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Mobility and decay kinetics of charge carriers in photoexcited PCBMÕPPV blends

Tom J. Savenije,1,* Jessica E. Kroeze,1 Martijn M. Wienk,2,† Johannes M. Kroon,2 and John M. Warman1
1Radiation Chemistry Department, Interfaculty Reactor Institute, Delft University of Technology, Mekelweg 15,

2629 JB DELFT, The Netherlands
2ECN Solar Energy, P.O. Box 1, 1755 ZG Petten, The Netherlands

~Received 15 September 2003; published 15 April 2004!

The transient photoconductivity of blends of a highly soluble C60 derivative~PCBM! and a dialkoxy-
phenylene-vinylene polymer~MDMO-PPV! has been studied using the electrodeless flash-photolysis time-
resolved microwave conductivity technique~FP-TRMC!. Films approximately 100 nm thick on a quartz
substrate were prepared by spin-coating PCBM/PPV solutions with PCBM weight fractions (WPCBM) from 0.2
to 0.95. For all blends, the wavelength dependence of the photoconductivity in the range 420–700 nm closely
resembled the photon attenuation spectrum, indicating that photoexcitation of both components contributes to
mobile charge carrier formation. The product of the quantum yield for charge separationf and the sum of the
charge carrier mobilitiesSm was determined from the maximum~end-of-pulse! value of the transient photo-
conductivity. On excitation at 500 nm,fSm remained almost constant in going fromWPCBM50.2 to 0.6 with
an average value of 0.631023 cm2/V s. AboveWPCBM50.6, fSm increased dramatically, reaching a maxi-
mum value of 8331023 cm2/V s for WPCBM50.85. This effect is attributed to the occurrence of phase sepa-
ration aboveWPCBM50.6 and to the resulting formation of highly mobile electrons within PCBM-rich aggre-
gates. The much lower value offSm observed belowWPCBM50.6 is assigned mainly to mobile holes within
the polymer component of the blend. Possible explanations for the decrease infSm with increasing light
intensity, found for all blend compositions, are discussed.

DOI: 10.1103/PhysRevB.69.155205 PACS number~s!: 72.20.Jv, 73.61.Ph, 73.61.Wp, 73.50.Pz
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I. INTRODUCTION

During the last decade a tremendous number of stu
has been carried out to find low-cost alternatives to crys
line silicon for application in flexible photovoltaic device
Organic materials such as conjugated polymers and fulle
derivatives seem to be promising candidates due to their
processing costs and their mechanical and chrom
flexibility.1–3 One of the major drawbacks associated w
the use of conjugated polymers originates from the fact
only near the interface between the electron donor and e
tron acceptor material an absorbed photon efficiently lead
the formation of mobile charge carriers.4,5 Since in most of
these polymers the distance the excitation energy can tr
is limited to only several nanometers,6–8 the efficiencies of
solar cells based on smooth bilayers of an electron donor
acceptor, analogous to ap/n junction, have remained
poor.4,5,8

A breakthrough in the realization of efficient all-organ
solar cells was the development of the so-called ‘‘bu
heterojunction,’’9 in which a blend of donor and accepto
molecules forms a three-dimensional network. In this way
absorbed photon is always close to an interface. This
proach therefore overcomes the problem of the limited
sorption of light near the interface of a conventional bilay
device. Ultrafast light-induced charge transfer in a blend o
conjugated polymer and a fullerene derivative has b
shown to yield long-lived charge carriers.10 Power efficien-
cies over 2.5% under AM1.5 irradiation have been repor
for plastic solar cells prepared using a blend of the con
gated polymer poly@2-methoxy-5-(38,78-dimethyl-
octyloxy)-p-phenylene vinylene# ~MDMO-PPV! and the
0163-1829/2004/69~15!/155205~11!/$22.50 69 1552
es
l-

ne
w
ic

at
c-
to

el

nd

n
p-
-

r
a
n

d
-

fullerene derivative,@6,6#-phenyl C61-butyric acid methyl es-
ter ~PCBM!.11–14

In addition to light absorption and charge carrier gene
tion, the transport of charge to the electrodes is an esse
process for an efficient photovoltaic cell. While it is not com
pletely understood for bulk heterojunctions whether t
charge carriers move solely by their diffusional motion
that an internal electrical field causes the charges to drif
the electrodes, in either case a high diffusion coefficient
mobility for both positive and negative charge carriers w
be beneficial for charge collection.9,15 Numerous studies
have been devoted to understanding the fundamental
charge transport of both individual compounds. For dialko
substituted poly~phenylene-vinylene! a zero-field mobility
value for holes in thin films of 531027 cm2/V s has been
reported.16 Studies with high probing frequencies, howeve
have yielded much higher mobility values, i.e.,
31024 cm2/V s.17,18 For fullerene derivatives electron mo
bilities given in the literature are close to 0.1 cm2/V s for
bulk materials,19,20 and 231023 cm2/V s for PCBM thin
films.21

