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Low-temperature recombination kinetics of photoexcited persistent charge carriers in conjugated
polymer/fullerene composite films
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The recombination kinetics of long-lived photoexcited charge carriers in a composite of
poly[2-methoxy-5¢3’,7’-dimethyloctyloxy-1,4-phenylene vinylede  (MDMO-PPV) and 13-
methoxycarbonytpropyl-1-phenyl-(6,6) g, (PCBM) at low temperaturesT(=40 K) are investigated by light
induced electron-spin resonandeESR). These long-livedpersistent 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.
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[. INTRODUCTION mal energykT. At sufficiently high temperatures thermal re-
excitation of the trapped carriers, followed by diffusion and
The understanding of electronic processes, such as photenhanced recombination, is the reason why no long-lived
excitation and recombination of charge carriers in conjugategarriers are observable at higher temperatures. At higher tem-
polymers is of fundamental interest for both material characPeratures the decay of the long-lived carriers as measured by
terization and device fabrication. In particular, the additionESR can be well fit to an expression that decreases exponen-
of fullerenes, e.g., §, into the conjugated polymer, leads to tially in time,” indicating a thermally activated behavior. Fur-
charge separation on a 10-femtosecond time scale afté€rmore, by applying an electric field at low temperatures
photoexcitatiort: The back transfer occurs on the order of @1d Slowly increasing the temperature it is possible to ob-
; . - serve the drift of the reexcited carriers, i.e., the current, and
mlcrosecond$at room temperatujethus creating an intrin- {0 get information on the trapping depthiSlt has also been
sic asymmetry between forward and back electron transfer o . . . .
: . . . shown that the long-lived carriers can optically be reexcited
over eight orders of magnitudé. The observation of persis- and detected by their current in an applied fiélaterest-
tent photoexcited carriers with lifetimes that exceed eveqngly, long-lived photoexcited carriers with a similar experi-
hours at low temperature3 £ 100—200 K) apparently com-

i h q di fh binati hahi mental finger print as those reported here have also been
plicates the understanding of the recombination mechanismypsaryed in disordered, inorganic materials, such as hydro-
These very long-lived photoexcited carriers have alread

i ; - ¥Yenated amorphous silicona{Si:H) and germanium
been observed with several techniques. In electron-spin res@a_Ge:H) 1! In these materials long-lived carriers recombine

nance(ESR a light induced signal is observed to decreaseyt temperatures above approximately 150 K and can also be

over several hours after cessation of the photoexcitéltionoptica||y induced to recombing:12

Interestingly, also the increase of the light induced ESR ' |n this work the very long-lived photoexcited charge car-

(LESR) signal, i.e., an increase in the number of photoexriers in a conjugated polymer/fullerene composite are exam-

cited carriers, can be observed for several hours, when theed and the results are explained on the basis of a theoretical

intensity of the photoexcitation is sufficiently low. Both the model involving distance dependent recombination kinetics

extremely slow accumulation of long-lived carriers and theirthat has already been successful in describing the long life-

long-time decay are also seen in a polydiacetyleni¢h the  times of photoexcited carrier at low temperatures in inor-

technique of photoinduced absorptioRIA) as a long rise  ganic semiconductors.

and decay of photoexcited carriers that extends over several

minutes. From PIA-Fourier transform infraréBTIR) mea-

surements it was concluded that the long-lived photoexcita-

tions are(spin-4) polaronlike, massiv¢é300 m,) defects’ The conjugated polymer used for the current studies was
Photoexcited, long-lived carriers have only been observegoly[2-methoxy-5¢3’,7’-dimethyloctyloxy-1,4-phenylene

at low temperatures. This is most consistent with a picture irvinylene], denoted as MDMO-PPV, and was supplied by

which the long-lived carriers are trapped, i.e., localized, beCovion.  1{3-methoxycarbonyipropyl-1-phenyl-(6,6)&;

low the band edges with trap energies larger than their thefPCBM],*® a highly soluble methanofullerene, was dissolved
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with MDMO-PPV in toluene. A composite of MDMO-PPV/ neling at longer times. Thermal reexcitation of trapped car-
PCBM ((10+1)% PCBM by weight was deposited by the riers is neglected in the model, i.e., the model is developed
doctor blading technique onto a plastic substrate. This confor T=0 K.

