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Time-resolved infrared-absorption study of photoinduced charge transfer
in a polythiophene-methanofullerene composite film

S. C. J. Meskers, P. A. van Hal, and A. J. H. Spiering
Laboratory for Macromolecular and Organic Chemistry, Eindhoven University of Technology, P.O. Box 513,

5600 MB Eindhoven, The Netherlands

J. C. Hummelen
Stratingh Institute and MSC, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

A. F. G. van der Meer
FOM Institute for Plasma Physics, P.O. Box 1207, 3430 BE Nieuwegein, The Netherlands

R. A. J. Janssen
Laboratory for Macromolecular and Organic Chemistry, Eindhoven University of Technology, P.O. Box 513,
5600 MB Eindhoven, The Netherlands
(Received 18 November 1999

Photoinduced charge separation and recombination in®dlgxylthiophengfullerene derivative compos-
ite films is investigated at low temperatu&9 K) by measuring the time-resolved photoinduced absorption due
to the infrared active vibrationgdlRAV) modes of the polymer in the region 1125—-1300 ¢niThe charge
separation under 532 nm excitatitmepetition rate 5 Hgis found to be faster than the time resolution of the
setup(<200 ps. The decay of charge carriers can be described with power-law kinftics with a single
exponenty=0.21 from the subnanosecond to microsecond time scale. Hence, a large percentage of the charges
created(80%) recombine within 30 ns, the remaining long-lived ones recombine on a millisecond time scale.
On the millisecond time scale the decay can be approximated by dgefpéndence. On the nanosecond time
scale, the IRAV modes show only a small change in frequency upon varying the pump-probe delay, indicating
that the polaronic charge carriers on the polymer do not undergo major relaxation processes in this time
window.

Photoinduced charge transfer from-conjugated poly- triplet (neutra) excitations on the polymer and ongwith
mers to G occurs on a subpicosecond time scale and withthe absorption bands of the polaronic charge carriers makes
high efficiency’™ The excess energy provided by the pho-it difficult to probe the charges specifically. However, in the
toexcitation makes it possible to reach a metastable charggfrared region, charged and neutral excitations can be more
separated state in which an electron is transferred from theasily distinguished. While neutral excitations do not absorb
polymer to the G, Recombination of these charges wassignificantly in this region, charged excitations on the conju-
found to be a much slower process. The possibility to utilizegated polymer film give rise to strong infrared-active vibra-
the efficient photogeneration of long-lived charges in photo+tions(IRAV) and these modes provide a unique probe for the
voltaic devices with a polymer-fullerene blefioulk hetero- net charge of the excitatioff Charge carriers on the
junction) as the active layer has spurred further experimentalr-conjugated chain are localized on a self-induckxtal)
research in this process.The energy conversion of a bulk distortion of the nuclear geometry of the polymer. Due to the
heterojunction photovoltaic device critically depends on thestructural distortion, the symmetrical Raman-active modes
efficiency of charge carrier collection at the electrodes. For are converted into infrared-active modes giving rise to the
high collection efficiency a bicontinuous morphology of the IRAV bands.
blend, high charge carrier mobilities, and a long lifetime of PA measurements on conjugated polymer-fullerene
the charge-separated state are required. As a result of thdends in the infrared spectral region have provided direct
ultrafast forward electron transfer reaction it has been prospectral evidence for photoinduced charge transfer in these
posed that charge separation occurs essentially with a quamixtures®'° Most studies have relied on quasi-steady-state
tum yield near unity’~* For energy conversion, however, the measurements, probing specifically long-lived charge carri-
fraction of charge carriers that escapes fra@minateé re-  ers. Recently time-resolved measurements in the picosecond
combination is important. In this study we specifically ad-time range have appeared, employing IR probe pulses cre-
dress the lifetime of the charge-separated state, by studyirgted by difference frequency mixing of short pulses from dye
the temporal evolution of photoinduced charge carriers fronfasers:* This study showed that approximately 40% of the
the subnanosecond to the millisecond time regime. charge carriers generated in a p@ymethoxy-5-

