~0.18 is 

observed between 1 µs and 10 ms after excitation for both VB = 1.08 V and VB = 0 V. 
This indicates that the small electric field in the device when VB = 0 V is applied, is 
too weak to sweep out the long-lived (>1 µs) photogenerated charges, at 80 K.  

At high excitation density (Figure 6-5b), the number of collected charges is a 
factor 5 higher than at low excitation density. The yield of collected current, however, 
is a factor 40 lower. A slightly larger fraction of charges remain than at low excitation 
density (20%). A power-law is found with exponent α = ~0.24 for both applied 
voltages VB. This is only a small increase compared to the exponent for low excitation 
density. As discussed in Chapter 4, time-resolved photoinduced absorption 
spectroscopy also showed a weak dependence of the concentration of long-lived 
charge carriers on excitation density. The recombination kinetics appears to be 
monomolecular, because the recombination is limited by the detrapping rate of the 
least mobile charge carrier in the time range probed. The non-linear recombination 
processes take place shortly (within ~100 ns, Chapter 4) after excitation. 

The pump fluence dependence of the number of collected electrons is plotted in 
Figure 6-6. At fluences smaller than 4 µJ/cm2 a linear dependence of the number of 
collected charges on the excitation intensity is observed, which means that every 
charge carrier collected originates from one photon only and that the collected charge 
carriers are not subject to bimolecular recombination process. At higher fluences, the 
number of collected charges levels off and approaches a saturation limit. When 
increasing the excitation density to 0.8 mJ/cm2, into the saturation regime, the 
recombination dynamics is expected to become non-geminate. The fluence 
dependence of the collection current does not change significantly when the delay 
time for charge collection is varied in the 10–1000 µs interval. Thus, in this time 
interval the recombination is limited by detrapping of the least mobile charge carriers, 

a 

b 
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Figure 6-6 Fluence dependence of the number of charges collected (a) and the yield (b) as 

function of delay time and temperature. Applied bias 1 V, no background illumination. At 80 

K: (●) 10 µs, (□) 100 µs, (▲) 1 ms, (▼) constant bias –4 V and at 295 K: (◊) constant bias –4 

V. The solid lines indicate a linear dependence of the number of charges collected on the 

fluence. 

as discussed above. 

Looking at Figure 6-5, it can be observed that a fraction of the charges live up to 1 
ms. The simulations presented in Chapters 4 and 5, suggest that these charges are 
deeply trapped and therefore recombine slowly. To test if these long-lived charges are 
indeed deeply trapped, the decay constant of the collection current has been measured. 
With increasing delay time, the current shows a slower decay (Figure 6-7); between 1 
µs and 10 ms, the decay constant nearly doubles in size. This observation supports the 
hypothesis that longer-lived carriers are deeper trapped.18 

Applying a continuous background illumination (0–0.8 W/cm2) has a negligible 
effect on the number of collected charges under constant bias of –4 V during 
excitation and collection (Figure 6-8). Also pulsed excitation in the saturation regime 
(0.8 W/cm2) in the presence of continuous background illumination (0.6 W/cm2) does 
not significantly change the recombination kinetics of the long-lived charges as 
compared to the kinetics at low excitation density (Figure 6-9).  
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Figure 6-7 Fitted decay constants of the transients of the collection current at time delay td 

after excitation at 4 µJ. 
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Figure 6-8 Fluence dependence of (a) the number of charges collected and (b) the yield, 

under constant bias of –4 V. (■) no background illumination at 80 K, (□) no background 

illumination at room temperature, (●) background illumination 0.1 W/cm
2
 at 80 K, (▲) 

background illumination 0.3 W/cm
2 
at 80 K, (▼) background illumination 0.8 W/cm

2
 at 80 K. 

The influence of the background illumination on the long-lived carriers detected 
by TDCF is shown in Figure 6-10. Without background illumination a power-law 
 ~t

–α is observed, depending on the sample, with exponent α = ~0.2–0.3. With 
increasing background illumination an increase of the exponent is found up to 
α =  ~0.6 at 0.6 W/cm2 illumination density. The faster recombination in the presence 
of background illumination can be explained in various ways: i) recombination 
between the laser- and background light-induced charges, ii) detrapping of the 
photogenerated charges by absorption of the background illumination, and iii) trap 
filling by the charges induced by background illumination: traps that are occupied by 
the charges induced by the background illumination, cannot be filled by the laser 
induced charges. The laser induced charges are shorter lived, because they can fill 
only shallow traps. This explanation is further investigated below. 
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Figure 6-9 Time dependence of the collection yield for two different excitation densities. 

Applied bias VB = 1.03 V, collection voltage –4 V, at 80 K. Background illumination of 0.6 

W/cm
2
. 
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Figure 6-10 Time dependence of the collection yield for different background illumination 

densities. Applied bias VB = 1.13 V, collection voltage –4 V, excitation density 4 µJ/cm
2
, 80 K. 

The fits are according to the power-law ~t
–α

, where α = 0.30 ± 0.01 without background 

illumination and α = 0.61 ± 0.04 with 0.6 W/cm
2
 background illumination. 

In Figure 6-11 the contribution to the collection current of charges generated by 
the background illumination is shown. To measure this contribution, the laser beam 
was blocked, and the difference between measurement in the presence of the 
continuous background illumination and measurement in the dark was determined. By 
applying the collection pulse, this time, charges generated by the background 
illumination only are collected. TDCF measurements without background showed that 
trapped charges can be extracted by the –4 V pulse. Therefore a transient contribution 
to the collection current in the first 10 µs after application of the collection pulse is 
expected. In the first 25 µs the collection current shows a fast decay and assumes a 
constant value for times > 50 µs. Upon application of the collection voltage, the 
charge carriers induced by the background illumination that are trapped at low energy 
site are extracted from the device, give rise to a the fast decay component of the 
current. After 50 µs, the rate of extraction becomes equals the rate of generation of the 
charge carriers and the current approaches a constant value for the remainder of the 
duration of the collection pulse. The fast decay component indicates that charges 
generated by the background illumination can indeed fill the traps and these charges 
can be detrapped by the collection pulse.  

The shortening of the lifetime of the laser induced charge carriers with increasing 
background illumination is therefore attributed to trap filling of the deeper traps by 
charges generated by the background illumination. This is consistent with 
investigations of the background illumination intensity on the charge carrier 
concentration probed by PIA experiments.21  

In Figure 6-12 the dependence of the collection yield on time delay at room 
temperature is plotted. At room temperature, the average lifetime and total yield is 
smaller than at 80 K. At room temperature the photocurrent could be minimized, but 
not completely suppressed by applying a bias during excitation. Further increasing the 
bias leads to a negative current, due to injection. Due to the higher mobility at room 
temperature, virtually all photogenerated charges are collected during the first 20 µs 
after excitation and a large fraction before applying the collection pulse. Applying a  
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Figure 6-11 Time dependence of the contribution to collection current due to background 

illumination (0.6 W/cm
2
). Applied bias VB = 1.13 V, collection voltage Vcoll = –4 V applied at 

10 µs. 

bias of 0 V during excitation resulted in a full extraction of the photogenerated charge 
carriers within 10 µs.  

Figure 6-6 shows that at room temperature the yield of collected charges under a 
constant bias of –4 V is close to the yield at 80 K. This implies that at –4 V applied 
voltage the increase of temperature has no influence on the efficiency of dissociation 
of the photogenerated charge pairs. This means that the lower collection yield 
observed at room temperature after 1 µs (Figure 6-12) compared to the yield at 80 K, 
is caused by a higher extent of recombination at room temperature than at 80 K. 

After 1 µs, the recombination dynamics at room temperature is faster than at 80 K 
and approaches 1/t. Such fast dynamics at room temperature has also been reported by 
Mozer et al.18. These authors attribute the decay to non-dispersive bimolecular 
recombination. For large t, the bimolecular recombination mechanism predicts 
n(t) ~ 1/t, in agreement with our results. This indicates that at room temperature, 
detrapping of the holes is no longer limiting the recombination dynamics. 
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Figure 6-12 Time dependence of the collection yield (■) at room temperature, applied bias 

VB = 0.76 V. Collection pulse voltage Vcoll = –4 V, excitation density 4 µJ/cm
2
. The yield of 

the collected carriers at –4 V constant bias at room temperature is 25%. For comparison, the 

data for 80 K, excitation density 4 µJ/cm
2
 (see Figure 6-5a), has also been plotted (dashed 

line, scaled by a factor of 0.1), 
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6.4 Comparison with photoinduced absorption measurements 

Until recently, the charge carrier recombination in MDMO-PPV:PCBM solar cells 
has been investigated mainly using the photoinduced absorption technique. By 
photoinduced absorption spectroscopy, the relative concentration of charge carriers is 
probed, whereas with TDCF the number of charge carriers is measured with time 
quantitatively. Depending on the morphology of the active layer of the solar cell, 
charges can get trapped and may not be extracted in the TDCF measurements. In 
contrast, in the PIA measurement, the signal is mainly determined by these deeply 
trapped carriers, and less by non-trapped carriers that are extracted or recombine 
easily. 

Π-conjugated disordered materials often show a power-law type of decay of the 
number of photogenerated charge carriers. Such decay can be interpreted in terms of 
dispersive transport. Charge carriers, generated in the center (or higher) of the 
Gaussian density of states, can relax toward lower energy states before recombining 
which leads to a distribution of lifetimes. In photoinduced absorption measurements a 
power-law type decay is observed,5,6,21-23 with an exponent independent on the pump 
fluence. To explain this observation, it was suggested that the recombination process 
might be kinetically limited by the rate of detrapping of the hole from its trap site. The 
resulting recombination appears therefore monomolecular. The same explanation may 
be used to explain the results obtained by TDCF. 

In photoinduced absorption measurements, typically a power-law t
–α with 

exponent α = 0.4–0.6 is found when the device is at open circuit (Chapter 4). The 
time delayed collection field measurements show a smaller exponent of 0.2–0.3 
without background illumination. With comparable background illumination as 
present in the photoinduced absorption measurements, the exponent of 0.6 is 
recovered also in the TDCF measurements. It therefore seems that the TDCF results 
are consistent with those from PIA. 

6.5 Conclusions 

Time delayed collection field experiments can be used to follow the recombination 
kinetics of photogenerated charge carriers in solar cells. The technique is 
complementary to PIA, because the TDCF measurement can be performed at much 
lower pump fluences than time-resolved PIA experiments (Chapter 4). TDCF allows 
one to measure in a quantitative way the number of charge carriers present in the 
device in the time range 1 µs–1 ms, in zero field by applying a voltage compensating 
for the built-in field. A disadvantage of the TDCF-technique is that the collection time 
delay is limited by the RC-time of the device.  

