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Diffusion-limited recombination in polymer-fullerene blends and its influence
on photocurrent collection
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We propose a model of charge recombination in interpenetrating two-phase systems, and apply it to blends
of poly [2-methoxy-5-(3,7'-dimethyloctyloxy-1-4-phenylene vinylee (MDMO-PPV) and 1(3-
methoxycarbonytpropyl-1-phenyl-(6,6) g, (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 ordfecrh0®, and a charge
carrier lifetime of order 1Qus 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.
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[. INTRODUCTION transient optical spectroscopy have revealed a number of in-
teresting features, notably that two phases are present in the
Interpenetrating networks of electron transporting andkinetics following laser pulse excitation, a fast phase whose
hole transporting materials are of growing interest and im-amplitude is strongly intensity dependent, and a slow phase
portance for photonic and electronic applications. Phasahose amplitude saturates with increasing laser intensity.
separation on the nanometre scale creates a large surface afidee slow phase decays as a power law with time and is
for dissociation of photogenerated charge pairs, while conthermally activated. The kinetics accelerate in the presence
tinuous pathways in each material allow for charge conducef background light, but are insensitive to fullerene concen-
tion to external electrodes. Such interpenetrating systemsation except on the slowest-ms) time scales.
have been used to enhance photocurrent generation in semi- The presence of the two distinct phases and the saturation
conducting polymers* and in dye-sensitized metal oxitle of the slow phase with light intensity cannot be explained
and semiconductirfgelectrodes permeated with electrolyte, with simple models of diffusion limited or Coulomb-
and to enhance the response of photodibdisd effect interaction driven recombination. Those models would lead
transistor$ and other devices. to a monophasic decay with light-intensity dependent ampli-
Blends of hole transporting conjugated polymer and electude on all time scales. However, the results are qualitatively
tron accepting fullerene derivatives are particularly promis-compatible with a model where charge recombination is lim-
ing materials system for thin film, organic solar céllBe- ited by the diffusion of positive polarons towards electrons
vices with power conversion efficiency over 3% have beerlocated on PCBM anions, and polaron diffusion is mediated
demonstrated®!! The efficient function appears to be due to by trapping and release from a limited number of deep traps.
the combined effects of ultrafast electron transfer from phoThis is in contrast to previous studies which invoked direct
toexcited polymer to fulleren¥ a large interfacial area for tunneling as the mechanism for charge recombination in such
charge separation due to intimate blending of the matefials, systems at low temperatuteIn this paper we present the
and efficient carrier transport across the thin film. details of the multiple trapping model, and demonstrate that
Kinetics of charge recombination are critical to devicetunneling transport cannot explain the experimental observa-
performance relevance. High recombination losses may b#ons unless thermally assisted. We implement the model us-
expected on account of the large interfacial area, yet thesag Monte Carlo simulations to reproduce experimental re-
are evidently low enough to allow efficient charge carriersults, derive values of the parameters relevant to device
collection across thin films, resulting in external quantumfunction, and apply the findings to the problem of photocur-
efficiencies of over 50%" Recent studies of charge recom- rent generation in a plastic solar cell.
bination in poly2-methoxy-5-(3,7’-dimethyloctyloxy- The paper is set out as follows. In Sec. Il the models are
1-4-phenylene  vinylene/@3-methoxycarbonytpropyl-1-  described and qualitative results presented; in Sec. Ill experi-
phenyl-(6,6)G; (MDMO-PPV/PCBM blend$®'* using mental data from Refs. 13 and 14 are modeled and param-
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eters extracted; results are discussed in Sec. 1V; and in Sec. V -
a model for photocurrent generation in a device is presented.

+

Energy

Il. MODELS

The model is required to simulate charge carrier density * E;
as a function of time after photogeneration by a laser pulse. n /\A) /\
Charge carriers are generated as pairs by a laser pulse at time g, |~/ LA VA1 IFVAVATATA! V. VAVAVAVA
t=0, at a densitypy where py is the density of absorbed
photons multiplied by the charge separation efficiency. As
time proceeds the charge carrier density is reduced by charge v
recombination events. Note that the experiments in Refs. 13 (@)
and 14 are effectively carried out at open circuit. There is no
current collection to compete with charge recombination. We
consider two mechanisms for charge carrier recombination,
diffusional encounters via a thermally activated random
walk, which we call “multiple trapping,” and direct recom- &
bination via a series of polaron tunnelling events, called §
“multistep tunneling.” Such models were first developed to =
model charge transport in amorphous inorganic matéfials lE,.-Ej
and variants have been applied to polaron transport in or-
ganic electronic material§-2° More recently, similar mod- £ laaalalaaal n ALY /\VAVA/\AA\
els have been adapted to simulate electron transfer in dye 0 S ) Distance
sensitized electrodéd:?? In both the multiple-trapping and
tunneling cases we consider the positive polaron on the poly- v
mer to be the mobile species and the negative charge on the (p)
fullerene anion to be fixed. This is justified below.