centration corresponds to about 1 PCBM molecule per 30 The explicit development of the model used in this report
polymer repeating units. Fifteen pieces, each with an apwas shown befor&"2° The basic assumption of the model is
proximate size of 1.5 mixi2 cm, were cut from the substrate that spatially close carriers have a much higher recombina-
and put into an ESR grade quartz tube and sealed in heliutiion rate than distant carriers. In particular, the recombination
atmosphere. The thickness of the composite film, which alsoate can be written as

varies over the 15 pieces, was estimated to be in the range

from 0.2 to 0.5um. For the ESR measurements a Bruker W(R)=v exp{ _2R
EMX spectrometer(X band with an Oxford variable tem- 0

a
perature cryostat that controlled the sample temperature be\;\?herev(R) describes the recombination rate of any electron

tween 4 and 300 K with an accuracy of approximately 0.1 K d hole that ted b distaRcer = -1 i

was used. All measurements were performed at 40 K, exceﬁ’tn ol¢ thal are separaled by a distaca,=1, - IS a
where noted otherwise. The sample was excited by ah Ar recomblngtlon constant that may be mterpre_ted as an attempt
laser(476 nm through an optical fiber that terminated at the [0 rei:omll?lne_ frequgncy. -gl]e parameme(cjie;clrlbes anﬁ(ff?c-
quartz tube inside the cavity. The exciting light entering thellve localization radius. Electrons and holes are likely to

cavity was unfocused and estimated to be at most 0.5 V\pave different localization radii. The localization radius for
From the end of the fiber the light either directly hit the thg electroln ISI prob?bly ohr_1 Lhe order of tge rsdlus of tjhe
sample or is reflected from the inside cavity walls until it PCBM molecule. Holes, which are assumed to be trapped as

eventually hit the sample to get absorbed. Averaged over thgolarons on .the p.olym'er chain, are distributed over sevgral

approximate total sample area of about 4.5 ¢his leads to monomer units. Since in the examined processes recombina-
a maximum light intensity of at most 0.1 W/&nHowever tion depends on the mutual overlap of the wave functions of

some light is lost through the optical windows of the cavity electrons and holeg,describes an effective radius. From Eq.

lowering this average and, on the other hand, shielding efgl) it follows that after some time, spatially close carriers

fects among the samples can cause much higher local Iigl’f’(i” have re'combined, thus leaving Caf”er? with larger dis-
intensities. Due to these uncertainties in the light intensit)}Elnces behind. Therefore, by recombination of the closest

that is actually incident on the sample, only relative light Pairs: the nearest-neighbor distarft) increases and can

intensities are given. Before each measurement of the long Wrtten as

lived photoexcited carriers the sample was cooled down a t
from room temperature in the dark. This procedure assures R(t)=5- In(— , %)
that previously excited carriers have completely recombined 2 o
and no carriers are inadvertently excited during the coolingyow, assuming that the photoexcitation is turned off at some
process. time t,=0 at a charge carrier concentratiog and taking
into account a time periog —t,, in which geminate recom-
bination is present, it can be shoti?’ that for times larger
thant; the remaining concentration of charge carria(s)

The recombination kinetics of trapped carriers by tunnel-after cessation of the photoexcitation could be written as
ing processes were considered by Dunsfa®hklovskii and
co-workers®~*® proposed a detailed model that describes n(R) = Ny 3
these recombination kinetics of the photoexcited carriers at '
low temperatures. After photoexcitation a carrier pair can
either immediately recombine geminately or separate by dif-
fusion. Trapping or other recombination processes followwhere the time dependence is containe®inR(t) given by
diffusion. Among these recombination processes it can b&d. (2) with t>t;. R(t) describes the increase of the nearest
assumed that geminate recombination is strongest withifeéighbor distance among the remaining electron hole pairs,
short times after photoexcitation, although not immediatelywhich have not recombined until the tinefter photoexci-
afterwards® whereas after longer times nongeminate recomiation.R, =R(t;) describes the nearest-neighbor distance be-
bination prevails. These processes will lead to a situation ifween the electrons and holes at timeafter which solely
which eventually all geminate pairs and mobile carriers havenongeminate recombination is assumegis the charge car-
recombined and all residual carriers are randomly trappedier concentration at timg, . It follows from Eq.(3) that the
This randomness, however, is limited to volumes with antime dependence of the residual carrier concentration does
expansion, which is on the order of the diffusion length. Innot follow a simple exponential decay, but shows a more
amorphous organic materials like conjugated polymers théogarithmic time behavior. After very long times, i.e., at large
mobility of the photoexcited carriers is very low at low R, one obtains from Eq(3): n(R)=[(4w/3)R%] "%, from
temperatured’ charge neutrality exists on larger scales. Atwhich follows that the long-time residual carrier concentra-
sufficiently low temperatures, where reexcitation of thetion is independent of the initial carrier density and also
trapped carriers is not possible, the only possible fate ofip. It follows from Eq. (1) together with the logarithmic
these trapped carriers is a recombination processes by tutime dependence oR(t) that some photoexcited carriers

