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The recombination of photogenerated charge carriers in poly�2-methoxy-5-�3� ,7�-dimethyl-
octyloxy�-1,4-phenylene vinylene�:1-�3-methoxycarbonyl�-propyl-1-phenyl-�6,6�C61 bulk-hetero-
junction solar cells is investigated using the time delayed collection field technique. Here the
lifetime of photogenerated electrons and holes that have escaped charge recombination can be
determined from current measurements using a pulsed collection voltage that is delayed with respect
to the excitation pulse. At 80 K, the number of long lived charge carriers decays in time according
to t−� with �=0.2, practically independent of laser fluence in the range of 1–1000 �J /cm2. For
excitation density �4 �J /cm2 the number of long lived carriers �nL� depends linearly on the
fluence. At higher fluence, nL is limited by a process that occurs in the time span between generation
and carrier extraction under a constant bias �−4 V�. Continuous background illumination reduces
the lifetime of long lived carriers, probably by filling the low energy trap sites, for which a number
density of 1017 cm−3 is estimated. Recombination of long lived carriers at 80 K in the 1–1000 �s
range is not limited by the �bimolecular� rate of nongeminate electron and hole encounter. Instead,
the rate is limited by a monomolecular process, which may be the detrapping of one type of carrier
or the recombination within a Coulombically bound electron-hole pair. © 2006 American Institute
of Physics. �DOI: 10.1063/1.2356783�

I. INTRODUCTION

Bulk-heterojunction polymer solar cells use a nanoscopi-
cally 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 compo-
nents, a photoinduced charge transfer across the interface can
produce a geminate electron-hole pair. Provided that perco-
lation pathways exist to the two electrodes, the photogener-
ated electrons and holes may be collected in an external cir-
cuit before they recombine. State-of-the-art polymer solar
cells provide high yields �50%–80%� for collected charges
with respect to the incident photons under short circuit
conditions.3–5

The mechanism of the dissociation of photogenerated
geminate electron-hole pairs at the interface of the two ma-
terials in the active layer of these devices is presently not
completely understood. The polymers and molecular materi-
als used typically have a low dielectric constant ��r=3–4�
and therefore one estimates the dissociation energy for an
electron-hole pair with �1 nm distance between the charges
�0.4 eV� to be considerably larger than the thermal energy.
This simple evaluation suggests that photogenerated charge
carriers have a tendency to form Coulombically bound
electron-hole pairs across the donor-acceptor interface. Ex-
perimental support for this notion has come from the obser-
vation of exciplex luminescence in polymer-polymer bulk
heterojunctions.6,7

For the well studied poly�2-methoxy-5-�3� ,7�-dimethyl-

octyloxy�-1,4-phenylene vinylene�:1-�3-methoxycarbonyl�-
propyl-1-phenyl-�6,6�C61 �MDMO-PPV:PCBM� �Fig. 1�a��
bulk heterojunction, experimental evidence for the existence
of Coulombically bound electron-hole pairs across the
donor-acceptor interface is scarce.8,9 Investigating the recom-
bination of photoinduced charges can provide additional in-
sight. If the charges are present in the form of a Coulomb
pair, one expects the decay to be monomolecular, i.e., inde-
pendent of the excitation density. Instead, if “free” carriers
are generated, the recombination kinetics may be expected to
depend on the excitation density �bimolecular decay�.

a�Electronic mail: s.c.j.meskers@tue.nl

FIG. 1. �a� 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�. �b� Principle of the TDCF
technique and timing of voltage and laser excitation pulses. �c� Sketch of the
experimental TDCF setup for solar cell devices.
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Recently, the recombination dynamics of photogenerated
charge carriers in photovoltaic devices consisting of a thick
layer �260 nm� of MDMO-PPV:PCBM have been measured
using the photo-CELIV �charge extraction by a linearly in-
creasing voltage� technique.10–12 In the photo-CELIV
technique,13,14 charge carriers are generated by a short illu-
mination pulse and after a variable delay a linearly increas-
ing voltage is applied to extract charges from the device. The
method allows for determination of the number of carriers
surviving up to the delay time and their mobility. Clear evi-
dence for bimolecular recombination at room temperature
was obtained indicating that the long lived ���10−6 s� car-
riers, which can be extracted at room temperature, are not
present as Coulombically bound electron-hole pairs. The CE-
LIV measurements at low temperature �120 K� show that the
decay of the number of extracted carriers is no longer pro-
portional to �1+ �t / t0��−1 as expected for bimolecular recom-
bination of unbound electrons and holes.12 Instead the decay
becomes dispersive and is proportional to �1+ �t / t0���−1. This
has been explained in terms of a time dependent mobility of
the charge carriers leading to a time dependent bimolecular
recombination rate.12