Despite the fact that the transport properties of the cha
carriers are thought to limit the efficiency of photovolta
cells produced from these materials,22 mobility studies on
bulk heterojunctions are rare.21 In this work we study the
transport properties in thin films of blends of MDMO-PP
and PCBM, which were photoexcited with a nanosecond v
ible laser pulse producing free charge carriers. The~nanosec-
ond! change in conductivity was measured using the tim
resolved microwave conductivity technique~TRMC!, which
relieves us of having to apply electrodes. Since this met
cannot discriminate between the contribution of positive a
negative charge carriers, only the sum of the mobilitiesSm
©2004 The American Physical Society05-1
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SAVENIJE et al. PHYSICAL REVIEW B 69, 155205 ~2004!
can be calculated from the change in conductivity.
So far only a limited number of studies has been devo

to evaluating the effect on the photovoltaic properties
changing the ratio of the individual compounds in t
heterojunction.9,23–25From these works the highest efficie
cies were obtained for a fullerene weight fraction (WPCBM)
of approximately 0.8. Brabecet al. studied the effect on the
short circuit current of introducing a conventional polym
~polystyrene! into the blend, in an attempt to determine t
percolation threshold.26 However, the effect of the blend ra
tio on the charge transport properties of charge carr
within the blend remains unclear.

Since by using the TRMC method no electrodes have
be applied, we can systematically change the fuller
weight fraction within the blend, without the problems ass
ciated with, e.g., shunt contacts. By calculatingSm of the
charge carriers of samples with differentWPCBM we can de-
termine the relation between the mobility andWPCBM and
determine the optimum PCBM/MDMO-PPV ratio from th
mobility point of view. Also the wavelength-dependent ph
toconductivity, the so-called ‘‘action spectrum,’’ is measure
By comparing the action spectrum with the optical abso
tion of the blend the wavelength dependence of the quan
yield for charge separation can be determined, which m
reveal possible differences between photoinduced hole
electron transfer processes.

II. EXPERIMENTAL

The fullerene derivative@6,6#-phenyl-C61-butyric acid
methyl ester ~PCBM! and poly@2-methoxy-5-
(38,78-dimethyl-octyloxy)-p-phenylene vinylene# ~MDMO-
PPV! were obtained from Professor J.C. Hummelen, Gron
gen University, and Covion, respectively, and were used
received. Solutions in 1,2-dichlorobenzene with PCB
weight fractions,WPCBM, varying from 0.2 to 0.95 were
spin-coated in air at 2000 rpm onto 1 mm thick, 1
325 mm2 quartz substrates. The thicknessL of the resulting
films was measured using a Dektak 3ST step profiler. T

TABLE I. Physical properties of the PCBM/PPV blend film
studied; see the text for a definition of the parameters listed.

Sample
WPCBM L ~nm! OD~500! a (106 m21)

Lhn

~nm!
fSma

(1023 cm2/V s)

0 56 0.466 19.2 52 0.14
0.2 53 0.372 16.1 62 0.42
0.4 68 0.300 10.2 99 0.32
0.6 80 0.310 8.92 112 0.93
0.7 86 0.258 6.91 145 8.7
0.75 57 0.161 6.50 154 15
0.8 80 0.185 5.32 188 45
0.85 150 0.297 4.56 220 83
0.9 265 0.413 3.59 279 66
0.95 150 0.190 2.92 343 65

1 56 0.067 2.77 361 0.02

aValues measured at 500 nm for the lowest intensity used.
15520
d
f

rs

o
e
-

-
.
-
m
y

nd

-
s

e

measured thicknesses of all of the layers studied toge
with the correspondingWPCBM values are listed in Table I.

A Perkin Elmer ‘‘Lambda 900’’ UV/Vis/NIR spectropho
tometer fitted with an integrating sphere~‘‘Labsphere’’! was
used to measure the fraction of incident light reflected a
transmitted by the sample,FR and FT , respectively. These
values were used to determine the optical density OD, wh
is defined by the relationships

FT5~12FR!102OD ~1!

5~12FR!102«cL. ~2!

In Eq. ~2!, « is the extinction coefficient of the absorbin
entity andc is its molar concentration. An alternative param
eter, frequently used when discussing thin layers of so
materials, is the linear absorption coefficienta, defined by

FT5~12FR!e2aL. ~3!

As can be seen,a is related to the optical density and« by

a5
OD ln10

L
5«c ln10. ~4!

The optical densities anda values at 500 nm, the wavelengt
most thoroughly investigated, including the correspond
penetration depths (Lhn51/a), are given for the different
layers studied in Table I.

A parameter which is often more relevant than either
absorption coefficient or the optical density when maki
comparisons with photoconductivity transients is the fract
of incident photons actually attenuated within the layer,FA ,

FA512~FR1FT!. ~5!

The wavelength dependence ofFA is called here the ‘‘attenu-
ation spectrum’’ to differentiate it from the ‘‘absorption spe
trum,’’ OD~l!.

