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Diffusion-limited recombination in polymer-fullerene blends and its influence
on photocurrent collection

Jenny Nelson
Centre for Electronic Materials and Devices, Department of Physics, Imperial College of Science, Technology and Medicin
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~Received 19 September 2002; revised manuscript received 3 December 2002; published 30 April 2003!

We propose a model of charge recombination in interpenetrating two-phase systems, and apply it to blends
of poly @2-methoxy-5-(38,78-dimethyloctyloxy!-1-4-phenylene vinylene#, ~MDMO-PPV! and 1-~3-
methoxycarbonyl!-propyl-1-phenyl-(6,6)C61 ~PCBM!. The main features of the model are that charge recom-
bination is rate limited by the diffusion of positive polarons towards PCBM anions; that the density of polaron
states contains a tail of deep traps which serve to delay recombination; and that polarons move between
localized states largely by means of thermally activated hopping. The model is implemented using Monte Carlo
simulations and is applied to reproduce the observed dependence of charge recombination kinetics on laser
intensity, temperature, and background illumination, detected by transient optical spectroscopy. Modeling the
experimental data yields a density of deep localized states in MDMO-PPV of order 1017 cm23, and a charge
carrier lifetime of order 10ms under solar illumination. An alternative model based on direct tunneling is ruled
out by comparison with the observed temperature dependence. The recombination model is incorporated into
a one-dimensional calculation of short-circuit photocurrent in a solar cell as a function of temperature and light
intensity. We conclude that charge recombination is sufficiently slow not to limit photocurrent collection under
solar intensities at short circuit, and propose that space charge effects may be responsible for the observed
sensitivity of photocurrent to temperature.

DOI: 10.1103/PhysRevB.67.155209 PACS number~s!: 73.23.2b, 73.61.Ph, 78.66.Qn
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I. INTRODUCTION

Interpenetrating networks of electron transporting a
hole transporting materials are of growing interest and
portance for photonic and electronic applications. Ph
separation on the nanometre scale creates a large surface
for dissociation of photogenerated charge pairs, while c
tinuous pathways in each material allow for charge cond
tion to external electrodes. Such interpenetrating syst
have been used to enhance photocurrent generation in s
conducting polymers1–4 and in dye-sensitized metal oxide5

and semiconducting6 electrodes permeated with electrolyt
and to enhance the response of photodiodes7 field effect
transistors,8 and other devices.

Blends of hole transporting conjugated polymer and el
tron accepting fullerene derivatives are particularly prom
ing materials system for thin film, organic solar cells.9 De-
vices with power conversion efficiency over 3% have be
demonstrated.10,11The efficient function appears to be due
the combined effects of ultrafast electron transfer from p
toexcited polymer to fullerene,12 a large interfacial area fo
charge separation due to intimate blending of the materia11

and efficient carrier transport across the thin film.
Kinetics of charge recombination are critical to devi

performance relevance. High recombination losses may
expected on account of the large interfacial area, yet th
are evidently low enough to allow efficient charge carr
collection across thin films, resulting in external quantu
efficiencies of over 50%.11 Recent studies of charge recom
bination in poly~2-methoxy-5-(38,78-dimethyloctyloxy!-
1-4-phenylene vinylene/1-~3-methoxycarbonyl!-propyl-1-
phenyl-(6,6)C61 ~MDMO-PPV/PCBM! blends13,14 using
0163-1829/2003/67~15!/155209~10!/$20.00 67 1552
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transient optical spectroscopy have revealed a number o
teresting features, notably that two phases are present in
kinetics following laser pulse excitation, a fast phase who
amplitude is strongly intensity dependent, and a slow ph
whose amplitude saturates with increasing laser intens
The slow phase decays as a power law with time and
thermally activated. The kinetics accelerate in the prese
of background light, but are insensitive to fullerene conce
tration except on the slowest~;ms! time scales.

The presence of the two distinct phases and the satura
of the slow phase with light intensity cannot be explain
with simple models of diffusion limited or Coulomb
interaction driven recombination. Those models would le
to a monophasic decay with light-intensity dependent am
tude on all time scales. However, the results are qualitativ
compatible with a model where charge recombination is li
ited by the diffusion of positive polarons towards electro
located on PCBM anions, and polaron diffusion is media
by trapping and release from a limited number of deep tra
This is in contrast to previous studies which invoked dire
tunneling as the mechanism for charge recombination in s
systems at low temperature.15 In this paper we present th
details of the multiple trapping model, and demonstrate t
tunneling transport cannot explain the experimental obse
tions unless thermally assisted. We implement the model
ing Monte Carlo simulations to reproduce experimental
sults, derive values of the parameters relevant to dev
function, and apply the findings to the problem of photoc
rent generation in a plastic solar cell.