The transport landscape for the polaron is modeled as a >
lattice of discrete sites, of energy drawn from a density of ‘ gE)
states functiong(E). Each site represents, approximately, !
one hole transporting unijopne monomerof the polymer and Ept—ro—
the intersite distance is chosen to correspond to the mean
intermonomer distance if the polymer were arranged as a E
cubic lattice of monomers. The different energies represent  (€)
both energetic disorder due to conformational variation, and _ o
deep traps due to chemical defects. For the modeling in this F!CG: 1. Schematic of charge recombination in the case@of
paper we use a bimodal density of states containing a fra hermal activation to HOMO |eve|E0.and ) th.ermally assisted
tion (1— ¢) of “transport” states, with energy close to the multistep tunneling. The fullerene anigoctagon is represented as

highest occupied molecular orbitlHOMO) level, Eo, and a deep potential well for the polaron. (a), the polaron is activated
. . . . through energy; to the HOMO level, and reaches the fullerene by
a fraction¢ of localized sites whose energies are drawn from

. . . . a sequence of nearest neighbor stepgbjrihe polaron reaches the
a density of challzed stat_egl(E). The delo_c_allzed fraction fullerene by a sequence of tunnelling everits.shows a bimodal
may be considered as lying above a mobility edge.

: ; § . density of states function, consisting of a narrow Gaussian centred
Each lattice site may be occupied, vacant or contain &round the HOMO level and a long exponential tail. Note that in-

fullerene anion. Strictly, the lattice represents a random blengreasing polaron energy is measudnfrom the HOMO level.

of polymer and fullerene molecules in a ratio such that con-

tinuous pathways exist for charge conduction within each
material. For photocurrent generation it is critical that such
pathways exist. However, in transient optical experiment@ .
where no electrodes are present and there is no current flofot included. S _ _
the existence or otherwise of continuous pathways is not Iransport is simulated using either the multiple trapping
relevant. Additional modeling, summarized in Sec. IV, of © the multi-step tunneling model. The multiple trapping
charge recombination has shown that the relevant parametgtodel is illustrated in Fig. (). In this picture, polarons
is the density of fullereneanions and not the overall MOVE by thermal activation over a barrier set at the HOMO
fullerene density. This is consistent with observation. ThereleVel into one of the available neighboring sites. The time for
fore, for simplicity, we incorporate only fullerene anions into féléase from a site of enerdyis given by

the model and do not distinguish between sites which do and

do not contain a neutral fullerene molecule. Periodic bound-

ary conditions are applied in all three dimensions. This is T=—Inxiexy{ Eo_E> 1)
valid in the case of low optical density where excitons are Vg kT )’

vvvvvv

v uv .
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-
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v

enerated uniformly across the film. Interfacial effects are
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whereE, is the energy of the HOMO level;, the attempt-  in the iteration, the polaron with the shortest waiting time,
to-jump frequencyX a random number between 0 anckls  t;, moves to its destination, the simulation time is advanced
Boltzmann’s constant, andl the temperature. Note that we by t, and the waiting time of all remaining carriers is re-
adopt the convention where increasing hole energy is meatuced byt, . If the polaron arrives at a site occupied by a
sureddown from the HOMO level,E, [see Fig. {c)]. The  fullerene anion, it is removed from the queue and the anion
destination site is chosen at random from the nearest neighs deleted. If not, a new waiting time and destination are
bors available. When the polaron arrives on a site occupiegssigned and it is re-entered into the queue. The procedure is
by a negative charged fullerene, both charges are removedepeated for the polaron now at the top of the queue. The
In the multistep tunneling model, illustrated in FigbL  yeyjice of the queue enables several moving particles to be

po:arons mtohvteh bi’} tunnellltr]g tc:c Oth?r.?\/ﬁ”%gef.s't?s 'Itn thenandled at once, and trap filling effects are included through
polymer, wi € hopping time from initial Siteto final Site 5 1e preventing multiple occupancy of sites ensuring con-

 given by sistency with Fermi-Dirac statistié3:2®In these respects the
In X 2R;, AE; model6 differs from the classical continuous time random
T=— —exp(a— ex;{ W) , (20 walk!
Vpp 0 In the case of laser pulse photogeneration under back-
where ground light, “background” charge carrier pairs are gener-
ated at a given average rate and allowed to diffuse and re-
E—E if Ej>E combine as usual. The laser pulse adds an additional density,
AE”:( ) 3 pg, of charge pairs at=0. No distinction is made between
0 if Ej=<E, background light generated and laser pulse generated charges

nor between charges generated by different wavelengths of

andR;; is the spatial separation of siteandj, a, is the Bohr light. To simulate different background light intensities, we

radius or “localization radius” for the positive polaron, and first find the steadv stat ior densi q )
vpp the attempt to jump frequency for hole tunneling be- Irst find the steady state carrier densfys, under a given