TDCF shows the existence of long-lived carriers in the MDMO-PPV:PCBM solar 
cell. Nearly 80% of all photogenerated charges that can be collected using a static 
applied voltage at –4 V, recombine within 1 µs under zero electric field conditions. 
The remaining number of carriers decays with time according to a power-law, with an 
exponent independent on the excitation density. This was also found by time-resolved 
PIA measurements in Chapter 4. Quantitative agreement of the exponents of the 
power-law with those found by the PIA measurements, is obtained when background 
illumination is taken into account. Background illumination leads to a shortening of 
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the lifetime of the photogenerated charge carriers, which is attributed to trap filling of 
the deeper traps by carriers generated from the background illumination. At room 
temperature nearly 1% of all photogenerated charges that can be collected using a 
static applied voltage, remain at 1 µs in near zero field conditions. These charges 
follow faster decay dynamics than at 80 K, attributed to bimolecular recombination. 
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7 
Exciplex dynamics in a blend of π-
conjugated polymers with electron 
donating and accepting properties 

(MDMO-PPV and PCNEPV)∗ 
 
The photophysical properties of a solution processed blend of two semiconducting 

polymers with electron donating and electron accepting properties, respectively, as 

used in polymer photovoltaic devices have been investigated. In the binary mixture of 

poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) and 

poly[oxa-1,4-phenylene-(1-cyano-1,2-vinylene)-(2-methoxy-5-(3,7-dimethyloctyloxy)-

1,4-phenylene)-1,2-(2-cyanovinylene)-1,4-phenylene] (PCNEPV) photoexcitation of 

either one of the polymers results in formation of a luminescent exciplex at the 

interface of the two materials. Photoinduced absorption spectroscopy shows that this 

exciplex can decay to the lowest triplet state (T1) of MDMO-PPV. Application of an 

electric field results in dissociation of the marginally stable exciplex into charge 

carriers, which provides the basis for the photovoltaic effect of this combination of 

materials. Spin allowed recombination of the charge carriers to the MDMO-PPV T1 

state is invoked to explain the field-enhanced quantum yield for triplet formation 

observed by photoinduced reflection measurements on photovoltaic devices made 

from the composite films. The field enhanced triplet yield is identified as loss 

mechanism for the photovoltaic performance of this combination of materials. 

                                                 
∗ T. Offermans, P. A. van Hal, S. C. J. Meskers, M. M. Koetse, and R. A. J. Janssen, Physical 
Review B: Condensed Matter and Materials Physics 72, 045213/1-045213/11 (2005). 
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7.1 Introduction 

Photoinduced charge transfer in blends of π-conjugated polymers with 
complementary p- and n-type semiconducting properties is being studied intensively, 
motivated by the possibility to utilize these composite layers in photovoltaic devices. 
In fact, the use of two materials with complementary p-and n-type electronic 
properties is crucial to the operation of any polymer solar cell because photoexcitation 
of a pure conjugated polymer generally provides a bound electron–hole pair or 
exciton rather than free charges.1 However, the charge carriers required for the 
photovoltaic effect can be created in high yield in a photoinduced charge transfer at 
the interface of donor (p-type) and acceptor (n-type) materials with appropriately 
positioned energy levels.2,3 Surprisingly high efficiencies (>50%) for collection of 
photoinduced charge carriers with respect to incident photons have been observed in 
bulk-heterojunction photovoltaic devices that use a active layer of a π-conjugated 
polymer blended with a fullerene derivative.4-7 In these blends, neutral excitons 
resulting from photon absorption by one of the two components diffuse to the 
interface, where dissociation into charge carriers can occur. It is well established that 
the microscopic structure of the bulk-heterojunction is crucial to the performance of 
the device because intimate mixing ensures efficient charge generation and because 
the two phases should provide percolating pathways for both photogenerated charge 
carriers to opposite electrodes. The morphologies of the various composite layers 
have been analyzed in detail and blends that show phase segregation of the electron 
donating and accepting material with a typical length scale of in the range of 10–100 
nm show optimal photovoltaic performance.8–12 

Following charge generation at an interface, the charges have to be separated 
spatially and escape from recombination before they can be transported and collected 
at the electrodes. However, given the relatively low dielectric constant of organic 
molecules and polymers, one expects that the charge carriers will be relatively 
strongly bound by the Coulomb force. In fact the process leading to generation of free 
charges inside these organic materials is presently only partly understood.13-18 It has 
been shown that a built-in electrical field, resulting from the use of two electrodes 
with different work function, is essential to collect the charges generated at the 
interface efficiently.19 

At present it is not entirely known which criteria the electron accepting and 
donating materials have to fulfill to ensure efficient separation of the initial geminate 
charge pairs into free charge carriers. Moreover, in polymer blends a special type of 
excitation may exist that occurs uniquely at the interface between electron donating 
and accepting material. The excitation has a charge transfer character and may in a 
very crude approximation be viewed as a hole on the electron donating material and 
an electron on the electron accepting material bound together by the Coulomb 
attraction between these two quasiparticles. Such states are often referred to as 
exciplexes. 

The formation of excited state complexes or exciplexes has been investigated in 
detail for aromatic molecules in solution.20,21 After photoexcitation of certain aromatic 
molecules and collision of these excited molecules with a second molecule with 
strong electron donating or accepting properties, a complex can be formed which is 
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stable only in the excited state and that can often be observed by a characteristic 
emission at a photon energy that is lower than the emission of either of the two 
components. This exciplex derives its stability from delocalization of the electronic 
excitation over the two molecules and from partial electron transfer between the 
donating and accepting molecule. The charge transfer character of this exciplex has 
been found to increase with the strength of the electron donating properties of the one 
component and with the electron affinity of the other. The occurrence of exciplex type 
emission in bends of π-conjugated polymers is a relatively recent discovery. In 
heterojunctions of polymer/polymer blends red-shifted emission have been observed 
and attributed to an exciplex state.22-24 Efficient red-emitting LEDs can be made based 
on exciplex emission from mixtures of donor and acceptor polymers.22,23 

Here the photophysical processes associated with the exciplex in a MDMO-
PPV:PCNEPV bulk-heterojunction device are investigated. The chemical structure of 
MDMO-PPV and PCNEPV 25,26 are shown in Figure 7-1. PCNEPV has a relatively 
high electron affinity due to the strongly electron withdrawing cyano substituents and 
functions as the electron accepting component in the blend. PCNEPV is a derivative 
of CN-PPV, for which charge transfer has been shown in MEH-PPV:CN-PPV 
blends.2 PCNEPV has also been used in bilayer photovoltaic devices blended with 
MEH-PPV on TiO2.

27 Photovoltaic devices based on the MDMO-PPV:PCNEPV 
blends reach power conversion efficiencies up to 0.75% under standard conditions 
(AM1.5, 1000 W/m2) after thermal annealing and a maximum efficiency for the 
conversion of incident photons into collected electrons (IPCE) of 23% at photon 
energies of 2.48 eV.28 For the blends under study, phase segregation with typical 
length scales of 20–50 nm could be observed by TEM after thermal annealing of the 
film. For the untreated film, no phase segregation could be observed by AFM.28 The 
IPCE for the films that have not been annealed is lower than for the treated films (8–
10% at 2.48 eV). The photovoltaic effect in the untreated films indicates that also in 
these films phase segregation occurs to some extent. The cells are further 
characterized by a relatively high open circuit voltage of 1.3–1.4 V 28 that stems from 
the relatively large separation between the valence band level of MDMO-PPV and the 
conduction band level of PCNEPV. The IPCE value of 23% leaves no doubt that 
absorption of light results in generation of charge carriers in this blend but it will be 
shown that photoexcitation of a MDMO-PPV:PCNEPV blend also results in the 
formation of a luminescent exciplex. Herein it is demonstrated that a relatively low 
electric field suffices to dissociate a significant fraction of this exciplex into free 
charge carriers, allowing for photovoltaic energy conversion. The exciplex can also 
decay to a lower lying triplet excited state associated with MDMO-PPV. Such field-
enhanced triplet formation may ultimately be one of the factors limiting solar cell 
performance of polymer–polymer bulk-heterojunctions. 
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7.2 Experimental 

Poly[oxa-1,4-phenylene-(1-cyano-1,2-vinylene)-(2-methoxy-5-(3,7-
dimethyloctyloxy)-1,4-phenylene)-1,2-(2-cyanovinylene)-1,4-phenylene] (PCNEPV) 
was synthesized according to literature procedures.25 26 The material used for this 
study had a weight average molecular weight (Mw) of 48 kg/mol with a polydispersity 
index (PDI) of 4 as measured by size-exclusion chromatography (SEC) versus 
polystyrene standards. Poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-
phenylenevinylene] (MDMO-PPV, Mw = 570 kg/mol and PDI = 5) was synthesized 
via the sulfonyl route.29 Composite MDMO-PPV:PCNEPV films were spin-coated 
from chlorobenzene containing 0.25 wt.-% of each component. Prior to spin-coating 
the solution was stirred at 70 °C for 1 h. The resulting films had a thickness of 40 nm 
as determined by profilometry (Tencor P10). Some measurements were carried out on 
annealed films. These films were annealed at 120 ºC in a N2 atmosphere for 15 min. 
Devices were prepared using glass substrates with patterned indium tin oxide (ITO) 
(Philips Research). After careful scrubbing, cleaning, and UV-ozone treatment, a 60 
nm thin layer of poly(3,4-ethylenedioxythipophene:poly(styrene sulfonate) 
(PEDOT:PSS) (Baytron P, H.C.Starck) was applied by spin-coating, followed by the 
MDMO-PVV:PCNEPV blend. The metal back electrode of LiF (1 nm) and Al (150 
nm) was evaporated at 10–7 mbar through a shadow mask. By this way four devices 
were created per substrate with areas of 0.095, 0.167, 0.37, and 1.03 cm2, 
respectively. The 0.095 cm2 and the 0.37 cm2 devices were used for photoinduced 
absorption measurements; the 0.167 cm2 devices were used for time-resolved 
fluorescence measurements. 

UV/vis absorption and fluorescence spectra were recorded with a Perkin-Elmer 
Lambda 900 spectrometer and an Edinburgh Instruments FS920 double-
monochromator luminescence spectrometer using a Peltier-cooled red-sensitive 
photomultiplier, respectively. Films deposited on quartz substrates were used for 
UV/vis and fluorescence measurements. Time-correlated single photon counting 
fluorescence studies were performed using an Edinburgh Instruments LifeSpec-PS 
spectrometer. This instrument comprises a 400 nm (3.10 eV) picosecond laser 
(PicoQuant PDL 800B) operated at 2.5 MHz and a Peltier-cooled Hamamatsu 
microchannel plate photomultiplier (R3809U-50).  

Near steady state photoinduced absorption (PIA) spectra were recorded between 
0.35 and 3.00 eV by exciting with 2.70 eV photons from a mechanically modulated 
(275 Hz) cw Ar+ laser. The resulting change in transmission (∆T) of a tungsten 
halogen probe light through the sample was monitored with a phase-sensitive lock-in 
amplifier after dispersion by a grating monochromator and detection using Si, 
InGaAs, and cooled InSb detectors. The pump power incident on the sample was 
typically 25 mW with a beam diameter of 2 mm. The PIA (–∆T/T) was directly 
calculated from the change in transmission after correction for the 
photoluminescence. Photoinduced absorption spectra and photoluminescence spectra 
were recorded with the pump beam in a direction almost parallel to the direction of 
the probe beam. For measurement on devices, the probe beam was detected after 
reflection at the back electrode of the device at an angle of 45 degrees to the incident 
probe beam. Temperature was controlled between 80 and 300 K with an Oxford 
Optistat cryostat. 
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J–V characteristics of the devices were measured with a Keithley 2400 source 
measuring unit in a N2 atmosphere using ‘white’ light illumination by a tungsten 
halogen lamp in combination with a KG1 infrared and a GG385 UV filter. The 
resulting illumination density was 75 mW/cm2. The photocurrent was also measured 
using a modulated excitation (77 Hz) with 2.70 eV photons with intensity 0.8 W/cm2 
from the Ar+ laser used in the PIA measurements, under background light 
illumination from a tungsten halogen lamp with similar intensity. The current was 
evaluated by measuring the amplitude of the oscillating voltage over a probe 
resistance Rs (0.01 Ohm) connected in series with the device using a lock-in amplifier. 
The driving voltage over the device was applied using a Keithley 2400 source 
measuring unit. During the measurement the device was held in a vacuum using an 
Oxford Optistat cryostat, at room temperature or at 80 K. 