The paper is set out as follows. In Sec. II the models
described and qualitative results presented; in Sec. III exp
mental data from Refs. 13 and 14 are modeled and par
©2003 The American Physical Society09-1
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JENNY NELSON PHYSICAL REVIEW B67, 155209 ~2003!
eters extracted; results are discussed in Sec. IV; and in Se
a model for photocurrent generation in a device is presen

II. MODELS

The model is required to simulate charge carrier den
as a function of time after photogeneration by a laser pu
Charge carriers are generated as pairs by a laser pulse a
t50, at a densityp0 where p0 is the density of absorbe
photons multiplied by the charge separation efficiency.
time proceeds the charge carrier density is reduced by ch
recombination events. Note that the experiments in Refs
and 14 are effectively carried out at open circuit. There is
current collection to compete with charge recombination.
consider two mechanisms for charge carrier recombinat
diffusional encounters via a thermally activated rand
walk, which we call ‘‘multiple trapping,’’ and direct recom
bination via a series of polaron tunnelling events, cal
‘‘multistep tunneling.’’ Such models were first developed
model charge transport in amorphous inorganic materials16,17

and variants have been applied to polaron transport in
ganic electronic materials.18–20 More recently, similar mod-
els have been adapted to simulate electron transfer in
sensitized electrodes.21,22 In both the multiple-trapping and
tunneling cases we consider the positive polaron on the p
mer to be the mobile species and the negative charge on
fullerene anion to be fixed. This is justified below.

The transport landscape for the polaron is modeled a
lattice of discrete sites, of energy drawn from a density
states functiong(E). Each site represents, approximate
one hole transporting unit~one monomer! of the polymer and
the intersite distance is chosen to correspond to the m
intermonomer distance if the polymer were arranged a
cubic lattice of monomers. The different energies repres
both energetic disorder due to conformational variation, a
deep traps due to chemical defects. For the modeling in
paper we use a bimodal density of states containing a f
tion (12f) of ‘‘transport’’ states, with energy close to th
highest occupied molecular orbitals~HOMO! level, E0 , and
a fractionf of localized sites whose energies are drawn fr
a density of localized states,g1(E). The delocalized fraction
may be considered as lying above a mobility edge.

Each lattice site may be occupied, vacant or contai
fullerene anion. Strictly, the lattice represents a random bl
of polymer and fullerene molecules in a ratio such that c
tinuous pathways exist for charge conduction within ea
material. For photocurrent generation it is critical that su
pathways exist. However, in transient optical experime
where no electrodes are present and there is no current
the existence or otherwise of continuous pathways is
relevant. Additional modeling, summarized in Sec. IV,
charge recombination has shown that the relevant param
is the density of fullereneanions and not the overall
fullerene density. This is consistent with observation. The
fore, for simplicity, we incorporate only fullerene anions in
the model and do not distinguish between sites which do
do not contain a neutral fullerene molecule. Periodic bou
ary conditions are applied in all three dimensions. This
valid in the case of low optical density where excitons a
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generated uniformly across the film. Interfacial effects a
not included.

Transport is simulated using either the multiple trappi
or the multi-step tunneling model. The multiple trappin
model is illustrated in Fig. 1~a!. In this picture, polarons
move by thermal activation over a barrier set at the HOM
level into one of the available neighboring sites. The time
release from a site of energyE is given by

t52 ln X
1

n0
expS E02E

kT D , ~1!

FIG. 1. Schematic of charge recombination in the cases of~a!
thermal activation to HOMO levelE0 and ~b! thermally assisted
multistep tunneling. The fullerene anion~octagon! is represented as
a deep potential well for the polaron. In~a!, the polaron is activated
through energyEi to the HOMO level, and reaches the fullerene
a sequence of nearest neighbor steps. In~b! the polaron reaches th
fullerene by a sequence of tunnelling events.~c! shows a bimodal
density of states function, consisting of a narrow Gaussian cen
around the HOMO level and a long exponential tail. Note that
creasing polaron energy is measureddown from the HOMO level.
9-2
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DIFFUSION-LIMITED RECOMBINATION IN POLYMER- . . . PHYSICAL REVIEW B 67, 155209 ~2003!
whereE0 is the energy of the HOMO level,n0 the attempt-
to-jump frequency,X a random number between 0 and 1,k is
Boltzmann’s constant, andT the temperature. Note that w
adopt the convention where increasing hole energy is m
sureddown from the HOMO level,E0 @see Fig. 1~c!#. The
destination site is chosen at random from the nearest ne
bors available. When the polaron arrives on a site occup
by a negative charged fullerene, both charges are remov

In the multistep tunneling model, illustrated in Fig. 1~b!,
polarons move by tunnelling to other available sites in
polymer, with the hopping time from initial sitei to final site
j given by

t52
ln X

npp
expS 2Ri j

a0
DexpS DEi j

kT D , ~2!

where

DEi j 5H Ej2Ei if Ej.Ei

0 if Ej<Ei ,
~3!

andRi j is the spatial separation of sitesi andj, a0 is the Bohr
radius or ‘‘localization radius’’ for the positive polaron, an
npp the attempt to jump frequency for hole tunneling b
tween polymers. Note that although the localization radiu
formally expected to depend on the hole affinity of the init
site, the variation ina0 over the range of energies consider
here is sufficiently small thata0 may be considered constan
Using energy dependenta0 makes no significant differenc
to the results.

