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1. Introduction

Bulk heterojunction (BHJ) solar cells comprise an interpenetrat-
ing blend of an optically active polymer and electron-accept-
ing molecules.[1] BHJ organic solar cells have raised great inter-
est towards the production of cheap and versatile photovoltaic
(PV) devices; in particular the combination of poly(3-hexylthio-
phene) (P3HT) and [6,6]-phenyl C61-butyric acid methyl ester
(PCBM) has recently shown high photovoltaic performance[2]

and stability.[3] In BHJ solar cells, excitons are generated by
light absorption in the optically active polymer. These excitons
dissociate at the polymer/molecule interface; spatially separat-
ing the electrons and holes which can then be transported to
the electrodes by hopping. For improving the performance of
BHJs, it is essential to understand and control the different
steps that govern PV conversion.

Charge separation (exciton dissociation) and separate carrier
transport through the mixed electron and hole conductor
phases as well as recombination between the carriers in dis-
tinct phases are the major factors determining the production
of photocurrent in the photoactive layer. It has been shown
that P3HT:PCBM blends exhibit a remarkable improvement of
performance when annealed, owing to better ordering of the
polymer phase which enhances the hole conductivity.[4, 5] Espe-
cially charge transport is a central issue because the mobility
of charge carriers in organic conductors is generally very low.

Normally, carrier transport in organic conductors is greatly
influenced by a wide distribution of traps that take the form of
a Gaussian density-of-states (DOS).[6, 7] Thus, a central parameter
that determines the carrier conductivity is the dispersion pa-
rameter of the DOS s1, because this dispersion governs the
field and density dependence of the mobility. Studies have
shown that hole DOS dispersion varies from 70 meV for pris-
tine P3HT[8] to broader values between 100 and 120 meV for
P3HT:PCBM blends.[7] Several authors have described transport

in organic thin-film transistors (TFTs) using a multiple trapping
model with the Gaussian DOS.[9, 10] High hole mobilities (m >
0.1 cm2 V�1 s�1) have been obtained in P3HT samples in TFTs.[11]

It has been reported that the metal contacts in BHJ solar cell
devices introduce important effects affecting device opera-
tion.[12] Therefore, contactless methods are an important tool
for the analysis of the kinetics of photogenerated carriers and
their dependence on the morphology of the blends. A number
of studies have been presented by the contactless method of
time-resolved microwave conductivity (TRMC).[13–15] Most of the
studies have focused on the charge separation efficiency by
the analysis of the maximum photoconductance signal at
short times after the pulse, at varying incident light intensi-
ty.[13, 16] Subsequent to the maximum response, monotonic
after-pulse decay is observed. This decay is often adapted to a

The after-pulse time-resolved microwave conductivity (TRMC)
decays observed in P3HT:PCBM blends display a dependence
on time close to t�b, independent of excitation intensity, in the
10 ns–1 ms range. This is explained in terms of the relaxation of
carriers in a Gaussian density of states (DOS). The model is
based on a demarcation level that moves with time by thermal
release and retrapping of initially trapped carriers. The model
shows that when the disorder is large the after-pulse decay of

the type t�b is obtained, while at low disorder and large tem-
perature the carrier distribution becomes independent of time.
In the measurements different b values were observed de-
pending on the solvent used for spin-coating: 0.4–0.6 for
chlorobenzene and 0.3–0.4 for toluene. The model was applied
to extract the shape of the DOS from the TRMC decays, giving
a dispersion parameter of about 120 meV for blends with high
P3HT content.