The femtosecond laser system used for pump–probe experiments consisted of an 
amplified Ti/sapphire laser (Spectra Physics Hurricane), providing 150 fs pulses at 
800 nm with an energy of 750 µJ and a repetition rate of 1 kHz. The pump pulses at 
510 nm (2.43 eV) were created via optical parametric amplification (OPA) of the 800 
nm and frequency doubling. The probe beams at 2200 nm (0.56 eV) and 980 nm (1.27 
eV) were generated in a separate OPA. The pump beam was linearly polarized at the 
magic angle (54.7°) with respect to the probe beam, to cancel out orientation effects 
in the measured dynamics. The temporal evolution of the differential transmission 
was recorded using a cooled InSb detector (at 0.56 eV) or a Si detector (at 1.27 eV) 
by a standard lock-in technique at 500 Hz.  

7.3 Results 

7.3.1 Exciplex formation in MDMO-PPV:PCNEPV films and photovoltaic 

devices 

Figure 7-2 shows the optical absorption and fluorescence spectra for thin films of 
PCNEPV, MDMO-PPV, and their 1:1 wt. blend. PCNEPV shows an absorption in the 
blue part of the spectrum with a maximum at 2.72 eV and an absorption coefficient 
α = 1.5 × 105 cm–1. The onset of absorption of PCNEPV at 2.4 eV is at considerably 
lower energy than for the corresponding polymer without cyano substituents (PPV 
ether) at 2.8 eV.30 In contrast, CN-PPV, which lacks the ether linkages, shows an 
onset at already 2.1 eV.31 PCNEPV films show a bright yellow fluorescence with a 
maximum at 2.12 eV. The fluorescence maximum shows a large shift from the 
absorption maximum, which was also found for CN-PPV and may be related to the 
charge transfer (CT) character of the excitation arising from the presence of the 
strongly electron withdrawing cyano moieties. The lifetime of the fluorescence is 
exceptionally long for a conjugated polymer: τ = 14 ns (Figure 7-3). For the related 
CN-PPV a lifetime of 5.6 ns has been reported 32 and these long lifetimes have been 
rationalized to result from an interchain excitation.32 MDMO-PPV shows an 
absorption maximum at 2.4 eV with α = 1.1 × 105 cm–1. The onset of absorption 
occurs at 2.1 eV which shows that of the two polymers in the blend, MDMO-PPV has 
the lowest excited singlet state (S1). For the pure MDMO-PPV film the first vibronic 
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Figure 7-2 Normalized UV-vis absorption and emission spectra of films of PCNEPV, 

MDMO-PPV, and the 1:1 wt% blend at room temperature (excitation at 2.29 eV). The 

excitation spectrum of the emission at 1.85 eV for the blend is shown by the dashed line. 

in the fluorescence is found at 2.11 eV. The fluorescence lifetime of MDMO-PPV is 
τ = 0.36 ns (Figure 7-3).  

The absorption spectrum for the 1:1 wt. blend (Figure 7-2) shows that both 
polymers contribute to the absorption spectrum that peaks at 2.55 eV. In comparison 
with films of PCNEPV, the maximum intensity of the photoluminescence from the 
blend is reduced by a factor 34 and by a factor of 3 compared to MDMO-PPV. 
Interestingly, the spectral position of the emission differs from the fluorescence 
spectra of MDMO-PPV and PCNEPV. This new type of emission has its maximum 
intensity at 1.85 eV. The excitation spectrum of the blend (dotted line in Figure 7-2) 
shows that the new emission can be generated via excitation of both MDMO-PPV and 
PCNEPV. By taking the ratio between the amplitudes in the excitation spectrum and 

0 20 40 60 80

10
1

10
2

10
3

10
4

 

 

F
lu

o
re

s
c
e

n
c
e
 (

c
o

u
n
ts

)

Time delay (ns)

 PCNEPV

 MDMO-PPV

 1:1 blend

 
Figure 7-3 Time-resolved emission of PCNEPV, MDMO-PPV, and the 1:1 wt% blend. 

Photoexcitation at 3.10 eV, detection at 1.90 eV. 
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Figure 7-4 Light emission of an ITO/PEDOT:PSS/MDMO-PPV:PCNEPV/LiF/Al device at a 

photon energy of 1.90 eV at different bias voltages, recorded with photoexcitation at 3 eV at 

room temperature (solid squares) and 80 K (open circles). The inset shows the emission 

spectra for three different voltages at room temperature.  

the absorption spectrum, the dependence of the quantum yield of luminescence on 
excitation photon energy can be evaluated. From the data, it follows that the 
anomalous red emission in the mixture is generated more efficiently at excitation 
photon energies E > 2.8 eV when compared to E < 2.8 eV. After pulsed excitation, the 
emission initially decays with a lifetime τ = 1.6 ns. Apparently, the luminescent 
excited state in the blend has a longer lifetime than the S1 state of MDMO-PPV but a 
shorter lifetime than the S1 state of PCNEPV (see Figure 7-3). The 
photoluminescence at 1.85 eV is assigned to originate from an exciplex like excited 
state formed at the interface between the electron donating and accepting polymer. 
Such exciplexes have previously been reported for a number of polymer–polymer 
combinations.22-24 

The exciplex emission of the MDMO-PPV:PCNEPV blend can also be observed 
when the polymer layer is embedded in a device structure with a PEDOT:PSS bottom 
contact and a LiF/Al top contact (see experimental). The intensity of the 
photoluminescence (PL) in these structures depends on the bias voltage applied over 
the device (Figure 7-4). At room temperature, the intensity of the luminescence 
decreases when applying a voltage lower than the built-in potential (Vbi). At the low 
light intensities used in the PL measurements, the internal electric field inside the 
device vanishes when the difference in work function of the two electrodes used 
(Vbi = 0.9 V) is compensated by an externally applied voltage.33 This decrease of the 
PL indicates that the exciplex splits up into a pair of oppositely charged carriers under 
the influence of the electric field inside the device. Under forward bias, however, the 
intensity increases sharply for voltages > 2 V. This rapid increase arises from 
electroluminescence. The spectra of the electroluminescence and the 
photoluminescence at low voltages are almost identical (see insert Figure 7-4). At low 
temperature (80 K), the exciplex luminescence increases. Again the intensity is 
dependent on the applied bias and a maximum in intensity occurs close to the built-in 
voltage, meaning that the field-enhanced exciplex dissociation occurs under forward 
and reverse bias as expected. At low temperature the electroluminescence sets in at 
higher values of the applied bias (5 V), because injection of charges is more difficult  



 
CHAPTER 7 
 

 92 

0 2 4 6 8 10

102

103

0.1 0.2 0.3 0.4 0.5

0.5

1.0

 

P
h

o
to

lu
m

in
e

s
c
e

n
c
e

 (
c
o

u
n

ts
)

Time delay (ns)

-4.0 V

-2.5 V

-1.0 V

+0.5 V

Time delay (ns)

1
0
4
 c

o
u
n
ts

 
Figure 7-5 Time-resolved emission of an ITO/PEDOT:PSS/MDMO-PPV:PCNEPV/LiF/Al 

device at different applied voltages recorded after photoexcitation 60 ps (FWHM) pulses at 

3.10 eV and detected at 1.90 eV. For clarity, the traces are offset vertically. The inset 

compares the instrument response function (IRF) (solid line) with the grow-in of the emission 

at 1.90 eV at VOC (squares), the convolution of the IRF with [exp(–t/1.4)], t > 0] (dashed line) 

and the grow-in of the decay at 2.25 eV at VOC (circles). The measurements were performed 

at room temperature. 

at lower temperatures.  

Figure 7-5 shows the results of a time-resolved luminescence experiment on the 
polymer blend in a device structure (T = 298 K). The graph shows that the lifetime of 
the exciplex emission also depends on the applied bias. At more negative bias a 
reduction of the lifetime of the exciplex emission is observed. The insert in Figure 7-5 
shows the early time domain of the experiment. At 2.25 eV, where the MDMO-PPV 
emits, a very weak emission can be observed (see also Figure 7-2) that rises and 
decays in the same manner as the response function of the instrument. This indicates 
that the lifetime of the residual MDMO-PPV emission is much shorter than the 
instrument response (<100 ps). Hence, the singlet photoexcitations in MDMO-PPV 
(which have a natural lifetime of 0.36 ns) diffuse towards the interface with the 
PCNEPV, where they are converted into exciplexes. This process occurs at times 
shorter than 100 ps after photoexcitation. The more intense exciplex emission 
(measured at 1.90 eV) rises more slowly than the residual MDMO-PPV emission. The 
rise can be modeled with a convolution of the instrument response and an exponential 
decay function with a 1.4 ns decay time (dashed line in inset of Figure 7-5). This 
demonstrates that the majority of exciplexes are formed within a time period much 
shorter than 100 ps after excitation. The fluorescence measurements are consistent 
with formation of the exciplex out of MDMO-PPV (and PCNEPV) excitations that 
have diffused towards the interface.  

In additional experiments on shorter time scales, using sub-picosecond pump–
probe spectroscopy, photoinduced absorption transients were probed at 0.56 and 1.27 
eV after photoexcitation (200 fs) with 2.43 eV photons. These probe energies 
correspond to the low and high energy absorptions of MDMO-PPV radical cations, as 
will be shown later. The absorption traces pertaining to 0.56 and 1.27 eV (Figure 7-6)  
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Figure 7-6 Transient absorption spectra of the 1:1 wt% MDMO-PPV:PCNEPV blend 

pumped at 2.43 eV and probed at 1.27 eV (high-energy cation band, solid squares) and at 

0.56 eV (low-energy cation band, open circles). The inset shows the pump intensity 

dependence of the transient absorption signals at 1.27 eV nm at 1 ps (squares), 50 ps 

(circles), and 500 ps (triangles) after excitation. 

exhibit the same temporal evolution and rise within the time resolution of the 
experimental setup (~0.3 ps). Bimolecular exciton–exciton annihilation at short delays 
is evident from the pump intensity dependence of ∆T/T (inset of Figure 7-6). 
However, following this rapid decay the induced absorption shows a slow decay with 
a time constant ~1 ns. The relatively slowly decaying photoinduced absorption signals 
are assigned to exciplexes. Incidentally, the almost identical decay of the induced 
absorption traces at 0.56 and 1.27 eV indicates that MDMO-PPV triplet states [which 
do absorb at 1.27 eV (see below), but not at 0.57 eV] are not formed to a significant 
extent in the 0–1 ns time domain. 