: ()

Ill. THEORY

47
1+ n(R*-R3)
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Magnetic field (G) resonancé,which was ascribed to the longer spin-lattice re-

laxation time of the polaron compared to the fullerene anion.
FIG. 1. Light induced electron-spin resonarft&SR) spectrum  The inset of Fig. 1 shows the LESR excitation intensity de-

of MDMO-PPV:PCBM (10%) at 40 K. The resonance is a super- Pendence. For this measurement the magnetic field was fixed
position of at least two individual resonances that are attributed to ¥ the PCBM' resonance field and the photoexcitation inten-
lower-field resonance dominantly ascribed to positive polarchs P Sity was stepwise increased. Within three orders of magni-
and a higher-field narrow resonance ascribed to electrons on tHeide of excitation intensity,, the PCBM™ peak of the LESR
fullerene molecule PCMB. Inset: The narrow LESR resonance signal—as measured from the baseline— increases and can
increases as a power law with light intensity,, according to  be well fit to a power law, LESRI,, with ~0.1+0.02.
LESR~I13;. Since the narrow, high-field LESR signal is superimposed on

the broader low-field LESR signal, its height must actually
have very long lifetimes, which in this model are solely as-be measured from the broad LESR line. Since the peak of the
cribed to the large distances that build up between the repositive polaron LESR signal approximately increases with
maining trapped carriers. This picture is in qualitative differ-the same power law as the PCBMelated peak, the photo-
ence to the previous modelvhere the observation of long excitation intensity dependence of the high-field resonance
lifetimes was ascribed to carriers localized in deep trapsgould be measured from the baseline. Also the other peaks
Note that the parameters in E) are all strongly con- and minima of the LESR spectrum of Fig. 1 are found to
strained. The excited carrier concentratiop follows di-  follow a power law with exponents close to=0.1. At very
rectly from ESR measurements. The localization radius |ow excitation intensities the LESR carrier concentration
and the typical radiative lifetimess,=1v,*, can either be does not reach a steady state value within 30 min. of con-
determined by other measurements or can be guessed intinuous photoexcitation, but slowly keeps increasing for sev-
physically reasonable rang®; is determined througlt,, eral hours. However, given enough time, the authors expect
i.e., the time period after which solely nongeminate recomthat also at lowest excitation intensities the LESR signal will
bination can be assumed. No freely adjustable parameters af@low the observed power law. At very high excitation in-

contained in the model. tensities the LESR signal decreases, which is likely due to
sample heating from strong photon absorption. For all mea-
V. RESULTS surements reported here the employed laser intensities were

in the power-law regime of excitation intensities, thus ruling
The dark ESR signal in the fullerene doped sanii®  out any heating effects due to high laser intensities.

composit¢ was barely detectable at all temperatures. How- Figure 2 shows a typical measurement of the growth and
ever, under photoexcitation an intense LESR signal as showtlecay of the photoexcited spins at 40 K. The magnetic field
in Fig. 1 is found, confirming earlier result$:**?It is at-  was set to the PCBM peak of the LESR signal. At time
tributed to two superimposed signals, where a broader signat0 the spin density corresponds to the dark spin density,
at lower magnetic fields is ascribed to positive polar®is  which was barely resolved within the noise level. Since only
on the polymer chain and a narrow signal at higher fields ishe kinetics of the photoexcited carriers is of interest, the
ascribed to electrons on the PCBM, PCBMAlthough it has  dark spin density is subtracted from the measurement, lead-
not been experimentally resolved yet, the broader signahg to zero photoexcited carriers &t 0. Then, after about
might also contain a small ESR contribution from negativetwo minutes of measuring the dark spin density, the photo-
polarons on the polymer chain. In Fig. 1 the electron LESRexcitation was turned on and the growth of the LESR signal
signal appears to be larger than the polaron LESR signal. Wgue to the accumulation of photoexcited carriers on the
ascribe this observation to the very different saturation befullerene molecules was monitored. At the photoexcitation
haviors of the two resonances. The polaron LESR signaintensity used the LESR signal rapidly increases and reaches
saturates at much lower microwave powers than the PCBM a steady state value within one hour. Then, after athduof
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FIG. 3. ESR carrier decay at 10, 20, and 40 K. All data are FIG. 4. Carrier decay at 40 K. The relative excitation intensities