A complicating factor in the description of the recombi-
nation process is the internal structure of the bulk heterojunc-
tion. Microscopy studies of 1 :4 wt % MDMO-PPV:PCBM
blends spin cast from chlorobenzene have shown phase sepa-
ration with a feature size of about 10–100 nm, comparable
to film thickness. The films consist of an almost pure nano-
crystalline PCBM phase and a second phase that comprises
MDMO-PPV and PCBM in an almost equal weight ratio.15 It
may be assumed that the long lived electrons and holes re-
side in, respectively, the PCBM and the mixed polymer
phase. The recombination, which probably takes place at the
interface of the two phases, occurs with a rate constant that is
determined by the mobility of the slowest carrier.16 At low
temperature, where the long lived carriers may be expected
to be strongly trapped on low energy sites, the recombination
may even be rate limited by the detrapping of the charge
carriers required for motion towards the interface.

In the Langevin description of bimolecular recombina-
tion it is assumed that electrons and holes recombine very
rapidly once diffusive motion has reduced the distance be-
tween them to the Onsager radius �rC=e2 / �4��0�rkBT�� or
smaller. This then implies that the carriers can no longer be
retrieved by application of a voltage pulse or contribute to
the photoinduced absorption. At low temperature �80 K�, rC

amounts to 50 nm for a medium with relative dielectric con-
stant of �r=4. At low temperature the possibility exists that
either direct photoexciation or diffusive motion results in for-
mation of Coulombically bound electron-hole pair and that
the recombination within these pairs is very slow. Carriers,
when present in such a pair, may still be extracted by a
collection pulse or contribute to the induced absorption. The
decay within the Coulombically bound pair will be monomo-
lecular. How likely is formation of long lived electron-hole
pairs at low temperature? In experiments using a nanosec-
onds light pulse for charge carrier generation, the laser flu-
ence is typically 1 �J /cm2 resulting in formation of 102

charge pairs in a spherical volume with r=rC. Thus, if all

geminate charge pairs dissociate, there will be plenty of car-
riers within the Onsager distance of a particular carrier to
form a pair.

Studies on long lived carriers relying on electrical ex-
traction may give results that are not representative for all
charge carriers as some of them may not be extractable at all.
Recombination kinetics can also be studied optically, detect-
ing charges by time-resolved photoinduced absorption
measurements.17–20 These measurements have shown a
power law type of decay ��t-� ,��0.4� with a slope � inde-
pendent of the excitation density. The CELIV measurements
at room temperature show a decay profile that differs from
the power law decay observed by photoinduced absorption
measurements and a possible explanation for this difference
is that in the CELIV technique the deepest trapped charge
carriers are not extracted, whereas in time-resolved photoin-
duced absorption measurements also the deepest trapped car-
riers are detected.10

Here we investigate the recombination of photogener-
ated electrons and holes in the MDMO-PPV:PCBM blend at
low temperature �80 K� in the 1–104 �s time range using
excitation fluences from 1 to 1000 �J /cm2. We use the time
delayed collection field �TDCF� method 21–28 to extract and
count the number of long lived charges. In this technique a
delayed voltage pulse with constant height is used to extract
long lived carriers. This method is simpler than the CELIV
method referred to above, but can be applied to solar cell
devices with 100 nm thickness, which is close to optimal for
photovoltaic performance. In the TDCF technique a field is
applied that is large enough to sweep out charge carriers that
have been generated by a short laser pulse �Fig. 1�b��. By
delaying this collection field in time with respect to the laser
pulse, the recombination kinetics of the photogenerated
charges can be followed.

