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Low-temperature recombination kinetics of photoexcited persistent charge carriers in conjugated
polymerÕfullerene composite films

N. A. Schultz, M. C. Scharber, C. J. Brabec, and N. S. Sariciftci
Linz Institute for Organic Solar Cells (LIOS), Physical Chemistry, Johannes Kepler University of Linz, Altenbergerstr. 69, A-4040
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The recombination kinetics of long-lived photoexcited charge carriers in a composite 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! at low temperatures (T540 K) are investigated by light
induced electron-spin resonance~LESR!. These long-lived~persistent! photoinduced charge carriers exhibit
recombination times that extend over several hours after cessation of the photoexcitation. These long relaxation
times can be explained by nongeminate recombination of randomly distributed carriers assuming charge
neutrality. The decay curves fit well to a model in which the recombination mechanism of photoexcited carriers
consists of tunneling processes and in which the recombination rate only depends on the intrapair distance
between the photoexcited carriers. It is shown that the residual photoexcited carrier concentration after long
times tends to be independent of the generation rate. The presented model has already been successful in
describing the recombination kinetics of photoexcited carriers in inorganic, amorphous semiconductors, which
indicates that the presented recombination mechanism is common to disordered organic and inorganic mate-
rials.

DOI: 10.1103/PhysRevB.64.245210 PACS number~s!: 72.20.Jv, 72.80.Le, 72.80.Ng, 67.30.2v
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I. INTRODUCTION

The understanding of electronic processes, such as ph
excitation and recombination of charge carriers in conjuga
polymers is of fundamental interest for both material char
terization and device fabrication. In particular, the additi
of fullerenes, e.g., C60, into the conjugated polymer, leads
charge separation on a 10-femtosecond time scale
photoexcitation.1–3 The back transfer occurs on the order
microseconds~at room temperature!, thus creating an intrin-
sic asymmetry between forward and back electron transfe
over eight orders of magnitude.3,4 The observation of persis
tent photoexcited carriers with lifetimes that exceed ev
hours at low temperatures (T,100– 200 K) apparently com
plicates the understanding of the recombination mechanis5

These very long-lived photoexcited carriers have alre
been observed with several techniques. In electron-spin r
nance~ESR! a light induced signal is observed to decrea
over several hours after cessation of the photoexcitati5

Interestingly, also the increase of the light induced E
~LESR! signal, i.e., an increase in the number of photo
cited carriers, can be observed for several hours, when
intensity of the photoexcitation is sufficiently low. Both th
extremely slow accumulation of long-lived carriers and th
long-time decay are also seen in a polydiacetylene6 with the
technique of photoinduced absorption~PIA! as a long rise
and decay of photoexcited carriers that extends over sev
minutes. From PIA-Fourier transform infrared~FTIR! mea-
surements it was concluded that the long-lived photoexc
tions are~spin-12! polaronlike, massive~300 me! defects.7

Photoexcited, long-lived carriers have only been obser
at low temperatures. This is most consistent with a picture
which the long-lived carriers are trapped, i.e., localized,
low the band edges with trap energies larger than their t
0163-1829/2001/64~24!/245210~7!/$20.00 64 2452
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mal energykT. At sufficiently high temperatures thermal re
excitation of the trapped carriers, followed by diffusion a
enhanced recombination, is the reason why no long-liv
carriers are observable at higher temperatures. At higher t
peratures the decay of the long-lived carriers as measure
ESR can be well fit to an expression that decreases expo
tially in time,6 indicating a thermally activated behavior. Fu
thermore, by applying an electric field at low temperatu
and slowly increasing the temperature it is possible to
serve the drift of the reexcited carriers, i.e., the current, a
to get information on the trapping depth.8–10 It has also been
shown that the long-lived carriers can optically be reexci
and detected by their current in an applied field.8 Interest-
ingly, long-lived photoexcited carriers with a similar expe
mental finger print as those reported here have also b
observed in disordered, inorganic materials, such as hy
genated amorphous silicon (a-Si:H) and germanium
(a-Ge:H).11 In these materials long-lived carriers recombi
at temperatures above approximately 150 K and can als
optically induced to recombine.11,12

In this work the very long-lived photoexcited charge ca
riers in a conjugated polymer/fullerene composite are exa
ined and the results are explained on the basis of a theore
model involving distance dependent recombination kine
that has already been successful in describing the long
times of photoexcited carrier at low temperatures in in
ganic semiconductors.11