[a] Dr. T. Moehl, Prof. J. Bisquert, Dr. G. Garcia-Belmonte
Photovoltaic and Optoelectronic Devices Group
Departament de F�sica, Universitat Jaume I
12071 Castell� (Spain)
Fax: (+ 34) 964 729 218
bisquert@fca.uji.es

[b] Dr. V. G. Kytin
Department of Physics
Moscow Lomonosov State University
119991, GSP-1, Moscow (Russia)
Fax: (+ 7) 095 939 1147
E-mail : kytin@mig.phys.msu.ru

[c] Dr. M. Kunst
Hahn-Meitner-Institut
Glienicker Str. 100
14109 Berlin (Germany)

[d] Dr. H. J. Bolink
Instituto de Ciencia Molecular
Universidad de Valencia
PO Box 22085, Valencia (Spain)

314 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemSusChem 2009, 2, 314 – 320



stretched exponential and has been attributed to spatial locali-
zation and trapping of separate electron and hole carriers ;[17–19]

however, a detailed model has not been developed yet.
In this work, TRMC measurements of blends with different

P3HT:PCBM proportions will be analyzed and discussed. We
present an interpretation of the after-pulse decay observed in
terms of carrier relaxation in a broad density of states.

2. Results

We have studied blends of different ratios of P3HT and PCBM
with weight fractions of P3HT between 90 to 100 % and 1 to
10 %. Some typical TRMC decays of these blends are presented
in Figures 1, 2, and 3 in double logarithmic scale.

Figure 1 shows the microwave transient measurements of
99:1 and 95:5 P3HT:PCBM samples. The blends with concentra-
tions of 1–10 % of PCBM spin-coated from a chlorobenzene so-
lution all show similar peak values of photoconductance upon
excitation by the same light intensity. The decay of the photo-

conductance exhibits a behaviour close to a power law t�b,
with the slope b in the range of 0.4 up to 0.6. Blends spin-
coated from a toluene solution (Figure 2) show the lowest b

(0.32) or, respectively, the slowest decay of the TRMC signal
while the maximum photoconductance, compared to the
blends spin-coated from chlorobenzene, stays unchanged. In
Figure 2 one can also observe the dependence of the photo-
conductance peak on the photon density, which is observed in
all of our blends with low PCBM content . It shows that the
peak photoconductance (with light intensities between 1015

up to 1016 photons cm�2 pulse�1) exhibits a sublinear depend-
ency on light intensity. This indicates a recombination of
higher order during the laser pulse itself.

In general all of these blends show a decay kinetic nearly in-
dependent of light intensity, which is in agreement with results
obtained by Savenije et al. for blends of PCBM and a poly-
(phenylene vinylene) (PPV:PCBM) with less than 60 % PCBM.[14]

If the content of PCBM is strongly increased, the shape of
the decay behaviour changes notably. Figure 3 shows a com-
parison of the TRMC signal of blends with a composition of
95:5 and 5:95 P3HT:PCBM illuminated with the same photo-
ndensity. The initial photoconductance peak increases strongly
if the content of PCBM is high. A new fast decay process ap-
pears showing a steep slope of the initial photoconductance
signal with a b~2.

3. Model

The investigation of the kinetics of the decay of excess charge
carriers by TRMC involves the measurement of the excess con-
ductivity Ds(t) induced by an external stimulus as a function of
time. The parameter Ds(t) can be determined from the change
in the reflected microwave power, DP(t). For small perturba-
tions, the TRMC signal, dU =DP/Pin (Pin is the incident micro-
wave power), is proportional to the induced conductivity dU =

�ADs with A, a sensitivity factor, accounting for setup and
conditions of the measurements. An introduction to this tech-
nique and its application to dispersive transport in inorganic

Figure 1. TRMC measurements of a 99:1 P3HT:PCBM (squares) and a 95:5
P3HT:PCBM (circles) blend with thicknesses of 140 and 160 nm, respectively,
upon excitation by a 532 nm, 10 ns pulse (2.6 � 1016 photons cm�2 pulse�1).
The slopes of the decays are 0.47.

Figure 2. TRMC transients of a 99:1 P3HT:PCBM blend of 180 nm thickness
spin-coated from a toluene solution (532 nm with light intensities of 5 � 1015

(squares) and 1.3 � 1015 photons cm�2 pulse�1 (circles)).