The prime motivation for studying the recombination of
long lived carriers at low temperature �80 K� and variable
excitation density is that observation of intensity dependent
decay rates �bimolecular decay� provides direct evidence for
the presence of charges that are not electrostatically bound to
a charge of opposite sign. If this type of charge carrier is
indeed generated at low temperature, it would imply that the
Coulomb force is of little importance in the solar cell perfor-
mance at least for the carriers probed by the extraction meth-
ods. A further goal of this study is to compare results from
the TDCF method with decay profiles obtained from photo-
induced absorption spectroscopy and assess whether the ex-
traction and optical detection method effectively probe sub-
sets of all the photogenerated charge carriers.

II. EXPERIMENT

In the TDCF experiment, a collection pulse is applied to
the photovoltaic device with a variable delay after pulsed
photoexcitation �Fig. 1�b��. Photoexcitation was performed
with 2.76 eV photons �pulse width of 4 ns, repetition rate of
10 Hz� obtained from an optical parametric oscillator,
pumped by the third harmonic of a Nd-YAG �yttrium alu-

074509-2 Offermans, Meskers, and Janssen J. Appl. Phys. 100, 074509 �2006�

Downloaded 03 Mar 2010 to 131.155.151.29. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



minium garnet� laser. Background illumination, covering the
entire device area, was generated by a tungsten-halogen lamp
at excitation densities up to 0.8 W/cm2.

The photovoltaic devices used, consist of an indium tin
oxide �ITO� coated glass substrate, followed by a 100 nm
spin-coated poly�3,4-ethylenedioxythiophene�: poly�styrene-
sulfonic acid� �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 active device area was
0.2 cm2 of which 0.07 cm2 was illuminated. During mea-
surements the device was held in a dynamic vacuum. The
effective optical density of the molecular layer for 2.76 eV
photons is estimated at 0.6 from measurements of the inten-
sity of the light that is reflected at the metal back electrode.

The Nd-YAG laser triggers an Agilent 33250A function
generator that is used to generate a collection pulse �temporal
width of 150 �s, see Fig. 1�c��. The bandwidth of the func-
tion generator �30 MHz� is much higher than the inverse RC
time of the device �see below�, so that the latter determines
the time resolution. Positive bias voltage corresponds to the
ITO electrode being charged positively with respect to the Al
electrode. A Tektronix TDS5052B digital oscilloscope is
used to measure the voltage over a 50 	 resistance placed in
series with the photovoltaic device �Fig. 1�c��. The measured
transients were averaged over up to 1000 acquisitions.

III. RESULTS AND DISCUSSION

A. Experimental parameters for TDCF

Before we discuss the results on photovoltaic cells, we
briefly address the parameters of the extraction voltage pulse
used in the TDCF measurement. In the experiment, a rectan-
gular voltage pulse with height, Vcoll, is applied to the pho-
tovoltaic device and the current is measured by recording the
voltage over a resistor using an oscilloscope �Fig. 1�c��. The
voltage pulse has an onset at time t= td and is delayed with
respect to the laser pulse �t=0�. The delay between the two
pulses is variable. In Fig. 2�a� we show two current traces;
one recorded with the laser pulse striking the device and one
where the light beam is blocked. A schematic representation
of the traces is given in Fig. 2�b� for clarity. With the laser
blocked, the trace shows a negative peak at the onset of the
collection pulse �at time td� and an equally large positive
response when the collection field turns off. This response is
capacitive in origin29 and the RC time of the device can be
determined ��3 �s�. When the laser is on, an additional con-
tribution to the current is measured near t= td, which is due to
extraction of photogenerated charges. These charges must
have survived recombination and extraction in the time in-
terval from t=0 to t= td. To obtain the number of extracted
carriers the difference between laser on and off traces is in-
tegrated over time.

