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Charge-induced dephasing in thin polythiophene films
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The third-order nonlinear susceptibiligf® normalized to the absorption coefficiemtdisplays a dramatic
drop at 0.4 eV above thg§,— S, transition in polythiophene derivatives. Steady-state photoconductivity data
show the intrinsic photocrent starting exactly where the decreag&ihx is seen. These results point to a
change from bound excitons to free-electron hole pairs at 0.4 eV abo th®, transition, and support the
description of such disordered conjugated polymers using a molecular approach rather than as infinite one-
dimensional semiconductors.
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[. INTRODUCTION leads to a localization of the electronic wave function and a
broadening of the density of statd809). In this picture the
Organic materials are currently at the forefront of intenseelementary excitations are Coulombically bound electron-
research in nonlinear optics because of their unique eled0le (&-h) pairs not different from the excited states of oli-

. '11 e
tronic and optical properties. Conjugated polymers compris§omeric model compound§:* Additionally, SSF spectra

an important material system in this regard, combining theShOW a very sm_all Stol_<es_sh|ft only, lndlcatlng_ that the
electron-phonon interaction is weak and suggesting that the

zf;%(t::g;alc anr% rgft(?::n(':g?rl]ﬁ]?rﬁert;?sggigggmﬁiﬁ V}’ggrog:]?c_redshift between absorption and emission spectra observed in
rronic properti : y . 9aNIGonventional photoluminescence spectroscopy reflects the

semiconductor$. The discovery of electroluminescence in loss of electronic energy in course of the spectral

conjugated polymefshas opened up a new field in which g|ayationt? within the context of this model charge genera-

considerable attention has been given to the photophysicgpn, js a secondary process as it is in molecular solids in
and electro-optical properties of these materials due to thegeneraft3

potential application in light emitting devicé$.An impor-
tant recent development was the observation of stimulated Il. EXPERIMENT

ission f iety of po(p-phenylenevinylene(PP
emission from a variety of pol{p-phenylenevinylene(PPV) Polythiophene is an important member of the class of

and its derivatives~’ Despite the amount of work in this Fg_njugated polymers. Although it generally shows weak Iu-

area, there remain fundamental questions about the natumlnescence it has been extensively investigated for its good
and the klnetlcs of the electronic e>§C|t_at|ons in thgse mater'i:onductivity and relatively high optical nonlineari.Re-
als. In particular, an accurate description of the primary pho

L . itical h lication in liaht-emitti cently, polythiophene or its oligomers have been fabricated
tqexutaﬂons’ Is critical to the application In light-emiting . thin-film organic transistors and smart pix&lddere, we
diodes(LED's) and lasers. Current debate centers on alteranot 5 study undertaken to elucidate the photoexcitation

nate descriptions of the conjugated chains as quasi-ongnq decay in a class of polythiophene derivatives. We use a
dimensional semiconductors, or using a molecular approackpmpination of degenerate four wave mixing to determine
including the effects of random disorder. ~ x® and stationary photocurrent measurements in a sandwich
The observed large energetic shift between absorption angbnfiguration to measure the charge-carrier generation. We
emission spectra leads to the assumption that strong electrofycus on trying to find a consistent description of the results
phonon interaction is a characteristic feature of conjugatedf both experiments in terms of the photoexcited states, in
polymers and therefore, can be described in the traditiongdarticular using the molecular approach described above.
one-dimensional semiconductor mofélere, the polymer is We look at a number of polythiophene derivatives in
treated as a set of fully elongated infinite chains with negli-which the band gap, oscillator strength, and optical nonlin-
gible interchain interaction. The primary excitations are dis-earity can be controlled to some degtfé@hese derivatives,
cussed as lattice stabilized quasiparticles, e.g., polarons amuepared using the Stille coupling reaction, consist of ran-
bipolarons. Photoluminescence is attributed to the decay afomly alternating units of unsubstituted thiophene or
the so-called polaron exciton and the observed Stokes shithiend 3,4-bjpyrazine rings. This method allows materials to
reflects the polaron binding energy. be produced with minimum structural defects, doping, or
An alternative model based upon results obtained by sitesveroxidation and a wide range of functional groups to be
selective fluorescend@SH spectroscopyfocuses on a mo- incorporated as side groups into the polymer. By adjusting
lecular approach. Within this model a conjugated polymer ighe ratio between these units as well as the substituents on
treated as an array of localized subunits due to the inherentihe pyrazine ring, the solubility and optical properties of the
present disorder in noncrystalline polymers. The disorderesulting polymer may be adjusted. Figure 1 shows the mo-
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¥ ; . Degenerate four wave mixindpFWM) experiments were
CHulQ  OC,Hy ] carried out in the folded box coherent anti-stokes Raman
NH ] spectroscopyCARS) geometry. More details of the experi-
s [\ s 1 mental setup may be found in Ref. 16. Pulses with approxi-
mately 100 fs width were generated in the 720—900-nm
wavelength region using a mode-locked Ti:sapplivéra
900F, Coherent Cpfollowed by a pulse picker to reduce the
repetition rate to 100 kHz. Pulses with similar widths were
obtained in the 500—700-nm region with an optical paramet-
' ric amplifier (OPA 9400, Coheretpumped by a regenera-
oG tive Ti:sapphire amplifietRegA 9000, CohereptThe beam
SN was split into three, which were focused onto the sample spot
o 1000 2000 ao00  diameter of approximately 26m. Two of the beams “write”
Time [fs] a grating through the third-order nonlinear optical suscepti-
bility, x®, with the third beam “reading” the grating. The
FIG. 1. Typical DFWM transients of some polythiophene de- deflected wave passed through a spatial filter and was de-
rivatives with variable conjugation length. The transient observedected by a silicon photodiod@Hamamats) the output of
for the VB 297 is marked by an arrow. The inset shows the chemiwhich was sent through a preamplifier followed by a lock-in
cal structure of the polythiophene derivative synthesized via themplifier (SR560, Stanford Research Systérns improve
Stille coupling. signal-to-noise ratio.