Figure 3. Comparison of TRMC transients of blends with 95 % (circles) and
5 % (squares) content of thiophene upon excitation with
2.6 � 1016 photons cm�2 pulse�1 at 532 nm. The inset shows the same data on
a linear scale.
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semiconductors such as a-Si :H can be found in earlier work by
Kunst and Werner.[20]

The idea is now to adopt the classical interpretation of pho-
toconduction transients based on a demarcation level that
shifts with time because of carrier release and retrapping[21, 22]

from a transport level[23] and corresponding relaxation of
charge carriers, and apply it to the TRMC transients of blends
with low content of PCBM.

For an exponential distribution, it is well-known[21, 24] that
this approach implies a decay of the photoconductance of the
type ta�1, with a = T/T0 being the coefficient of dispersive
transport (with T the temperature and T0 the depth of the dis-
tribution). We will point out the differences that occur when
the DOS is a Gaussian, as usually found in organic conduc-
tors,[6] and discuss the experimental results in terms of this
model. A theoretical simulation of the demarcation level shifts
of holes with time in a Gaussian DOS is exemplified in Figure 4
using the model further explained below.

Time-dependence of photoconductivity. The model follows
the classical derivation for the relaxation of carriers photogen-
erated by a light pulse.[21, 24] In brief, the charge carrier distribu-
tion is approximately given by the Fermi function with time

dependent quasi Fermi level and time dependent pre-factor.
We assume that the carriers are holes (as discussed below) in
the Gaussian DOS given by

gðEÞ ¼ N1
ffiffiffiffiffiffiffiffiffiffi

2ps1

p exp � E � E1ð Þ2
2s2

1

� �

ð1Þ

where N1 is the total density of localized states, E1 is the centre
of the distribution, and s1 is the width. We also assume that
the capture coefficient is the same for all traps,[22] hence, the
DOS is initially populated uniformly above the transport
energy Etr. After a time t, the shallow states release and retrap
holes a large number of times, so that these states effectively
obtain a thermal distribution. The demarcation energy level
Ed(t) below which holes are released at time t is determined by
Equation (2).

t ¼ n�1
0 exp EdðtÞ � Etrð Þ=kBT½ � ð2Þ

where kB is the Boltzmann constant. The demarcation shifts up
with time, as shown in Figure 4 a, depopulating the states
below Ed(t) and adding more trapped charge to the states
above Ed(t) in addition to the frozen-in charge that is already
present, so that the total density of excess carriers remains
constant. Because the occupation number below Ed(t) is
energy-independent and decays exponentially with energy
above Ed(t), the distribution of holes is approximately de-
scribed by[24]

p E; tð Þ ¼ � tð Þg Eð ÞF E; Ed tð Þ½ � ð3Þ

in terms of a time-dependent occupancy factor f(t) that en-
sures that the initial excitation is conserved, and the Fermi-
Dirac distribution function is

F E; Ed tð Þð Þ ¼ 1
1þ e E�Ed tð Þð Þ=kB T

ð4Þ

The conservation of carriers can be stated as

� tð Þ
Z

1

�1

g Eð ÞF E; Ed tð Þ½ �dE ¼ p0 ð5Þ

and the density of holes in the transport level is given by

p tð Þ ¼ Ntr� tð Þe Etr�Ed tð Þ½ �=kB T ð6Þ

where Ntr ¼ g Etrð ÞkBT is the effective amount of states at the
transport level.

