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Abstract

Charge carrier mobility (l), recombination kinetics, and lifetime (s) have been investigated with the photo-induced
charge carrier extraction by linearly increasing voltage technique (photo-CELIV) in blends of poly[2-methoxy-5-(3,7-dime-
thyloctyloxy)-phenylene vinylene] (MDMO-PPV) and 1-(3-methoxycarbonyl)propyl-1-phenyl-(6,6)-C61(PCBM). Different
MDMO-PPV/PCBM ratios have been studied showing that increasing the PCBM content induces an increase of the
photo-CELIV mobility up to two orders of magnitude. Simultaneously, the lifetime of the charge carriers decreases in such
a way that the product l · s appears almost constant independently of the blend composition. Recombination kinetics
close to the Langevin one is observed for all PCBM concentrations studied.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

During the last five years, important research
efforts have been devoted to acquire a better under-
standing of the working principle of conjugated
polymer:fullerene based bulk-heterojunction solar
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cells [1]. This knowledge sounds mandatory to allow
further optimization and potential increase of the
efficiency of these devices [2]. It appeared quickly
that the ratio donor/acceptor does dictate not only
the number of charge carriers created per incoming
photons [3], but as well the ability of the device to
collect the photo-induced charge carriers, that is,
the transport properties of the active blend [4].

Several previous works focused on the investiga-
tion of solar cells characteristics versus conjugated
.
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polymer/fullerene ratio [4–9]. In the case of poly
[2-methoxy-5-(3,7-dimethyloctyloxy)-phenylenevinyl-
ene] (MDMO-PPV):1-(3-methoxycarbonyl)propyl-
1-phenyl-(6,6)-C61(PCBM) blends, short circuit
current (Isc), fill factor (FF) and overall efficiency
(g) were reported to show optimum values for
PCBM concentration about 80% [7,9]. These results
have been interpreted in terms of competing effects
between charge generation, taking essentially place
in the MDMO-PPV molecules, and hole and elec-
tron respective mobilities. These latter have both
been reported to increase up to two orders of mag-
nitude upon increasing the PCBM concentration
[9,10]. Among others, ordering effects have been
invoked to explain this unexpected phenomenon.
This hypothesis has been substantiated by the
numerous morphology studies performed on
MDMO-PPV:PCBM, which show that PCBM
tends to form nano-clusters due to its quite high dif-
fusion coefficient in amorphous MDMO-PPV [7,8].
This nano-clusters have been proposed to enhance
the organization of the long MDMO-PPV chains,
and hence the hole mobility [11].

In several models proposed to describe the work-
ing principle of conjugated polymer:fullerene solar
cells, the charge collection is considered to be mostly
ensured by field driven drift, yet diffusion might play
a non-negligible role, especially close to the elec-
trodes [9,12,13]. In this perspective, the distance per-
formed by the charge carriers is given by

l ¼ l � s � E; ð1Þ

where l is the mobility of the charge carriers, s their
lifetime, and E the electric field in the device. Thus,
the mobility indeed plays a major role in the collec-
tion of charge carriers. But so does as well the
charge carrier lifetime. To the best of our knowl-
edge, no one did yet report the evolution of s versus
the concentration of the MDMO-PPV:PCBM
blend. Mihailetchi et al. expressed the necessity of
their model to suppose increasing s with decreasing
PCBM to fit properly the experiment data, espe-
cially in the range below 50% of PCBM [9]. But
no direct evaluation of s was performed. Neverthe-
less, it has to be mentioned that Montanari et al.
studied the recombination kinetic of charge carriers
by transient absorption spectroscopy (TAS) [14].
However, the authors reported a PCBM concentra-
tion independent recombination kinetics as detected
with this optical method.

Thus, we have used photo-induced charge carrier
extraction by linearly increasing voltage technique
(photo-CELIV) to investigate the charge carrier
mobility, recombination kinetic and lifetime.