Around t=0 a small photocurrent is observed that is
due to carriers which are driven out of the active layer by
the internal electric filed of the device. An external bias volt-
age VB is applied �Figure 1�b�� in order reduce this direct
photocurrent. Figure 3�a� shows the influence of VB on the

photocurrent yield at 80 K �the yield is calculated as the
percentage of collected electrons around t=0 per incident
photon�. Applying a bias of VB= +1.08 V minimizes the pho-
tocurrent at 80 K effectively, and this bias voltage will be
used in the TDCF experiments to prevent loss of carriers
before the collection pulse. As expected, VB is close to the
open-circuit voltage VOC at this temperature.

Figure 3�b� shows the yield of delayed carrier collection
as a function of Vcoll �80 K, td=10 �s�. A constant bias VB

= +1.08 V was kept on the device during excitation. The
yield approaches saturation below −3 V. This indicates ef-
fective extraction of charges and the measurements have
been carried out with Vcoll=−4 V. As can be seen in Fig.
2�a�, using Vcoll=−4 V, the majority of the carriers is ex-
tracted within 10 �s. Thus the temporal width of the collec-
tion pulse of 150 �s should be sufficiently long to capture as
many carriers as possible.

B. TDCF experiments on MDMO-PPV:PCBM
solar cells

To investigate the recombination kinetics at low tem-
perature we have determined the number of extracted carriers
for various time delays and as a function of laser fluence
�Fig. 4�a��. Also the yield of carrier collection �number of
carriers extracted per incident photon� is given �Fig. 4�b��.
First we discuss the yield of carrier collection upon applica-
tion of a constant of −4 V bias during excitation and collec-
tion. At fluences smaller than 4 �J /cm2, the number of
charges collected increases linearly with the excitation inten-
sity indicating that the promptly extracted carriers are not
subject to nongeminate recombination with other photoge-

FIG. 2. �a� Measured current traces in the TDCF experiment. Optical exci-
tation was at t=0; the collection field was turned on at td=10 �s. The device
was kept close to VOC reducing the photocurrent. The inset shows a magni-
fication of the first 40 �s. �b� Sketch of the current through the device, with
and without laser excitation.
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nerated charge carriers. At higher fluences, the number of
collected charges levels off and approaches saturation.

With VB= +1.08 V during a 10 �s delay before applying
Vcoll=−4 V, the yield of carriers is an order of magnitude
smaller than with a constant of −4 V bias. Thus about 90%
of carriers have recombined within 10 �s after excitation,
but the fluence dependence of the yield with delayed and
prompt extraction are remarkably similar. This similarity in-
dicates that the recombination taking place in the first 10 �s
is not limited by the rate of bimolecular nongeminate
electron-hole encounter. If bimolecular recombination would
be rate limiting under these conditions, the yield at high
pump fluences should have been less in the second experi-
ment. The result therefore implies that rate must be limited
by a monomolecular step. The same conclusion holds for the
charges extracted with longer delays �100 and 1000 �s�.

The decay of the number of extractable carriers in time
was studied in more detail for two excitation densities �Fig.
5�. At 4 �J /cm2 fluence, the yield of collected charges de-
creases according to a power law ��t−�� with an exponent of
�= �0.18 between 1 �s and 10 ms after excitation. This
holds for both VB=1.08 V and VB=0 V. This indicates that
the small electric field in the device that exists when VB

=0 V at 0� t� td is too weak to sweep out the long lived
��1 �s� photogenerated charges at 80 K.

At high excitation density �Fig. 5�b��, the number of col-
lected charges is a factor of 5 higher than at low excitation
density. Again a power law decay is found with exponent
�= �0.24 for both VB= +1.04 and 0 V. Thus, despite a laser
fluence that is more than two orders of magnitude higher,
very similar values for the exponent � are observed. This is
consistent with conclusion drawn above stating that the re-
combination of the long lived carriers is not limited by the
rate of bimolecular encounter of nongeminate electrons and
holes in the window of observation. The results shown here
may be compared to those reported by Mozer et al.12 who
found that at T=120 K the long lived carriers decay with
exponent �=0.4. Because � is temperature dependent, the
difference in the values for � may be attributed to a differ-
ence in temperature.