7.3.2 Long-lived photoexcitations in MDMO-PPV:PCNEPV films and 

photovoltaic devices 

Long-lived excitations such as triplet states and radical ions with lifetimes in the 
microsecond to millisecond range can be investigated by monitoring the photoinduced 
absorption (PIA) with mechanically modulated excitation and lock-in detection (see 
experimental for details). For the materials under study the results of these 
experiments are shown in Figure 7-7. The PIA spectrum of pristine MDMO-PPV 
(Figure 7-7b) exhibits a triplet absorption band (Tn←T1) band centered at 1.35 eV and 
a bleaching band at 2.14 eV.34 The PIA spectrum of pristine PCNEPV (Figure 7-7b) 
shows a bleaching band above 2.4 eV, a large triplet absorption band at 2.02 eV,35 and 
three smaller bands at 0.95, 1.15, and 1.34 eV that are also attributed to the triplet 
absorption because they show the same modulation frequency and pump power 
dependence as the absorption at 2.02 eV. The spectra of the radical cation of MDMO-
PPV and the radical anion of PCNEPV were also determined. The former was 
obtained by recording the PIA spectrum of a blend of MDMO-PPV with a fullerene 
derivative (PCBM) (Figure 7-7c, dashed line).36 The absorption of the fullerene 
(PCBM) anion (at about 1.24 eV) makes an insignificant contribution to the PIA 
spectrum, because of the much lower absorption coefficient. Hence, the PIA spectrum  
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Figure 7-7 (a) PIA spectra of a MDMO-PPV:PCNEPV blend (1:1 wt.) before (solid line) and 

after thermal annealing (dashed line). (b) PIA spectra of MDMO-PPV (solid line) and 

PCNEPV (dashed line). (c) Spectroelectrochemistry of PCNEPV dissolved in THF at –1310 

mV vs. Fc/Fc
+
 (solid line) at room temperature and PIA spectrum of a MDMO-PPV:PCBM 

blend (dashed line). All PIA spectra were recorded at 80 K with excitation at 2.70 eV, using a 

modulation frequency of 275 Hz. 

in Figure 7-7c spectrum shows essentially that of the MDMO-PPV radical cation 
only.37 The absorption of the PCNEPV radical anion was determined using a 
spectroelectrochemical experiment. The differential absorption of PCNEPV at an 
electrochemical potential of –1.3 V vs. Fc/Fc+ (i.e. in the reduced form) and at 0 V 
(i.e in the neutral form) is shown Figure 7-7c (solid line). In the reduced (negatively 
charged) state PCNEPV absorbs strongly at 1.28 and 1.82 eV. The negative signal at 
2.82 eV in the differential spectrum (Figure 7-7c) is a bleaching signal that arises 
from the depletion of the neutral state of PCNEPV. 

Having determined the absorption spectra of MDMO-PPV and PCNEPV in their 
triplet and charged states, we now turn to the PIA spectrum of their blend. Figure 7-7a 
shows that in the MDMO-PPV:PCNEPV (1:1 wt.) blend, a relatively strong PIA 
signal is observed at 1.35 eV together with a bleaching band at 2.14 eV, after 
photoexcitation of both components at 2.70 eV. By comparing the PIA spectra for the 
blend and the pure materials, the main long-lived induced absorption in the blend can 
unambiguously be attributed to the MDMO-PPV triplet state. The lifetime of the 
triplet state in the blend is about 0.1 ms, as inferred from the modulation frequency 
dependence of the signal intensity. The bleaching at 2.14 eV can also be attributed to 
MDMO-PPV (see also Figure 7-2), supporting the assignment that the long-lived 
excitations reside on MDMO-PPV and not on PCNEPV. When illuminating the blend 
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with 2.17 eV photons, MDMO-PPV is selectively excited. This results in a PIA signal 
that is virtually the same as the PIA observed with 2.70 eV excitation where also 
PCNEPV is excited initially. It is important to note that the intensity of the PIA signal 
in the blend is higher than in films of pure MDMO-PPV (with identical optical 
density). Apparently the quantum yield for MDMO-PPV triplet formation is increased 
in the blend compared to the pure material, despite the fact that the at the same time 
the photoluminescence MDMO-PPV is strongly quenched and the lifetime of the 
MDMO-PPV S1 state is much shorter than 100 ps. The possibility that increased PIA 
signal results from a longer lifetime in the blend could be ruled out. By measuring the 
modulation frequency dependence, it is verified that the lifetimes associated with the 
1.35 eV signals in MDMO-PPV and in the MDMO-PPV:PCNEPV blend are identical 
(0.1 ms) and much shorter than the modulation cycle (~2 ms) used to record the 
spectra in Figure 7-7. The increased triplet yield and the simultaneous loss of 
fluorescence indicate that the long-lived triplet excitations probed by PIA probably do 
not form directly via intersystem crossing from the MDMO-PPV S1 state. Instead, it is 
proposed that the MDMO-PPV T1 state evolves from the exciplex state that is formed 
within 100 ps after excitation (see above).  

Thermal annealing of the blend prior to the PIA measurements has only a marginal 
effect on the PIA spectrum: a slight decrease of the 1.35 eV band and an increase of 
the signal at ~1.85 eV and the band at 0.50 eV. Comparison of the PIA of the blend 
and spectra for the charged states of the MDMO-PPV and PCNEPV (Figure 7-7c) 
shows that the shoulder around 1.85 eV observed in the annealed MDMO-
PPV:PCNEPV blend may be attributed to a low concentration of PCNEPV radical 
anions. In accordance with charge formation, the additional higher intensity of the 
PIA band present at 0.50 eV may be attributed to the absorption of the radical cation 
of the MDMO-PPV.35 The bleaching, triplet, and radical cation (0.50 eV) PIA signals 
for the blend all show a very similar sub-linear dependence (~I

0.4–0.5) on excitation 
intensity. The changes in the PIA after thermal annealing are consistent with a higher 
efficiency for formation of charges (MDMO-PPV+ and PCNEPV–). Note that 
annealing of the blend results in an increase of the efficiency of photovoltaic energy 
conversion by a factor of two.28 Furthermore, a reduction of the exciplex 
photoluminescence efficiency by approximately the same factor is observed after 
annealing.  

In Figure 7-8 results are shown for PIA measurements at 80 K with 77 Hz 
modulation frequency on MDMO-PPV:PCNEPV blends in photovoltaic devices, i.e. 
sandwiched between ITO/PEDOT:PSS and LiF/Al electrodes. In the bottom part 
(Figure 7-8b) the induced absorption including ITO/PEDOT:PSS electrode as 
measured in the transmission mode is shown. In this measurement the pump and 
probe beam are focused on an area of the device that is not covered by the LiF/Al 
back electrode. Comparing the spectrum in Figure 7-8b with that of the blend on 
quartz (Figure 7-7a) a strong similarity can be noticed. Therefore the main long-lived 
photoexcitation in the blend is the MDMO-PPV T1 state, also in the presence of an 
ITO/PEDOT:PSS electrode.  
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Figure 7-8 (a) PIA of an ITO/PEDOT:PSS/MDMO-PPV:PCNEPV/LiF/Al device measured in 

reflection geometry at different applied voltages: open circuit (solid line), –3 V (dashed line), 

and +2 V (dotted line). The asterisk indicated the position of the Al thermoreflection feature 

(see text). (b) PIA of the same film measured adjacent to the LiF/Al electrode but including 

ITO and PEDOT:PSS. All spectra were recorded at 80 K with excitation at 2.70 eV, using a 

modulation frequency of 77 Hz. 

Because the transmission of the probe light through the photovoltaic device is 
hampered by the presence of the reflecting LiF/Al electrode, reflection measurements 
were performed to evaluate the photoinduced absorption. In Figure 7-8a the 
photoinduced relative differential reflectivity, ∆R/R, is shown on the same device as 
used for the measurements in Figure 7-8b. One of the problems in measuring 
photoinduced absorption on devices in reflection geometry is the reduced absorption 
of light by films on which a metal electrode is evaporated as compared to plain films 
without electrodes. The reduced absorption is caused by the electro-magnetic field 
being almost zero at the metal electrode.38 In order to satisfy this condition, the 
incoming light has to interfere destructively with the reflected light wave near the 
metal surface. This results in very small amplitudes of the electric field of the light 
(|E|) near the electrode that strongly suppresses absorption of light by the polymer 
near the metal interface. The effect is most noticeable when the wavelength of the 
light is much larger than the thickness of the film. To correct for this effect, the 
measured absorption at each wavelength is divided by the |E|

2 profile integrated over 
the film thickness t:38 

dxx
n

t

∫ 








0

2 )(2
sin

λ
λπ

 (7-1) 

Here n(λ) is the wavelength dependent refractive index of the film.39 This 
correction has been carried out on the ∆R/R spectra shown in Figure 7-8a. 

At zero bias, the ∆R/R spectrum looks rather similar to transmission PIA of the 
blend (Figure 7-7a) and the device (Figure 7-8b). The main feature at 1.38 eV can be 
attributed to the T1 triplet state of MDMO-PPV. This assignment is supported by the 
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bleaching signal at 2.18 eV, which can be safely attributed to the depletion of the 
ground state absorption of MDMO-PPV. A bleaching of the PCNEPV ground state 
absorption is not observed, indicating that the long-lived excitation resides almost 
exclusively on MDMO-PPV. At the spectral positions corresponding to the strong 
absorption bands of the MDMO-PPV radical cation (0.50 eV) and the PCNEPV 
radical anion (1.85 eV) only relatively weak induced absorptions are recorded, 
showing that the MDMO-PPV+/PCNEPV– charge-separated state (CSS) is only a 
minor photoproduct at this time scale.  

The ∆R/R spectrum measured in reflection shows a noticeable dip at 1.56 eV 
(Figure 7-8a, marked with an asterisk). This dip is also observed for films of pure 
MDMO-PPV with an Al electrode. Careful analysis of the phase and frequency 
dependence of this signal shows that the dip at 1.56 eV results from an additional ∆R 
component with a lifetime different from that of the MDMO-PPV T1 state and with a 
negative amplitude at 1.56 eV. This component is assigned to the thermoreflection 
effect of Al layers as reported by Rosei.40 Here it was shown that at certain spectral 
position, corresponding to an interband transition of Al, the reflectivity of Al changes 
relatively strongly with temperature. The ∆R/R spectrum of Al measured at 120 K 
using a modulated heating power resulting from an AC current through the Al, shows 
a relatively large positive contribution at 1.56 eV, a zero crossing at 1.44 eV, and a 
negative contribution at 1.30 eV. In our experiments, illumination with the modulated 
Ar+ laser beam results in formation of various photoexcitations, which eventually 
decay to the ground state of the system and producing heat. The heat generated in the 
polymer layer will diffuse to the Al electrode, resulting in a slight temperature change 
of the Al layer. Eventually, the heat in the polymer and the thin Al layer will diffuse 
into the thick glass substrate. This one-dimensional heat transport gives rise to 
thermal excitations that decay in time according to 1/√t,41 in agreement with the long-
lived nature of the ∆R/R feature at 1.56 eV in the device.  

At +2 V bias, all photoinduced absorption (∆R/R) bands in the blend are strongly 
reduced except for the thermoreflectivity feature of the Al layer centered on the 1.44 
eV zero-crossing (Figure 7-8a). Incidentally, this allows us to confirm that the 
thermoreflectivity feature of the Al electrode makes up only a relatively small 
component of the induced reflectivity at zero bias. The loss of the long-lived PIA 
signal is ascribed to quenching of the photogenerated triplet state by injected charge 
carriers under these conditions. In addition, also precursor states (e.g. the exciplex) of 
the long-lived triplet state may be quenched by injected carriers. Figure 7-8a also 
shows the ∆R/R at negative bias (–3 V). At –3V, the induced reflectivity spectrum 
shows a similar shape as the spectrum recorded at zero bias, but the amplitude has 
almost doubled. 

To study this remarkable bias voltage dependence of ∆R/R further, the 
photoinduced reflectivity at 1.44 and 1.80 eV was monitored as a function of applied 
bias (Figure 7-9). At 1.44 eV, the thermoreflection effect crosses zero, while the 
MDMO-PPV triplet shows a large absorption cross-section at this photon energy. At  
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Figure 7-9 ITO/PEDOT:PSS/MDMO-PPV:PCNEPV/LiF/Al device under photoexcitation 

with a modulated (77 Hz) Ar
+ 

laser at 2.70 eV (25 mW, 2 mm diameter beam). (a) 

Photocurrent (Jphoto) as function of applied voltage at 295 K (solid line) and 80 K (dashed 

line) measured with a white light background illumination of 0.4 W/cm
2
. (b) and (c) PIA 

intensity at 1.44 and 1.80 eV, respectively as function of the applied voltage at 295 K (solid 

lines) and 80 K (dashed lines). 