The samples were mounted in anX-band microwave cav-
ity at a position corresponding to a maximum in the elect
field strength of the standing wave pattern at resonance~for
details see Ref. 27!. The sample could be illuminated via
grating in the copper end plate of the cavity which was co
ered and vacuum sealed with a quartz window. The i
coupling hole of the cavity was sealed with a polyimide fo
The cavity was attached to a vacuum line and the air w
replaced by a mixture of 10% SF6 in CO2 at atmospheric
pressure to scavenge any free electrons which might
ejected from the film by photoelectron emission.28

For photoexcitation in the visible, the third harmonic of
Q-switched Nd:YAG~yttrium aluminum garnet! laser~‘‘In-
finity 15-30,’’ Coherent! was used to pump an optical par
metric oscillator~OPO! yielding 3 ns full width at half maxi-
mum ~FWHM! pulses continuously tunable from 420 to 70
nm. The beam was expanded using CaF2 lenses to give a
close to uniform intensity over a rectangular area of appro
mately 132 cm2, close to the cross-sectional dimensions
the cavity and the sample. The integrated incident laser
tensity,I 0 photons/cm2 per pulse, was monitored by deflec
ing a small percentage of the light to the pyroelectric sen
5-2
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MOBILITY AND DECAY KINETICS OF CHARGE . . . PHYSICAL REVIEW B 69, 155205 ~2004!
of a Labmaster power meter~Coherent!. The intensity could
be attenuated using a series of metal-coated neutral-de
filters ~Melles Griot!. In this wayI 0 could be varied by more
than four orders of magnitude from 631011 to 1
31016 photons/cm2 at 500 nm.

Any photoinduced change in the conductance of
sampleDG resulting from the formation of mobile charg
carriers was monitored as a change in the power reflecte
the cavity, DP/P, using nanosecond time-response mic
wave circuitry and detection equipment describ
previously.29 Several single-shot conductivity transien
could be averaged to improve the signal-to-noise ratio. T
overall time response of 18 ns was determined mainly by
loaded quality factor of the cavityQL .

The change in microwave power is related to the cha
in conductance of the irradiated film by

@DP/P#52KDG. ~6!

In Eq. ~6!, K is the sensitivity factor which can be derive
from the resonance characteristics of the cavity and the
electric properties of the medium; in the present workK
5193103 S21. For a layer of thickness much smaller tha
the wavelength of the microwaves, as in the present c
DG is related to the conductivity at a depthz within the
layer,Ds(z), by

DG5bE
0

L

Ds~z!dz. ~7!

In Eq. ~7!, b is the ratio between the broad and narrow inn
dimensions of the waveguide and is equal to 2.08 for
X-band waveguide used. Substituting in Eq.~7! for Ds(z)
5eN(z)(m, with e the elementary charge,N(z) the charge
carrier pair concentration at depthz, and(m the sum of the
charge carrier mobilities, results in

DG5be( mE
0

L

N~z!dz. ~8!

If charge carriers are formed with an initial quantum yie
f0 and no decay occurs during the pulse, then the integra
Eq. ~8! is equal toI 0FAf0 and the conductance changeDG
will be

DG05I 0FAbef0( m. ~9!

According to Eq.~9!, the wavelength dependence ofDG0 /I 0
~the ‘‘photoconductivity action spectrum’’! should closely
follow the attenuation spectrum,FA(l), if f0 is wavelength
independent. Rearrangement of Eq.~9! leads to an expres
sion for the product of the quantum yield and mobility
charge carriers in terms of the experimentally measured
rametersDG, I 0 , andFA ,

f0( m5
DG0 /I 0

FAbe
. ~10!

Since mobile charge carriers are formed during the pu
and eventually decay via charge recombination and/or t
15520
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ping, DG will be time dependent and the temporal form
referred to as a ‘‘photoconductivity transient,’’DG(t). If the
decay occurs on a time scale much longer than the ins
ment response time, the ‘‘end-of-pulse’’ value ofDG(t),
DGEOP, will be equal toDG0 and substitution in Eq.~10!
will yield the true value off0Sm . If, however, the decay of
charge carriers occurs on a time scale comparable to
response time, the value offSm derived usingDGEOP in Eq.
~10! will be a lower limit to f0(m , i.e.,

f( m5
DGEOP/I 0

FAbe
~11!

<f0( m. ~12!

In studies of practical photovoltaic devices, the efficien
is usually related to theincidentphoton flux and given as the
IPCE value, the ‘‘incident photon to current conversion ef
ciency.’’ For a more ready comparison with the present F
TRMC measurements we have introduced the IPCSE par
eter; the ‘‘charge separation efficiency per incident photo
with the symbolh. This is related to the quantum yield pe
absorbedphoton simply byh5fFA .

III. RESULTS AND DISCUSSION

A. Optical absorption

The optical-absorption spectra of spin-coated blend lay
with WPCBM50.20 and 0.75 are shown in Fig. 1. Also show
in the inset are the wavelength dependencies of the abs
tion coefficientsa of the separate components, PCBM a

FIG. 1. Optical-absorption spectra of spin-coated films
PCBM/PPV blends withWPCBM50.2, L553 nm ~full circles! and
WPCBM50.75,L557 nm~open circles!. Upper right inset: Absorp-
tion coefficientsa for the separate components. The full lines in t
main figure are reconstructed OD~l! spectra based on the values
a for the individual components and the measured values ofWPCBM

and L.
5-3
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SAVENIJE et al. PHYSICAL REVIEW B 69, 155205 ~2004!
MDMO-PPV. If the components of a blend are nonintera
tive in the ground state, the overall optical density should
given by

OD5H a1W1rB

r1
1

a2~12W1!rB

r2
J L/ ln10. ~13!

In Eq. ~13!, W1 is the weight fraction of component 1,r1
andr2 are the densities of the pure components 1 and 2,
rB is the density of the blend. Making the assumption t
the densities of the individual components and the blends
closely similar for the present compounds leads to

OD5$aPPV1WPCBM~aPCBM2aPPV!%L/ ln10. ~14!