2. Experimental

As described in details elsewhere [15–17], photo-
CELIV is a powerful method that allows the deter-
mination of charge carrier transport properties in
the ls to ms range: a short laser pulse (3 ns,
532 nm, 0.5 mJ/pulse, Nd-YAG laser in our case)
is absorbed by the device to be characterized; the
charge carriers created are forced to recombine in
the device thanks to an offset bias applied to com-
pensate the Voc of the solar cell, what ensures
flat-band condition; after a certain delay time sdel,
the remaining charges are extracted by a linearly
increasing voltage A = dU/dt applied in the reverse,
non-injecting polarization of the photodiode. The
devices studied in this work are MDMO-
PPV:PCBM bulk-heterojunctions solar cells with
PCBM concentrations varying from 0% to 80% (in
weight, in the entire text). The chlorobenzene based
solutions have been spin-cast on indium tin oxide
(ITO), and coated with evaporated aluminum (Al,
70 nm) after drying in vacuum. The thickness of
the device is comprised between 150 and 250 nm
and the active surface area between 4 and 6 mm2.
All the photo-CELIV measurements have been car-
ried out under high vacuum (10�6 mbar) at room
temperature.

3. Results and discussion

Fig. 1a shows the photo-CELIV curves collected
in the case of a 30% MDMO-PPV:70% PCBM
active layer for various sdel. One can observe a
capacitance induced displacement current to which
is superimposed an extraction current [15–17]. This
latter disappears after 8 ls, indicating a complete
extraction of the charge carrier photogenerated.
The mobility of the carriers can be calculated
according to Eq. (2):

l ¼ 2:d2

3 � A � t2
max 1þ 0:36 Dj

jð0Þ

h i if Dj 6 jð0Þ ð2Þ

where d is the thickness of the device, A is the volt-
age rise speed, tmax is the time at the maximum Dj of
the extraction peak, and j(0) is the displacement cur-
rent of the capacitance. Using Eq. (2), we find a
mobility l = 1.9 · 10�4 cm2 V�1 s�1. Moreover, it
can be noted that the number of extracted charge



Fig. 1. Photo-CELIV curves for various delay times between the
light pulse and the extraction voltage ramp in the case of (a) a
30% MDMO-PPV:70% PCBM blend (A = 5 V/10 ls,
d = 155 nm) and (b) a 70% MDMO-PPV:30% PCBM blend
(A = 5 V/300 ls, d = 200 nm).
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carriers, that is the area under the extraction peak,
decreases with increasing delay time between the
light pulse and the beginning of the extraction. This
indicates that a recombination process takes place
during sdel, while flat-band condition is ensured in
the device thanks to the applied offset voltage.

Fig. 1b exhibits the photo-CELIV transients col-
lected in the case of a 70% MDMO-PPV:30%
PCBM active layer for various sdel. Although the
curves show qualitatively the same behavior than
in Fig. 1a, a quantitative analysis suggests major
differences. The application of Eq. (2) reveals that
the mobility of the charge carriers drastically
decreases with decreasing PCBM concentration: l
is found to be about 1 · 10�5 cm2 V�1 s�1. More-
over, long lived charges can still be extracted after
several hundreds of ls after the light pulse, what
suggests that the lifetime of the charges is consider-
ably enhanced compared to the situation displayed
in Fig. 1a, where all the carriers recombine within
less than 100 ls. Finally, a close observation reveals
that the shape of the photo-CELIV peak changes
from Fig. 1a and b. This shape can be numerically
analyzed by calculating the ratio t1/2/tmax, where
tmax is the time at the maximum of the peak, and
t1/2 is the width at half maximum of the extraction
peak [18]. In the case of ideal non-dispersive tran-
sients t1/2/tmax = 1.2, and this ratio increases with
increasing dispersivity. The value extracted for
Fig. 1a and b are 1.2 and 2.4, respectively. This
shows that the dispersive character of the transient
decreases with increasing PCBM concentration, as
observed by Pacios et al. in the case polyfluo-
rene:PCBM blends [19].

A more detailed investigation of the charge car-
rier mobility and decay versus blend composition
has been performed. Fig. 2 exhibits the time depen-
dence of the charge carrier mobility and the number
of charge carriers extracted. As a first observation,
one can note that, as mentioned above and reported
previously by several groups [9,10], the charge car-
rier mobility increases with increasing PCBM con-
centration, from 3 · 10�6 cm2 V�1 s�1 for the pure
MDMO-PPV to about 3 · 10�4 cm2 V�1 s�1 for
the 1:4 ratio (at sdel = 1 ls). Though the sign of
the charge carriers investigated with photo-CELIV
remains under debate, these values are believed to
be related to the slowest carriers [20], namely the
holes. These values are in close accordance to the
hole mobilities reported by Mihailetchi et al. [9].
Moreover, Fig. 2a indicates a slightly time depen-
dent mobility for almost all PCBM concentrations
studied. This phenomenon, already reported else-
where for 20% MDMO-PPV: 80% PCBM solar cell,
has been attributed to energy relaxation of the
charge carriers towards the tail states of the density
of states (DOS) distribution [20].