1.8 eV the PCNEPV anion shows an intense absorption band. The cells studied here 
give an open circuit voltage (VOC) of 1.36 V. As can be seen in Figure 7-9b, the 
induced triplet absorption (–∆R/R) at 80 K first rises sharply below VOC with 
decreasing (more negative) bias and seems to level off for V < –2 V. By monitoring 
the modulation frequency dependence at different bias voltages it was verified that the 
lifetime does not dependent on the bias and hence the increase in signal at more 
negative bias is due to more triplet states. At bias voltages higher than VOC, the 
induced triplet absorption practically vanishes. Figure 7-9c shows that the PCNEPV 
radical anion signal at 1.80 eV shows essentially the same behavior. The small 
positive ∆R/R signal in Figure 7-9c under forward bias (V > VOC) is due to 
fluorescence. At room temperature the induced reflectivity at 1.44 and 1.80 eV is 
considerably smaller than at 80 K because the lifetime of the induced photoexcitations 
is shorter. 

The photoinduced current was also measured, using the same conditions as in the 
PIA measurements (Figure 7-9a). The mechanically modulated illumination (2.70 eV, 
0.8 W/cm2, 77 Hz) allows for standard lock-in detection of the current. Here the 
amplitude and phase of the current as a function of bias and modulation frequency are 
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measured. The photocurrent was found to be in phase with the laser light at the 
modulation frequency used for all bias voltages used, except for voltages >VOC under 
forward bias at 80 K where a small phase lag on the order of ten degrees is observed. 
The absence of an appreciable phase lag shows that the transit time of the majority of 
photogenerated charge carriers must be considerably shorter than the period of the 
modulation cycles (~10 ms) even at 80 K.  

In Figure 7-9a the amplitude of the photocurrent as a function of bias voltage is 
shown. For voltages above VOC, the amplitude of the photocurrent is much smaller 
than for voltages below VOC. When applying voltages above VOC to the device, a 
significant number of charge carriers are injected through the contacts. From 
electromodulation spectroscopy on polymer light-emitting diodes it was recently 
inferred that under forward bias, the internal electric field in the device is effectively 
screened by accumulation of trapped electrons at the PEDOT:PSS electrode.42 A 
similar effect in our diodes could explain the loss of photocurrent for V > VOC. Due to 
the low electric field inside the device, excitations would not dissociate into free 
carriers. In addition, the reduction of the photocurrent for V > VOC may result from 
annihilation of either the precursor states of the carriers or the carriers themselves by 
charge carriers injected through the electrodes. The observation of 
electroluminescence for V > VOC indicates that quenching of the exciplex state by 
injected carriers plays only a minor role. For voltages below VOC, the number of 
injected carriers is of course negligible and quenching of excitations by injected 
carriers may be neglected. 

With increasing reverse bias, the photocurrent slowly increases and reaches its 
maximum value only at very low bias voltages. This shows that the efficiency of the 
collection of photoinduced charge carriers strongly depends on the bias. Upon 
reducing the temperature the short circuit current (JSC) drops by a factor of 3.2. This 
shows that the efficiency is also strongly temperature dependent. At low temperature 
JSC increases slowly with increasing negative bias and saturates for voltages below 
–2.5 V. At –2.5 V, the ratio between the photocurrent measured at 295 and 80 K is 
much smaller than the ratio at zero bias. This indicates that the relatively high electric 
field can compensate the reduction in efficiency resulting from the lower thermal 
energy at 80 K.  

7.4 Discussion 

7.4.1 Energy of the exciplex 

From extensive research on mixtures of small aromatic molecules with electron 
donating and electron accepting properties it is well known that photoexcitation of 
one of the two components may cause the formation of an exciplex between the 
(photoexcited) donor and acceptor in which there is partial charge transfer. Exciplex 
formation is to be expected when the difference of the electron affinity of the electron 
accepting molecule (EAA) and the ionization potential of the electron donating 
molecule (IPD) is comparable to the energy of the lowest excited singlet state of either 
the donor or acceptor. In some cases luminescence is observed from the exciplex, 
which allows for a direct determination of its energy. A linear correlation between the 
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photon energy at the maximum of the exciplex emission band (when hexane is used as 
solvent) and the quantity EAA – IPD has been observed:21 

∆−−= ][)(max
ADems EAIPhexanehν  (7-2) 

The difference EAA – IPD is usually determined from cyclic voltammetry (CV) 
measurements and corresponds to the energy needed to create an electron–hole pair 
with infinite separation in the solvent used for CV. The exciplex may in first 
approximation be regarded as an electron–hole pair at close distance. The energy of 
the exciplex is expected to be equal to EAA – IPD plus an additional (negative) term 
describing the Coulombic binding energy of the electron and hole in the exciplex, 
which may be estimated at a few tenths of eV. For couples of relatively strong donors 
and acceptors, the experimental value for ∆, which may represent the Coulombic 
potential energy, is however quite small: 0.1± 0.08 eV.21 The small value observed for 
∆ is usually interpreted in terms of a partial cancellation of the Coulombic term by the 
high solvation energy of the charges in the polar solvents used for CV. 

For the PCNEPV and MDMO-PPV polymers under study here, EAA – IPD 
amounts to 1.81 eV,28 which is close in energy to the MDMO-PPV S1 state (2.1 eV). 
The excimer has its maximum emission intensity at 1.85 eV and therefore the 
empirical correlation (7-2) seems to hold also for this set of polymers.   

Another empirical correlation that may be made concerns VOC and EAA – IPD. For 
the well-known MDMO-PPV:PCBM solar cells a VOC of 0.9 V 11 is observed using 
Al and PEDOT:PSS as electrodes. EAA – IPD amounts to 1.3 eV and the observed 
difference between EAA – IPD and VOC is 0.4 eV (which has been rationalized in terms 
of a loss of two times 0.2 eV caused by band bending effects at the electrodes)43. This 
correlation between EAA – IPD and VOC holds for a number of polymer donor–acceptor 
combinations.44 Also the open circuit voltage of 1.36 V for the MDMO-
PPV:PCNEPV bulk-heterojunctions matches well with [EAA – IPD] – 0.4 V = 1.4 V.  

Charge carriers in a molecular solid can be stabilized by electronic polarization of 
the molecules surrounding the charge carrier. The energies involved are considerable 
(e.g. 0.8 eV predicted for electrons in an α-sexithiophene crystal)45. To estimate the 
energy of the charge separated state for a molecular material from CV measurements 
requires evaluation of the difference in polarization and solvation energies of the 
charge carriers in the material and the solvent used for CV. In practice this is very 
difficult.  

The polarization stabilization of an exciplex is expected to be much less than the 
sum of the polarization stabilizations of the infinitely separated electron hole pair. 
Therefore in molecular solids, the energy of an electron–hole pair with a distance 
between carriers sufficiently large to profit from the polarization energy of the 
material and small enough to still have some stabilization due to the Coulomb 
interaction, may in principle be lower than that of the exciplex state.  

For the polymers under study here, the experimental observation of 
electrogenerated exciplex luminescence at low temperature (T = 80 K) shows that the 
energy of electron–hole pairs must either be higher or comparable in energy (± 0.04 
eV) to the exciplex state, as electron–hole pairs spontaneously combine to form the 
exciplex state.  
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Assuming the electron–hole pair states to be slightly higher in energy than the 
exciplex state, the rise of the quantum yield for exciplex luminescence upon lowering 
the temperature and the lengthening of its luminescence lifetime follow naturally. 
This assumption together with the relatively short lifetime of the exciplex in the 
absence of any applied field imply that efficient decay channels exist to states other 
than charge separated states. The existence of such channels would not be consistent 
with a very high photovoltaic efficiency. However, experimental values for the IPCE 
of unannealed films as studied with luminescence spectroscopy amount to 8–10% 
only and seem therefore compatible with charge pair states being slightly higher in 
energy than the exciplex state. 

To illustrate the photophysical processes that may occur in the blend of polymers, 
an energy diagram in Figure 7-10 illustrates the energetic position of various states. 
The strong quenching of the fluorescence of MDMO-PPV shows that its S1 state 
decays rapidly into an exciplex or into a charge-separated state (CSS). In the diagram, 
it is assumed that the MDMO-PPV+/PCNEPV– charge-separated state (CSS) with 
charges at a large distance has a higher energy than the exciplex state and that work 
has to be performed to separate the charges against the Coulombic attraction force. 
The energy of the MDMO-PPV T1 state is at ~1.3 eV. 46 

7.4.2 Dissociation of the exciplex in an electric field 

The exciplex may dissociate into free charge carriers under the influence of an electric 
field. Experimental evidence for this field-induced exciplex dissociation comes from 
two experiments: (i) the photocurrent measurements and (ii) the emission lifetime and 
intensity measurements at variable bias. The probability for exciplex dissociation is 
also expected to depend on the available thermal energy. Indeed, at a given reverse 
voltage, the photocurrent at low temperature is smaller than at room temperature. The 
fact that the photocurrent at very high reverse voltage reaches similar values for both 
high and low temperature indicates that the smaller thermal energy available for 
exciplex dissociation at low temperatures can be compensated by a higher applied 
field. 

Exciplex states can have either a singlet or triplet spin signature (Sex and Tex in 
Figure 7-10). The triplet exciplex state is expected to be lower in energy than the 
singlet due to its exchange correlation. When the overlap between the orbitals 
occupied by the electron and the hole is large, the energy separating the singlet and 
triplet exciplex levels (∆EST) is considerable. Here it can be assumed that for the 
exciplex at the interface between the MDMO-PPV and PCNEPV polymer phases, a 
considerable ∆EST exists (>>kBT). For the charge-separated state (CSS, see Figure 
7-10) the overlap between the orbitals occupied by the electron and hole will be very 
small especially when the carriers are far apart. This results in a vanishingly small 
energy splitting between singlet and triplet levels when the charge carriers are far 
apart. When the CSS state is formed out of another state with particular spin quantum 
numbers, the mutual coherence between the separated spins originating from the 
parent state, is lost rapidly due to thermal fluctuations. Here the relevant time scale is 
the spin dephasing time (~µs). Thus a relatively long-lived CSS state with its electron 
and hole far apart can best be described as a diradical with the two spins behaving 
independently.  



 
CHAPTER 7 
 

 102 

E
n
e

rg
y
 (

e
V

)

PCNEPV MDMO-PPV

S0 S0

S1

S1

T1

Tn

Tex

Sex

CSS

blend

XX

X

CSD

CSA
ET

ISC

ET

PLDPLA PLex

0

1

2

3

Exciplex

E
n
e

rg
y
 (

e
V

)

PCNEPV MDMO-PPV

S0 S0

S1

S1

T1

Tn

Tex

Sex

CSS

blend

XX

X

CSD

CSA
ET

ISC

ET

PLDPLA PLex

0

1

2

3

Exciplex

 
Figure 7-10 State energy diagram of the various singlet (S), triplet (T), exciplex (ex), and 

charge-separated (CSS) states in the donor (D) – acceptor (A) blend of MDMO-PPV and 

PCNEPV; and transitions (ET= energy transfer; CS = charge separation; 

PL = photoluminescence; ISC = intersystem crossing) between these states. Crosses indicate 

processes that do occur in the pure materials, but that are quenched in the blend. 