The full-line absorption spectra for the blends drawn in F
1 were calculated using Eq.~14! with the individual wave-
length dependencies ofaPPV andaPCBM shown in the inset,
together with the known weight fraction of PCBM in th
solutions used for spin-coating, and the measured la
thicknesses of 53 and 57 nm, respectively. The calcula
spectra are seen to be in very good agreement with th
actually measured. This good agreement, and particularly
absence of additional absorption bands in the blends, c
firms that direct, Franck-Condon charge-transfer transiti
between the components do not occur. The lack of gro
state interaction between the components is further subs
tiated by the good linear dependence of the overall value
a on WPCBM measured at 500 nm shown in Fig. 2.

On the basis of the above, we conclude that the ini
products of light absorption in the blends are the exci
singlet states of the individual components of the mixture

PCBM ——→
hn

PCBM* ~reaction A!,

PPV——→
hn

PPV* ~reaction B!.

FIG. 2. The dependence of the absorption coefficientsa, deter-
mined from the measured optical densities and thicknesse
PCBM/PPV films onWPCBM.
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If mobile charged species are formed this must therefore
sult from subsequent electron transfer between the com
nents.

The fraction of photons absorbed by the PCBM comp
nent of a blend will be given by

DEPCBM5
aPCBMWPCBM

aPCBMWPCBM1aPPV~12WPCBM!
. ~15a!

Substitution for aPPV519.23106tm21 and aPCBM52.77
3106 m21 at 500 nm results in

DEPCBM5H 116.9S 1

WPCBM
21D J 21

. ~15b!

Therefore, even for 80% PCBM in the mixture, approx
mately two-thirds of the photons absorbed will initially resu
in photoexcitation of the PPV component at this waveleng

of

FIG. 3. Transient changes in the conductance on fla
photolysis at 500 nm of films of PCBM/PPV blends and PCBM a
PPV alone. The upper and lower figures illustrate the effect of
addition of 20% of the second component to pure MDMO-PPV a
pure PCBM, respectively.
5-4
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B. Photoconductivity transients and action spectra

Examples of photoconductivity transients for films
PPV and PCBM alone, and for blends containing 20% of
second component are shown in Figs. 3~a! and 3~b!. In both
cases the pure component displays only a relatively sm
photoconductivity but this increases substantially in the pr
ence of the second component. This is particularly dram
for the addition of 20% PPV to PCBM which on its ow
displays negligible photoconductive behavior. These qua
tive observations confirm, therefore, that electron transfer
tween the components occurs, reactions C and D, and
the charge on one or both of the radical ion species form
PPV1 and/or PCBM2, is mobile within the blend matrix,

PPV* 1PCBM ——→ PPV11PCBM2 ~reaction C!,

PCBM* 1PPV——→ PCBM21PPV1 ~reaction D!.

The wavelength dependence ofDGEOP/I 0 , for transients
such as those in Figs. 3~a! and 3~b!, are shown for blends
with WPCBM50.2 and 0.95 in Fig. 4. Reasonably good agr
ment is found between these photoconductivity action sp

FIG. 4. The wavelength dependence of the maximum value
the photoconductivity transientsDGEOP normalized by the inte-
grated incident light intensity in the pulse for the values ofWPCBM

indicated. The full lines represent the optical attenuation spectr
the films.
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tra and the attenuation spectra,FA(l), given as full lines in
the figure. The good agreement for the extremes of 20%
95% indicates that photons initially absorbed by either P
or PCBM can contribute to charge separation, i.e., route
and D are both operative.

C. The blend composition dependence

Using relationship~11!, we have determined the produ
of the quantum yield for charge carrier productionf and the
mobility sum Sm from DGEOP/I 0 values for transients ob
tained on irradiation at 500 nm. Values offSm obtained for
the separate components and the nine different blends in
tigated are listed in Table I and are plotted as a function
WPCBM in Fig. 5. The values given are for the lowest lig
intensity used, which allowedfSm to be determined with an
accuracy of610%. The influence of higher light intensitie
on the value offSm will be presented and discussed in
subsequent section.

As can be seen from the data in Table I, after an init
increase infSm in going fromWPCBM50 to 0.2, the value
of fSm increases by only a factor of approximately 2 up
a PCBM content of 60%. Above 60%, however, a drama
increase infSm occurs, by an order of magnitude at 70
PCBM, and by a further order of magnitude at 85% PCB
Above 85% a slight decrease infSm occurs. However, even
for 95% PCBM,fSm is still two orders of magnitude large
than the average value found of approximately 0
31023 cm2/V s in the range between 20% and 60%.

In discussing the possible reasons for the dramatic
crease infSm aboveWPCBM50.6 it is worth emphasizing
that, because of the ultrahigh frequency of the probing
crowaves in an FP-TRMC measurement, the microsco
mobility within organized domains is measured. A lar
TRMC photoconductivity does not therefore necessarily
dicate a large bulk mobility since the latter will often b
controlled more by the presence of domain boundaries
percolation pathways within the material rather than by

f

of

FIG. 5. The dependence onWPCBM of the values offSm de-
rived on 500 nm irradiation for the lowest intensity used~closed
circles!. Also shown as open circles are the values obtained for
short-circuit current as a function ofWPCBM measured in photovol-
taic device structures~data taken from Refs. 24 and 25!.
5-5
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SAVENIJE et al. PHYSICAL REVIEW B 69, 155205 ~2004!
intrinsic mobility in organized domains of the componen
Relating the present results to those found for PV dev
structures clearly requires, therefore, knowledge of the m
phology of the blend layer.