Shape of the decays. Simulations of the decay of photogen-
erated carriers at different temperatures and for different
values of the disorder parameter s1 are shown in Figure 5. In
an exponential DOS the decay is given by a power law, as
mentioned previously, and this is nearly the case also in some
conditions in the Gaussian DOS, as observed in the simulations
of Figure 5. However, a different behaviour is found when the

Figure 4. Simulation of the evolution of hole carrier density in a Gaussian
distribution centred at E = 0 eV and with disorder parameter as indicated,
following photoexcitation, at time intervals differing by a factor 10 from
10�8 to 10�2 s. Parameters used in the simulation: T = 300 K, NL = 1022 cm�3,
Ntr = 1022 cm�3, p0 = 1020 cm�3, n0 = 1012 s�1.
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temperature is high and the broadening of the DOS is small. In
that case the photoconductance decays only for a limited time
period that gets shorter with a decreasing disorder parameter
s1, and thereafter it remains constant. This behaviour is well-
explained by the properties of the carrier distribution in a
Gaussian DOS.[6] For a thermalized distribution of holes, it is
well-known that the carriers form a Gaussian distribution of
width s1 centered at the energy level Em, independent of the
Fermi level EFp,[6] provided that the Fermi level is high, that is,
EFp>Em, being

Em ¼ E1 þ
s2

1

kBT
ð7Þ

Therefore, the decay becomes constant when Ed(t)�Em, be-
cause the demarcation level effectively stops at Em and the
hole density becomes stationary. The fact that the distribution
becomes stationary is appreciated in Figure 4(b). In contrast to
this, at low temperatures, Em lies very high and the decay of
the hole density appears as a power law, as already men-
tioned.

Calculation of the shape of the DOS. Equations (5) and (6)
can be used to extract the shape of DOS from the TRMC signal
dU, which is proportional to the hole density at the transport
energy level :

dU ¼ B�ðtÞexp
Etr � EdðtÞ

kBT

� �

¼ C
�ðtÞ

t
ð8Þ

where B and C are time-independent constants determined by
experimental conditions. Therefore, transient photoresponse
can be used for determination of the shape of the DOS. The in-
tegral in equation (5) can be taken in parts and then expanded
in a series:

Z

1

�1

gðEÞdE

exp Ed ðtÞ�E
kB T

� �

þ 1
¼

�
Z

1

�1

1

exp Ed ðtÞ�E
kB T

� �

þ 1
d

Z

1

E

gðE‘ÞdE‘ ¼

1
kT

Z

1

�1

exp EdðtÞ�E
kB T

� �

exp Ed ðtÞ�E
kB T

� �

þ 1
� �2 ¼

Z

1

E

gðE‘ÞdE‘dE‘ ¼

¼
Z

1

�1

exp xð Þ
exp xð Þ þ 1ð Þ2 ¼

Z

1

EdðtÞ�kB Tx

gðE‘ÞdE‘dx

�
Z

1

EdðtÞ

gðEÞdE þ
X

1

n¼1

ð�1Þnþ1

n!
ðkTÞngðn�1ÞðEdðtÞÞ

Z

1

�1

xnexpðxÞdx

ðexpðxÞ þ 1Þ2

ð9Þ

Because the accuracy of energy determination in the demar-
cation level concept is kBT, we can take only the first term in
this series and we get

Z

1

�1

g Eð ÞdE

exp Ed tð Þ�E
kT

� �

þ 1
�
Z

1

Ed tð Þ

g Eð ÞdE ð10Þ

and therefore

dU � Cp0

t
R

1

Ed tð Þ
g Eð ÞdE ð11Þ

Taking into account that

d
dEd tð Þ ¼

d
d kBT lntð Þ ð12Þ

we obtain from Equation (11) the following expression for de-
termination of the shape of DOS from TRMC signal:

gðkBT lntÞ ¼ �Cp0

d
d kBT ln tð Þ

1
tdU

� �

ð13Þ

4. Discussion

Concerning the sign of the carriers responsible for the ob-
served decay, the TRMC method cannot distinguish between
holes and electrons and therefore normally Ds(t) is dominated
by the charge carrier which possesses the higher mobility. In
literature there exist a wide range of determined values for the
mobility of holes and electrons in pristine materials and blends
determined by different techniques such as time-of-flight
(TOF), current density-voltage curves, pulse-radiolysis, and
flash-photolysis TRMC. Some reports claim that the electron
mobility in PCBM exceeds the hole mobility in P3HT (the latter
approximately equal to 2 � 10�3 cm2 V�1 s�1) by at least one