II. EXPERIMENT

The conjugated polymer used for the current studies w
poly@2-methoxy-5-~38,78-dimethyloctyloxy!-1,4-phenylene
vinylene#, denoted as MDMO-PPV, and was supplied
Covion. 1-~3-methoxycarbonyl!-propyl-1-phenyl-(6,6)C61
@PCBM#,13 a highly soluble methanofullerene, was dissolv
©2001 The American Physical Society10-1
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with MDMO-PPV in toluene. A composite of MDMO-PPV
PCBM ~(1061)% PCBM by weight! was deposited by the
doctor blading technique onto a plastic substrate. This c
centration corresponds to about 1 PCBM molecule per
polymer repeating units. Fifteen pieces, each with an
proximate size of 1.5 mm32 cm, were cut from the substrat
and put into an ESR grade quartz tube and sealed in he
atmosphere. The thickness of the composite film, which a
varies over the 15 pieces, was estimated to be in the ra
from 0.2 to 0.5mm. For the ESR measurements a Bruk
EMX spectrometer~X band! with an Oxford variable tem-
perature cryostat that controlled the sample temperature
tween 4 and 300 K with an accuracy of approximately 0.1
was used. All measurements were performed at 40 K, ex
where noted otherwise. The sample was excited by an1

laser~476 nm! through an optical fiber that terminated at t
quartz tube inside the cavity. The exciting light entering t
cavity was unfocused and estimated to be at most 0.5
From the end of the fiber the light either directly hit th
sample or is reflected from the inside cavity walls until
eventually hit the sample to get absorbed. Averaged over
approximate total sample area of about 4.5 cm2 this leads to
a maximum light intensity of at most 0.1 W/cm2. However,
some light is lost through the optical windows of the cav
lowering this average and, on the other hand, shielding
fects among the samples can cause much higher local
intensities. Due to these uncertainties in the light intens
that is actually incident on the sample, only relative lig
intensities are given. Before each measurement of the lo
lived photoexcited carriers the sample was cooled do
from room temperature in the dark. This procedure assu
that previously excited carriers have completely recombi
and no carriers are inadvertently excited during the coo
process.

III. THEORY

The recombination kinetics of trapped carriers by tunn
ing processes were considered by Dunstan.14 Shklovskii and
co-workers15–18 proposed a detailed model that describ
these recombination kinetics of the photoexcited carrier
low temperatures. After photoexcitation a carrier pair c
either immediately recombine geminately or separate by
fusion. Trapping or other recombination processes foll
diffusion. Among these recombination processes it can
assumed that geminate recombination is strongest wi
short times after photoexcitation, although not immediat
afterwards,16 whereas after longer times nongeminate reco
bination prevails. These processes will lead to a situation
which eventually all geminate pairs and mobile carriers h
recombined and all residual carriers are randomly trapp
This randomness, however, is limited to volumes with
expansion, which is on the order of the diffusion length.
amorphous organic materials like conjugated polymers
mobility of the photoexcited carriers is very low at lo
temperatures,19 charge neutrality exists on larger scales.
sufficiently low temperatures, where reexcitation of t
trapped carriers is not possible, the only possible fate
these trapped carriers is a recombination processes by
24521
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neling at longer times. Thermal reexcitation of trapped c
riers is neglected in the model, i.e., the model is develo
for T50 K.

The explicit development of the model used in this rep
was shown before.11,20The basic assumption of the model
that spatially close carriers have a much higher recomb
tion rate than distant carriers. In particular, the recombinat
rate can be written as

n~R!5n0 expS 2
2R

a D , ~1!

wheren(R) describes the recombination rate of any electr
and hole that are separated by a distanceR. n05t0

21 is a
recombination constant that may be interpreted as an atte
to recombine frequency. The parametera describes an effec
tive localization radius. Electrons and holes are likely
have different localization radii. The localization radius f
the electron is probably on the order of the radius of
PCBM molecule. Holes, which are assumed to be trappe
polarons on the polymer chain, are distributed over sev
monomer units. Since in the examined processes recomb
tion depends on the mutual overlap of the wave functions
electrons and holes,a describes an effective radius. From E
~1! it follows that after some timet, spatially close carriers
will have recombined, thus leaving carriers with larger d
tances behind. Therefore, by recombination of the clos
pairs, the nearest-neighbor distanceR(t) increases and can
be written as

R~ t !5
a

2
• lnS t

t0
D . ~2!