Transmission electron microscopy~TEM! and atomic
force microscopy~AFM! studies of MDMO-PPV/PCBM
blends have shown that phase separation, with the forma
of PCBM-rich aggregates, occurs above a given weight fr
tion of PCBM.24,25,30–33The critical concentration and size o
the aggregates has been found to depend markedly on
method of film preparation, in particular on the solvent us
For layers spin-coated from chlorobenzene solutions, ho
geneous films were found to be formed up
WPCBM;0.6.24,25,32,33For WPCBM50.8, however, there wa
clear evidence of phase separation with the formation
large PCBM-rich aggregates. We discuss the results furt
therefore, on the basis of Fig. 6, which is a much simplifi
pictorial representation of the changes occurring in the fi
morphology based on the TEM and AFM studies.

For low PCBM concentrations the film will consist of
homogeneous mixture of PPV chains and individual PCB
molecules, as shown in Fig. 6~a!. Electron transfer betwee
the components subsequent to photoexcitation will there
result in the formation of holes on the polymer chains a
electrons localized as PCBM radical anions. Since the ne
tive charge is localized, the value ofSm would be expected
to be determined mainly by the hole mobility and should
close to the value found for holes in bulk MDMO-PPV.

FIG. 6. Schematic representations of the blend morphology
WPCBM of approximately~a! ,0.2,~b! 0.2–0.6,~c! 0.6–0.8, and~d!
.0.8. The curved lines represent PPV polymers, the small cir
represent individual PCBM molecules, and the larger circles re
sent phase-separated PCBM aggregates. The opening up of p
lation pathways of PCBM molecules starts atWPCBM;0.2. Above
WPCBM;0.6, aggregation of PCBM molecules starts, followed
phase separation, resulting in the formation of large PCBM-r
domains embedded in the PPV/PCBM matrix, setting off
WPCBM.0.8.
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The hole mobility in freshly precipitated, solid MDMO
PPV has been measured using the pulse-radiolysis TR
technique ~PR-TRMC! and found to be
1.831023 cm2/V s.18 Combining this with the average valu
of fSm of 0.631023 cm2/V s, determined in the 20% to
60% PCBM concentration range, results in an estima
quantum yield of mobile charge carriers of approximate
30%. Fluorescence quenching measurements have indic
that the initial quantum yield of photoinduced charge se
ration is actually close to unity.34–37 It would appear, there-
fore, that a large fraction of the initially formed charge ca
riers in the present experiments must have underg
recombination or trapping on a time scale shorter than
response time of 18 ns. We will return to this point in
subsequent section in which the decay kinetics of the ph
conductivity transients are discussed.

The dramatic increase infSm aboveWPCBM50.6 can be
explained by the formation of PCBM-rich aggregate
@PCBM#n , within the blend, as observed in the TEM an
AFM studies. In addition to the intermolecular charge tran
fer processes occurring in the homogeneous regions, r
tions C and D, electrons can now be formed within the a
gregates by the interfacial electron transfer processes E
F,

PPV* @PCBM#n ——→ PPV1@PCBM#n
2 ~reaction E!,

PPV@PCBM#n* ——→ PPV1@PCBM#n
2 ~reaction F!.

From PR-TRMC measurements on a bulk powder sam
of C60 a mobility of 0.10 cm2/V s has been determined,20 in
close agreement with the reported value of 0.08 cm2/V s ob-
tained by Hall measurements.19 This value is almost 2 order
of magnitude larger than the value ofm(1) found for
MDMO-PPV. If a similar high mobility were applicable fo
electrons within the aggregated particles of PCBM, then t
would explain the dramatic increase infSm observed. On
the basis of a mobility of close to 0.1 cm2/V s, the maximum
value of 0.083 cm2/V s found forfSm in the WPCBM50.85
sample indicates a quantum yield close to unity for the f
mation of mobile electrons within PCBM-rich aggregates

In connection with the above, some points regarding
application of ultrahigh frequency conductivity detectio
techniques to the present phase-separated blends are w
of note. Because of the low dielectric constant and insulat
nature of the organic materials involved, the maximum a
plitude of the electric field strength E will be close to un
form within the sample, including throughout the volume
the nanoparticles. For the low field strength used~approxi-
mately 104 V/m) the potential drop across a length equal
the hopping distance of charge carriers~approximately 1 nm!
is very much less than kT/e. The field therefore results in
only a small perturbation of the random, thermal diffusi
motion of a charge carrier. A decrease in the effective cha
mobility, however, is expected to occur for a particle size
small enough that during the course of their diffusional m
tion, charge carriers encounter the surface of the particle
time scale close to, or shorter than, the reciprocal rad
frequency of the oscillating electric field 1/v. This corre-
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sponds to the conditionL<A(6D/v) with D the diffusion
coefficient. For a mobility of 0.1 cm2/V s (D
50.0025 cm2/s) and a cyclic frequency of 9 GHz (1/v
518 ps), as in the present case, the critical value of L
found to be approximately 5 nm. This is substantially sma
than the estimated particle size of 15–40 nm determined
TEM for an 80% PCBM spin-coated film using chlorobe
zene as solvent. A slight reduction in the effective~micro-
wave! mobility compared with that in the bulk material, a
mentioned in the previous paragraph, might, however, be
pected.