The Miller-Abrahams energy dependent factor in the h
ping time @Eq. ~2!# allows thermally assisted tunneling. P
larons may also tunnel directly to sites occupied by a ne
tively charged fullerene, in which case the charg
recombine. The hopping time to a fullerene anion at sitej is
given by

t52
ln X

npn
expS 2Ri j

a0
D . ~4!

The ratenpn may differ from npp on account of different
rates for hole tunneling from polymer to a fullerene ani
and to a neutral polymer site due, for instance, to the dif
ent electronic orbitals. Although the hopping time for th
process may also depend upon the polaron site energy
variation in polaron energy is expected to be small compa
to the driving force for this reaction, and so we have assum
t to be energy independent.

Every time a polaron arrives at a new site, waiting tim
for all possible steps are generated from Eqs.~2! and~4!. The
shortest time is identified, and the corresponding destina
is selected. In this model, the relative importance of tunn
ing relative to thermal activation is determined by the loc
ization radius, and by the rationpn /npp , which reduces the
number of tunneling events required for recombination.

In both models the sequence of polaron motions is de
mined by assigning waiting times to the carriers in the s
tem and sorting them into a queue. All polarons in the
semble possess a waiting time and a destination. At each
15520
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in the iteration, the polaron with the shortest waiting tim
t1 , moves to its destination, the simulation time is advanc
by t1 and the waiting time of all remaining carriers is r
duced byt1 . If the polaron arrives at a site occupied by
fullerene anion, it is removed from the queue and the an
is deleted. If not, a new waiting time and destination a
assigned and it is re-entered into the queue. The procedu
repeated for the polaron now at the top of the queue. T
device of the queue enables several moving particles to
handled at once, and trap filling effects are included throu
a rule preventing multiple occupancy of sites ensuring c
sistency with Fermi-Dirac statistics.21,23 In these respects th
model differs from the classical continuous time rando
walk.16

In the case of laser pulse photogeneration under ba
ground light, ‘‘background’’ charge carrier pairs are gen
ated at a given average rate and allowed to diffuse and
combine as usual. The laser pulse adds an additional den
p0 , of charge pairs att50. No distinction is made betwee
background light generated and laser pulse generated cha
nor between charges generated by different wavelength
light. To simulate different background light intensities, w
first find the steady state carrier density,pss, under a given
generation rate without laser pulse. We then start simulati
with an average carrier density ofpss present before the lase
pulse, and record thenet number of recombination event
~recombination less generation events! following the laser
pulse. The steady state simulations also yield the depend
of steady state carrier density on light intensity for any giv
density of states function and recombination parameters

The following physical assumptions are implicit in th
model:~i! Photogeneration is uniform. This is justified by th
low optical density of the sample, of 0.5, at the pump wav
length.~ii ! The quantum efficiency for exciton dissociation
unity. This follows from previous reports of fast and efficie
charge separation in blends containing over 5% by weigh
fullerenes.12 ~iii ! The recombination is non-geminate, i.e., t
charges resulting from exciton dissociation are genera
with sufficient kinetic energy to escape each other, as arg
from experimental data in Ref. 13. Geminate recombinat
might be expected for a low pump photon energy, where
exciton is generated in a segment of small optical gap an
less likely to dissociate by downward hopping or diffusio
or at low temperatures, but neither is relevant for the d
modeled here;~iv! negative charges on fullerene anions a
immobile. This follows from the observation in Ref. 14 th
the fullerene concentration has negligible effect on the
combination kinetics, except on the longest~;ms! time
scales. It is stated below that relaxing this assumption ha
significant effect.~v! Coulomb interactions are neglecte
The final assumption is addressed in Sec. IV below.

The following parameters are required for the modeling
transient optical data: lattice constanta, fraction of localized
sitesf, energy distribution of localized statesg1(E), attempt
to jump frequencyn0 , temperatureT, polaron generation
densityp0 at each laser pulse intensity, the extinction co
ficient of the polaron at the probe wavelength«ext, and,
9-3
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JENNY NELSON PHYSICAL REVIEW B67, 155209 ~2003!
in the case of background light, polaron generation rate
the appropriate background light intensity. In the case
thermally assisted hopping, the localization radiusa0 and the
ratesnpp , andnpn are also needed. In the case of multip
trapping, there is an additional implicit parameter: the cr
section for recombination of polaron with a fullerene anio
In our model this is effectively the area of a lattice cell,a2,
since the arrival of a polaron at a negative charge site inv
ably results in recombination. Changing this recombinat
cross section cannot be distinguished from changing the
tempt to jump frequency, except in the~inappropriate! limit
of very small recombination cross section where the rate
termining factor is achieving a sufficiently high number
diffusional encounters of the charge pair, and activation
of localized states becomes irrelevant.