So far most experimental studies have relied on photoin¢2’-ethylhexyloxy-p-phenylene vinyleng (MEH-PPV)/Gyg
duced absorptiofPA) measurements in the visible and near-composite recombine in the first 600 ps after excitation.
infrared spectral region to probe the charge carriers createdhese results are qualitatively consistent with the subnano-
Overlap of photoinduced absorption bands of singlet andecond decay observed in the near infraietR) region3#
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4ps dark transmittance, the net change in absorption coefficient
l l l l Fﬂjl AAE—A_T/T, Wh_ereT is the transmittance_ andT the
....... 1 change in transmittance due to photoexcitation by the pump,
1es could be calculated.

FIG. 1. Pulse structure of the FELIX macropulse consisting of a To measure the pho.toinduced absorption in the nanosec-
~4 us train of ~1 ps IR pulses, separated by 40 ns, at repetitionONd and microsecond time range, the output of the photodi-
frequency of 5 Hz. ode measuring the intensity of the transmitted infrared pulses

was recorded in a time window from1 to 3 us relative to

In this paper we present time-resolved PA measurementhie pump pulse with a storage oscilloscope. The signal was
using IR probe pulses from the free-electron laser FELIX inaveraged over typically 200 shots. Using an electronic shut-
the Netherlands. FELIX emits tunable pulses with a remarkter to modulate the excitation beam, the transmission with
able pulse structure enabling one to follow the induced aband without visible excitation could be recorded alternatingly
sorption from the subnanosecond into the microsecond timg, the following way. A second photodiode recording the
domain, a time span which is difficult to cover with a single yjsible pulse was positioned behind the electronic shutter and
more Conventional IR probe source. The material studied is gg output was used as a second trigger source for the storage
blend of regioregular pol-hexylthiopheng (P3HT) and a  ggcilloscope alternative to the trigger signal from FELIX.
derivative of G, 1-(?2—methoxycarbonylpropyl—l—phe_nyl—_ The delay of the trigger signal from the photodiode relative
[6.,6]Ce; ([6,6]PCBM).” The regioregular P3HT used in this  the trigger from the free-electron laser was adjusted elec-

study has a charge carrier mobility 6f10"* cn?/V's when . tronically in such a way that it arrived approximately 8 ns

tested in a metal-insulator-semiconductor field-effect transis-,_ . .
: . o earlier than the trigger from the free-electron lageEL). As
tor (MISFET) configuration:>!* The modification of 99 )

fulleene Gy to [6,6/PCBM allows larger amounts of =% B B CeR el e BaE e e e second
fullerene to be mixed with the conjugated polymer without : P b