D. Comparison with the short-circuit current in device
structures

It is of interest to compare the dependence offSm on
WPCBM with that found for the short-circuit currentI SC, ob-
tained for photovoltaic device structures based on sim
spin-coated PCBM/MDMO-PPV layers.24,25 Such measure
ments are shown in Fig. 5. Though theI SC values are not
normalized to the overlap of the optical absorption and
lamp output, I SC increases gradually aboveWPCBM'0.2,
reaches a maximum forWPCBM'0.75, and decreases co
tinuously above this concentration. This behavior is
marked contrast to the behavior found forfSm described
above. The difference cannot be ascribed to the different
vents used for spin-coating~chlorobenzene versus 1,2
dichlorobenzene in the present work! since these solvent
give almost identical FP-TRMC results~measurements to b
published elsewhere!.

The observation that the short-circuit current increa
considerably in the sameWPCBM regime wherefSm remains
almost constant can be explained by the opening up of
colation pathways of PCBM molecules within the blen
which allow electron transport to occur over macrosco
distances via intermolecular electron transfer as shown
Figure 6~b!. The lack of a significant, concomitant increa
in fSm indicates that the electron mobility within such pat
ways must be considerably lower than the value of appro
mately 131023 cm2/V s for holes within the polymer ma
trix. This is not necessarily in conflict with the observation
a photocurrent in device structures since a considera
lower electron mobility than 131023cm2/V s would still be
sufficient to explain the currents observed.

The apparent anomaly that the short-circuit current in
vice structures does not display an abrupt increase in
same concentration range as that found forfSm can be un-
derstood if the formation of PCBM aggregates results in
decrease, rather than an increase, in percolation pathwa
illustrated in Fig. 6~c!. The TEM images do in fact show tha
the PCBM aggregates are well defined and are surrounde
a matrix of polymer-rich material.24,25,33This would be ex-
pected to present a barrier towards electron transfer betw
the individual PCBM particles and hence have a nega
influence on bulk charge transport. Percolation pathw
should, however still be present within the homogeneou
mixed regions of the blend, which would be expected
contain a weight fraction of PCBM molecules of close
60%, i.e., the composition just prior to the occurrence
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aggregation. Detailed theoretical and morphological stud
should provide further evidence for this hypothesis. Beca
of the extremely high molecular weight of MDMO-PPV an
its fibrous nature, percolation pathways for hole transp
would be expected to be present even for very low fractio
concentrations of the polymer.

In view of the above, we conclude that the two sets
data, which at first sight appear to be in conflict, can in f
be reconciled. Furthermore, the combination of the two p
vides a more detailed insight into the photophysics of cha
separation in these complex materials.

E. After-pulse decay kinetics

Since the magnitude of a TRMC transient is determin
by the major, i.e., most mobile, charge carrier, we conclu
on the basis of the above, that for values ofWPCBM up to 0.6
we are monitoring mainly the formation and decay of mob
holes on the PPV polymer chains, PPV1. For WPCBM50.7
and above, however, the transients observed will be g
erned mainly by the formation and decay of the highly m
bile electrons within PCBM aggregates,@PCBM#n .

FIG. 7. Photoconductivity transients obtained on 500 nm fla
photolysis of a film withWPCBM50.2 ~upper panel! and 0.6~lower
panel! for different incident light intensities in the pulse.
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In Fig. 7 conductivity transients are shown forWPCBM
50.2 ~upper! and 0.6~lower! with incident light intensities
varying from approximately 531013 to approximately 1
31016 photons/cm2/pulse at 500 nm. The absolute magn
tude and temporal form of the transients are seen to
closely similar for the two PCBM weight fractions. We co
clude that the yield of holes and their mechanism of de
remain almost unchanged over this concentration range
this regard it is worth pointing out that even forWPCBM
50.6 more than 80% of the photons are initially absorbed
the polymer.

The after-pulse decay occurs with a first half-life of a
proximately 20 ns, which is close to the instrumental tim
response. This indicates that a substantial fraction of
charge carriers will in fact have decayed within this tim
The values offSm derived from DGEOP/I 0 values will
therefore be substantially lower than the initial value
f0Sm. This is in agreement with the conclusion made p
viously that only approximately 30% of the initially forme
charge carriers are present on the time scale of the mea
ments. That a large fraction of the initially formed ion pa
undergo~geminate! charge recombination on a~sub!nanosec-
ond time scale is in agreement with a picosecond tim
resolved infrared study of MEH-PPV/C60 composites in
which the first half-life of the initial ion pairs was found t
be approximately 0.5 ns.37

In contrast with the almost intensity-independent aft
pulse decay kinetics found in the 20% to 60% PCBM co
centration range, the decay of transients at higher PC
concentrations is found to be markedly dependent on in
sity. This is illustrated for theWPCBM50.8 sample in Fig. 8
where the transients have been normalized to the same m
mum value in order to emphasize the changes occurrin
the after-pulse decay kinetics. While the initial decay is co
trolled mainly by the instrument response time of 18 ns

FIG. 8. Photoconductivity transients obtained on 500 nm fla
photolysis of a film withWPCBM50.8 for different incident light
intensities in the pulse. The transients, which have been norma
to the same maximum value ofDG, illustrate second order recom
bination of the charge carriers to be important.
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the highest intensity, for the lowest intensity the first half-li
is much longer with a value of approximately 150 ns. Simi
results were found for all samples withWPCBM50.75 and
higher. Clearly, second-order charge recombination plays
important role in the decay of the photoconductivity for t
high PCBM content blends.