Before addressing the experimental data, we first pre
some preliminary results to illustrate the effect of the dens
of states and choice of model on the shape of kinetics.
experimental data13,14 follow a power law,

p}t2a, ~5!

of exponenta;0.4, over four orders of magnitude in time
assuming that the change in absorbance is proportionalp.
Such power law kinetics are known to follow for a proce
which is limited by thermal emission from an exponent
density of trap states of the form

gl~E!5
N

kT0
expS E2E0

kT0
D , ~6!

whereN is the total density of localized states,

a5T/T0 ~7!

andT.T0 . @The form of Eq.~5! is easily verified by sum-
ming contributions of the forme2t/t, with t(E) given by Eq.
~1!, with respect to energy over a distribution of type E
~6!.# As expected, simulations with the multiple trappin
model produce this behavior for an exponential density
states with all states localized (f51), i.e., thermal activa-
tion out of traps dominates the recombination kinetics. If
exponentialgl(E) is replaced by a Gaussian tail of the for

gl~E!5
N

A2ps
expS 2

~E2E0!2

2s2 D ;

then an approximate power law behavior can be obtai
with slopea;0.4 using a half widths of 6–10 kT, but only
over 2–3 orders of magnitude in time, so a single Gauss
tail could not explain the experimental data. In the followi
we adopt an exponentialgl(E) as the simplest form which
produces a power law inp(t). However, other forms are
known which can also produce power law behavior over s
eral orders in time, such as the sum of two Gaussians,
sibly representing two distinct trap levels of different ener
and incidence.23

Figure 2 illustrates the dependence of polaron density
laser pulse intensity for two limiting models, the multip
trapping@Fig. 2~a!# and multi-step tunneling with a long lo
calization radius,a054a @Fig. 2~b!#. In both cases the den
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sity of states contains a fractionf50.01 of trap states drawn
from an exponential distribution witha50.4; the remainder
are isoenergetic. The family of curves in Fig. 2~a! show the
characteristic power law behavior at long times,p}t2a, ex-
pected from Eqs.~1!, ~6!, and ~7! above. At short times the
behavior depends onp0 . For sufficiently high values ofp0 ,
a separate phase with faster kinetics can be resolved, w
is due to the saturation of the available trap states. In
limit the first recombination events are limited by the ava
ability of anions, not by thermal activation out of traps, a
follow bimolecular kinetics until theuntrappedpolarons are
all gone. After this, the thermal activation of thetrapped
polarons becomes limiting and the power law decay appe
This change in behavior gives rise to a point of inflection
the kinetics on the log-log scale. Such a feature is charac

FIG. 2. Simulated polaron density as a function of time af
photoexcitation for different laser pulse intensities for the case
~a! thermal activation and~b! multistep tunneling witha054a. F.
In both cases, black curves represent 1, 4, 16 and 64 photogene
charge pairs at 300 K in a simulation volume of 103 sites containing
1% traps from a distribution withT05750 K. The gray curve rep-
resents 64 photogenerated charge pairs at 80 K. Notice tha
multi-step tunneling model is almost temperature independent
this large value ofa0 . For values ofa0 /a<1, the tunneling model
reproduces the behavior shown in~a!, at all temperatures studied.
9-4
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DIFFUSION-LIMITED RECOMBINATION IN POLYMER- . . . PHYSICAL REVIEW B 67, 155209 ~2003!
istic of the experimental data. In this model, the slope of
power law, a, depends directly upon temperature asa
5T/T0 , as illustrated for two different temperatures in F
2~a!. As discussed below, this temperature dependence is
a feature of the data. The behavior ast→` is determined by
the low energy cut off ofgl(E). For instance, a flat cutof
produces an exponential tail inp at long times.

The different behavior for carriers above and below a c
tain threshold energy level is consistent with the notion o
mobility edge. Carriers at energies within kT of the HOM
level are readily activated and may be considered ‘‘fre
while carriers in deeper energy states are localized. In
multiple trapping model, both charge transport and recom
nation are due to the free carriers. For a simple exponen
density of states function the fraction above a certain ene
threshold is related to the total polaron density by

pfree5Apb, ~8!

whereb51/a for a pure exponential,23 though the exponen
may be different for a bimodal density of states.

Figure 2~b! shows a family of curves for the multiple ste
tunneling model. We illustrate the case wherea0 is large
compared to the lattice constant (a0@a) andnpn /npp51. A
clear power law behavior is not produced and the point
inflection is absent; this is the case for all values ofnpn /npp
andf studied. For such largea0 the kinetics are insensitive
to the form of the density of states and to temperature
contrast, in the limit wherea0,a, the kinetics are dominate
by thermal activation and the results of the multiple trapp
case are reproduced. In that limit the value ofnpn /npp af-
fects only the overall time scale of the kinetics, and the slo
a depends upon density of states and temperature exact
for case of Fig. 2~a!.

From this we conclude that in order to reproduce the
served temperature dependent power law behavior we n
to use a thermally activated model. Although multistep tu
neling may be a more appropriate general description
charge transport in polymers, in the limit where the spac
between traps states is more than several localization r
polaron motion is effectively by nearest neighbor hopp
and the multiple trapping model is an excellent approxim
tion.

III. RESULTS

In this section we present the results of modeling the tr
sient absorption data in Refs. 13 and 14. The data were ta
on 100 nm thick films of MDMO-PPV on glass, containin
PCBM in a ratio of 1:2 or 1:4 MDMO-PPV:PCBM by
weight. The films were pumped at 500 nm with laser pul
of power between 20 nJ and 80mJ over a 1-cm2 area, and
probed at 960 nm where the PPV polaron is found
absorb.13 The optical density of the film at 500 nm is suffi
ciently low ~0.5! that uniform photogeneration is a reaso
able approximation.