Due to the forbidden nature of transitions between singlet states and triplet states, 
the most likely state to be formed from the MDMO-PPV S1 or PCNEPV S1 states is 
the singlet exciplex state (Sex, see Figure 7-10). Similarly, decay of the singlet 
exciplex to the MDMO-PPV T1 or to the PCNEPV T1 is also spin forbidden, leading 
to only a small yield for these triplet states. Interestingly, picosecond photoinduced 
absorption spectroscopy confirms that triplet formation occurs only with low yield on 
short time scale. From the near-steady-state PIA measurements it is known that the T1 
of the polymers absorbs relatively strongly at 1.27 eV whereas it absorption at 0.56 
eV is vanishingly small. The cross-sections for photon absorption at the maxima of 
the absorption bands are approximately equally large for the triplet and the charged 
states of the conjugated polymers. This follows from referencing differential 
absorption spectra of the triplet and the charged states to the magnitude of the 
bleaching band. The fast photoinduced absorption traces at 1.27 and 0.56 eV are, 
however, almost identical showing that in the 0–700 ps time window no significant 
formation of MDMO-PPV T1 states occurs. If this would have occurred, the 
absorption trace at 1.27 eV should decay more slowly than the trace recorded at 0.56 
eV probe energy.  

7.4.3 Electric field enhanced triplet formation 

The rise of the triplet absorption spectrum in the devices under influence of the 
electric field can be explained as follows. The electric field assists in separating the 
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hole and electron comprising the exciplex. This can result in formation of free 
carriers, as is evidenced by the rise in the photocurrent. A significant fraction of the 
carriers may however still recombine because the carriers do not have enough energy 
to escape from the Coulombic attraction. During this process, the charge carrier pair 
will have existed for a while as a weakly bound electron–hole pair with the two spins 
far apart. As discussed above the spin state of such a widely separated electron–hole 
pair can be viewed as a diradical provided that the lifetime of the separated state is 
long in comparison with the spin dephasing time. The separated electron–hole pair 
may then collapse again to form a triplet state; the transition from the diradical CSS 
state to a triplet state is not spin forbidden and should occur with a probability of 0.75 
in first approximation. This indirect route for triplet formation may be more efficient 
than the direct route for intersystem crossing of the exciplex singlet state to the triplet 
state (S1 → T1) resulting in a field dependent efficiency for triplet formation.∗  

At high electric fields, one may expect that the photogenerated charge carriers will 
be swept out of the device before they can recombine to the triplet state and hence one 
may predict a reduction of the yield of triplets at high electric fields.47 The 
experimental data do not show such a reduction in the range of electric fields studied. 
Even for some of the most efficient polymer solar cells known, namely the MDMO-
PPV:fullerene bulk-heterojunction cells, only 60% of the charge carriers are swept out 
of the device under short circuit conditions. Even for these optimized cells, electric 
fields with strength E > 8 × 105 V/cm are needed for quantitative collection of charge 
carriers.19 Sweeping out the charge carriers before they can recombine implies a rate 
for escape of a charge carrier from the geminate pair equal to the attempt frequency 
for escape. The absence of a reduction of the triplet yield at high fields may therefore 
be rationalized in terms of relatively steep potential well for the geminate pair with a 
high attempt frequency for escape, high probability for formation of the triplet for 
each attempted escape and low probability for escape per attempt.  

7.5 Conclusions 

The open-circuit voltage of photovoltaic devices with a polymer–polymer bulk-
heterojunction may be increased by choosing a combination of materials in which the 
charge-separated state has a high energy. The simple design rule to increase the open-
circuit voltage is to increase the difference EAA – IPD. The present study confirms this 
design rule through the observation of a relatively high open-circuit voltage (1.36 V) 
for photovoltaic devices with the MDMO-PPV:PCNEPV blend as active layer. 

A charge-separated state that is high in energy and therefore closer to the energy 
of the lowest excited singlet states of the polymers allows for radiative decay of the 
exciplex resulting from admixture of the lowest excited singlet states to the charge-

                                                 
∗ Using calculated values for the absorption cross section of the triplet-triplet absorption band 
for PPV type polymers (10–15 cm2 , Ref. 47) one may estimate the quantum efficiency for 
formation of the triplet state in a film of the MDMO-PPV/PCNEPV blend (Figure 7-7). Using 
the experimentally determined value for the lifetime of the triplet state (0.1 ms) and 
neglecting bimolecular triplet-triplet deactivation mechanisms, one estimates the overall 
quantum yield for formation of the triplet at a few percent. This indicates that formation of 
triplet states can be a significant loss mechanism during photovoltaic operation of the bulk 
heterojunction polymer blend. 
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separated state. For the MDMO-PPV:PCNEPV blend, indeed compelling evidence 
was found for the occurrence of such an exciplex state. Temperature dependent 
measurements show that an electric field assists in the dissociation of the exciplex 
into ‘free’ charge carriers. A drawback of a combination of donor and acceptor 
polymers featuring a high energy intermolecular charge-separated state, is that this 
state is higher than the lowest triplet state of the polymer, which allows for 
recombination of electrons and holes to form a triplet exciton. This process was 
identified in MDMO-PPV:PCNEPV blends where the yield of MDMO-PPV triplets 
was higher than in pure MDMO-PPV and increased with the applied electric field 
across the layer. The observation of this field dependent triplet formation 
demonstrates that spin selection rules, in combination with the strong Coulombic 
attraction between holes and electrons at the active interface, can play an important 
role in the recombination kinetics of photoinduced charges in polymer photovoltaics. 
From the perspective of photovoltaic energy conversion, this could be a disadvantage 
because triplet formation may present a significant loss channel. 
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8 
General Discussion 

 
The results obtained by the different techniques used are summarized and discussed in 

relation to existing literature to obtain an overview on the mechanism of charge 

separation, recombination and collection in the MDMO-PPV:PCBM blend. Triplet 

formation is identified as a loss channel for photovoltaic energy conversion in the 

polymer solar cells. 
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8.1 Charge recombination kinetics in MDMO-PPV:PCBM 

In the following sections the recombination kinetics in the MDMO-PPV:PCBM solar 
cell observed at different time scales in the previous chapters are discussed with 
respect to the reported high collection efficiencies, the influence of traps on the 
recombination dynamics and charge carrier collection.  

8.1.1 Near-steady-state 

Near-steady-state photoinduced absorption (PIA) spectroscopy was employed to study 
the charge carrier dynamics in the MDMO-PPV:PCBM solar cell under operating 
conditions (Chapter 2). A collection voltage was applied to probe the concentration 
and lifetime of deeply trapped charges in the device as detected by PIA (Chapter 3). 

PIA measurements on the device show an increase of the PIA signal at reverse 
bias compared to open circuit conditions. For all bias voltages used, the PIA signal is 
dominated by trapped charge carriers with lifetimes smaller than the modulation 
period. To explain the increase of the PIA signal it is concluded that the number of 
available traps and the trapping rate of the charge carriers is increased by application 
of the electric field. This can be explained as follows. Field-stabilized charge pairs are 
longer lived and as such have a larger probability to find previously inaccessible trap 
sites. In agreement with this view, the PIA signal saturates with increasing excitation 
density, as indicated by the trap filling model. 

Photocurrent measurements under identical conditions as the PIA measurements 
show an increase in the collection of the photogenerated charges with increasing 
reverse bias. Collection of the charges is not limited by their transit time. In contrast 
to the PIA signal, the photocurrent does not saturate with excitation density at 80 K 
and follows a linear dependence below 1 W/cm2. The sublinear dependence at higher 
excitation densities may be indicative of a space charge limited current. Consistent 
with PIA, it was found that most charges that contribute to the current have a lifetime 
smaller than the photoexcitation modulation period (14.3 ms) and at most 10% of the 
current results from charges with a lifetime comparable to the modulation period. 

The different dependencies for the PIA signal and the photocurrent on the 
excitation density indicates that trapped carriers, although few in number, contribute 
significantly to the PIA signal, but do not play a major role in collection of the 
photogenerated charge carriers at low excitation densities. If the photocurrent would 
be influenced by trap sites, a saturation of the current should be observed. It appears 
therefore that PIA is sensitive to trapped carriers and the photocurrent is due to the 
more mobile carriers.  

8.1.2 Nanosecond–microsecond time scale 

Because the lifetime of trapped carriers could not be determined by near-steady-state 
PIA, the decay of trapped charges was investigated at a much shorter time scale by 
means of transient absorption spectroscopy at 80 K (Chapter 4). The measurements 
show indeed the existence of trapped carriers. The results indicate the importance of 
energetic disorder on the charge carrier dynamics. The effects of disorder were 
modeled by Monte Carlo simulations (Chapters 4 and 5).  
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The bleaching band of the polymer, that is associated with the cationic charge 
carriers, shows a redshift in the 10 ns–10 µs time window. This was interpreted by 
migration of the holes to deeper traps. An alternative interpretation is the charges 
captured by shallow traps live shorter than charges captured by deep traps. The 
eventual recombination of the charges takes place over several orders of magnitude in 
time resulting in a power-law type of decay.  

Recent transient absorption measurements by Nelson and co-workers1-3 confirm 
the power-law type of decay. They report a saturation of the charge carrier density for 
excitation densities >1 µJ/cm2 and times >20 ns after excitation at room temperature. 
This supports the idea that the PIA signal is governed by filling of a limited number of 
traps by the charge carriers, as was shown by near-steady-state PIA in Chapter 2. 
Before being trapped, charges might recombine in either a geminate or non-geminate 
fashion and the limited number of trap sites will give rise to a sublinear dependence of 
the number of long-lived charge carriers on the initial carrier density. Once the 
charges are trapped, the recombination may be controlled by the rate of release from 
the trap and the rate at which encounters with a charge carriers of opposite sign occur 
at the interface. The intensity independent decay in the 10 ns–10 µs time range at 80 
K may be interpreted by the recombination dynamics of the photogenerated charges 
that are limited by the detrapping of the holes in MDMO-PPV. This interpretation is 
supported by the MC simulations. Alternatively, the intensity independent decay may 
be indicative of monomolecular recombination of geminate charge pairs. TDCF 
measurements of the recombination dynamics at times exceeding 1 µs at room 
temperature, show that collection of the photoinduced charges is controlled by 
bimolecular recombination. This will be discussed in the next section (8.1.3). 

By means of Monte Carlo (MC) simulations it was shown that the power-law type 
decay observed for the PIA signal can be explained by a model in which localized 
charge carriers are allowed to hop in an energetically disordered Gaussian distributed 
density of states of donor and acceptor phases. The simulations include the 
Coulombic interaction between the electrons and the holes. 

MC simulations of the recombination dynamics performed by Nelson 2 invoke an 
additional exponential tail in the DOS in order to reproduce a power-law decay over 
several orders of magnitude in time. Importantly, these simulations do not include the 
mutual Coulombic interaction between the charge carriers, and can therefore not 
predict the influence of an electric field on the dissociation of the geminate charge 
pairs and the subsequent recombination dynamics. 

Transient absorption measurements on devices (Chapter 4) showed that 
application of a reverse bias over the device results in a significant increase of the 
carrier concentration in the 100 ns–10 µs time range and a subsequent decrease of the 
concentration after 10 µs, which was attributed to charge collection. The field induced 
increase of the carrier concentration provides the explanation for the results in 
presented in Chapter 2. The results may be interpreted as field assisted dissociation of 
the electron–hole pairs at the MDMO-PPV:PCBM interface. MC simulations 
(Chapter 5) support the view that an electric field can indeed assist in dissociation of 
the bound electron–hole pairs. 

Recent modeling of the photocurrent by Blom et al.4,5 show the importance of the 
field on the dissociation probability of the geminate charge pairs. This is supported by 
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the experimentally observed temperature dependence of the collection efficiency, 
which indicates that at low temperature dissociation of the geminate charge pairs may 
be one of the factors limiting the device performance.  

The effects of long-lived charge carriers can be successfully described by the 
energetic disorder model. This raises the question if the disorder model can also 
account for the experimentally observed high charge collection efficiencies?  