Now, assuming that the photoexcitation is turned off at so
time t050 at a charge carrier concentrationn0 and taking
into account a time periodt12t0 , in which geminate recom-
bination is present, it can be shown11,20 that for times larger
than t1 the remaining concentration of charge carriersn(t)
after cessation of the photoexcitation could be written as

n~R!5
n1

11
4p

3
n1~R32R1

3!

, ~3!

where the time dependence is contained inR5R(t) given by
Eq. ~2! with t.t1 . R(t) describes the increase of the near
neighbor distance among the remaining electron hole pa
which have not recombined until the timet after photoexci-
tation.R15R(t1) describes the nearest-neighbor distance
tween the electrons and holes at timet1 after which solely
nongeminate recombination is assumed.n1 is the charge car-
rier concentration at timet1 . It follows from Eq.~3! that the
time dependence of the residual carrier concentration d
not follow a simple exponential decay, but shows a mo
logarithmic time behavior. After very long times, i.e., at larg
R, one obtains from Eq.~3!: n(R)5@(4p/3)R3#21, from
which follows that the long-time residual carrier concent
tion is independent of the initial carrier densityn1 and also
n0 . It follows from Eq. ~1! together with the logarithmic
time dependence ofR(t) that some photoexcited carrier
0-2
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LOW-TEMPERATURE RECOMBINATION KINETICS OF . . . PHYSICAL REVIEW B 64 245210
have very long lifetimes, which in this model are solely a
cribed to the large distances that build up between the
maining trapped carriers. This picture is in qualitative diffe
ence to the previous model,5 where the observation of lon
lifetimes was ascribed to carriers localized in deep tra
Note that the parameters in Eq.~3! are all strongly con-
strained. The excited carrier concentrationn1 follows di-
rectly from ESR measurements. The localization radiua
and the typical radiative lifetimes,t05n0

21, can either be
determined by other measurements or can be guessed
physically reasonable range.R1 is determined throught1 ,
i.e., the time period after which solely nongeminate reco
bination can be assumed. No freely adjustable parameter
contained in the model.

IV. RESULTS

The dark ESR signal in the fullerene doped sample~the
composite! was barely detectable at all temperatures. Ho
ever, under photoexcitation an intense LESR signal as sh
in Fig. 1 is found, confirming earlier results.1,5,21,22It is at-
tributed to two superimposed signals, where a broader si
at lower magnetic fields is ascribed to positive polaronsP1

on the polymer chain and a narrow signal at higher field
ascribed to electrons on the PCBM, PCBM2. Although it has
not been experimentally resolved yet, the broader sig
might also contain a small ESR contribution from negat
polarons on the polymer chain. In Fig. 1 the electron LE
signal appears to be larger than the polaron LESR signal.
ascribe this observation to the very different saturation
haviors of the two resonances. The polaron LESR sig
saturates at much lower microwave powers than the PCB2

FIG. 1. Light induced electron-spin resonance~LESR! spectrum
of MDMO-PPV:PCBM ~10%! at 40 K. The resonance is a supe
position of at least two individual resonances that are attributed
lower-field resonance dominantly ascribed to positive polarons1

and a higher-field narrow resonance ascribed to electrons on
fullerene molecule PCMB2. Inset: The narrow LESR resonanc
increases as a power law with light intensityI ex, according to
LESR;I ex

0.1.
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resonance,5 which was ascribed to the longer spin-lattice r
laxation time of the polaron compared to the fullerene ani
The inset of Fig. 1 shows the LESR excitation intensity d
pendence. For this measurement the magnetic field was fi
to the PCBM2 resonance field and the photoexcitation inte
sity was stepwise increased. Within three orders of mag
tude of excitation intensityI ex the PCBM2 peak of the LESR
signal—as measured from the baseline— increases and
be well fit to a power law, LESR;I ex

a , with a;0.160.02.
Since the narrow, high-field LESR signal is superimposed
the broader low-field LESR signal, its height must actua
be measured from the broad LESR line. Since the peak of
positive polaron LESR signal approximately increases w
the same power law as the PCBM2 related peak, the photo
excitation intensity dependence of the high-field resona
could be measured from the baseline. Also the other pe
and minima of the LESR spectrum of Fig. 1 are found
follow a power law with exponents close toa50.1. At very
low excitation intensities the LESR carrier concentrati
does not reach a steady state value within 30 min. of c
tinuous photoexcitation, but slowly keeps increasing for s
eral hours. However, given enough time, the authors exp
that also at lowest excitation intensities the LESR signal w
follow the observed power law. At very high excitation in
tensities the LESR signal decreases, which is likely due
sample heating from strong photon absorption. For all m
surements reported here the employed laser intensities
in the power-law regime of excitation intensities, thus ruli
out any heating effects due to high laser intensities.