Fig. 2b shows the number of charge carriers
extracted versus the delay time between light pulse
and extraction. As illustrated in Fig. 1, n(t) drasti-
cally decreases with increasing time since the charge
carriers are forced to recombine in the device. The
saturation of the number of carriers extracted versus
light intensity (not shown here), observed for all
PCBM concentration suggests that the recombina-
tion kinetic is of bimolecular nature in the regime
studied. This bimolecular regime has been proposed



Fig. 3. Photo-CELIV mobility (l) of charge carriers, ‘‘effective’’
bimolecular lifetime (sB) of charge carriers, and (inset) product
l · sB versus MDMO-PPV:PCBM ratio.

Fig. 2. (a) Photo-CELIV mobility and (b) number of extracted
charge carriers versus delay time measured for different MDMO-
PPV:PCBM ratios. In (b), the solid lines are fits realized using Eq.
(5). The inset in (b) shows the evolution of c versus the
composition of the blend.
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to be of primary importance in the recombination
kinetics in solar cells in operation [21], especially
in situations close to the open circuit condition.

Moreover, Fig. 2b shows that for low PCBM
concentrations, the lifetime of the charge carriers
is much longer than for high PCBM concentrations.
In order to extract the value of the charge carriers
bimolecular lifetime, the n(t) data have been fitted
with a dispersive bimolecular recombination
dynamics model [20]: The observation of a time
dependent mobility during thermalization suggests
a time dependent bimolecular recombination rate

dn
dt
¼ dp

dt
¼ �bðtÞ � n � p; ð3Þ

where n and p are the concentration of electrons and
hole, respectively, and b(t) the time dependent
bimolecular recombination coefficient.
Assuming charge neutrality, and using the fol-
lowing functional form of b(t)

bðtÞ ¼ b0 � t�ð1�cÞ; ð4Þ
where b0 and c are time independent parameters,
Eq. (5) can be yielded:

nðtÞ ¼ pðtÞ ¼ nð0Þ
1þ ðt=sBÞc

: ð5Þ

sB, called the ‘‘effective’’ bimolecular lifetime, can be
expressed as follow:

sB ¼
c

nð0Þ � b0

� �1
c

ð6Þ

The fits to the decay data, displayed as solid lines in
Fig. 2b, show good agreement with the experimental
data. The values of c, extracted for each PCBM con-
centrations are found to evolves from 0.75 to 1 with
increasing PCBM concentration, indicating a transi-
tion form a dispersive to a non-dispersive regime, as
already noticed above. Finally l and sB extracted
for each concentration are shown in Fig. 3. While
the mobility clearly increases by two orders of
magnitude upon adding PCBM, the ‘‘effective’’
bimolecular lifetime decreases by the same factor,
evolving from about 100 ls to 2 ls. Interestingly,
these opposite evolutions induce a constant product
l · sB independent of the PCBM concentration, as
revealed in the inset of Fig. 3.

It has been previously reported that the bimolec-
ular recombination kinetics in PPV [22] and 20%
MDMO-PPV:80% PCBM [20] is of Langevin type
[23]. In this case, the Langevin bimolecular recombi-
nation coefficient bL in given by

bLðtÞ ¼ B � lðtÞ where B ¼ e=e � e0; ð7Þ
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e being the elementary charge, e the relative dielec-
tric constant of the semiconductor (3 in our case),
and e0 the permittivity of vacuum. In order to verify
the nature of the bimolecular recombination kinetic
observed in this study, we have fitted the n(t) data of
each PCBM concentration with Eq. (8). It should be
noted here that while Eq. (6) (used to fit the data in
Fig. 2b) supposes a bimolecular recombination
kinetic (Eq. (3)) with a power law decay of the
bimolecular recombination coefficient (Eq. (4)),
Eq. (8) results from the supposition of a purely
Langevin (Eq. (7)) bimolecular recombination ki-
netic (Eq. (3)):