extensive phase segregation to occur but does not change t Iée.rnatlve trigger s_lgnal for half of the S.hOtS. fror_n_ the
photoinduced electron transfer reaction significafily. NA:YAG laser. In this way, the IR pulse train with visible
As a pulsed infrared radiation source the free-electron lali9t off appears in the oscilloscope trace with an apparent
ser, FELIX, at the FOM Institute for Plasma Physics in Nieu-delay _of 8 ns relative to the_ IR pulse train W|_th V|S|ble_I|ght
wegein, The Netherlands was used. The laser provides infr@n- With a 300 MHz bandwidth for the detection, the signals
red pulses with approximately 1 ps duration and a spectraid not overlap and could be integrated separately from the
width in the region of interest 0of-0.07 um [full width at ~ digitized oscilloscope trace.
half maximum(FWHM)]. The actual output of the laser con- ~ To increase the time resolution beyond the 40 ns deter-
sists of a train of these-1 ps pulses forming a macropulse mined by the separation between the IR micropulses, the
with approximately 4us duration. The picosecond micro- pulses were split by a ZnSe beam splitter and one part of the
pulses are separated by a 40 ns time interval. In Fig. 1 theeam was sent through an optical delay line retarding the
pulse structure is illustrated. The repetition rate of the macpulse by 20 ns and then recombined with the underlayed
ropulses is 5 Hz. The output of a frequency doubledpart. To further increase the time resolution beyond the 20
Nd:YAG laser(where YAG denotes yttrium aluminum gar- ns, the delay of the Nd:YAG pulse relative to the infrared
net (532 nm was used to photoexcite the sample. Themicropulses was varied with steps of 2 ns over the 20 ns time
Nd:YAG laser was synchronized to the infrared source. Meainterval.
surements were carried out at 80 K using an optical cryostat Photoinduced absorption in the millisecond time range
with ZnSe windows. The intensity of the transmitted infraredwas measured between 0.25 and 3.5 eV by exciting with a
beam was measured with a Mercury Cadmium Telluridenechanically modulated cw Ar-ion las€b28 nm pump
photodiode operating at room temperature. A long pass filtebeam and monitoring the resulting change in transmission of
was placed directly in front of this diode to prevent the vis-a tungsten-halogen probe light through the sampl€)(with
ible laser light from reaching the detector. The Nd:YAG a phase sensitive lockin amplifier after dispersion by a triple
pump and FELIX probe beams were combined in two differ-grating monochromator and detection, using Si, InGaAs, and
ent setups, one for probing the picosecond time regime andeooled InSb detectors. The pump power incident on the
one for probing PA in the nanosecond to microsecond resample was typically 25 mW with a beam diameter-e?
gime. mm. Thin films were held at 80 K using an Oxford Optistat
To achieve picosecond time resolution the delay of thecontinuous flow cryostat.
infrared probe pulse relative to the visible pump pulse was Regioregular P3HT with molecular weightM,,
varied by means of an optical delay line. The output of the=31kg/mol determined by size-exclusion chromatography
photodiode measuring the intensity of the transmitted infra{SEQ against polystyrene standards and polydisperBity
red beam was integrated with a boxcar integrator. By modu= 1.6, was synthesized via the McCullough rdfitand pu-
lating the visible light beam with an electronic shutter, suc-rified with repeated Soxhlet extractiohsThe regioregular-
cessive light-on and light-off measurements wereity was determined to be 95% B NMR by comparing the
automatically subtracted by the boxcar integrator and the sigsignal intensities at 2.80 and 2.60 ppm. This procedure yields
nal was averaged over seven on-off cycles. By scanning the lower but more reliable value than analysis of the aromatic
optical delay line the rise of the photoinduced absorptiorregion of the spectruni6,6]PCBM was synthesized accord-
could be recorded. The traces of five scans of the delay lining to previously published methods.Amounts of P3HT
were averaged to obtain the final signal. Recording also thand[6,6]PCBM, equal in weight, were dissolved separately
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FIG. 2. Time dependence of the photoinduced absorption of the
P3HT{6,6]PCBM composite film monitored at 1275 ¢h(7.87
mm) at 80 K. Excitation wavelength 532 nm,0.5 mJ/pulse, pump
fluence~2 mJ/cnd. The solid line represents the fit &t~ with
a=0.21 to the data. Inset: rise of the photoinduced absorption. Th
solid line is a fit of the error function to the datsee text and the
dashed line represents the autocorrelation of the pump pulse.

FIG. 3. Part of the photoinduced transient absorption spectrum
of the P3HTE6,6]PCBM composite film at 80 K. Pump: 532 nm,
~0.3 mJ/pulse and fluence0.3 mJ/cr. Filled squares: spectrum
measured with 4 ns delay between pump and probe, open squares
0 ns delay.

tion | = \V2Dt, wheret is the time and the diffusion con-

. . . . stant given by the Einstein equati@~ ukT/e and, hence,
in toluene (yielding solutions of 2% by weightand then depends on the charger carrier mobility. Taking

mixed. Films were made by drop casting the mixed solution_ 10 2cnV's and T=300K, the time required to diffuse

on single-crystal NaCl plates. _ 100 nm(a typical layer thickness in a photovoltaic device