tween polymers. Note that although the localization radius ig(_aneration rate withqut Iaser_pulse. We then start simulations
formally expected to depend on the hole affinity of the initial With @n average carrier density pf; present before the laser
site, the variation i, over the range of energies consideredPulSe. and record thaet number of recombination events
here is sufficiently small that, may be considered constant. (récombination less generation eventsllowing the laser
Using energy dependeat, makes no significant difference Pulse. The steady state simulations also yield the dependence
to the results. of steady state carrier density on light intensity for any given
The Miller-Abrahams energy dependent factor in the hop-density of states function and recombination parameters.
ping time[Eq. (2)] allows thermally assisted tunneling. Po- ~ The following physical assumptions are implicit in the
larons may also tunnel directly to sites occupied by a negamodel:(i) Photogeneration is uniform. This is justified by the
tively charged fullerene, in which case the chargedow optical density of the sample, of 0.5, at the pump wave-
recombine. The hopping time to a fullerene anion atjsit,e  length.(ii) The quantum efficiency for exciton dissociation is
given by unity. This follows from previous reports of fast and efficient
charge separation in blends containing over 5% by weight of
—— In X exp{ﬁ (4) fullerenes'? (iii ) The recombination is non-geminate, i.e., the
Vpn ' charges resulting from exciton dissociation are generated
. . with sufficient kinetic energy to escape each other, as argued
The ratevy, may differ from v, on account of different from experimental data in Ref. 13. Geminate recombination

rates for hole tunneling from polymer to a fullerene anionmi ht be expected for a low bumb photon enerav. where the
and to a neutral polymer site due, for instance, to the differ- 9 P pump p gy,

ent electronic orbitals. Although the hopping time for this exciton is generated in a segment of small optical gap and is

process may also depend upon the polaron site energy, ihess likely to dissociate by dowpwarq hopping or diffusion,
variation in polaron energy is expected to be small compare§" at low temp.eratures,' but neither is relevant for .the data
to the driving force for this reaction, and so we have assumef’odeled here(iv) negative charges on fullerene anions are
7 to be energy independent. immobile. This follows frpm the obse_rvf'mon in Ref. 14 that

Every time a polaron arrives at a new site, waiting timesthe fullerene concentration has negligible effect on the re-
for all possible steps are generated from Egsand(4). The ~ combination kinetics, except on the longgstms) time
shortest time is identified, and the corresponding destinatiofcales. It is stated below that relaxing this assumption has no
is selected. In this model, the relative importance of tunnelsignificant effect.(v) Coulomb interactions are neglected.
ing relative to thermal activation is determined by the local-The final assumption is addressed in Sec. IV below.
ization radius, and by the ratig,,/vp,, which reduces the The following parameters are required for the modeling of
number of tunneling events required for recombination.  transient optical data: lattice constantfraction of localized

In both models the sequence of polaron motions is detersites¢, energy distribution of localized statgg(E), attempt
mined by assigning waiting times to the carriers in the systo jump frequencyr,, temperaturel, polaron generation
tem and sorting them into a queue. All polarons in the endensityp, at each laser pulse intensity, the extinction coef-
semble possess a waiting time and a destination. At each stéipient of the polaron at the probe wavelengih,;, and,
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in the case of background light, polaron generation rate for 10°
the appropriate background light intensity. In the case of
thermally assisted hopping, the localization radigsind the
ratesv,,, and vy, are also needed. In the case of multiple >
trapping, there is an additional implicit parameter: the cross'g
section for recombination of polaron with a fullerene anion. .8
In our model this is effectively the area of a lattice ceff, =]
since the arrival of a polaron at a negative charge site invari- g
ably results in recombination. Changing this recombination g
cross section cannot be distinguished from changing the at ™
tempt to jump frequency, except in tlimappropriate limit
of very small recombination cross section where the rate de-
termining factor is achieving a sufficiently high number of
diffusional encounters of the charge pair, and activation out g T
of localized states becomes irrelevant.
Before addressing the experimental data, we first presen g) Time (arb.units)
some preliminary results to illustrate the effect of the density
of states and choice of model on the shape of kinetics. The 10
experimental dafd*follow a power law,

poct™, 5)

of exponenta~0.4, over four orders of magnitude in time,

assuming that the change in absorbance is proportional to

Such power law kinetics are known to follow for a process
which is limited by thermal emission from an exponential
density of trap states of the form

T "
100 10° 10

p,=64, 80K

Polaron density

E—EO)' ©

N
g|(E)= k_TOeXF{ KT,

whereN is the total density of localized states, i U B SRR
100 10° 10 10

a=TIT, (7 (b) Time (arb.units)

andT>T,. [The form of Eq.(5) is easily verified by sum-
ming contributions of the forne™ ", with 7(E) given by Eq.
(1), with respect to energy over a distribution of type Eq.
(6).] As expected, simulations with the multiple trapping
model produce this behavior for an exponential density o
states with all states localizedpE& 1), i.e., thermal activa-
tion out of traps dominates the recombination kinetics. If th
exponentialg,(E) is replaced by a Gaussian tail of the form