The high collection efficiencies can be reproduced by our simulations, when a 
geminate electron–hole pair recombination rate is assumed in the order of ~1 
microsecond. Although also invoked in modeling of the device physics by Blom et 

al.
4-6, this recombination rate seems unrealistically low and in contradiction with 

time-resolved photoinduced absorption measurements presented in Chapter 4, which 
show significant electron–hole recombination already on the nanosecond time scale. 
Furthermore, studies of charge recombination rates in model compounds comprising a 
short PPV oligomer and a covalently attached fullerene derivative in solution, have 
revealed very fast (>10 ns–1) intramolecular charge recombination.7,8 It appears 
therefore that slow recombination is only part of the answer.  

The high collection efficiency may be related to the large energy difference 
between the singlet excited state of the MDMO-PPV (or PCBM) and the charge-
separated state. The excess energy that is liberated upon photoinduced charge transfer 
may be available after transfer to provide the charge carriers with enough energy to 
facilitate dissociation of the charge pair at the interface.2,9 The influence of the excess 
energy is not easily measured experimentally. Therefore additional MC simulations 
were performed. To simulate the influence of the excess exciton energy on the charge 
carrier dynamics, the excess energy was modeled as the energy of the sites εstart at 
which the initial charge pair resides. With increasing εstart, a significant increase in the 
yield of collected charges is observed. Therefore, in polymer solar cells, excess 
energy may be an explanation for the high collection efficiencies. This result, of 
course, must be verified by further experiments. It implies that in polymer solar cells 
part of the photon energy needs to be dissipated in order to obtain a high efficiency 
for charge carrier collection. This will limit the overall power conversion efficiency. 

8.1.3 Microsecond–millisecond time scale 

The yield of collected charges was measured by means of time-delayed collection 
field (TDCF) experiments, presented in Chapter 6. In TDCF a voltage pulse is 
applied to sweep out the trapped carriers at a specific delay after photogeneration. The 
resulting photocurrent allows one to measure in a quantitative way the number of 
charge carriers present in the device in the time range 1 µs–10 ms, complementing the 
time-resolved PIA measurements (Chapter 4).  

TDCF shows that at 80 K, at low excitation density, approximately 25% of the 
incident photons dissociate into charges under constant bias (–4 V) and contribute to 
the photocurrent. About 20% of these photogenerated charges survive up to 1 µs, both 
under short circuit and open circuit conditions. These long-lived carriers decay with 
time according to a power-law t

–α, with α = 0.18–0.24, weakly dependent on 
intensity. This is consistent with the MC simulations that predicted an exponent of 
α = 0.17 at 80 K.  
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Investigation of the excitation intensity dependence of the number of charge 
carriers shows that at 80 K the recombination rate for long-lived charges is almost 
independent of the excitation density in the time range 10 µs–10 ms. This is consistent 
with the time-resolved PIA measurements, reported in Chapter 4. Hence, on the time 
scale 10 ns–10 ms the slow recombination dynamics can be explained by detrapping 
of the holes in MDMO-PPV.  

However, the PIA measurements (Chapter 4) show an exponent α = 0.45–0.50 at 
80 K. Agreement with photoinduced absorption measurements is obtained when the 
influence of background illumination is taken into account. With comparable 
background illumination as used in PIA, a shortening of the lifetime of the 
photogenerated charge carriers is found, which was attributed to trap filling of the 
deeper traps by the background illumination, consistent with reports by Nogueira et 

al.1 

At room temperature, the fraction of charges that have not recombined or have 
been collected before 1 µs is small (~1%). These remaining charges faster decay 
kinetics than at 80 K, approaching 1/t, which is expected for bimolecular 
recombination. This indicates that at room temperature the recombination dynamics 
are not limited by detrapping and instead are controlled by the rate at which 
encounters with a charge carriers of opposite sign occur at the interface. Such a 
transition is predicted by MC simulations carried out by Scheidler et al.,10 and was 
also reported recently by Mozer et al.

11
 by means of Photo-CELIV measurements. 

Interestingly, this fast decay deviates from the power-law observed by transient 
photoinduced absorption measurements, as reported by Montanari et al.

3 As a 
possible explanation for this deviation, suggested by Mozer et al.,11 is that not all 
carriers are detrapped and contribute to the photocurrent.  

8.2 Electron–hole recombination in polymer–polymer solar cells 

Chapter 5 dealt with the dissociation of bound electron–hole pairs at a donor–acceptor 
interface. MC simulations predict the existence of long-lived bound electron–hole 
pairs at the interface and show that an electric field can assist in dissociation of the 
pairs. No direct evidence has been given for the existence for bound electron–hole 
pairs at the MDMO-PPV:PCBM bulk-heterojunction. In various polymer–polymer 
blends, however, such bound electron–hole pairs have been observed 
experimentally.12,13 

The photophysical properties of a polymer–polymer blend (MDMO-
PPV:PCNEPV) have been investigated in Chapter 7. In this blend photoexcitation 
results in a luminescent exciplex. Such an exciplex can be viewed as a bound 
electron–hole pair. Therefore, the exciplex emission is direct evidence for formation 
of bound electron–hole pairs at the donor–acceptor interface. In the MDMO-
PPV:PCNEPV blend, application of an electric field results in dissociation of the 
exciplex into charge carriers. The exciplex in this blend is only marginally stable, as is 
indicated by its relatively short lifetime. It should be noted that, for the MDMO-
PPV:PCBM (1:4) blend, exciplex emission has never been reported. However, 
exciplex emission has been observed recently in blends of MEH-PPV:PCBM, 
although only upon application of a forward bias >5 V.14 
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In the MDMO-PPV:PCNEPV, the singlet exciplex can decay to the triplet 
exciplex by intersystem crossing and further decay to the lowest triplet state (T1 
MDMO-PPV). PIA measurements show an increase of the triplet absorption signal in 
the blends compared to the pristine materials. Investigations of combinations of 
MDMO-PPV and derivatives of PCNEPV show that enhanced triplet formation may 
be more common in polymer–polymer solar cells.15  

Enhanced triplet generation has been reported recently in the PFB:F8BT 
heterojunction.16 In the PFB:F8BT blend, however, endothermic back-transfer from 
the exciplex state to the F8BT bulk exciton was observed.12,13 Such a back-transfer 
has not been detected in the MDMO-PPV:PCNEPV blend. By comparison with 
another polymer heterojunction (TFB:F8BT), it was shown that the recombination 
kinetics in these blends is strongly dependent on the thermalization distance and the 
back-transfer activation energy of the photogenerated electron–hole pairs. This 
confirms the importance of the excess energy on charge pair dissociation. 
Furthermore, the formed exciplex in the PFB:F8BT blend cannot be dissociated by an 
electric field. 

Interestingly, enhanced triplet generation has also been reported in the MDMO-
PPV:PCBM blend. Scharber et al.

17 observed an enhanced MDMO-PPV triplet 
resonance in a magnetic resonance study on MDMO-PPV containing small amounts 
of PCBM. With increasing fullerene concentration, the triplet resonance was 
quenched. The enhancement was explained by an increase of triplets via 
recombination of the charge-separated state between polymer and fullerene. It was 
suggested that triplet energy level is close to that of the charge separated state.17,18  

In Figure 8-1 the main steps in the energy loss during power conversion for the 
MDMO-PPV:PCNEPV blend and the MDMO-PPV:PCBM blend are shortly 
summarized. From the perspective of photovoltaic energy conversion, triplet 
formation in operational solar cells is a disadvantage as it may present a significant 
loss channel. It should be noted that this loss channel can only exist if the charge-
separated state is higher in energy than the lowest triplet state in the blend. Moreover, 
if charges can be moved away from the interface efficiently, recombination into a 
triplet state can be suppressed. 
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Figure 8-1 Possible steps in the energy loss during power conversion for (left) the MDMO-

PPV:PCNEPV blend and (right) the MDMO-PPV:PCBM blend. 
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8.3 Concluding remarks 

The recombination processes in polymer–fullerene bulk-heterojunction solar cells can 
be successfully described in terms of charge trapping and detrapping in energetically 
disordered materials. For high external quantum efficiencies, effective dissociation of 
the photogenerated bound electron–hole pairs is crucial. Modeling showed that the 
photocurrent in polymer–fullerene bulk-heterojunction solar cells is controlled by 
electric field and temperature dependent dissociation of the long-lived (1 µs) geminate 
pairs at the interface.4,5 The result that emerges from this thesis is that, in addition to 
field and temperature, the excess energy released in the charge transfer reaction can 
be important in overcoming the Coulombic attraction of such charge pairs. 
Simulations of the hopping dynamics of charges formed at the bulk-heterojunction of 
energetically disordered materials show that the dissociation of the interfacial charge 
pairs in the presence of a low electric field can be described in a two-step process: 
first the hole moves away from the interface, thereby reducing the electrostatic 
interaction with the electron, then the charges may escape their mutual Coulombic 
attraction by diffusional motion. After dissociation, the recombination of electrons 
and holes is controlled by thermally activated detrapping of the holes from a limited 
number of traps. Time-resolved PIA experiments show that, in the presence of an 
electric field, the charges are longer lived. The combined effect of efficient 
dissociation and slow recombination dynamics in the presence of an electric field, 
may then explain the high external quantum efficiencies of these cells. Apart from 
recombination to the ground state, this study identified recombination into a low-lying 
triplet state as an alternative route in polymer–polymer bulk-heterojunction solar 
cells.  
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Summary 
Bulk-heterojunction polymer solar cells are promising alternatives for conventional 
energy sources. Due to the lower cost of manufacturing, processing and flexibility of 
polymers, solar cells made of organic materials may compete with current inorganic 
solar cells. The photoactive layer of bulk-heterojunction solar cells consists of a blend 
of an electron donating and an electron accepting material forming a nanostructured 
interpenetrating network. When light is absorbed in the active layer, a photoinduced 
charge transfer across the interface between donor and acceptor materials can produce 
a geminate electron–hole pair. This geminate electron–hole pair is expected to be 
strongly bound by the Coulombic interaction. Due to the low dielectric constant of 
organic materials, the binding energy may be considerable. Despite the tight binding 
of the electron and hole at the interface, solar cells with a π-conjugated polymer as 
donor material and a fullerene as acceptor, show high internal quantum efficiencies. A 
factor contributing to the high internal quantum efficiency is the long lifetime of the 
photogenerated charges. Although photoinduced charge transfer from π-conjugated 
polymers to the fullerene occurs on a subpicosecond time scale, recombination of the 
photogenerated charges to the ground state is a much slower process. A long lifetime 
of the photogenerated charges is needed in order to collect the charges in an external 
circuit before they recombine. Therefore, 0a better understanding of the factors 
influencing dissociation and lifetimes of the photogenerated charges in polymer 
photovoltaic devices is necessary. In this thesis the charge recombination dynamics in 
a bulk-heterojunction polymer–fullerene solar cell has been investigated by a variety 
of optical, electrical and numerical techniques, presented in Chapters 2 through 6. In 
Chapter 7 investigation of the photophysics in an all polymer bulk-heterojunction 
solar cell has been presented. 