~ InFig. 2 the time dependence of the photom_dluced absorRgy1d be~200 ns. Figure 2 shows that, even at 80 K where
tion monitored at a single wavelength275 cm= or 7.87  recombination is expected to be sloief0% of the charge
um) is shown. The inset shows the rise of the photoinduce@arriers have recombined by this time. Of course these esti-
infrared absorption together with the autocorrelation signajnates change dramatically when the internal electric field of
of the visible excitation pulse. A fit of the functiof(t)  a photovoltaic device is taken into account. In that case the
=A[1—erf(t/7)], where erf is the error function, to the ex- charges migrate under the influence of an electric field. A
perimental signal is indicated by the solid line and a rise timgigure of merit for the timet to migrate a distancd

7of 0.11 ns was obtained. The fitted function corresponds t&-100nm unde a 1 V potential difference (i.e., E

the signal expected for a long-lived photoinduced absorption- 17 \//m) would bet=1/(xE)~10ns. It is clear that by
created by an excitation pulse with a Gaussian temporal prapis time a significant amourit-50%) of recombination will

file with 190 ps FWHM. The measured autocorrelation sig-have occurred.

nal of the excitation pulse shows shoulderstalop ps. From The wavelength tunability of the FEL also allows for
these measurements we conclude that the rise time of th@easurement of the infrared spectrum as a function of pump-
photoinduced absorption is shorter than the time resolutloElb:obe delay. In Fig3 a small part of the infrared spectrum
of our instrument, and determined mainly by the temporakeasured with a delay of 4 and 60 ns after excitation is
width of the visible excitation pulse. Thus the generation ofgshown. After 60 ns no further changes in the spectrum could
charge carriers takes place on a time sea00 ps. This is  pe opserved. The two main absorption bands at 1125 and
in agreement with previous studies which suggest a subpicoro75 cnl can be identified as th&, and T, modes, the
second photoinduced electron transfer. _ shoulder at 1175 cit with the far less intens&; mode.

In the main part of Fig. 2 the decay of the photoinducedrneseT modes are attributed to uniform translational motion
absorp_tlon following thg ra}pld rise is |Ilustrate_d. Wlt_hln 25 of the charged excitation along the polymer chain. Previ-
ns the induced ab;sorpuon is reduced to one-third of its maxipysly reported frequencies for these bands on P3HT detected
mum value, showing that a large part of the charges create,gsing quasi-steady-state techniques Bye 1130; T, 1188;
recombines rapidly. About 20% of the polaronic charge CarandT,, 1269 cm L8 in good agreement with our observa-
riers created survive the initial rapid recombination processigns. ' '
and persist for at least several microseconds. The dynamics gapjier studies have revealed a considerable difference in
of the decay can be described by the funct®(t) =At"",  jhared frequencies between the IRAV bands of photoin-
wherea=0.21+0.02 for the subnanosecond to microsecondy,ced carriers and those induced by chemical dopifg
time span. The same type of decay of the photogenerateg,yqesting that the IRAV frequencies are sensitive to the
charge carriers, with a coefficient=0.07, has been ob- enyironment of the carrier. The present time-resolved study
tained in the 1-100 ps time regime for a composite of MEH-ghows that minor changes in the IRAV spectrum occur with
PPV and a similar @ derivative in the NIR regiofi.Future  {ime indicating that the carriers do not undergo major relax-
experiments may show whether a simple power law sufficegtjon processes in the time interval studied.
to describe the recombination kinetics in the entire 1 pss1 Finally, we have investigated the lifetime of the long-
time range in a conjugated polyme_r-ful_lerene blend. “lived photogenerated polarons in the  polymer-

