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Direct observation of charge-transfer dynamics in a conjugated conducting polymer
poly(3-octylthiophene-fullerene composite by time-resolved infrared spectroscopy
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Transient infrared-active vibrationdRAV) modes observed in the-conjugated conducting polymers upon
photoexcitation are usually used to characterize the dynamics of the photoinduced charge separation and
recombination processes. In this paper, the dynamic behavior of photogenerated charge carrier if3he poly
octylthiopheng (P30OT) conducting polymer doped with fullerene {{f has been studied by using step-scan
time-resolved Fourier-transform infrared spectroscopy at room temperature #60@—900-cm?* (0.31—
0.11-e\j frequency region. Upon photoexcitation with a 10-ns laser pulses, it is observed that IRAV modes
appear in the similar vibrational frequency regions for pure P30T agd@ped P3OT; however, the observed
IRAV modes is enhanced by 800% in intensity in the presence of small amounp ¢¢.G., 10%. Our results
also show that the charge separation occurs instantaneously within the laser puls€l@idgh whereas the
charge recombination processes occur in the microseconds to a few milliseconds time domain. In addition, the
observed enhancement in the IRAV modes upgndoping indicates an enhanced photogeneration efficiency
of the charge separation.
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INTRODUCTION ation of those excitations mentioned above, the symmetrical
(Raman-activevibrational modes in the midinfrared region
Conducting polymers possess the known advantages dfecome infrared-active modes, so-called IRAV modes.
synthetic polymers, such as the processability from solutiorf herefore, the charge separation and recombination dynam-
or the melt, flexibility, low density, and versatility for chemi- iCs in the conducting polymer upon photoexcitation can be
cal modifications. Many applications have been proposednonitored by following the temporal behavior of the IRAV
and studied for conjugated polymérsuch as field-effect absorption. There are _several studies on the photomduced
transistor$* light-emitting diodes, nonlinear optical and 'RAV modes in conducting polymers, most of which are car-
photovoltaic device&” Molecular order and alignment have f€d out by using low-temperature Fourier-transform infrared
an important impact on the properties of conjugated poly-(FTlR) difference spectroscopy.” As a result, no dy-
mers. A highly oriented fibrillar polyacetylene shows a con-
ductivity comparable to coppéup to 1¢ S/cm,® and when
aligned, the polymer in the light-emitting diodes emits highly
polarized light.
In conducting polymers, the quasi-one-dimensional elec

namics on the charge separation and recombination has been

reported until recently. Using picosecond time-resolved ir

measurement, single-wavelength probing of the photoin-

duced IRAV modes on conjugated-polymer—fullerene blends

has been reporteld.The results show the presence of photo-

] . , induced charge transfer in these mixtures, with the charge

tronic structure is strongly coupled to the chemi¢géo-  recompination occurring on multiple time scales spanning

metrica) structure’ As a result, the charged excitatio-  several orders of magnitude. However, real-time measure-

larons and bipolarons are self-localized around local ment of the IRAV modes in a broad spectral range has not

structural distortions with electronic states within the energyyet been reported.

gap due to the electron-phonon couplifig! The conduction In this paper, the photoinduced IRAV modes in péBy

in conducting polymers is hopping of electrons betweerpctylthiopheng (P30T) conducting polymer have been in-

these charged carriers, which involves mainly the conductionestigated in the spectral region of 2500—900 ¢niy using

between chainénterchain conducting and also the conduc- the nanosecond step-scan time-resolved FTIR spectroscopy,

tion along conjugated polymer chairimtrachain conduct- which has the ability to probe the whole midinfrared region

ing). simultaneously. The effect of the presence of an electron ac-
Electronic absorption and vibrational spectroscopy ofceptor, such as & on the charge separation and charge

conjugated conducting polymers have been analyzed expefiecombination processes has also been studied.

mentally and theoreticalyThese charged excitations can be

studied spectroscopically by direct optical pumping above

the energy gap with an intense light soutt& In order to EXPERIMENT

probe the photogeneration of charge carriers in conducting

polymer, photoinduced absorption measurements in the vis-

ible and near-infrared region are generally uSeHowever, Regiorandom pol§8-octylthiophengwas synthesized ac-

difficulties due to band overlap usually oc¢iiOn the other  cording to a modified methold, with a mean molecular

hand, due to polymer structural distortion as a result of creweight of M ,,~80kDa?° Fullerene (G, was purchased

Sample
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from Alfa Aesar(Ward Hill, MA) and used without further
purification. After mixing P30T and & in toluene at a
weight ratio of 10% G, P30T-G, composite films were
prepared on CafFwindows, by evaporating the solvent to
give appropriate optical densities Rf,,—~450—500 nm in
the visible absorption spectra ang,,~1450cm?t in the
infrared absorption spectra for polymer.