_ 2

\/EO’ 20° . . .
sity of states contains a fractiafi=0.01 of trap states drawn

then an approximate power law behavior can be obtaineérom an exponential distribution with=0.4; the remainder
with slopea~ 0.4 using a half widthr of 610 kT, but only  are isoenergetic. The family of curves in FigaRshow the
over 2—3 orders of magnitude in time, so a single Gaussiasharacteristic power law behavior at long timps;t~ ¢, ex-
tail could not explain the experimental data. In the following pected from Egs(1), (6), and(7) above. At short times the
we adopt an exponentig,(E) as the simplest form which behavior depends op,. For sufficiently high values gb,,
produces a power law ip(t). However, other forms are a separate phase with faster kinetics can be resolved, which
known which can also produce power law behavior over sevis due to the saturation of the available trap states. In that
eral orders in time, such as the sum of two Gaussians, po$imit the first recombination events are limited by the avail-
sibly representing two distinct trap levels of different energyability of anions, not by thermal activation out of traps, and
and incidencé® follow bimolecular kinetics until theintrappedpolarons are

Figure 2 illustrates the dependence of polaron density omll gone. After this, the thermal activation of thepped
laser pulse intensity for two limiting models, the multiple polarons becomes limiting and the power law decay appears.
trapping[Fig. 2(a)] and multi-step tunneling with a long lo- This change in behavior gives rise to a point of inflection in
calization radiusay,=4a [Fig. 2(b)]. In both cases the den- the kinetics on the log-log scale. Such a feature is character-

FIG. 2. Simulated polaron density as a function of time after
photoexcitation for different laser pulse intensities for the cases of
(a) thermal activation andb) multistep tunneling withay=4a. F.
gn both cases, black curves represent 1, 4, 16 and 64 photogenerated
charge pairs at 300 K in a simulation volume of Hites containing
1% traps from a distribution witf =750 K. The gray curve rep-
Gesents 64 photogenerated charge pairs at 80 K. Notice that the
multi-step tunneling model is almost temperature independent for
this large value ofy. For values ofay/a<1, the tunneling model
reproduces the behavior shown(, at all temperatures studied.
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istic of the experimental data. In this model, the slope of thePP\V). A laser power of 1uJ cmi 2 corresponds to absorption
power law, a, depends directly upon temperature as of 1.5x 10" photons per cf) corresponding to four photo-
=TI/T,, as illustrated for two different temperatures in Fig. generation events in the simulation volume. For unit disso-
2(a). As discussed below, this temperature dependence is alsiation efficiency, 1uJ generates four polarons and fullerene
a feature of the data. The behaviortas is determined by anions in the simulation volume. The polaron extinction co-
the low energy cut off ofg,(E). For instance, a flat cutoff efficient at the detection wavelength of 960 nm,, was
produces an exponential tail mat long times. taken as 60000 dimol *cm™?, from the observed change
The different behavior for carriers above and below a cerin absorbance due to a3 laser pulse assuming no losses to
tain threshold energy level is consistent with the notion of arecombination at times shorter than 100 ns for that laser
mobility edge. Carriers at energies within kT of the HOMO power.
level are readily activated and may be considered “free,” The remaining parameters were chosen as followsTthe
while carriers in deeper energy states are localized. In thef the density of localized states was chosen as 750 K, to
multiple trapping model, both charge transport and recombiproduce the observed value of 8.8.05 at 300 K. The frac-
nation are due to the free carriers. For a simple exponentidlon of localized states was chosen as 0.001 to produce the
density of states function the fraction above a certain energgmergence of the fast phase at the correct laser power. This

threshold is related to the total polaron density by represents a density of localized states of218*® cm™ 3, of
which only a fraction are deep enough to function as traps,
Prree=AP’, 8  e.g., around X107 cm 3 sites are more than 5 kT below
whereB=1/a for a pure exponentidf though the exponent the' HOMO IeveI..The transport states are assumed isogner—
may be different for a bimodal density of states. getic atEq, but similar results are obtained for a Gaussian

Figure 2b) shows a family of curves for the multiple step distribution of transport states with half widg50 meV. The
tunneling model. We illustrate the case whexg is large attemlpt_lto jump frequency was then chosen as 1.25
compared to the lattice constaritgea) and vpn/vpp=1. A x 10' s71 to fit the absolute time scales. Modeling was done

clear power law behavior is not produced and the point of/Sing the multiple trapping model. This was justified by the
inflection is absent; this is the case for all values/gf/v observation, mentioned above, that the tunneling model with
and ¢ studied. For such larga, the kinetics are insens'i)t?ve ay<2a produces virtually identical results. Although the ex-

to the form of the density of states and to temperature. IfféNt Of the localized polaron wave function in '\Q%?MQ'PPV
contrast, in the limit whera,<a, the kinetics are dominated 1S N0t known, it has been estimated as around 1imis is

by thermal activation and the results of the multiple trapping/IKe!y to be an upper limit, ggéocalization radii in molecular
case are reproduced. In that limit the valueigf,/v,, af- matelrla_lls are l_JsuaIIy sub- n account of weak van der
fects only the overall time scale of the kinetics, and the slopd/aals interactions.