Near-steady-state photoinduced absorption (PIA) spectroscopy was employed to 
study the charge carrier dynamics in polymer–fullerene (MDMO-PPV:PCBM) solar 
cells under operating conditions (Chapter 2). It was shown that the electrodes 
significantly complicate the PIA measurement as compared to the PIA measurement 
on plain films. Thermoreflection at the aluminium electrode introduces a new 
absorption band in the PIA spectrum. Reduced absorption of infrared light 
complicates probing the low energy absorption of the MDMO-PPV radical cation. It 
was possible to correct for these effects. Reduced absorption of infrared light is an 
important effect to take into account when designing novel low band gap solar cells. 
Comparison between photocurrent measurements and PIA measurements under 
identical conditions showed that the two techniques probe different subsets of the 
photogenerated charge carriers. Unlike the photocurrent measurements, PIA probes 
the trapped rather than the non-trapped charge carriers in the device. While near-
steady-state PIA is sensitive to trapped carriers at the microsecond time scale, the 
photocurrent under identical conditions is mainly due to mobile charge carriers that 
are not deeply trapped.  
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Electric field modulated PIA (Chapter 3) was used to further investigate the 
trapped charge carriers in the device. The PIA signal is dominated by trapped charge 
carriers with lifetimes smaller than the modulation period (14.3 ms). Deeply trapped 
charge carriers persisting into the ms time scale are few in number and have virtually 
no influence on the PIA signal and photocurrent. 

Because the lifetime of trapped carries could not be determined by near-steady-
state PIA, the decay of trapped charges was investigated at a much shorter time scale 
by means of transient non-resonant hole-burning spectroscopy (Chapter 4). In the 10 
ns–10 µs time range, the recombination dynamics of the photogenerated charges is 
limited by the detrapping of the holes in MDMO-PPV. The eventual recombination of 
the cationic charge carriers with their anionic counterparts takes place over several 
orders of magnitude in time resulting in a power-law type of decay. 

This type of decay was explained by a model in which the charge carriers are 
allowed to hop in an energetically disordered Gaussian distributed density of states of 
donor and acceptor phases. Monte Carlo simulations (Chapter 5) of dissociation and 
recombination of an electron–hole pair at a donor–acceptor interface based on this 
model can reproduce the power-law decay observed experimentally. The simulations 
show that the dissociation of geminate charge pairs is assisted by disorder, electric 
field and temperature, and the results can be understood in terms of a two-step model, 
in which detrapping of the least mobile charge carrier governs the charge 
recombination kinetics. 

The recombination dynamics of trapped charge carriers was also studied 
electrically, by means of time-delayed collection field (TDCF) experiments, presented 
in Chapter 6. TDCF allowed us to measure in a quantitative way the number of 
charge carriers present in the device in the time range 1 µs–10 ms, complementing the 
time-resolved PIA measurements (Chapter 4). Consistent with results presented in 
Chapter 2 through 4, TDCF shows the existence of long-lived carriers and the power-
law decay (~t

–α) at 80 K. Agreement with PIA measurements is obtained when the 
influence of background illumination is taken into account. With increasing 
background illumination, TDCF shows a shortening of the lifetime of the 
photogenerated charge carriers, which may be attributed to trap filling of the deeper 
traps by the background illumination. 

The photophysical properties of a polymer–polymer blend (MDMO-
PPV:PCNEPV) have been investigated in Chapter 7. In this blend photoexcitation 
results in a luminescent exciplex. This is direct evidence for formation of bound 
electron–hole pairs at the donor–acceptor interface. Application of an electric field 
results in dissociation of the marginally stable exciplex into charge carriers, as 
expected from MC simulations of the field-assisted dissociation of a bound electron–
hole pair (Chapter 5). The singlet exciplex can decay to the triplet exciplex by 
intersystem crossing and further decay to the lowest triplet state (T1 MDMO-PPV). 
PIA measurements show an increase of the triplet absorption signal in the blends 
compared to the pristine materials, because the charge-separated state is higher in 
energy than the lowest triplet state in the blend. From the perspective of photovoltaic 
energy conversion, triplet formation in operational solar cells is a disadvantage as it 
may present a significant loss channel. 
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Samenvatting 
Bulk-heterojunctie polymere zonnecellen zijn veelbelovende alternatieven voor 
conventionele energiebronnen. Door de lage productiekosten, verwerkbaarheid en 
flexibiliteit van polymeren, kunnen zonnecellen gemaakt van organische materialen 
concurreren met anorganische zonnecellen. De fotoactieve laag van bulk-
heterojunctie zonnecellen bestaat uit een mengsel van een elektron-donerend en een 
elektron-accepterend materiaal die een ineengrijpende nanostructuur vormen. Als 
licht wordt geabsorbeerd in de actieve laag, kan een fotogeïnduceerde 
ladingsoverdracht aan het grensvlak tussen donor en acceptor materiaal een elektron–
gat paar produceren. Dit elektron–gat paar is naar verwachting sterk gebonden door 
de Coulombische wisselwerking. Door de lage diëlektrische constante van organische 
materialen, kan de bindingsenergie aanzienlijk zijn. Ondanks de sterke binding van 
het elektron en gat aan het grensvlak, vertonen zonnecellen met een π-geconjugeerd 
polymeer als donor materiaal en een fullereen als acceptor hoge interne 
kwantumefficiënties. Eén van de factoren die bijdragen aan de hoge interne 
kwantumefficiëntie is de lange levensduur van de fotogeïnduceerde ladingen. Hoewel 
fotogeïnduceerde ladingsoverdracht van π-geconjugeerde polymeren naar de fullereen 
plaatsvindt op een subpicoseconde tijdschaal, is recombinatie van de 
fotogeïnduceerde ladingen naar de grondtoestand een veel langzamer proces. Een 
lange levensduur van de fotogeïnduceerde ladingen is nodig om de ladingen in een 
extern circuit te collecteren voordat ze recombineren. Daarom is een beter begrip 
nodig van de factoren die de dissociatie en levensduren van de fotogeïnduceerde 
ladingen in polymere zonnecellen beïnvloeden. In dit proefschrift is de dynamica van 
ladingsrecombinatie in een bulk-heterojunctie polymeer–fullereen zonnecel 
onderzocht met behulp van optische, elektrische en numerieke simulatie technieken, 
zie hoofdstukken 2 tot en met 6. In hoofdstuk 7 wordt de fotofysica in een volledig 
polymere bulk-heterojunctie zonnecel onderzocht. 

Tijdsgeïntegreerde fotogeïnduceerde absorptie (PIA) spectroscopie is gebruikt om 
de dynamica van de ladingsdragers te bestuderen in polymeer–fullereen (MDMO-
PPV:PCBM) zonnecellen terwijl ze stroom leveren (Hoofdstuk 2). De elektrodes 
bemoeilijken de PIA meting vergeleken met de meting aan enkele lagen. 
Thermoreflectie aan de aluminium elektrode introduceert een nieuwe absorptieband in 
het PIA spectrum. Het detecteren van de laag energetische absorptieband van het 
MDMO-PPV radikaal kation wordt bemoeilijkt door de verminderde absorptie van 
infrarood licht. Het was mogelijk om voor deze effecten te corrigeren. Een afname in 
de absorptie van infrarood licht is van belang bij het ontwerpen van nieuwe 
zonecellen met een kleine bandafstand. Vergelijking van de fotostroom metingen en 
de PIA metingen onder gelijke omstandigheden toont aan dat de twee technieken 
verschillende deelverzamelingen van de fotogeïnduceerde ladingsdragers detecteren. 
In tegenstelling tot fotostroommetingen, detecteert PIA de ingevangen ladingen en 
niet de mobiele ladingsdragers in de cel. Terwijl PIA gevoelig is voor de ingevangen 
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ladingen op de microseconde tijdschaal, wordt de fotostroom onder identieke 
omstandigheden voornamelijk veroorzaakt door de mobiele ladingsdragers die niet 
zijn ingevangen.  

PIA gemoduleerd met een elektrisch veld (Hoofdstuk 3) is gebruikt om de 
ingevangen lading in de cel verder te onderzoeken. Het PIA signaal wordt 
gedomineerd door ingevangen ladingsdragers met levensduren kleiner dan de 
modulatieperiode (14.3 ms). Sterk ingevangen ladingsdragers die tot op de ms 
tijdschaal overleven zijn klein in aantal en hebben praktisch geen invloed op het PIA 
signaal en de fotostroom. 

Doordat de levensduur van de ingevangen ladingen niet kon worden bepaald met 
tijdsgeïntegreerde PIA, is het verval van de ingevangen lading onderzocht op een veel 
kleinere tijdsschaal met behulp van tijdsopgeloste spectroscopie (Hoofdstuk 4). In het 
10 ns–10 µs tijdsinterval, blijkt dat de recombinatiedynamica van de fotogeïnduceerde 
ladingen beperkt wordt door de het vrijmaken van de ingevangen positieve ladingen 
(gaten) in MDMO-PPV. De eventuele recombinatie van de positieve ladingsdragers 
met hun negatieve geladen tegenhangers vindt plaats over enkele ordes van grootte in 
tijd, wat resulteert in een algebraïsch verval. 

Dit soort verval kan worden verklaard met een model waarin de ladingsdragers 
kunnen bewegen in een energetisch wanordelijke Gaussische toestandsdichtheid van 
de donor en acceptor domeinen. Monte Carlo (MC) simulaties (Hoofdstuk 5) van 
dissociatie en recombinatie van een elektron–gat paar aan een donor–acceptor 
grensvlak gebaseerd op dit model kan het experimenteel waargenomen verval 
reproduceren. De simulaties tonen aan dat de dissociatie van de ladingsparen wordt 
vergemakkelijkt door wanorde, elektrisch veld en temperatuur, en de resultaten 
kunnen worden verklaard met een twee-staps model, waarin het vrijmaken van de 
minst mobiele ladingsdragers de kinetiek van de ladingsrecombinatie bepaalt. 

De recombinatiedynamica van ingevangen ladingsdragers is ook elektrisch 
onderzocht, met behulp van tijdsvertraagde collectie veld (TDCF) experimenten, zie 
Hoofdstuk 6. Met TDCF is het mogelijk om kwantitatief het aantal ladingsdragers in 
de cel te meten in het tijdsinterval 1 µs–10 ms. TDFC metingen vullen daarom de 
tijdsopgeloste PIA metingen (Hoofdstuk 4) aan. In overeenstemming met de 
resultaten in hoofdstuk 2 tot en met 4, toont TDCF lang levende ladingen en een 
algebraisch verval (~t

–α) bij 80 K. De TDFC metingen komen overeen met de PIA 
metingen als rekening gehouden wordt met de invloed van de achtergrondbelichting. 
Met toenemende achtergrondbelichting, toont TDCF een afname van de levensduur 
van de fotogeïnduceerde ladingen, wat kan worden toegeschreven aan het vullen van 
lagere energieniveau’s met de ladingen geïnduceerd door de achtergrondbelichting. 

De fotofysische eigenschappen van een polymeer–polymeer mengsel (MDMO-
PPV:PCNEPV) is onderzocht in Hoofdstuk 7. In dit mengsel resulteert fotoexcitatie 
in een luminescerend exciplex. Dit is direct bewijs voor de vorming van gebonden 
elektron–gat paar aan het donor–acceptor grensvlak. Toepassing van een elektrisch 
veld resulteert in dissociatie van het marginaal stabiele exciplex in ladingsdragers, wat 
wordt verwacht op basis van MC simulaties van de veld-geässisteerde dissociatie van 
een gebonden elektron–gat paar (Hoofdstuk 5). De singlet-exciplex kan vervallen naar 
een nabij gelegen triplet-exciplex door intersystem crossing en kan verder vervallen 
naar de laagst gelegen triplettoestand (T1 MDMO-PPV). PIA metingen tonen een 
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toename van het triplet-absorptiesignaal in de mengsels vergeleken met de pure 
materialen, doordat de ladingsgescheiden toestand hoger in energie ligt dan de laagste 
triplettoestand in het mengsel. Vanuit het oogpunt van fotovoltaïsche 
energieomzetting, is vorming van tripletten in werkende zonnecellen een nadeel 
omdat het een belangrijk verlieskanaal vormt. 
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