The system was simulated using a lattice of size 40340
340 with periodic boundary conditions. This represents
volume of 2.7310217 cm3, taking the lattice constanta as
0.75 nm ~from molecular weight and density of MDMO
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PPV!. A laser power of 1mJ cm22 corresponds to absorptio
of 1.531017 photons per cm3, corresponding to four photo
generation events in the simulation volume. For unit dis
ciation efficiency, 1mJ generates four polarons and fullere
anions in the simulation volume. The polaron extinction c
efficient at the detection wavelength of 960 nm,«ext was
taken as 60 000 dm3 mol21 cm21, from the observed chang
in absorbance due to a 1-mJ laser pulse assuming no losses
recombination at times shorter than 100 ns for that la
power.

The remaining parameters were chosen as follows: theT0
of the density of localized states was chosen as 750 K
produce the observed value of 0.460.05 at 300 K. The frac-
tion of localized states was chosen as 0.001 to produce
emergence of the fast phase at the correct laser power.
represents a density of localized states of 2.431018 cm23, of
which only a fraction are deep enough to function as tra
e.g., around 331017 cm23 sites are more than 5 kT below
the HOMO level. The transport states are assumed isoe
getic atE0 , but similar results are obtained for a Gaussi
distribution of transport states with half width<50 meV. The
attempt to jump frequency was then chosen as 1
31011 s21 to fit the absolute time scales. Modeling was do
using the multiple trapping model. This was justified by t
observation, mentioned above, that the tunneling model w
a0,2a produces virtually identical results. Although the e
tent of the localized polaron wave function in MDMO-PP
is not known, it has been estimated as around 1 nm.15 This is
likely to be an upper limit, as localization radii in molecula
materials are usually sub-nm24 on account of weak van de
Waals interactions.

Figure 3 shows the simulated optical density transients
four different laser pulse powers, in comparison with da
from Ref. 14. The change in absorbance,DA, is obtained
from

DA5
1000p«ext d

NA
,

whereNA is Avogadro’s number,d is the sample thickness in
cm (1027 cm) andp is in units of cm23. The model repro-
duces the main features of the data: a fast, laser power
pendent phase, due to prompt recombination by ‘‘free’’ p
larons; the saturation of signal with light intensity at lon
times, due to recombination being limited by emission fro
a limited number of traps; and sensitivity of the slow pha
to laser power at pulse energies less than 1mJ. Using the
multiple trapping model in place of the thermally activat
model produces identical results, to within a small time sc
factor, fora0,2a.

In Fig. 4 we present the modeled behavior at two differe
temperatures, 220 and 300 K, and a laser power ab
threshold~8 mJ/pulse!. All other parameters are the same
for Fig. 3. As the temperature is reduced to 220 K the ex
nent of the simulated transient reduces to 0.3, as expe
from Eqs. ~5! and ~7!, in good agreement with the data
However, the model predicts a higher amplitude than
served for the lower temperature decay. As the temperatu
reduced further, the multiple trapping model predicts a c
9-5
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FIG. 3. Measured and modeled recombination kinetics at 300 K at laser intensities of 0.22, 4, and 75mJ per pulse. Modeling was don
using the multiple trapping model with 0.1% of sites drawn from an exponential density of localized states withT05750 K. Other
parameters are detailed in the text. The inset show measured recombination kinetics on a linear-log scale, showing how the amp
to zero at very low laser intensities~Ref. 14!.
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FIG. 4. Simulated kinetics at 300 and 220 K, in comparison w
experimental data from Ref. 14 for laser intensities above the s
ration threshold. Parameters are the same as in Fig. 3.
15520
tinuously decreasing exponent while the exponent of the
perimental data shows no further change below 200 K.

One explanation for the deviation from thermal activati
is that at lower temperatures a second pathway, such as d
tunneling, becomes available to the polarons. We tested
by simulating the temperature dependent recombination
the tunneling model with different values ofa0 ~data not
shown!. The model predicts temperature independent kin
ics below 200 K only for values ofa0 greater than about 5a.
This value is unphysically large, and does not reproduce
data above 200 K correctly. One possibility may be that
localization radius increases at low temperature. At pres
we cannot explain the difference in amplitude between
measured and simulated 220-K data.