Figure 5. Simulation of the decay of hole carrier density at the transport
level following photoexcitation, at two different temperatures, and for vary-
ing disorder parameters as indicated. Parameters used in the simulation:
NL = 1022 cm�3, Ntr = 1022 cm�3, Etr = 0.1 eV, p0 = 1020 cm�3, n0 = 1012 s�1. The
fits to t�b dependence shown correspond to the linear part of the curves at
short times.
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order of magnitude.[5] However, Dicker et al.[13, 17] report a mea-
sured mobility of holes at 0.014 cm2 V�1 s�1 in P3HT using
TRMC, and in TFT measurements mobility values for P3HT as
high as 0.1–0.5 cm2 V�1 s�1 have been found.[9, 11] These discrep-
ancies of determined mobility values originate presumably
from different chemicals used, different sample preparation
methods and post-treatments, and surely to some extent from
the applied technique. Doubtless, the mobility of the charge
carriers in these blends changes with composition of the poly-
mer/fullerene mixture due to the different resulting morpholo-
gies.[15]

Therefore, to monitor exclusively the microwave decay of
the holes in P3HT, blends of low PCBM proportion (1–10 %)
were prepared and investigated. It is assumed that at this low
content of fullerene (<20 %), after excitation and charge sepa-
ration at the heterojunction, isolated fullerene anions are em-
bedded in a polymer matrix and represent a localised electron
that can not contribute to the light-induced conductivity
change of the measured samples.[14] Even at this low PCBM
content, high exciton dissociation at the polymer/fullerene in-
terface is achieved and the yield of generated holes is about
75 % (in comparison to 2 % for the pristine polymer), compara-
ble to light harvesting in a complete organic solar cell
device.[16]

In our blends with high PCBM concentration (>90 %) we
can observe a different decay behaviour with the slope b~2.
As mentioned above, the photoconductance peaks are higher
and show a faster decay. The origin of the fast decay process is
yet unclear but at this high PCBM content several additional
effects influence the absorption and charge generation and
therefore the decay behaviour (e.g. the absorption of the
PCBM in the visible range or generation of more than one
charge carrier per particle). With the slope b~2 presumably
several different processes, such as exciton–exciton annihila-
tion and direct electron–hole recombination, contribute to the
measured decay signal, giving this high slope.

In literature, the TRMC decay of blends with low PCBM con-
tent is also interpreted as a recombination process between
electron and holes, giving similar slopes for the power law
decay.[16] Because we have observed,[12] in solar cells prepared
with this type of blends, that the recombination lifetime is of
the order of 100 ms, the decrease of the carrier density by re-
combination should become notable at longer times than
those considered in, for example, Figure 1. In consequence we
will assign the after-pulse decays with power law time-depend-
ence, observed in Figure 1 and 2, to the reorganization of the
holes injected into a Gaussian DOS by exciton dissociation.

Figure 6 shows the results for the extraction of the shape of
DOS from TRMC decays using Equation (13). To suppress the
noise we took the required derivatives by linear fit averaging
of the dependence of (t dU)�1 on (kBT ln t) at the energy inter-
val kBT at each point. As can be seen the DOS shape in the
films is close to exponential in the available energy range. In
the film with 99 % P3HT from Figure 1 it is impossible to see
the negative curvature of the shape of DOS presented in semi-
logarithmic scale and determine the width s1 of Gaussian DOS.
This is, however, possible for the films with 95 %, as indicated

in Figure 6 b). The extraction of s1 for a 50 % P3HT sample
gives a comparable value (Figure 6 c). The obtained estimate
of DOS width is quite large, about 120 meV, in agreement with
previous results.[7] Correspondingly, the width of DOS for the
film with 99 % P3HT must be larger.