Absorption

Time-resolved FTIR spectroscopy

As described previousR}, transient FTIR measurements
were carried out on the Nicolet Magna-IR 860 step-scan
FTIR spectrometefNicolet Instrument Corp, Madison, WI
Briefly, a 50-MHz mercury-cadmium-tellurid®CT) detec- 0.06
tor (Kolmar Technologies Inc., Conyers, GAvith a linear b —— 0% 00
infrared light-intensity response was used with appropriate
ac- and dc-coupled preamplifiers. The overall time resolution
of the system is~80—90 ns. Data were taken with temporal
resolutions of 50 ns, 100 ns, and 48, at a spectral resolu-
tion of 8 cm 1. The spectral region covers 3000—900 ¢m
(0.36-0.11 eY, by use of the combination of a MCT detec-
tor that has a low-frequency cutoff at 600 ¢ Cak, win-
dows that have a low-frequency cutoff @900 cm %, and a
germanium-based ir band-pass filter that has a high- 00 ™ 1500 1250
frequency cutoff at 3200 cit. The study was carried out in
the time domain of 20 ns to 10 ms. Data are presented in the
spectral region of 2500—900 crh(0.31-0.11 eV, as shown FIG. 1. Steady-state absorption spectra for P3Qg, &nd their
below. Transient signals were co-added 5—-6 times to imeomposite:(a) Visible absorption spectra of P3O T(solid line),
prove the signal to noise ratio. The nanosecond neodymiunwith 10% of G, added. P30Tdotted ling and G, (broken ling on
doped yttrium aluminum garnéNd:YAG) laser(Quantum- a Cak window, in the 300—800-nm region. The insert shows the
Ray DCR-3, Mountain View, CAprovides an output at 532 corresponding spectra of each in toluefi. Infrared spectra of
nm as its second-harmonic generati@HG) with a laser P30T-Gy (solid line) and P30T only(dotted ling in the frequency
energy of 3 mJ/pulse at a repetition rate of about 3 Hz andange of 1750650 cht. In both the visible and infrared spectra,
was externally triggered by the Nicolet Omnic data acquisithe absorption intensity of P30Tggfilm has been enlargedl.5
tion system. Steady-state FTIR spectra were also taken Hjmes for spectral normalization.
using the Nicolet FTIR spectrometer. All the measurements
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were carried out at room temperature. tion spectra for P30T-g(10%) composite on CgRvindow
in the frequency range of 2500—900 ¢m(0.31-0.11 eV:.
RESULTS AND DISCUSSIONS The spectra are collected at various delay times after laser