Figure 5 shows measured and modeled kinetics with
without background illumination at temperatures of 220 a
300 K. The modeled curves represent different backgro
generation rates. In Fig. 5~b! both modeled curve are reduce
in amplitude in order to show the effect of background lig
more clearly. All other parameters are as for Figs. 3 and

u-
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DIFFUSION-LIMITED RECOMBINATION IN POLYMER- . . . PHYSICAL REVIEW B 67, 155209 ~2003!
From the measured absorption coefficient of MDMO-PP
we calculate that under one sun AM1.5 illumination t
background generation rate should be 231021 cm23 s21,
which corresponds to one pair in the simulation volume
ery 20 ms. The experimental illumination is equivalent,
terms of photogeneration rate in MDMO-PPV, to about 0
AM1.5 suns. As Fig. 5 shows, simulations with this bac
ground generation rate are in good agreement with the d
The results may be explained physically as follows: un
constant illumination, a steady state carrier density is es
lished. These carriers fill the deepest traps. On exposur
the laser pulse, additional carriers are generated which
cupy shallower states. Recombination then exceeds gen
tion until the steady state is re-established. Recombina
during this period removes only carriers occupying sta
above the steady state level and is therefore faster tha
would be in the dark. Recombination events involving sta

FIG. 5. Simulated kinetics under different levels of backgrou
illumination, in comparison with experimental data in the da
~open circles! and under background illumination equivalent to 0.
suns at AM 1.5~filled triangles! from Ref. 14. Laser pulse intens
ties are around 6–8mJ per pulse. The 220-K model has been sca
to fit the experimental data in the dark, in order to show the effec
background light more clearly. Other parameters are as for Fig
and 4.
15520
-

5
-
ta.
r
b-
to
c-
ra-
n
s
it

s

below the steady state occupation level will be balanced
generation and will not be observed. Apart from the discr
ancy in magnitude between data and model at 220 K, wh
was noted above, the model reproduces the effect of ba
ground light at both temperatures. Note that in both data
model the effect of temperature on kinetics is smaller un
background illumination.

IV. DISCUSSION

The picture emerging from the previous section and
relevant experimental data, is as follows:~i! recombination
in MDMO-PPV/PCBM blends is due to diffusional encou
ters between positive polarons and electrons on PCBM m
ecules;~ii ! polaron motion is thermally activated, at least f
temperatures above 200 K; and~iii ! at low carrier concentra-
tions, polarons are localized in a tail of trap states, but
higher concentrations the trap states become full and
larons occupy energy levels closer to the HOMO whe
transport is easier;~iv! the trap distribution may be modele
as an exponential.

The importance of trap states has been identified by p
vious studies on similar systems. Schultzet al. use time re-
solved electron spin resonance to study recombination ki
ics in the same materials system at temperatures below
K.15 They observe persistent charge carriers which decay
lowing a power law in time, which they attribute to localiz
tion of positive polarons in sparse traps from which th
escape by tunneling. Lee and co-workers observe power
photocurrent transients in MEH-PPV/C60 blends which th
attribute to trapping of charge carriers in localized state25

More recent time-of-flight mobility measurements
polyfluorene/PCBM systems indicate dispersive behavio
long times, again consistent with charge trapping in a tai
states.26

Schultzet al., found temperature independent recombin
tion kinetics at temperatures below 40 K, and modeled th
data by considering direct tunneling from polaron to
PCBM anion using an excluded volume model due
Shklovskii et al.27 This model is essentially identical to ou
tunneling model in the limit wherenpn@npp . Schultzet al.
found a localization radius of around 1 nm and attempt
jump frequency of;104 s from modeling their data. In a
far as can be tested, the model presented here is compa
with their results. Within the thermally assisted tunneli
model, a localization radius of 1 nm leads to thermally ac
vated behavior at temperatures above 200 K, indistingu
able from multiple trapping. It also leads to temperature
dependent behavior below 40 K. The rather low attempt
jump frequency reported by Schultzet al. is for a system
where only polaron-anion events are allowed. If polaron h
ping within the polymer phase were admitted, the data m
be fit with a more realistic attempt to jump frequency.

The assignment of distinct fast and slow phases are s
ported by recent measurements of time resolved microw
conductivity on MDMO-PPV/PCBM blends by Saveni
et al.28 Those measurements show very similar depende
of charge carrier density on microwave intensity, with a fa
~,100 ns! intensity dependent phase and a slow phase wh

d
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JENNY NELSON PHYSICAL REVIEW B67, 155209 ~2003!
saturates with light intensities. This behavior is complet
compatible with the bimodal density of states in our mod
The concept of a bimodal density of states has also b
invoked recently by Westerlinget al. to explain different
phases in optically observed recombination kinetics in reg
random poly~3-hexylthiophene!.29

Next we comment on the neglect of Coulomb intera
tions. The low dielectric constants of organic materials s
gest that Coulomb interaction energies could be signific
and might be expected to dominate charge recombinat
However, Coulomb forces alone cannot explain the app
ance or the saturation of the slow phase with light intens
If Coulomb interactions were included in the model, the
would affect the activation energy for either detrapping
thermally assisted tunneling by an amountUc5e2/4p««0r ,
wheree is the electronic charge,« the dielectric constant, an
r the charge pair separation.Uc varies from around 0.4 eV
for charges separated by one lattice unit, to less than 0.02
for charge pairs at the mean separation for a light intensit
1 mJ/pulse. The observable kinetics correspond to rele
from traps with activation energy over 0.25 eV. Therefo
for charge pair separations of over about 2 nm, the Coulo
interaction is negligible compared to the activation ener
and would not influence the results of simulation. For clo
separations, Coulomb forces may enhance recombination
this can be represented within the model as a larger c
section for charge pair recombination, leading only to
lower attempt-to-jump frequency in the model. It is like
that Coulomb interactions influence the kinetics in the f
phase, where activation energies are smaller. However,
fast phase data are close to the resolution of the experim
and finding an accurate description is beyond the scop
this paper. We do not expect Coulomb interactions to cha
the temperature dependence of the kinetics, since for
given distribution of chargesUc , like the activation energies
is temperature independent. To a first approximation,Uc can
be considered as a spatially dependent but tempera
independent modulation to the activation energy.