The kinetics for charge recombination allow us to esti-methanofullerene blend using a modulation technique with
mate the root-mean-square diffusion distandg¢ ¢f the phase sensitive detection. Here the photoinduced absorption
charge carriers in absence of an electric field from the relawas measured at 3060 ¢t (3.27 um). By measuring the
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10k " —y sional motion. In general, diffusion limited recombination
" processes in disordered materials follow complex kinetics
0l with a time-dependent rate constant due to thermalization of
o the charge carriers and their trapping in the lowest states of
ool " the inhomogeneously broadened density of states. The decay
LS may be described by a stretched exponetitial even more
) % complex function® and these equations can actually ac-
L:]
a
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count for the difference in dynamic behavior in the two time
domains studied in Fig. 4. The low mobility of the charge
P carriers in these organic materials compared to, e.g., inor-
Time (8) ganic semiconductors may then explain the longevity of the
“free” carriers in comparison with those in inorganic mate-
FIG. 4. Dependence of the photoinduced absorption signal omjals.
the pump-probe delay at 80 K. Solid squares: pump 532-ath5 We have shown that photoinduced charge carriers are
mJ/pulse, fluence-2 mJd/cnf, probe 7.87 mm from FEL. Open generated in a forward electron transfer reaction with a rise
squares: Mechanically modulated continuous wave pump (25 time limited by the excitation pulse wid{r<200 p3. On the
mW) at 528 nm and probe at 3060 crh This latter signal has been nanosecond time scale, the IRAV modes show only a small
cprrected for the difference in absorption cross section at the W@hange in frequency upon varying the pump-probe delay,
different probe wavelengths used. indicating that the polaronic charge carriers on the polymer
do not undergo major relaxation processes in this time win-
dependence of the photoinduced absorption signal on thdow. A large percentag®0%) of the charges created recom-
modulation frequency in the range from 30—4000 Hz ancbine within the first 30 ns after excitation; the remaining
then doing a Fourier transformation on the data, the decay dbng-lived ones recombine on a millisecond time scale. The
the absorption signal in the millisecond time range can besignificant recombination of charge carriers at 30 ns may
determined. The resulting trace was corrected for the differlimit energy conversion that can be obtained with these com-
ence in the absorption cross section at 1275 and 3060 cm posite materials in photovoltaic devices. Our experiments
and is shown in Fig. 4 The data have not been corrected for show that the decay of charge carriers follow&ta ® power
the difference in the energy of the excitation pulses in thdaw with «=0.21 from the subsnanosecond to the microsec-
modulation and pump-probe experiment. Intensity and timeond time scale. For related conjugated polymer-fullerene
dependence of the long-lived absorption indicate that theomposites, similar kinetics have been observed in the
charge carriers disappear by recombination following bimo-1—-100 ps time reginié suggesting that charge recombina-
lecular recombination kinetics. tion occurring in the ultrafast to intermediate time domain
Figure 4 illustrates that the recombination of photoin-may perhaps be described by a single power law.
duced charge carriers takes place on multiple time scales We gratefully acknowledge support by the Stichting voor
spanning seven orders of magnitude. Recombination of thEundamenteel Onderzoek der Mate(f€OM) in providing
geminate charge pair created from a single excitation at ththe required beam time on FELIX and highly appreciate the
polymer G, interface is expected to make a major contribu-skillful assistance by the FELIX staff. This work was sup-
tion to the rapid decay. The excess energy provided by thported by the Dutch Ministry of Economic Affairs through
exothermic charge-transfer reaction is enough to allow fothe IOP Program Electro-Optid&rant No. IOE9500Band
dissociation of the geminate pair into “free” charge carriersthe E.E.T. program(Grant No. EETK9711p and by the
by a subsequent electron transfer step of the hole to a neigiGouncil for Chemical Sciences of the Netherlands Organiza-
boring polymer chain or a jump of the electron between twation for Scientific ResearctCW-NWO) and the Technische
fullerene molecules. These “free” charge carriers may thenUniversiteit Eindhoven in the PIONIER prograi@rant No.
recombine with a charge carrier of opposite sign after diffu-98400.
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