In contrast to the low temperature case where no rate
limiting bimolecular process could be observed, the decay of
the long lived charges at room temperature shows the signa-
tures of nongeminate electron-hole pair recombination. In
Fig. 6 the dependence of the collection yield on time delay at
room temperature is plotted. The average lifetime is now
much shorter and the total yield significantly less than at
80 K.

For times longer than 1 �s, the decay of the number of
carriers approaches 1/ t. This is in agreement with observa-
tions by Mozer et al.12 and indicates that the recombination
is rate limited by a bimolecular process for which n�t�
�1/ t, is predicted for large t. This indicates that at room
temperature, the extractable long lived charge carriers are not

FIG. 3. TDCF experiments of MDMO-PPV:PCBM at 80 K with an excita-
tion fluence of 4 �J /cm2. �a� Photocurrent yield for different constant ap-
plied bias voltages VB during pulsed laser illumination. �b� Collected
charges per incident photon for different collection pulse voltages Vcoll with
VB= +1.08 V at td=10 �s.

FIG. 4. Fluence dependence of �a� the number of charges collected and �b�
the collected charges per incident photon. Data are shown for a constant dc
bias of −4 V at 80 K ��� and 295 K ���, and for TDCF experiments at
80 K for delay times of 10 �s ���, 100 �s ���, and 1 ms ���. The solid
lines indicate a linear dependence of the number of charges collected on the
fluence. In the TDCF experiments the bias was VB= +1.08 V.
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present in the form of Coulombically bound electron-hole
pairs. If we compare the yield for delayed and prompt ex-
traction of carriers at the two temperatures studied, it follows
that at constant of −4 V bias, temperature has little influence
on the yield. Therefore the low yield for delayed collection
of carriers at room temperature must be due to rapid recom-
bination in the time interval between the moment, at which
immediate carrier extraction occurs and the delay time of the
collection.

Applying a bias VB=0 V at room temperature, results in
a signal for the extracted delayed carriers that is too weak to
be measured. This shows that the residence time of the pho-
togenerated carriers at room temperature strongly depends on
VB. The large direct photocurrent observed indicates that a
considerable number of charge carriers leaves the device via
the contacts when VB=0 V.

C. Effect of background illumination

Pulsed excitation as used in TDCF does not reflect the
continuous illumination as experienced by solar cell devices
under working conditions. To mimic this condition we have
performed TDCF experiments in the presence of continuous
white-light background illumination �0–0.8 W/cm2�. In a
set of control experiments we first established that back-
ground illumination has a negligible effect on the number of
collected charges under constant bias of −4 V during excita-
tion and collection �Fig. 7�.

The influence of the background illumination on the long
lived carriers detected by TDCF is shown in Fig. 8. Without
background illumination a power law �t−� is observed, with
exponent �= �0.2–0.3. With increasing background illumi-
nation an increase of the exponent � is found up to �=
�0.6 for 0.6 W/cm2 illumination. The effect of background
illumination does not change significantly when applying
higher pump fluences �750 �J /cm2 vs 4 �J /cm2, Fig. 8�b��.
A reduction of the lifetime of the long lived carriers by a
constant background illumination has also been observed by
Nogueira et al. using optical detection methods.18 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� detrap-
ping of the photogenerated charges by absorption of the
background illumination, and �iii� filling of trap states by the
charges induced by background illumination; traps that are
already occupied, cannot be filled by the laser induced
charges resulting in a shorter lifetime for the laser induced
charges. This explanation is further investigated below and
from the observed reduction of the lifetime we can estimate
the number of low energy sites.

FIG. 5. Collected charges per incident photon for MDMO-PPV:PCBM de-
vices at 80 K measured with TDCF as a function of delay time td for exci-
tation densities of �a� 4 �J /cm2 and �b� 750 �J /cm2. The applied bias VB

varied as indicated in the inset. The magnitude of the collection voltage
pulse was Vcoll=−4 V. The yields obtained when a constant dc bias of −4 V
was applied were 25% at 4 �J /cm2 and 0.49% at 750 �J /cm2.