Finally we comment on our assumption that electron h
ping does not influence kinetics. This follows from the s
prising experimental observation that recombination kine
are insensitive to PCBM concentrations up to ratios of 1:4
weight. One explanation is that, in spite of the trapping
positive polarons, electrons are less mobile than holes
such blends. This is consistent with measurements of R
26, 28, and 30, who found that electron transport impro
with PCBM concentration, and dominates only at concen
tions of over 85% by weight.28 An alternative explanation is
that electrons move more easily between fullerenes than
tween fullerenes and positive polarons, so that recombina
is still limited by the transport of polarons towards fullere
domains in the blend. We have tested this idea by carry
out simulations with different concentrations of fullere
molecules. We consider the limit where electrons are fu
delocalized between fullerenes so that the probability of
combination when a polaron meets a fullerene site is prop
tional to the ratio of fullerene anions to the total fullere
density. We find that at any given anion concentration,
polaron decay kinetics are virtually independent of fullere
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concentration for fullerene concentrations from 0.01%
around 50% by volume, in agreement with the experimen
data. However, we must stress that the model does not in
porate any interfacial effects, and the possibility that elect
transport is influenced by the spatial segregation
fullerenes towards the surface of the film cannot be ruled o

V. PHOTOCURRENT COLLECTION IN A SOLAR CELL

The previous sections supply a model for charge reco
bination in MDMO-PPV/PCBM blends at open circuit. Un
der solar illumination, multiple trapping of charge carrie
dominates. This leads to long~;10 ms! carrier lifetimes at
open circuit, favoring survival, but also prolongs the tran
time for charge collection, and the net effect on photocurr
collection remains unknown. In this section we incorpora
our model of polaron recombination and transport into
simple, one-dimensional device simulation order to estab
whether the observed bimolecular recombination is relev
to solar cells under operating conditions. We focus on cal
lation of the short circuit currentJsc and consider how the
presence of localized states affects the light intensity
temperature dependence ofJsc .

In the device simulation we solve a set of coupled on
dimensional transport equations for the steady state. We
pose the usual charge continuity equations

1

e

dJn

dx
1G2R50, ~9a!

2
1

e

dJp

dx
1G2R50, ~9b!

whereJn andJp represent the electron and hole polaron c
rent densities,G the bimolecular volume photogeneratio
rate,~which includes charge separation efficiency! andR the
bimolecular recombination term. For electron transport,
the absence of any detailed information on the transp
mechanism, we use a drift-diffusion expression

Jn5emnS nF1
kT

e

dn

dxD , ~10a!

wheremn is the electron mobility and the Einstein relatio
between diffusion and mobility is assumed. In the case
hole polaron transport we assume, in accordance with
multiple trapping model of polaron transport, that onlyfree
polarons~those lying above the mobility edge! can contrib-
ute to transport. Hence

Jp5emp~p!S pF2
kT

e

dp

dxD5em freeS pfree F2
kT

e

dpfree

dx D ,

~10b!

wherem free is the mobility of free polarons.
The same transport model implies that only free polaro

can recombine. Hence

R5Bpfree n. ~11!
9-8



th

en
e

n
he
th
ns
ly

io
ca
e

ve

te

r-

e
s
er

-

-
M

ti

n,
e

o
-
b
ow

ted

-
of

lly
bi-

ally

a
n

ra-
e

e
ed
1.
n

pace

DIFFUSION-LIMITED RECOMBINATION IN POLYMER- . . . PHYSICAL REVIEW B 67, 155209 ~2003!
pfree is related to the total polaron densityp via a relation of
form ~8!. For a bimodal density of states,b is not necessarily
equal to 1/a.

Finally, Poisson’s equation is applied to take care of
electric field:

dF

dx
5

e

«
~p2n! ~12a!

and

df

dx
52F. ~12b!

We use the model to simulate the short circuit photocurr
in a 100 nm thick polymer-fullerene blend sandwiched b
tween poly~ethylene dioxythiophene! doped with polystyrene
sulphonic acid~PEDOT! and Al contacts under AM1.5 illu-
mination. The PEDOT interface is atx50 and the Al inter-
face atx5d. At short circuit, the current should be drive
primarily by electric field in this system. We assume t
boundary conditions that the potential drop through
sample is due to the difference in contact work functio
f(d)2f(0)5Dfwork , and that the contacts are perfect
selective, i.e.,Jn(0)5Jp(d)50 andn(d)5p(0)50.