a depends upon density of states and temperature exactly as Figure 3 shows the simulated optical density transients for
for case of Fig. 2a). our different laser pulse powers, in comparison with data

From this we conclude that in order to reproduce the ob"om Ref. 14. The change in absorbanes, is obtained

served temperature dependent power law behavior we nedtPm

to use a thermally activated model. Although multistep tun-

neling may be a more appropriate general description of AA= 100Qe ey d

charge transport in polymers, in the limit where the spacing Na '

between traps states is more than several localization radii,

polaron motion is effectively by nearest neighbor hoppingWhereN, is Avogadro’s number is the sample thickness in

and the multiple trapping model is an excellent approximam (10"’ cm) andp is in units of cni®. The model repro-
tion. duces the main features of the data: a fast, laser power de-

pendent phase, due to prompt recombination by “free” po-
. RESULTS larons; the saturation of signal with light intensity at long
times, due to recombination being limited by emission from
In this section we present the results of modeling the trana limited number of traps; and sensitivity of the slow phase
sient absorption data in Refs. 13 and 14. The data were takeao laser power at pulse energies less thapJl Using the
on 100 nm thick films of MDMO-PPV on glass, containing multiple trapping model in place of the thermally activated
PCBM in a ratio of 1:2 or 1:4 MDMO-PPV:PCBM by model produces identical results, to within a small time scale
weight. The films were pumped at 500 nm with laser pulsedactor, fora,<2a.
of power between 20 nJ and §@ over a 1-crharea, and In Fig. 4 we present the modeled behavior at two different
probed at 960 nm where the PPV polaron is found totemperatures, 220 and 300 K, and a laser power above
absorb'® The optical density of the film at 500 nm is suffi- threshold(8 uJd/pulse. All other parameters are the same as
ciently low (0.5 that uniform photogeneration is a reason-for Fig. 3. As the temperature is reduced to 220 K the expo-
able approximation. nent of the simulated transient reduces to 0.3, as expected
The system was simulated using a lattice of siz&x40  from Egs. (5) and (7), in good agreement with the data.
X 40 with periodic boundary conditions. This represents aHowever, the model predicts a higher amplitude than ob-
volume of 2.7 10 7 cn?®, taking the lattice constart as  served for the lower temperature decay. As the temperature is
0.75 nm (from molecular weight and density of MDMO- reduced further, the multiple trapping model predicts a con-
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FIG. 3. Measured and modeled recombination kinetics at 300 K at laser intensities of 0.22, 4, @ahgétSpulse. Modeling was done
using the multiple trapping model with 0.1% of sites drawn from an exponential density of localized stateB,wil0 K. Other
parameters are detailed in the text. The inset show measured recombination kinetics on a linear-log scale, showing how the amplitude falls
to zero at very low laser intensitiéRef. 14).

tinuously decreasing exponent while the exponent of the ex-

o a2k perimental data shows no further change below 200 K.
10° 4 model, 220K One explanation for the deviation from thermal activation
model, 300K is that at lower temperatures a second pathway, such as direct

tunneling, becomes available to the polarons. We tested this
by simulating the temperature dependent recombination in
the tunneling model with different values af, (data not
shown). The model predicts temperature independent kinet-
ics below 200 K only for values &, greater than aboutéb
This value is unphysically large, and does not reproduce the
data above 200 K correctly. One possibility may be that the
localization radius increases at low temperature. At present
we cannot explain the difference in amplitude between the
10 . T T T T measured and simulated 220-K data.
10 Figure 5 shows measured and modeled kinetics with and
Time (s) without background illumination at temperatures of 220 and
300 K. The modeled curves represent different background
FIG. 4. Simulated kinetics at 300 and 220 K, in comparison withgeneration rates. In Fig() both modeled curve are reduced
experimental data from Ref. 14 for laser intensities above the satun amplitude in order to show the effect of background light
ration threshold. Parameters are the same as in Fig. 3. more clearly. All other parameters are as for Figs. 3 and 4.

A Absorbance
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10* below the steady state occupation level will be balanced by
generation and will not be observed. Apart from the discrep-
o 300K, dark ancy in magnitude between data and model at 220 K, which

S00K; #:25quny was noted above, the model reproduces the effect of back-
ground light at both temperatures. Note that in both data and
model the effect of temperature on kinetics is smaller under
background illumination.

A Absorbance

IV. DISCUSSION

The picture emerging from the previous section and the
relevant experimental data, is as follow#®: recombination
& in MDMO-PPV/PCBM blends is due to diffusional encoun-
2 ters between positive polarons and electrons on PCBM mol-
. ecules;(ii) polaron motion is thermally activated, at least for
(a) Time (s) temperatures above 200 K; afiil) at low carrier concentra-

" tions, polarons are localized in a tail of trap states, but at
higher concentrations the trap states become full and po-
larons occupy energy levels closer to the HOMO where
transport is easiefjv) the trap distribution may be modeled
as an exponential.