Since the large conductivity transients observed for
high PCBM content blends are attributed to highly mob
electrons within PCBM-rich aggregates, we explain the
tensity dependence of the decay kinetics as follows. Ph
excitations produced within a PCBM-rich aggregate or
vicinal PPV chain segment undergo electron transfer at
surface of the particle. The electrons formed diffuse with
the aggregate and eventually undergo interfacial charge
combination with a PPV1 hole at the surface. In order t
explain the second-order nature of the decay, more than
electron per PCBM particle must be produced during
pulse and recombination must occur with a hole other th
the geminate partner formed in the initial electron trans
process. A primary requirement is, therefore, that more t
one photon must be absorbed within a particle or a neighb
ing PPV chain.

An approximate estimate of the average number of p
tons absorbed per PCBM particle,npp, for particles of di-
mensiond nm is given by the relationship,

npp'10223aPCBMI 0d3 ~16!

for d considerably smaller than the penetration depth andI 0
the number of incident photons per cm2 per pulse, as defined
previously. The condition for multiple electron formatio
within particles is therefore given by

I 0.1023/aPCBMd3. ~17!

Substituting foraPCBM52.773106 m21 in Eq. ~17! and
taking ford a value of approximately 10 nm, as indicated
the TEM and AFM results,32 suggests that effects due t
second-order charge recombination should begin to be
served for intensities close to 431013 photons/cm2/pulse.
This is in agreement with the after-pulse decays shown
Fig. 8 for which the first half-life decreases from 150 ns f
the lowest intensity (1.931012 photons/cm2/pulse! to 75 and
30 ns for intensities of 1.731013 and 2.9
31014 photons/cm2/pulse, respectively. We consider that th
supports the mechanism proposed.

Durrant et al.38,39 have carried out a transient optica
absorption study of aWPCBM50.8 blend layer, prepared in
similar way to that used in the present study and irradia
under closely similar conditions of pulse width and tim
resolution ~approximately 20 ns!. The optical-absorption
transients observed in that work, for the same excitat
wavelength~500 nm! and similar intensities to those in Fig
8, resembled more closely the TRMC transients found in
present work for the 20% to 60% PCBM range rather th
the 80% PCBM TRMC transients shown in Fig. 8, i.e., t
first half-life was almost intensity-independent and close
the instrumental time response of approximately 20 ns.

We consider that the difference between the optical
sorption and TRMC results lies in the fact that in the form
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the PPV hole was being monitored while the latter monit
the electron in the PCBM aggregates. In this regard i
worth noting that, even for 80% by weight of PCBM, mo
than 60% of the light is absorbed by the PPV compon
according to Eq.~15b!. In addition, the MDMO-PPV-rich
regions would still be expected to contain approximat
60% by weight of PCBM as single molecules. The ma
contribution to the optical-absorption transients will the
fore arise from PPV1/PCBM2 pairs which would be ex-
pected to have similar decay kinetics to those observed u
the TRMC technique in the 20% to 60% PCBM concent
tion range, as is in fact found.

F. The intensity dependence offSm

As mentioned previously, the values offSm presented in
Fig. 5 were derived from the maximum transient change
conductance,DGEOP, for the lowest light intensity used for
particular value ofWPCBM. In all cases the value offSm
was found to decrease at higher intensities. This is illustra
for WPCBM50.2, 0.7, and 0.9 in Fig. 9.

For WPCBM50.9, fSm is seen to approach a consta
value at the lowest intensities. When this is taken toget
with the fact that the decay after the pulse is considera
longer than the instrument response time for the lowest
tensities, we conclude that the value off under these cir-
cumstances represents the initial quantum yield for cha
carrier formationf0 . This is in agreement with the conclu
sion in a previous section thatf must be close to unity base
on the expected mobility of electrons in PCBM aggregates
close to 0.1 cm2/V s.

As can be seen from the transients in Fig. 8, the af
pulse decay rate increases with increasing intensity for a h
WPCBM sample. For the highest intensities the first half-life
the decay becomes comparable with the response time
cating that a fraction of the mobile carriers will in fact ha

FIG. 9. The intensity dependence of the product of the quan
efficiency for charge separationf and the sum of the charge carrie
mobilities Sm derived from theDGEOP values for 500 nm flash-
photolysis of films with WPCBM values of 0.2 ~triangles!, 0.7
~circles!, and 0.9~squares!.
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decayed within this time. This explains, at least in part,
gradual decrease infSm for intensities in excess of approx
mately 131013 photons/cm2/pulse. Convolution fits to the
transients indicate, however, that this effect is insufficient
completely explain the magnitude of the decrease obser
We suggest that an additional second-order process oc
within the pulse, which competes with charge carrier form
tion. This could be due to the occurrence of exciton-exci
annihilation or to the increasing overlap of the Onsag
spheres of the electron hole pairs formed on charge tran
We can, however, not completely exclude the possibility t
strongly absorbing excited states or ionic products of p
tolysis preferentially absorb light in competition with the pr
mary excitation processes A and B.