To implement the model, we need values forB, b, m free,
andmn . Appropriate values ofB andb for our distribution of
states and operating conditions are obtained by simulat
of the steady state, by fitting the steady-state simulated
rier density to the formG5B(Apb)p. For the standard cas
we useB52.4310215 m3 s21 andb51/a21, an empirical
relationship which fits the steady state simulations well o
relevant temperatures and light intensities. The deviation
b from 1/a is probably due to the increased density of sta
at the HOMO level. Nevertheless, provided thatb.1, the
exact form ofb does not affect the qualitative results. Alte
native combinations are presented in Fig. 6~b!.

For m free we consider values in the rang
1024– 1022 cm2 V21 s21 in accordance with Ref. 28. Thi
range is consistent with typical values, of ord
1022 cm2 V21 s21, of the mobility prefactor used in the
Gaussian disorder model of Ba¨ssler18 representing the mobil
ity at the center of the density of transport states. Formn we
take 531025 cm2 V21 s21, consistent with recent time-of
flight measurements of electron mobility in polymer-PCB
blends at high PCBM concentrations.26 G is assumed uni-
form and is taken as the average volume photogenera
rate for an absorption coefficient of 93106 m21 and an in-
cident photon flux of 331020 cm22 s21 at one sun, in order
to produce a photogeneration rate equivalent to AM1.5.

In Fig. 6~a! we present simulatedJsc at as a function of
light intensity for three different values ofm free. It is clear
that Jsc increases linearly with light intensity, up to 1 su
provided thatm free is high enough. For the parameters us
here, linear behavior requiresm free.1023 cm2 V21 s21,
consistent with Ref. 28. This near-linear dependence is
served in devices31 and is a key condition for efficient pho
toconversion. In simple terms, it indicates that the recom
nation observed by transient absorption is sufficiently sl
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compared to charge transport for all of the photogenera
charges to be collected at short circuit.

In Fig. 6~b! we present simulatedJsc as a function of
temperature, for different values ofT0 . Here, for the param-
eters given above, we find thatJsc increases slightly as tem
perature is raised up to a saturation level. Exactly this type
behavior has been observed experimentally,31 though at
higher temperatures. It was previously attributed to therma
activated charge transport. However, our studies of recom
nation show that the recombination process is also therm
activated. In the limit where tunneling is negligible~as ex-

FIG. 6. ~a! Calculated AM 1.5 short circuit photocurrent as
function of light intensity for different values of the free polaro
mobility. Linear behavior is obtained ifm free is high enough—over
1023 cm2 V21 s21 for the parameters deduced in this work.~b!
Calculated AM 1.5 short circuit photocurrent as a function tempe
ture, for different values ofT0 representing different shapes of th
density of trap states. The decrease inJsc as temperature falls is du
to the distortion of electric field by the space charge of trapp
polarons. A qualitatively similar behavior is reported in Ref. 3
Larger values ofT0 or b increase the trapping effect at any give
temperature, although for parameters deduced in this work, s
charge appears not to be limiting at room temperature.
9-9
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JENNY NELSON PHYSICAL REVIEW B67, 155209 ~2003!
pected from smalla0) the effect of thermal activation on
transport and recombination is identical: both are due to
increase inpfree. A change in temperature does not, the
fore, change the branching ratio between transport towa
the electrodes~collection! and recombination. The behavio
in Fig. 6~b! is due to another effect. At lower temperatures
higher fraction of polarons are trapped. These charges in
ence the distribution of electric field through Poisson’s eq
tion. At the lowest temperature in Fig. 6~a!, the trapped
charge density is sufficiently high that the electric field va
ishes at the Al contact. This means that carriers gener
close to that contact are less likely to be collected than if
field were constant, and more likely to recombine. Close
the opposite contact, the electric field is higher than avera
However, this does not result in a similar reduction in reco
bination because collection under the average electric fie
already very efficient. As the temperature is raised, l
charge is trapped and the electric field becomes more e
The net effect of this is to reduce the recombination, a
increase the photocurrent. Further increases in tempera
cause no further change in electric field and the photocur
saturates. Although the effect in Ref. 31 occurs at hig
temperatures than predicted for the parameters deduce
this work ~curveT05750 K), Fig. 6~b! shows that with dif-
ferent shapes of the density of states~equivalent to different
expressions forb! the effect may be expected at room tem
perature.

VI. CONCLUSION

We have presented a model of charge transport and
combination in MDMO-PPV/PCBM blends, where recomb
nation is limited by the diffusion of positive polaron
em

nc
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through a landscape containing a small fraction~0.1%! of
deep traps. The model is able to explain observed dep
dence of polaron recombination kinetics on laser intens
temperature, and background illumination. At solar light
tensities and room temperature, most polarons are trap
and therefore the release of polarons from the traps is the
process determining recombination times in photovoltaic
vices. Simulations of photocurrent generation in a 100-n
thick device indicate that, provided that the mobility of u
trapped polarons is high enough (.1023 cm2 V21 s21)
charge collection competes successfully with recombina
under solar illumination at short circuit and leads to a line
dependence of photocurrent on light intensity, as observ
However, the space charge due to trapped charge red
charge carrier collection at lower temperatures. This eff
appears to explain the observed temperature dependen
short circuit photocurrent in plastic cells, which had pre
ously been assigned to thermally activated hole mobil
Space charge effects may become more important in
proved device designs with higher current densities.
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