The importance of trap states has been identified by pre-
vious studies on similar systems. Schugtzal. use time re-
solved electron spin resonance to study recombination kinet-
ics in the same materials system at temperatures below 40
> K.1® They observe persistent charge carriers which decay fol-
) lowing a power law in time, which they attribute to localiza-
% tion of positive polarons in sparse traps from which they
escape by tunneling. Lee and co-workers observe power-law
_ photocurrent transients in MEH-PPV/C60 blends which they
107 attribute to trapping of charge carriers in localized states.
More recent time-of-fight mobility measurements in
polyfluorene/PCBM systems indicate dispersive behavior at
long times, again consistent with charge trapping in a tail of
states’

10

o 220K, dark
220K, 0.25 suns

A Absorbance

(b) Time (s)

FIG. 5. Simulated kinetics under different levels of background
illumination, in comparison with experimental data in the dark . .
(open circlegand under background illumination equivalent to 0.25 _. SChUIt.Zet al, found temperature independent recombma?
suns at AM 1.5filled triangles from Ref. 14. Laser pulse intensi- tion kinetics at, temperat.ures below _40 K, and modeled their
ties are around 6—AJ per pulse. The 220-K model has been scaledd@ta by considering direct tunneling from polaron to a
to fit the experimental data in the dark, in order to show the effect o CBM anion using an excluded volume model due to

.e 27 . . . . .
background light more clearly. Other parameters are as for Figs. §hk|0\_/5k” etal: .Th's model is essentially identical to our
and 4. tunneling model in the limit where,,>v,,. Schultzet al.

found a localization radius of around 1 nm and attempt to
From the measured absorption coefficient of MDMO-PPVjump frequency of~10* s from modeling their data. In as
we calculate that under one sun AML.5 illumination thefar as can be tested, the model presented here is compatible
background generation rate should b 2t cm 3s !,  with their results. Within the thermally assisted tunneling
which corresponds to one pair in the simulation volume evimodel, a localization radius of 1 nm leads to thermally acti-
ery 20 us. The experimental illumination is equivalent, in vated behavior at temperatures above 200 K, indistinguish-
terms of photogeneration rate in MDMO-PPV, to about 0.25able from multiple trapping. It also leads to temperature in-
AML1.5 suns. As Fig. 5 shows, simulations with this back-dependent behavior below 40 K. The rather low attempt to
ground generation rate are in good agreement with the dataump frequency reported by Schul&t al. is for a system
The results may be explained physically as follows: undewhere only polaron-anion events are allowed. If polaron hop-
constant illumination, a steady state carrier density is estalping within the polymer phase were admitted, the data may
lished. These carriers fill the deepest traps. On exposure fee fit with a more realistic attempt to jump frequency.
the laser pulse, additional carriers are generated which oc- The assignment of distinct fast and slow phases are sup-
cupy shallower states. Recombination then exceeds genernperted by recent measurements of time resolved microwave
tion until the steady state is re-established. Recombinationonductivity on MDMO-PPV/PCBM blends by Savenije
during this period removes only carriers occupying statet al”® Those measurements show very similar dependence
above the steady state level and is therefore faster than dff charge carrier density on microwave intensity, with a fast
would be in the dark. Recombination events involving stateg<<100 ng intensity dependent phase and a slow phase which
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saturates with light intensities. This behavior is completelyconcentration for fullerene concentrations from 0.01% to

compatible with the bimodal density of states in our model.around 50% by volume, in agreement with the experimental

The concept of a bimodal density of states has also bee#iata. However, we must stress that the model does not incor-

invoked recently by Westerlingt al. to explain different ~porate any interfacial effects, and the possibility that electron

phases in optically observed recombination kinetics in regiofransport is influenced by the spatial segregation of

random poly3-hexylthiopheng?® fullerenes towards the surface of the film cannot be ruled out.
Next we comment on the neglect of Coulomb interac-

tions. The low dielectric constants of organic materials sug- V. PHOTOCURRENT COLLECTION IN A SOLAR CELL

gest that Coulomb interaction energies could be significant _ i

and might be expected to dominate charge recombination.. | "€ Previous sections supply a model for charge recom-

However, Coulomb forces alone cannot explain the appeafination in MDMO-PPV/PCBM blends at open circuit. Un-

ance or the saturation of the slow phase with light intensityde" solar illumination, multiple trapping of charge carriers