excitation as indicated. Our collection spans the time domain
Figure 1 shows the steady-state visible and infrared abef photogeneration and the decay processes of the IRAV ab-
sorption spectra for P30T, ¢ and their composite with sorption bands observed for this polymer. Four localized
10% G, Comparing with those in toluer€&ig. 1(a), inset, IRAV absorption bands at 1440 crh(a broad band with a
inhomogeneous spectral broadening and a slight blueshift ishoulder at 1380 cit), 1200 cm'?, 1090 cm%, and 1010
the absorption maximum are observed in the visible regiomm ! are observed. These can be assigned to uniform trans-
when samples are in the form of filifrig. 1(a)]. This actu- lational motion of charged excitation along the polymer
ally has made it possible to efficiently photoexite the systenthain (polaron or T mode3.!*?? The ring-bending (R)
with laser at 532 nm that has been used in our experimenmodes® due to the weak coupling of charge distortion on the
The addition of Gy is found to change steady-state infraredthiophene ring are not observed in our measurements be-
spectra of P30T in the frequency region of 1750-650tm cause they are normally below 900 th(i.e., below the
as shown in Fig. (b). It should be mentioned that in Fig. 1, cutoff of the Cak windows usedl
the absorption spectra of films have been normalized, such as Figure 3 shows time-resolved IRAV absorption spectra for
the absorption band intensity of the P30J{20%) sample P30T only on a Cafwindow in the frequency range of
has been multiplied by 1.5 times. This factor has to be use@500—-900 cm' at various delay times. The observed IRAV
when we calculate the enhancement of the observed transieabsorption band feature is essentially identical to that shown
IRAV upon adding G in Fig. 2, except that the band intensity of thdsenodes in
The use of step-scan time-resolved FTIR allows us tadhe P30T-G, composite is much higher than that of those in
monitor the transient IRAV modes in the mid-infrared as apure P3OT film. The enhancement of the observed transient
function time. Figure 2 show the time-resolved IRAV absorp-IRAV modes can be estimated by using the broad band at
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FIG. 2. Room-temperature time-resolved IRAV absorption spec-

tra for P30T-Gy(10% composite on a CgFwindow in the fre-
quency range of 2500—900 ¢rhat various delay times after laser
excitation at 532 nm, as indicate@) 450 ns,(b) 1.5 us; (c) 6 us;
(d) 37 us; (e) 160 us; (f) 600 ws; (g) 2.5 ms. This covers the time

domain of photogeneration of the charge separation and recombi-

nation processes of polymer.
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FIG. 3. Room-temperature time-resolved IRAV absorption spec
tra for P30T only on the CgFwindow in the frequency range of
2500-900 cri' at various delay times after laser excitation at 53
nm, as indicated(a) 1.5 us; (b) 8 us; (c) 30 us; (d) 45 us; (e) 75
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FIG. 4. The temporal behavior of the averaged IRAV modes in
the time regime of microseconds to millisecon@.The change of
the integrated absorption band intensity in the 2000—1000tcm
region for P30OT-Gy(10%) composite(upper curvéand P30T-only
(lower curve, in the time regime of 0—45@s (b). The change of
the integrated absorption band intensity in the 2000—-1000tcm
region for P30T-Gy(10%) composite in the time regime of 0-9 ms.
The inset in(b) shows the rise phag@-1 us) of the IRAV mode.
The fitted results are also shown to give at least biexponential re-
laxation processeéwith lifetimes and amplitudes shown in each
cas@, and a monoexponential rise phase.

1440 cm! as follows: In curvea of Fig. 2, AADS; 440 e 2
~0.03. SinceA AbS; 449 cnr1=~0.006 in curvea of Fig. 3, the
ratio of these two values gives an enhancement factor of
approximately 5 times upon adding 10%,CTaking account
of the optical density factdr~1.5) in the steady-state spectra
(Fig. 1) as mentioned above, the overall enhancement of
IRAV modes becomes 7-8. For the P30d;Composite
with a smaller amount of £ (such as 2% or 5% a slightly
larger enhancement factér~10-12 has been estimated.

The photoinduced or doping-induced infrared absorption
bands can be explained by the amplitude mode tHédéfpr
the effective conjugation coordinate thedfyAccording to
these theories, the normal vibrations that induce oscillations
in bond alternation can be observed in the infrared spectra of

photoexcited conducting polymers. The strong intensities of
those observed IRAV modes are due to vibration-induced
charge fluxe$. Doping P30T (which is a strong electron

us; (f) 800 us. This covers the time domain of photogeneration ofdonor®) with Cgo molecules that have large electron affinity

the charge separation and recombination processes of polymer.