normalized at=0 and drop off to about 40% within 60 min. No from top to bottom correspond to 18, 10 °l,, and 10,

enhanced recombination kinetics due to thermal reexcitation is op&hich lead to relative carrier densitieg /no at t;=2 min of (a)
served at temperaturds<40 K. 0.5,(b) 0.42, and(c) 0.34, respectivelyl., is at most on the order of

0.1 W/enf. The solid lines are fits to Eq4) for timest>2 min
continuous illumination the excitation was turned off and thewith 7o=6x10"°s anda’ny=7x10"".
decay of the photoexcited carriers in the dark was measured. o .
A rapid decay is followed by a much slower component that"homogeneities in the helium flow and therefore to short-
is still observable after many hours. Interestingly at suffi-ime temperature fluctuations. The initial, photoexcited spin
ciently low excitation intensities an initial rapid LESR in- concentration at=0 was varied by about a factor of 2,

hours. In the following only the decay curves such as the onéree orders of magnitudesee inset of Fig. )1 The decay
shown in Fig. 2 will be examined. measurements of Fig. 4 at three different laser intensities are

The presented model is based on photoexcitations folmade at the abscissa values of 01072, and 10°* of the
lowed by thermalization and recombination. However, at acinset of Fig. 1. These laser intensities assure that the steady-
tual measurement temperatuies 0 K also thermal reexci- State(SS LESR signal can be reachedt lower excitation
tation occurs. To examine any thermal effects on the decaez"tens't'e3 and that sample heating can be neglectat
curves, three decay curves at 10, 20, and 40 K were r igher excitation intensitigsDue to the uncertainties in the
corded. Figure 3 shows these decay curves normalized at tf@mple volume that is actually photoexcited and inherent un-
time the photoexcitation was stopped to account for the incertainties of the ESR technique to determine the absolute
trinsic temperature dependence of the ESR sig@alrie  SPin concentration to vylthm a factor of about 2, the authors
law). To avoid microwave saturation of the ESR signal ataré not able to determine the absolute concentration of pho-
lowest temperatures, very low microwave intensities werdoexcited spins within reaspnable limits. Therefore all decay
employed. It can be seen that within the first hour after cescurves have been normalized by the number of SS-LESR
sation of the photoexcitation, all decay curves show approxiSPin carriersn, at the highest excitation intensity of Fig.
mately the same decay kinetics. Additionally, the magnetic#(@)- The solid lines in Fig. 4 are fits to the following equa-
field ESR spectrum of the residual carriers were measureHon:
immediately following the decay measurements of Fig. 3.

For better comparison each of these ESR measurements were M

done at 40 K. In all three cases the samples showed almost w_ No

equal residual carrier concentrations, independent of whether no ny 3l sl t s L1

the photoexcited carriers had decayed at 10, 20, or 40 K. 1+(n— § Nod’| In*| — | —In%| —=

These results prove temperature-independent recombination 0 0 0

kinetics below 40 K and therefore rule out any significantwhich follows from Egs.(2) and (3). The ration(t)/n, can
thermal reexcitation at 40 K and lower temperatures. Thesgirectly be read off the graphs of Fig. 4. It can be seen that
results are very similar to those reported iSi:H, where  only the producta®n, and the prefactory= vy * enter Eq.
also no thermal reexcitation is observed below 4&°K. (4) as parameters$; =2 min was chosen to completely avoid

Figure 4 shows three decay curves of spin carriers, whicleffects of geminate recombination at early times during the
had been excited at different photon intensities. The observediecay. However, alst, =1 min results in equally good fits.
short-time spikes in the decay measurements are ascribed e values fon(t,)/ng=n4/ny also follow from the graphs