If Coulomb interactions were included in the model, thesedominates. This leads to lorig-10 us) carrier lifetimes at
would affect the activation energy for either detrapping or®P€n circuit, favoring §urV|vaI, but also prolongs the transit
thermally assisted tunneling by an amoliht=e%/4ms ¢ or time for charge collection, and the net effect on photocurrent
whereeis the electronic charge,the dielectric constant, and Cco/lection remains unknown. In this section we incorporate
r the charge pair separatiod.. varies from around 0.4 eV our model Of. polarpn recomblne}tlon a_md transport mtol a
for charges separated by one lattice unit, to less than 0.02 & mple, one—dlmensmnaI. device S|mulat|on.ord.er to establish
for charge pairs at the mean separation for a light intensity oYvhether the observed b|m'olecular 'r.ecomblnatlon is relevant
1 wJd/pulse. The observable kinetics correspond to releas? _solar cells under F’pefa“”g conditions. We .focus on calcu-
from traps with activation energy over 0.25 eV. Therefore,lation of the short circuit currenls; and consider how the

for charge pair separations of over about 2 nm, the CoulomB€Sence of localized states affects the light intensity and

interaction is negligible compared to the activation energy{€Mperature dependence .
In the device simulation we solve a set of coupled one-

and would not influence the results of simulation. For closer ; . .
separations, Coulomb forces may enhance recombination bdfmensional transport equations for the steady state. We im-

this can be represented within the model as a larger crod¥Se€ the usual charge continuity equations
section for charge pair recombination, leading only to a

lower attempt-to-jump frequency in the model. It is likely E dJy +G-R=0 (9a)
that Coulomb interactions influence the kinetics in the fast e dx '

phase, where activation energies are smaller. However, the

fast phase data are close to the resolution of the experiment 1dJ,

and finding an accurate description is beyond the scope of - EEJFG_R:O' (9b)

this paper. We do not expect Coulomb interactions to change

the temperature dependence of the kinetics, since for anyhereJ, andJ, represent the electron and hole polaron cur-

given distribution of charged ., like the activation energies, rent densities,G the bimolecular volume photogeneration

is temperature independent. To a first approximatibncan  rate,(which includes charge separation efficienapdR the

be considered as a spatially dependent but temperaturbimolecular recombination term. For electron transport, in

independent modulation to the activation energy. the absence of any detailed information on the transport
Finally we comment on our assumption that electron hop-mechanism, we use a drift-diffusion expression

ping does not influence kinetics. This follows from the sur-

prising experimental observation that recombination kinetics

are insensitive to PCBM concentrations up to ratios of 1:4 by Jn=€un

weight. One explanation is that, in spite of the trapping of

positive polarons, electrons are less mobile than holes iwhere u,, is the electron mobility and the Einstein relation

such blends. This is consistent with measurements of Ref@etween diffusion and mobility is assumed. In the case of

26, 28, and 30, who found that electron transport improvesole polaron transport we assume, in accordance with the

with PCBM concentration, and dominates only at concentramultiple trapping model of polaron transport, that offilge

tions of over 85% by weight An alternative explanation is polarons(those lying above the mobility edgean contrib-

that electrons move more easily between fullerenes than bexe to transport. Hence

tween fullerenes and positive polarons, so that recombination

is still limited by the transport of polarons towards fullerene kT dp KT dpfree

domains in the blend. We have tested this idea by carrying Jp=€xp(P)| PF— ?&) :el“free( Pree F =5 g% |

out simulations with different concentrations of fullerene (10b)

molecules. We consider the limit where electrons are fully

delocalized between fullerenes so that the probability of rewhere w4 is the mobility of free polarons.

combination when a polaron meets a fullerene site is propor- The same transport model implies that only free polarons

tional to the ratio of fullerene anions to the total fullerene can recombine. Hence

density. We find that at any given anion concentration, the

polaron decay kinetics are virtually independent of fullerene R=BPfee N. (17

KT dn

+__
nF e dx

: (109
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)

Psee IS related to the total polaron denspyia a relation of
form (8). For a bimodal density of state8,is not necessarily
equal to 1é.

-2

=
Qo
; . , . . é —p,, =10%cm*V's"
Finally, Poisson’s equation is applied to take care of the & 4. _p”=104 em? Vs
electric field: 2 b = 10% cm? Vs
w2
dF e 8 3]
= (p-— o
ax =P~ (123 =
(o]
and 5 1
Qo
do¢ § 1
8 i
ax F. (12b H
; P E 04— . . ;
We use the model to simulate the short circuit photocurrent & 0.0 05 o 15 20
in a 100 nm thick polymer-fullerene blend sandwiched be- «2 S .
tween polyethylene dioxythiophenaloped with polystyrene (@ Light intensity (Suns)
sulphonic acidPEDOT) and Al contacts under AM1.5 illu-
mination. The PEDOT interface is a&=0 and the Al inter- o«
face atx=d. At short circuit, the current should be driven § Z8
primarily by electric field in this system. We assume the
boundary conditions that the potential drop through the & A7
sample is due to the difference in contact work functions, 2 ]
¢(d)— H(0)=A ¢y, and that the contacts are perfectly g 261
selective, i.e.J),(0)=J,(d)=0 andn(d)=p(0)=0. 3 25_' T =750k
To implement the model, we need values BB, tiee, - —T:= 1000K
andu, . Appropriate values 0B andg for our distribution of & - —T,=1100K
states and operating conditions are obtained by simulation: % ’
of the steady state, by fitting the steady-state simulated car = 5.
rier density to the fornG=B(Ap®)p. For the standard case 5
we useB=2.4x10" 5 més ! and8=1/a—1, an empirical ‘5 -
relationship which fits the steady state simulations well over ‘g ' -
relevant temperatures and light intensities. The deviation of 3 200 220 240 260 280 300 320 340 360 380 400
B from 1/« is probably due to the increased density of states (b) Temperature (K)
at the HOMO level. Nevertheless, provided thgt1, the p