23541

values, makes charge transfer energetically favorable. This
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accounts for the observed enhancement of IRAV modes asoduced along the conjugated polymer chdeirsd also be-
result of doping with Gy as shown in Fig. 2. tween polymer and £), which recombines rapidly and gives

Figure 4 compares the temporal behavior of the integratedse to fast decay components in the charge recombination
absorption band of the IRAV modes from 2000 to 1000 ¢m process. Some of the photogenerated geminate charge pairs
for both the 10% doped and the undoped P30T in the timenay be further separaté8due to the presence of the photo-
regime of microseconds to milliseconds. The time depeninduced forward charge transfer between P30T ard C
dence of the overall integrated signal is shown here withiforming P30T and G), and/or due to the electron hop-
good signal-to-noise ratio. It is also found that each indi-ping to neighboring specig®30T or G). This gives rise to
vidual band in this frequency region shows a similar timethe observed slow charge recombination processes. In addi-
dependenceédata not shown The fitted results in the time  tion, these charge recombination processes are mainly diffu-
window of 450us show that the decay process of the IRAV sion controlled, i.e., they may follow complex kinetics,
mode has approximately three exponential components: tw@hich can be described by using power-law functibh¥,or
fast components having lifetimes of 5% (~40-50% in  multiple exponential function&, which is consistent with
amplitude and of 100-15Qus (~30-35 % in amplitudefor  our data shown in Fig. 4.
both the doped and undoped P3QHig. 4@)], and a slow Using time-resolved FTIR spectroscopy, our data reveal
component of~2.3 ms(~20%) lifetime as seen in Fig.().  that the charge separation process occurs in less than a hun-
This indicates that the complete decay of the observed IRAdred nanoseconds, and the charge recombination processes
mode occurs within a few milliseconds. It should be pointedare in the time domain of microsecond to milliseconds. This
out that since the charge recombination occurs on a timebservation is in agreement with a previous stddgat
scale between few microseconds to a few milliseconds, thehowed that about 80% of the fast charge separation has
complex decay phase of the charge recombination processgscombined within tens of nanoseconds following a picosec-
can also be described by using power-law function, or @nd pulsed-laser excitation in the case of [8ly
combination of exponential and power law functions, as hagexylthiophengCg, System. The significance of the current
been used previously:'* study is that, since the energy conversion of a bulk hetero-

The formation of the rapid charge separation forjunction photovoltaic device critically depends on the effi-
P30T-G(10%) has also been monitored by following the ciency of charge carrier collection, higher charge carrier mo-
transient IRAV absorption spectrum, as shown in the Figbilites and longer lifetime of charge separation would
4(b) insert. The fitted results give an apparent rise time ofcertainly be useful in achieving a metastable charge-
~90 ns, which is roughly the rise time of the measurementeparated state for fabrication of photovoltaic devices.
system used in our study.This suggests that the formation | summary, by using step-scan time-resolved FTIR spec-
of the charge separation may occur in less than 90 ns whetfoscopy, nanosecond to microsecond transient IRAV absorp-
using 10-ns pulsed laser excitation. An earlier study hasion spectra have been obtained at room temperature. The
shown that bound polarons are formed in the primary timeenhancement of IRAV band intensity has been observed by
regime of a few picoseconds using picosecond laser excitaadding a few percent of the electron acceptgy, Ghdicating
tion for poly(p-phenylenevinylene® It has also been re- an enhancement of the photoinduced charge separation. This
ported that the photoinduced charge transfer frommakes P30T-g composite a relatively good candidate for
m-conjugated polymers to its dopangd®ccurs on the sub- yse in photovoltaic devices. Our study shows that time-
picosecond time scale with high efficieridy:® These, to- resolved FTIR spectroscopy is very useful in studying the
gether with our results presented here, indicate that boungynamics of charge separation and recombination processes
polarons are probably formed rapidly within the nanosecondn conjugated conducting polymers.
laser pulse width or shortly after the excitation.

The microsecond and millisecond fast relaxation compo-
nents(~80% in amplitude totalin Fig. 4 can be assigned to
the geminate charge recombination process, in which the We thank the Chemical Science, Geosciences and Bio-
bound polaron recombines rapidly, as also pointed ousciences Division, Office of Basic Energy Sciences, Office of
previously'*?® The slow components essentially reflect theSciences, U.S. Department of Energyder Grant No. DE-
dynamics of the long-lived charge species. It is generally@7ER14799 for financial support. We also thank Mr. Colin
believed that upon photoexcitation, a geminate charge pair isleyes for proofreading the manuscript.

ACKNOWLEDGMENTS

*Corresponding author.  Electronic address: Mostafa.El- R. H. Friend, and P. L. Burn, Natuteéondon 347, 539(1990.