4

ko
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re7F V. DISCUSSION
:—"E 104 h 00 _ese 0 @ . . .
s R el DY SIS All decays of Fig. 4 can be well fit with the presented
g = PCBM peak model using a single set of physically constrained parameters
< \'\/'\.H"'\ p* and without the use of scaling parameters. However, the
x M»-—l—-\pea _ —1_ -1 . .
o cw-LESR g, prefactor vo= (7o) " 1=1.7X10%s 5 which may be inter-
T 1 - preted as an attempt-to-recombine frequency appears rather
0 U time (min;o 100 small. It translates into a lifetime prefactor of about 6
L, X 10 °s. In the corresponding measurementsaeSi:H a
0. PE)BM'- peak (b) lifetime prefactor of about X107 8s resultgd in good fits: _
k) TP -peak We ascribe the much larger value of the lifetime prefactor in
E N N the conducting polymer to enhanced polaronic effects of the
T 4 AT e, S holes. In tunneling processes the recombination probability
a (T:W_LESR depends on both, the spatial distance among the carriers, i.e.,
1 : the width of the energy barrier, as well as the height of the
0 1 10 100 energy barrier. The model only considers the spatial distance
Time (min) among carriers, thus the exponential factor containing the

energy barrier height must be contained in the prefactor. Due
19 the formation of polarons in the polymer, the energy bar-
rier height for tunneling is probably higher than in inorganic
semiconductors, thus leading to a smaller recombination
prefactor. In the following the other parametera®=7
in (@, (b), and (c) and are given by 0.5, 0.42, and 0.34, X10 *, will be discussed. With a better knowledge of the
respectively. For all decays it was found that the slow kinet-nitial spin densityng, it would in principle be possible to
ics of charge carrier recombination could be described with @alculate the effective localization radias Assuming the
single set of parameters, namely=6x10 °s andnya® photoexcited electrons of the photoexcited carriers to be lo-
=7x10 *. Note that the fit function, Ed4), is only weakly  calized on the PCBM molecules with a diameter of about 1
dependent on the value ef, for times much larger thaty, nm and the photoexcited holes to be distributed over several
i.e., a variation ofnga® within about 10% can almost be monomer units of the polymer a rough estimate of the effec-
compensated by a corresponding changerpby about a tive localization radius might be &1 nm. With an effective
factor of 10 to result in a similar good fits. localization radius of abow~1 nm an initial spin concen-
Since the LESR signal of the MDMO-PPV:PCBM is a tration ny of roughly 1x10"®cm™2 follows, which is the
superposition of at least two resonances, the peak height @jpproximate concentration of PCBM molecules in the
the PCBM depends on the position of its baseline. Thissample. Due to the efficient charge transfer of electrons from
baseline is the polaron related LESR signal that also variethe polymer to the PCBM molecules it can be assumed that
with time. Figure %a) compares the decay of the PCBM all fullerene molecules are charged under photoexcitation
and the P related peak after cessation of the photoexcita-and above estimate is physically reasonable. Furthermore,
tion. The first data point at=0 reflects the steady-state the necessary normalization of the spin carrier concentration
LESR peak heights under continuous illumination. Then theén Fig. 4 is not a significant limitation of the model, since the
photoexcitation was turned off and subsequent magnetignitial photoexcited carrier concentrationstatO at the three
field ESR scans were taken. From these scans the pealifferent excitation intensities are linked together by LESR
heights of the PCBM and the P signals were plotted as a ~13! found in the inset of Fig. 1.
function of time, where the peak heights are measured from Another prediction of Eq(4) is that the residual carrier
the ESR baseline. It can be seen that both signals decayncentration after long times becomes independent of the
approximately equally rapid. Figurgty shows the ratio of initial carrier concentration. Plotting all curves from Fig. 4
the peak heights proving that this ratio is almost time inde4into one graph, shown in Fig. 6, it appears that the decay
pendent, which is consistent with the necessity of chargeurves converge asymptotically. This weak dependence of
neutrality (always two carriers of opposite polarity recom- the long-time residual carrier concentration, i.e., the persis-
bine, i.e., one carrier from each pgakVhen the ratio is tent carrier concentration on the initial carrier concentration
fitted to a power law in time-t#, Bis approximately 0.025. was found befor@.Due to the logarithmic time dependence
This very slow increase can be ascribed to the decay of thef the smallest intrapair separation on time, E2), further
underlying P ESR signal, which modifies the baseline for confirmation of the convergence of the residual carrier con-
the fullerene signal. The overall effect of this baseline shift iscentration will require much longer times.
that the measured PCBMresonancdas also measured in The dimensionalityd of the conjugated polymer/PCBM
Fig. 4 decays marginally slower than the actual carrierscomposite enters into the derivation of Ed). Here a three-
with the tendency of marginally reducing anda®n, in the  dimensional distribution and interaction of electrons and
fit. However, as seen by the very weak time dependence iholes is assumed for the following reasons: First, by nature
Fig. 5(b), this effect is extremely small and will be neglected of the preparation process, the composite deposition results
in the following considerations. in nonoriented, polymer chains with randomly distributed