Figure 2 shows a typical measurement of the growth a
decay of the photoexcited spins at 40 K. The magnetic fi
was set to the PCBM2 peak of the LESR signal. At timet
50 the spin density corresponds to the dark spin dens
which was barely resolved within the noise level. Since o
the kinetics of the photoexcited carriers is of interest,
dark spin density is subtracted from the measurement, le
ing to zero photoexcited carriers att50. Then, after about
two minutes of measuring the dark spin density, the pho
excitation was turned on and the growth of the LESR sig
due to the accumulation of photoexcited carriers on
fullerene molecules was monitored. At the photoexcitat
intensity used the LESR signal rapidly increases and reac
a steady state value within one hour. Then, after about 1 h of

a

he

FIG. 2. Rise and decay of the PCBM2 related~L!ESR signal
after the photoexcitation has been turned on and off, respective
0-3
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SCHULTZ, SCHARBER, BRABEC, AND SARICIFTCI PHYSICAL REVIEW B64 245210
continuous illumination the excitation was turned off and t
decay of the photoexcited carriers in the dark was measu
A rapid decay is followed by a much slower component t
is still observable after many hours. Interestingly at su
ciently low excitation intensities an initial rapid LESR in
crease is followed by a very much slower increase for m
hours. In the following only the decay curves such as the
shown in Fig. 2 will be examined.

The presented model is based on photoexcitations
lowed by thermalization and recombination. However, at
tual measurement temperaturesT.0 K also thermal reexci-
tation occurs. To examine any thermal effects on the de
curves, three decay curves at 10, 20, and 40 K were
corded. Figure 3 shows these decay curves normalized a
time the photoexcitation was stopped to account for the
trinsic temperature dependence of the ESR signal~Curie
law!. To avoid microwave saturation of the ESR signal
lowest temperatures, very low microwave intensities w
employed. It can be seen that within the first hour after c
sation of the photoexcitation, all decay curves show appro
mately the same decay kinetics. Additionally, the magne
field ESR spectrum of the residual carriers were measu
immediately following the decay measurements of Fig.
For better comparison each of these ESR measurements
done at 40 K. In all three cases the samples showed alm
equal residual carrier concentrations, independent of whe
the photoexcited carriers had decayed at 10, 20, or 40
These results prove temperature-independent recombin
kinetics below 40 K and therefore rule out any significa
thermal reexcitation at 40 K and lower temperatures. Th
results are very similar to those reported fora-Si:H, where
also no thermal reexcitation is observed below 40 K.20

Figure 4 shows three decay curves of spin carriers, wh
had been excited at different photon intensities. The obse
short-time spikes in the decay measurements are ascrib

FIG. 3. ESR carrier decay at 10, 20, and 40 K. All data a
normalized att50 and drop off to about 40% within 60 min. N
enhanced recombination kinetics due to thermal reexcitation is
served at temperaturesT<40 K.
24521
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inhomogeneities in the helium flow and therefore to sho
time temperature fluctuations. The initial, photoexcited s
concentration att50 was varied by about a factor of 2
which required a variation of the excitation intensity of abo
three orders of magnitude~see inset of Fig. 1!. The decay
measurements of Fig. 4 at three different laser intensities
made at the abscissa values of 1024, 1023, and 1021 of the
inset of Fig. 1. These laser intensities assure that the ste
state~SS! LESR signal can be reached~at lower excitation
intensities! and that sample heating can be neglected~at
higher excitation intensities!. Due to the uncertainties in th
sample volume that is actually photoexcited and inherent
certainties of the ESR technique to determine the abso
spin concentration to within a factor of about 2, the auth
are not able to determine the absolute concentration of p
toexcited spins within reasonable limits. Therefore all dec
curves have been normalized by the number of SS-LE
spin carriersn0 at the highest excitation intensityI 0 of Fig.
4~a!. The solid lines in Fig. 4 are fits to the following equ
tion:

n~ t !

n0
5

n1

n0

11S n1

n0
D p

6
n0a3F ln3S t

t0
D2 ln3S t1

t0
D G ~4!