Our interpretation is in agreement with previous TOF meas-
urements of conjugated polymers (polyphenylenevinylene-
ether)[25] that were also explained in terms of the relaxation of
carriers in a Gaussian DOS. In TOF experiments at high temper-
ature the equilibrium is established rapidly and a plateau of
conductivity is observed. In contrast to this, at low tempera-
ture the thermalization is slower than the transit time, and dis-
persive transport is obtained.[26] This is similar to the behaviour
described in Figure 5. Comparable results have been obtained
using photoinduced charge carrier extraction techniques.[27] Al-

Figure 6. The shape of DOS and corresponding DOS parameters extracted
from TRMC decay using Eq. (13) for the blends with a) 99 % P3HT, b) 95 %
P3HT, and c) 50 % P3HT.
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ternative, important evidence for charge carrier relaxation was
found by Durrant et al. using transient absorption spectrosco-
py.[28, 29] They observed power law decays in dialkoxy-phenyl-
ene-vinylene polymer (MDMO-PPV:PCBM) blends and attribut-
ed them to carrier dynamics in a tail of localized states.

We have shown that it is plausible to interpret the transients
of TRMC in organic blends over several time decades in terms
of reorganization of (hole) carriers in a Gaussian DOS, and sub-
sequently to obtain the shape of the DOS by deconvolution of
the TRMC decays. However, further description of the data
must take into account a number of important aspects. (i) Car-
rier relaxation can occur by hopping between the localized
levels.[30] Also high-frequency hole (electron) long-range trans-
port can occur by either hopping or band transport. (ii) The
TRMC can also correspond to bound carriers, by the polariza-
bility of the localized states filled with holes (electrons).[31] (iii)
Some concepts of trap-limited recombination provide the
decay law t�b but with a different temperature depend-
ence.[22, 32] Work to consider these additional effects for a more
complete interpretation of the data is in progress.

Conclusions

We investigated spin-coated blends of P3HT and PCBM with
low (<10 %) and high (>90 %) content of PCBM with TRMC
measurements and observed two different decay behaviors for
the different compositions. The decays of samples containing
more than 90 % PCBM were not further interpreted because
the processes involved are unknown so far. The decay of the
samples containing low proportions of PCBM showed different
slopes depending on the solvent used for the spin-coating
(0.4–0.6 for chlorobenzene and 0.3–0.4 for toluene). We could
show that the TRMC decay of P3HT:PCBM blends with low con-
tent of PCBM can be interpreted in terms of the reorganization
of holes in a Gaussian shaped DOS giving valuable information
about transport and blend properties. Understanding the fac-
tors which determine these properties and how they affect the
overall performance of a BHJ solar cell is crucial to further in-
crease the efficiency of such devices.

Experimental Section

The blends of P3HT and PCBM were, if not indicated otherwise,
spin-coated from a chlorobenzene solution on quartz glass sub-
strates in ambient conditions and kept thereafter under vacuum
until the measurements were performed. The resulting films had
thicknesses of 100 to 200 nm. No post-treatments such as thermal
annealing were performed on the films. Contactless transient pho-
toconductance measurements were performed in the microwave
range via TRMC. The microwaves were generated by a Gunn diode
(30 GHz, Ka-band) and transmitted by a waveguide via circulator to
the sample, which was positioned on the outlet of the waveguide.
The fraction of the microwave power reflected by the sample was
separated by passing the circulator. The reflected microwave
power was detected with a Hewlett-Packard HP R422C which was
connected to a digitizer (TDS Tektronix 620B). Excitation of the
sample came from a Nd:YAG laser giving a 10 ns laser pulse (~
20 mJ cm�2; ~5.36 � 1016 photons cm�2 pulse�1) with a repetition

frequency of 10 Hz. The wavelength used for the excitation was
532 nm from the second harmonic of the laser. A more detailed
description of the setup can be found elsewhere.[33]
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