Sayed@chemistry.gatech.edu 6G. Yu, J. Gao, J. C. Hummelen, F. Wudl, and A. J. Heeger, Sci-

13. S. Miller, Adv. Mater.5, 587 (1993. ence270, 1789(1995.

23.D. Stenger-Smith, Prog. Polym. S2B, 57 (1998. ’S. C. Veenstra, G. G. Malliaras, H. J. Brouwer, F. J. Esselink, V.

SE. Garnier, G. Horowitz, X. Peng, and D. Fichou, Adv. Matr. V. Krasnikov, P. F. van Huntten, J. Wildeman, H. T. Jonkman, G.
592(1990. A. Sawatzky, and G. Hadziioannou, Synth. Mg4, 971(1997.

4F. Garnier, R. Hajlaoi, A. Yassar, and P. Srivastava, Sci@é&e 8T. Schimmel, G. Denninger, W. Riess, J. Voit, M. Schwoerer, W.
1684 (1994. Schoepe, and H. Naarmann, Synth. V28, 1 (1989.

5J. H. Burroughes, D. C. C. Bradley, A. R. Brown, M. K. MacKay, °Y. Furukawa, J. Phys. Cheri00, 15644(1996.

235413-4



DIRECT OBSERVATION OF CHARGE-TRANSFE . . . PHYSICAL REVIEW B 64 235413

0K, Lee, R. A. J. Janssen, N. S. Sariciftci, and A. J. Heeger, Phys. J. Org. Chem58, 904 (1993.

Rev. B49, 5781(1994). 20x -Y. Hong, Ph.D. thesis, Georgia Institute of Technology, Atlanta
1. J. Heeger, S. Kivelson, and J. R. Schrieffer, Rev. Mod. Phys.  (2000.
60, 781(1988. 213.-P. Wang and M. A. El-Sayed, Biophys.8D, 961 (2001).
'2T. A. Skotheim, Handbook of Conducting Polymerd®ekker, 224 E. Schaffer and A. J. Heeger, Solid State Commfg).415
New York, 1986. (1986.
'°B. Kraabel, D. McBranch, N. S. Saridiftci, D. Moses, and A. J. 23\1 Gussoni. C. Castiglioni and G. Zerbi, Bpectroscopy of Ad-
Heeger, Phys. Rev. BO, 18 543(1994). vanced Materials edited by R. J. H. Chark and R. E. Hester

s, C. Meskers, P. A. van Hall, A. J. H. Spiering, J. C. Hummelen, (Wiley, Chichester, 1991 p. 251.
A. F. G. van der Meer, and R. A. J. Janssen, Phys. Re&1,B
9917 (2000.

153, Poplawski, E. Ehrenfreund, S. Glenis, and A. J. Frank, Synth.
Met. 28, C335(1989.

186G, Lanzani, L. Rossi, A. Piaggi, P. A. J. and C. Taliani, Chem.
Phys. Lett.226, 547 (1994).

17N. Yokonuma, Y. Furrkawa, and M. Tasumi, J. Mol. Strugf9,

24G. Zerbi, M. Gussoni, and C. Castiglioni, {Bonjugated Poly-

mers edited by J. L. Bredas and R. Silbégluwer Academic,

Dordrecht, 199}, p. 435.

5B, Horovitz, Solid State Commurl, 729 (1982.

26A. Sakamoto, O. Nakamura, G. Yoshimoto, and M. Tasumi, J.
Phys. Chem. AL04, 4198(2000.

27N. S. Sariciftci, L. Smilowitz, A. J. Heeger, and F. Wudl, Science

25 (1996.

184, Johanssona, C. J. Brabeca, H. Neugebauera, N. S. Sariciftcia, 228 1474(1992.
J. C. Hummelenb, R. A. J. Janssen, and C. KvarnsaaSynth. N. S. Sariciftci and A. J. HeegeHandbook of Conducting Or-
Met. 101, 192 (1999. ganic Molecules and PolymeryViley, New York, 1996.

19R. D. McCullough, R. Lowe, M. Jayaraman, and D. L. Anderson, >J. C. Phillips, Rep. Prog. Phys9, 1133(1996.

235413-5