exact form ofg3 does not affect the qualitative results. Alter- -~ ¢ () Calculated AM 1.5 short circuit photocurrent as a

native combinations are presented in Figh)6 function of light intensity for different values of the free polaron

For e We consider values in the range mopiiity. Linear behavior is obtained jiye. is high enough—over
10" %-10 "2 cn? Vst in accordance with Ref. 28. This 103 cn2v—1s 2 for the parameters deduced in this work)
range is consistent with typical values, of order calculated AM 1.5 short circuit photocurrent as a function tempera-
10 2 cn?V~-1s™1, of the mobility prefactor used in the ture, for different values of, representing different shapes of the
Gaussian disorder model of Bslef® representing the mobil-  density of trap states. The decreasd jpas temperature falls is due
ity at the center of the density of transport states. fggwe  to the distortion of electric field by the space charge of trapped
take 5<10°° cm?V~1s 1, consistent with recent time-of- polarons. A qualitatively similar behavior is reported in Ref. 31.
flight measurements of electron mobility in polymer-PCBM Larger values off, or 3 increase the trapping effect at any given
blends at high PCBM concentratioffsG is assumed uni- temperature, although for parameters deduced in this work, space
form and is taken as the average volume photogeneratio¢harge appears not to be limiting at room temperature.
rate for an absorption coefficient of10° m~! and an in-
cident photon flux of X 10?° cm ?s™! at one sun, in order compared to charge transport for all of the photogenerated
to produce a photogeneration rate equivalent to AM1.5.  charges to be collected at short circuit.

In Fig. 6(a) we present simulated,. at as a function of In Fig. 6b) we present simulateds. as a function of
light intensity for three different values Qi;¢c. It is clear temperature, for different values @f,. Here, for the param-
that Jg. increases linearly with light intensity, up to 1 sun, eters given above, we find thd{; increases slightly as tem-
provided thatusee is high enough. For the parameters usedperature is raised up to a saturation level. Exactly this type of
here, linear behavior requiregqec>10 3 cnm?V - 1s 1 behavior has been observed experimentillyhough at
consistent with Ref. 28. This near-linear dependence is obhigher temperatures. It was previously attributed to thermally
served in device and is a key condition for efficient pho- activated charge transport. However, our studies of recombi-
toconversion. In simple terms, it indicates that the recombihation show that the recombination process is also thermally
nation observed by transient absorption is sufficiently slowactivated. In the limit where tunneling is negligiblas ex-
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pected from small,) the effect of thermal activation on through a landscape containing a small fractiOnl% of
transport and recombination is identical: both are due to theleep traps. The model is able to explain observed depen-
increase inpqee- A change in temperature does not, there-dence of polaron recombination kinetics on laser intensity,
fore, change the branching ratio between transport towardemperature, and background illumination. At solar light in-
the electrodescollection and recombination. The behavior tensities and room temperature, most polarons are trapped
in Fig. 6(b) is due to another effect. At lower temperatures, aand therefore the release of polarons from the traps is the key
higher fraction of polarons are trapped. These charges inflysrocess determining recombination times in photovoltaic de-
ence the distribution of electric field through Poisson’s equavices. Simulations of photocurrent generation in a 100-nm-
tion. At the lowest temperature in Fig.(@, the trapped thick device indicate that, provided that the mobility of un-
charge density is sufficiently high that the electric field van-trapped polarons is high enough>(0 3 cn?V~1s™1)

ishes at the Al contact. This means that carriers generatetharge collection competes successfully with recombination
close to that contact are less likely to be collected than if theinder solar illumination at short circuit and leads to a linear
field were constant, and more likely to recombine. Close talependence of photocurrent on light intensity, as observed.
the opposite contact, the electric field is higher than averagddowever, the space charge due to trapped charge reduces
However, this does not result in a similar reduction in recom-charge carrier collection at lower temperatures. This effect
bination because collection under the average electric field iappears to explain the observed temperature dependence of
already very efficient. As the temperature is raised, lesshort circuit photocurrent in plastic cells, which had previ-
charge is trapped and the electric field becomes more evenusly been assigned to thermally activated hole mobility.
The net effect of this is to reduce the recombination, andSpace charge effects may become more important in im-
increase the photocurrent. Further increases in temperatupgoved device designs with higher current densities.

cause no further change in electric field and the photocurrent

saturates. Although the effect in Ref. 31 occurs at higher
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