nðtÞ ¼ nð0Þ
1þ nð0Þ � B �

R t
0 lðtÞ � dt

: ð8Þ

The results are exhibited in Fig. 4. It is visible that
accurate fits are achieved for all PCBM concentra-
tions with value of B comprised between 3 and
9 · 10�7 V cm that is very close to the theoretical
value of B = 6 · 10�7 V cm. This allows us to con-
clude that in all cases investigated here, the nature
of the bimolecular recombination kinetic is very
close to being Langevin. This conclusion is consis-
tent with the fact that the product l · sB is constant
for all PCBM concentrations. Indeed, surprisingly
the n(0) obtained by fitting the data in Fig. 2b are
found to be all very close, comprised between 3
and 8 · 1015 cm�3. Thus the variation of sB versus
PCBM concentration appears to be directly related
to the variation of the mobility (Eq. (7)), since n(0)
can be considered as almost constant.
Fig. 4. Number of extracted charge carriers versus delay time
measured for different MDMO-PPV:PCBM ratios and fitted with
Eq. (8). The values of B used in the fits are indicated for each
PCBM concentration. The values of the mobility used in Eq. (8)
have been numerically integrated from Fig. 2a.
Finally, the intriguing point of the constancy
of n(0) versus PCBM concentration has to be
addressed. As mentioned above, it is of common
knowledge that the short circuit current of a
MDMO-PPV:PCBM based solar cell is drastically
dependent on the PCBM content in the blend. Con-
trarily to one’s expectation, Fig. 2b shows that the
number of charge carriers collected during photo-
CELIV experiments does not obviously increase
with PCBM concentration, but rather fluctuates
within a factor 3. A rough estimation of the quan-
tum efficiency yields values by orders of magnitude
lower than that of a device in operation. This low
efficiency might arise from the fact that the device
is investigated in a bimolecular mode and that the
light intensity used is important: according to Eq.
(5), the number of extractable charges does saturate.
Lower light intensities would yield higher quantum
efficiencies. Moreover, Montanari et al. [14] have
shown that charge carrier decay studied by TAS
can be separated into two distinguished phases.
The fist one, 620 ns, is light intensity dependent
while the second one, extending to the ms range
was found to be light intensity independent above
a certain threshold. This second decay regime exhib-
ited a power law type behavior OD � ta, where OD
is the optical density of the device at a certain wave-
length, and a equals 0.4 in the case of MDMO-
PPV:PCBM blends, independently of the PCBM
concentration. This phenomenon was explained by
diffusion controlled recombination kinetic com-
bined with the presence of a mobility edge in the
PPV derivative [24]: when the number of charge car-
riers photo-created exceeds the number of available
localized states evaluated about 1017 cm�3 in
MDMO-PPV phase, charge carrier located above
the MDMO-PPV mobility edge can diffuse faster,
and therefore recombine faster (620 ns). Contrarily
to TAS data, the transient decays measured by
photo-CELIV do not follow a power law, and do
depend on the PCBM concentration. Moreover,
n(0) was found to fluctuate around 5 · 1015 cm�3,
that is abound 20 times less than the number of
localized states available in MDMO-PPV, as pro-
posed by Nelson. These differences might come
from the different nature of the charge carriers
probed by the two techniques: TAS is sensitive to
optically active carriers, while photo-CELIV detects
mobile charges able to contribute to an electrical
current. However, the time scale investigated by
photo-CELIV does correspond to the second decay
phase described by Nelson [24] what might explain
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why n(0) does not vary with PCBM concentration.
This leads us to the conclusion that, though
photo-CELIV transients allow us to investigate the
transport and recombination kinetics of long lived
charges, it does not give access to the very fast (ns
range) phenomena, which might be relevant for
the understanding of the device operation.
4. Conclusion

In conclusion, we have studied the transient
mobility, charge carrier recombination kinetic (in
the ls range) and charge carrier lifetime in
MDMO-PPV:PCBM blends by photo-CELIV. We
have observed that the charge carrier mobility
increases by two orders of magnitude with increas-
ing PCBM concentration, while the ‘‘effective’’
bimolecular lifetime of charge carriers decreases
drastically, as theoretically proposed by Mihailetchi
et al. Hence, the product mobility · lifetime of long
lived charge carriers is found to be independent of
the PCBM concentration. This effect is believed to
be induced by Langevin type bimolecular recombi-
nation, found to control the recombination kinetics
for all PCBM concentrations studied. Moreover,
the dispersive character of the photo-CELIV tran-
sient and of the recombination kinetics is found to
decrease with increasing PCBM concentration.
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