For WPCBM'0.7 and lower, a constant value offSm is
not approached even for the lowest intensities used. The
responding value off must therefore be lower thanf0 as
deduced in previous sections based on the mobility of ho
in MEH-PPV and the fact that the after-pulse decay occ
on a time scale comparable with the instrument respo
time. The fact that the decay kinetics for the lower PCB
concentrations, shown in Fig. 7, are almost independen
intensity suggests that the decrease infSm with intensity
observed is due to rapid second order processes occu
within the pulse or to filtering by photoproducts as sugges
above for the higher values ofWPCBM.

IV. CONCLUSIONS

The formation and decay of mobile charge carriers
nanosecond pulsed photoexcitation of spin-coated layer
blends of highly soluble derivatives of C60~PCBM! and
poly~phenylene vinylene! ~MDMO-PPV! have been studied
using the flash-photolysis time-resolved microwave cond
tivity technique~FP-TRMC!. Measurements have been ma
for nine blend compositions with PCBM weight fraction
WPCBM, varying from 0.2 to 0.95, as well as for the separa
components.

The optical-absorption spectra of the blends can be rec
structed from those of the separate components with no
dication of additional absorption bands attributable to dir
transitions to charge transfer states. Charge separation
electron transfer yielding MDMO-PPV1 and PCBM2 subse-
quent to photoexcitation is evidenced by a large increas
the photoconductivity in the blend layers compared with t
found for layers of the pure components alone. The wa
length dependence of the incident intensity-normalized p
toconductivity,DGEOP/I 0 , closely resembles the spectral d
pendence of the fraction of photons absorbed over the ra
420–700 nm. We conclude that electron transfer can oc
between the components irrespective of whether PPV
PCBM is initially photoexcited.

The product of the quantum yield and the sum of t
mobilities of the charge carriers formed,fSm, determined
from the end-of-pulse conductivity at 500 nm, changes lit
in going fromWPCBM50.2 to 0.6. The average value offSm
over this range~approximately 0.631023 cm2/V s) is lower
than the value of 1.831023 cm2/V s determined for the mo-
bility of holes in bulk MDMO-PPV using the pulse

m
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SAVENIJE et al. PHYSICAL REVIEW B 69, 155205 ~2004!
radiolysis microwave conductivity technique~PR-TRMC!.
@Ref. 18#. We conclude that a substantial fraction of the in
tially formed charge carriers have decayed within the ins
ment response time of 18 ns. AboveWPCBM'0.6, fSm in-
creases dramatically up to a maximum value
approximately 8031023 cm2/V s for WPCBM50.85, i.e.,
more than two orders of magnitude larger than found in
0.2 to 0.6 composition range. We attribute this increase to
occurrence of phase separation and the formation of hig
mobile electrons in PCBM aggregates. The value offSm is
found to decrease above an incident intensity of appro
mately 131013 photons/cm2 per pulse for all blend compo
sitions. This is attributed to the occurrence of exciton-exci
annihilation and/or overlap of the Onsager spheres of
electron hole pairs formed on charge transfer.

In the 20% to 60% PCBM composition range the aft
pulse decay of the conductivity, which is attributed mainly
mobile holes within the PPV component, occurs on a ti
scale close to the time resolution of the measurements,
over a few tens of nanoseconds. Within this range of co
position, the decay rate is relatively insensitive to the in
dent intensity. ForWPCBM.0.75 the conductivity, which in
this case is attributed mainly to mobile electrons with
PCBM aggregates, displays much longer lifetimes of clos
200 ns for the lowest light intensities used. In contrast w
the observations forWPCBM<0.6, the after-pulse decay ra
in the high PCBM content region is found to increase ma
edly with increasing intensity. This is attributed to the occ
rence of second-order recombination of electrons with ho
at the PCBM-particle/PPV interface.

The present FP-TRMC results have been compared
short-circuit current measurements on photovoltaic dev
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structures based on closely similar blend layers.24 These
show that ISC increases substantially over the range
WPCBM within which fSm is found to remain almost con
stant, and actually begins to decrease in the range w
fSm displays a dramatic increase. This apparent contra
tion is explained by the gradual formation of percolati
pathways between individual PCBM molecules in the reg
where homogeneous blend layers are formed, i.e., less
approximately 60% PCBM. This allows the bulk transport
electrons via intermolecular electron transfer. The effect
electron mobility via percolation is, however, still muc
lower than that of holes within the PPV component. In t
higher PCBM content layers the occurrence of aggregat
to form large, isolated particles consisting~mainly! of
PCBM, reduces the number of percolation pathways a
hence the possibility of bulk transport of electrons. The co
bined results illustrate, therefore, the difference between
methods of investigation, with photovoltaic measureme
providing information on bulk charge transport between
electrodes and FP-TRMC providing information on the m
bility of charge carriers within microscopic domains of th
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