which follows from Eqs.~2! and ~3!. The ration(t)/n0 can
directly be read off the graphs of Fig. 4. It can be seen t
only the producta3n0 and the prefactort05n0

21 enter Eq.
~4! as parameters.t152 min was chosen to completely avo
effects of geminate recombination at early times during
decay. However, alsot151 min results in equally good fits
The values forn(t1)/n05n1 /n0 also follow from the graphs

b-

FIG. 4. Carrier decay at 40 K. The relative excitation intensit
from top to bottom correspond to 1021I 0 , 1023I 0 , and 1024I 0 ,
which lead to relative carrier densitiesn1 /n0 at t152 min of ~a!
0.5, ~b! 0.42, and~c! 0.34, respectively.I 0 is at most on the order o
0.1 W/cm2. The solid lines are fits to Eq.~4! for times t.2 min
with t05631025 s anda3n05731024.
0-4
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in ~a!, ~b!, and ~c! and are given by 0.5, 0.42, and 0.3
respectively. For all decays it was found that the slow kin
ics of charge carrier recombination could be described wi
single set of parameters, namelyt05631025 s and n0a3

5731024. Note that the fit function, Eq.~4!, is only weakly
dependent on the value oft0 for times much larger thant1 ,
i.e., a variation ofn0a3 within about 10% can almost b
compensated by a corresponding change oft0 by about a
factor of 10 to result in a similar good fits.

Since the LESR signal of the MDMO-PPV:PCBM is
superposition of at least two resonances, the peak heigh
the PCBM2 depends on the position of its baseline. Th
baseline is the polaron related LESR signal that also va
with time. Figure 5~a! compares the decay of the PCBM2

and the P1 related peak after cessation of the photoexc
tion. The first data point att50 reflects the steady-stat
LESR peak heights under continuous illumination. Then
photoexcitation was turned off and subsequent magne
field ESR scans were taken. From these scans the
heights of the PCBM2 and the P1 signals were plotted as
function of time, where the peak heights are measured f
the ESR baseline. It can be seen that both signals de
approximately equally rapid. Figure 5~b! shows the ratio of
the peak heights proving that this ratio is almost time in
pendent, which is consistent with the necessity of cha
neutrality ~always two carriers of opposite polarity recom
bine, i.e., one carrier from each peak!. When the ratio is
fitted to a power law in time;tb, b is approximately 0.025
This very slow increase can be ascribed to the decay of
underlying P1 ESR signal, which modifies the baseline f
the fullerene signal. The overall effect of this baseline shif
that the measured PCBM2 resonance~as also measured i
Fig. 4! decays marginally slower than the actual carrie
with the tendency of marginally reducingt0 anda3n0 in the
fit. However, as seen by the very weak time dependenc
Fig. 5~b!, this effect is extremely small and will be neglecte
in the following considerations.

FIG. 5. ~a! Decay of the P1 ~bullet! and the PCBM2 ~square!
ESR signals after photoexcitation. The resonances are meas
from the ESR baseline.~b! shows the ratio of the resonances in~a!,
which increases with timet approximately ast0.025.
24521
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V. DISCUSSION

All decays of Fig. 4 can be well fit with the presente
model using a single set of physically constrained parame
and without the use of scaling parameters. However,
prefactor n05(t0)2151.73104 s21, which may be inter-
preted as an attempt-to-recombine frequency appears ra
small. It translates into a lifetime prefactor of about
31025 s. In the corresponding measurements ofa-Si:H a
lifetime prefactor of about 131028 s resulted in good fits.11

We ascribe the much larger value of the lifetime prefactor
the conducting polymer to enhanced polaronic effects of
holes. In tunneling processes the recombination probab
depends on both, the spatial distance among the carriers
the width of the energy barrier, as well as the height of
energy barrier. The model only considers the spatial dista
among carriers, thus the exponential factor containing
energy barrier height must be contained in the prefactor. D
to the formation of polarons in the polymer, the energy b
rier height for tunneling is probably higher than in inorgan
semiconductors, thus leading to a smaller recombina
prefactor. In the following the other parameter,n0a357
31024, will be discussed. With a better knowledge of th
initial spin densityn0 , it would in principle be possible to
calculate the effective localization radiusa. Assuming the
photoexcited electrons of the photoexcited carriers to be
calized on the PCBM molecules with a diameter of abou
nm and the photoexcited holes to be distributed over sev
monomer units of the polymer a rough estimate of the eff
tive localization radius might be a'1 nm. With an effective
localization radius of abouta'1 nm an initial spin concen-
tration n0 of roughly 131018cm23 follows, which is the
approximate concentration of PCBM molecules in t
sample. Due to the efficient charge transfer of electrons fr
the polymer to the PCBM molecules it can be assumed
all fullerene molecules are charged under photoexcita
and above estimate is physically reasonable. Furtherm
the necessary normalization of the spin carrier concentra
in Fig. 4 is not a significant limitation of the model, since th
initial photoexcited carrier concentrations att50 at the three
different excitation intensities are linked together by LES
'I ex