FIG. 6. Time dependence of the collected charges per incident photon ��� at
room temperature. Parameters: VB=0.76 V, Vcoll=−4 V, and excitation den-
sity of 4 �J /cm2. The yield of the collected carriers at constant dc bias of
−4 V at room temperature is 25%. For comparison, the data at 80 K �Fig.
4�a�� are also plotted �dashed line, scaled by a factor of 0.1�.

FIG. 7. Fluence dependence of the collected charges per incident photon
under constant bias of −4 V at 80 K for different background illumination
intensities �shown in the inset�. The curves are offset for clarity by multi-
plication with 2, 4, and 8, as indicated.
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The power conversion efficiency under tungsten halogen
illumination by a MDMO-PPV-PCBM bulk heterojunctions
is typically �2% at room temperature. The efficiency of gen-
eration of a carrier with lifetime �100 �s amounts to 1% �at
low fluence at 80 K, Fig. 4�b��. From the reduction of the
lifetime shown in Fig. 8 it follows that at 0.6 W/cm2, all trap
sites with a carrier lifetime �100 �s are occupied as the
signal of the long lived carrier vanishes at this delay. At room
temperature the charge generation rate under 0.1 W/cm2

tungsten halogen illumination is typically 5 mA/cm2.30 As-
suming the same charge generation rate at low temperature,31

the steady state concentration of charge carriers with a life-
time exceeding �100 �s generated from 0.6 W/cm2 can be
calculated in a straightforward manner and amounts to �7

1016 cm−3.32 Because all trap sites are filled at 0.6 W/cm2,
the number of trap sites with carrier lifetime �100 �s can be
estimated at 1017 cm−3. This estimate is in agreement with
previous study using near steady state photoinduced absorp-
tion �1017 cm−3� �Ref. 33� and nanosecond spectroscopy.19

The limiting behavior for the number of directly extracted
carriers may also be due to availability of low energy sites.

Apart from the extraction methods described above,
charge carriers can also be detected optically. The presence
of a charge carriers induces bleaching of the ground state
absorption band of the MDMO-PPV and measurement of the
photoinduced bleaching as a function of time after a short
excitation pulse can be used to determine the decay of the
number of long lived photoinduced carriers.20,33 Here the
sample is illuminated continuously with light from a tung-
sten halogen lamp to probe the bleaching. The measurements
show a power law t−� decay with exponent �=0.5 at low
temperature, applying a VB= +1 V bias voltage �Fig. 8�c��.
As described above, TDCF measurements also indicate a
power law type with an exponent that depends in the back-
ground illumination. Comparing the results for the electrical
and optical detection methods, the power law decay observed
optically with 0.4 W/cm2 matches reasonably well with the
with TDCF data for 0.3 W/cm2 background illumination.
Therefore the two detection methods give essentially the
same result, which indicates that the two methods probe
largely the same set of long lived carriers.

IV. CONCLUSIONS

Time delayed collection field experiments have been
used to follow the recombination kinetics of photogenerated
charge carriers in MDMO-PPV:PCBM solar cells at 80 K
and at room temperature. At low temperature, the measure-
ments do not support a recombination mechanism in which
the overall rate is limited by the frequency of electron-hole
encounter at the internal interface of the heterojunction. In-
stead, the recombination rate may be limited by monomo-
lecular steps occurring before electron and hole come closer
than the Onsager radius. Alternatively, the recombination
may also be rate limited by processes within the Coulomb
correlated electron-hole pairs. In contrast, at room tempera-
ture the decay kinetics provide clear evidence that the ex-
tractable carriers have escaped from the mutual Coulomb
attraction. This may be explained by a screening of the Cou-
lomb interaction or by a mechanism, in which the carriers are
transported over considerable distances right after the elec-
tron transfer reaction, reaching mutual distances beyond the
Onsager radius. At low temperature both the photoinduced
absorption and the delayed collection method reveal a decay
of the number of long lived carriers according to a power law
�t−�� with an exponent that is independent of the excitation
density. Taking into account the effect of the background
illumination used as a probe in the induced absorption mea-
surement the magnitude of the exponent obtained by the op-
tical and electrical detection methods correspond. This sug-
gests that at low temperature both methods probe largely the
same set of long lived carriers.
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