FIG. 5. (a) Decay of the P (bullet) and the PCBM (squar¢
ESR signals after photoexcitation. The resonances are measur
from the ESR baselingb) shows the ratio of the resonancedan,
which increases with time approximately ag®2°
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- was determined to be approximately 22 This power-law
T=40 K behavior ina-Si:H was observed over six orders of magni-
] tude in excitation intensity and recently extended to nine
orders® In both materials the long-time recombination ki-
netics can be well described by tunneling processes, where
the lifetime of the long-living photoexcited carriers depends
exponentially on the spatial distance that builds up between
the carriers that have not recombined.

The very similar recombination behavior of the long-lived
carriers in the polymer composite and the inorganic semicon-
ductor strongly indicates that the presented recombination

process is common to the two very different types of mate-
Time (min) rials.

o
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FIG. 6. Decay curves of Fig. 4. The residual carrier densities
after long times tend to be independent of the initially photoexcited, VI. SUMMARY

ier densities. . . . . .
carner densiiies Persistent photoinduced charge carriers in conjugated

polymer/fullerene composites were investigated by LESR.
fullerene molecules. Second, it can be assumed that evepssuming a model in which the low-temperature recombina-
PCBM molecule is surrounded by and in contact with severation rate is strongly dependent on the spatial distance be-
polymer chains. The electrons on the PCBM moleculesween photoexcited carriers the recombination of persistent,
therefore can interact with holes on several polymer chainfong-living charge carriers can be successfully described.
in all directions, hence leading to a three-dimensional interThe presented model excludes thermal reexcitation and fo-
action. However, the authors also derived EQ.in one and  cuses on tunneling recombination processes of the photoex-
two dimensions and found that the dimensionality does notited carriers. The long lifetimes are solely ascribed to the
affect the decay curves of Fig. 4 for times much longer thanarge spatial distances that build up among the remaining
T=6x10">s. Since times$;<2 min were already excluded photoexcited carriers, which have not recombined at a
due to geminate recombination, no experimental informatiorshorter time. The recombination kinetics of long-lived carri-
can be obtained on the dimensionality. Also the fitting pa-ers in the composite are similar to those anSi:H and
rametera’ny, with the dimensior, gives no information on  a-Ge:H, for which the model had already been successfully
the dimensionality of the composite since it appeared physiapplied indicating a common recombination mechanism
cally reasonable in all three dimensions. for a subset of photoexcited carriers.

The observation of very long-lived carriers in the
MDMO-PPV/PCBM composite and ia-Si:H as well as the
successful explanation of the recombination mechanisms
with the same kinetic model is surprising. Although po- The authors thank J. C. Hummelen for providing the
laronic effect$’ in MDMO-PPV/PCBM are likely to en- fullerene PCBM. N. A. S. is greatly indebted to Professor P.
hance geminate recombination, the recombination kinetics af. Taylor for valuable discussions on low-temperature re-
long-lived carriers in the composite are similartdSi:H and ~ combination kinetics and acknowledges support by E. E. T.
a-Ge:H. In both materials, MDMO-PPV:PCBM amdSi:H, (EETK97115 and CW-NO in thePIONIER program, the
photoexcited carriers recombine rapidly, i.e., approximatelWNetherlands. This work is supported by the “Fonds zur
exponentially, in the temperature range above about 150Farderung der wissenschaftlichen Forschung” of Austria
200 K. Also, in both classes of materials the concentrationgProject No. P-12680-CHEand was also performed within
of the SS-LESR spin carriers are only weakly dependent othe Christian Doppler Foundations dedicated to Plastic Solar
the excitation light intensity and a power-law dependence o€ells funded by the Austrian Ministry of Economic Affairs
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