0.1 found in the inset of Fig. 1.
Another prediction of Eq.~4! is that the residual carrie

concentration after long times becomes independent of
initial carrier concentration. Plotting all curves from Fig.
into one graph, shown in Fig. 6, it appears that the de
curves converge asymptotically. This weak dependence
the long-time residual carrier concentration, i.e., the per
tent carrier concentration on the initial carrier concentrat
was found before.5 Due to the logarithmic time dependenc
of the smallest intrapair separation on time, Eq.~2!, further
confirmation of the convergence of the residual carrier c
centration will require much longer times.

The dimensionalityd of the conjugated polymer/PCBM
composite enters into the derivation of Eq.~4!. Here a three-
dimensional distribution and interaction of electrons a
holes is assumed for the following reasons: First, by nat
of the preparation process, the composite deposition res
in nonoriented, polymer chains with randomly distribut

red
0-5
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fullerene molecules. Second, it can be assumed that e
PCBM molecule is surrounded by and in contact with seve
polymer chains. The electrons on the PCBM molecu
therefore can interact with holes on several polymer cha
in all directions, hence leading to a three-dimensional in
action. However, the authors also derived Eq.~1! in one and
two dimensions and found that the dimensionality does
affect the decay curves of Fig. 4 for times much longer th
t5631025 s. Since timest1,2 min were already exclude
due to geminate recombination, no experimental informat
can be obtained on the dimensionality. Also the fitting p
rameteradn0 , with the dimensiond, gives no information on
the dimensionality of the composite since it appeared ph
cally reasonable in all three dimensions.

The observation of very long-lived carriers in th
MDMO-PPV/PCBM composite and ina-Si:H as well as the
successful explanation of the recombination mechani
with the same kinetic model is surprising. Although p
laronic effects17 in MDMO-PPV/PCBM are likely to en-
hance geminate recombination, the recombination kinetic
long-lived carriers in the composite are similar toa-Si:H and
a-Ge:H. In both materials, MDMO-PPV:PCBM anda-Si:H,
photoexcited carriers recombine rapidly, i.e., approximat
exponentially, in the temperature range above about 1
200 K. Also, in both classes of materials the concentrati
of the SS-LESR spin carriers are only weakly dependen
the excitation light intensity and a power-law dependence
the SS-LESR spin carriers on excitation intensityI ex accord-
ing to LESR;I a is found. For the MDMO-PPV/PCBM mix-
turea is approximately 0.1, whereas ina-Si:H the exponent

FIG. 6. Decay curves of Fig. 4. The residual carrier densi
after long times tend to be independent of the initially photoexcit
carrier densities.
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was determined to be approximately 0.2.11,12This power-law
behavior ina-Si:H was observed over six orders of magn
tude in excitation intensity11 and recently extended to nin
orders.23 In both materials the long-time recombination k
netics can be well described by tunneling processes, wh
the lifetime of the long-living photoexcited carriers depen
exponentially on the spatial distance that builds up betw
the carriers that have not recombined.

The very similar recombination behavior of the long-live
carriers in the polymer composite and the inorganic semic
ductor strongly indicates that the presented recombina
process is common to the two very different types of ma
rials.

VI. SUMMARY

Persistent photoinduced charge carriers in conjuga
polymer/fullerene composites were investigated by LES
Assuming a model in which the low-temperature recombi
tion rate is strongly dependent on the spatial distance
tween photoexcited carriers the recombination of persist
long-living charge carriers can be successfully describ
The presented model excludes thermal reexcitation and
cuses on tunneling recombination processes of the phot
cited carriers. The long lifetimes are solely ascribed to
large spatial distances that build up among the remain
photoexcited carriers, which have not recombined a
shorter time. The recombination kinetics of long-lived car
ers in the composite are similar to those ina-Si:H and
a-Ge:H, for which the model had already been successf
applied,11 indicating a common recombination mechanis
for a subset of photoexcited carriers.
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