For measuring the electronic response, the two write
lecular structure of the polymer used in this investigation.beams(irradiancel; and |,) are polarized parallel to each
Thin films were prepared by casting the solution in chloro-other and are temporally and spatially overlapped on the
form onto glass slides under controlled conditions and allowsample. The read beani;f can be delayed in time by a
ing a slow (several daysevaporation of the solvent. The translation stage, allowing measurement of the temporal
resulting film had a thickness of 0/m and an optical band response of the nonlinearity. As a reference, we used
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gap of about 1.48 eVsee Fig. 2a)]. CS,(x®¥~6x103esy, which is transparent in the wave-
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length region of our experiments. The magnitude of thefracted signal is then composed of an ensemble of eigen-

third-order susceptibility is determined using states with energies in the spectrum of the laser pulse and
phases such that the sinusoidal grating is produced during the
@1 @yl Ns 2\/ lgs  [(11l213) et duration of the optical pulse. The grating can then be viewed
Ixs” | = xret @ rref m as a wave packet given by a suitable light-induced superpo-
' sition of the excited eigenstates. After the pulse the indi-
%ol expaly/2) ) vidual eigenstates develop in time according to their
ef ] —exp(—aLy)’ eigenenergies, i.e., the phase factors in the linear superposi-

tion change in time and the wave packet tends to be smeared
whereng andn,; are the refractive indices of the sample andout, thus decreasing the diffraction efficiency of the grating
reference, respectively is the absorption coefficient, ahd  which leads to a decay of the signal. The time scale of this
and L are the thicknesses of the sample and referencelecay is given by the bandwidth of energies of the eigen-
respectively. states building up the grating, which in turn are determined
by the laser spectrum. Since this is given by the duration of
the laser pulse the decay takes place on a time scale compa-
rable with the duration of the pulse. The decay is the more

Figure 1 shows the diffracted beanh,) for parallel- pronounced, the larger the localization length is. For strongly
polarized writing beams as a function of the delay timaf  localized excitations with localization length much smaller
the reading beam with respect to the excitation pulses. Ththan the wavelength of the grating no effect of this ultrafast
observed nonlinear response appears to be instantaneadBcay is expected, since an effective smearing out of the
(buildup) and is due to the generation of excitons. The decayacket is not possible. For large localization length exceed-
of the nonlinear signal involves two time scales indicatinging the wavelength of the grating there can be a total decay
that there is more than one relaxation channel involved in thef the signal on the ultrashort time scale of the pulse. For
decay process. The transient respofecay can be well intermediate cases the decay is still fast, however, not com-
described in a first approximation by a biexponential decaylete, such that a finite diffraction efficiency remains in the
with decay times ofr;~100fs andr,~1 ps, respectively. long-time limit. This finite value is the smaller the more
The ultrafast decay component may, in principle, be due to @xtended the eigenstates are. In Fig. 1 this behavior can be
coherent interaction(coherent artifagt between the three clearly seen in polythiophene derivatives with varying de-
beams in the DFWM experiment. By changing the polariza-grees of disorder. For the upper two traces the crossover
tion of 15 with respect tol, and |, the coherent artifact from the short-time to the long-time regime appears at a
should be eliminated. However, no change in the dynamictarger DFWM intensity, while for the lower two traces,
of the ultrafast component has been found in our measurevhich correspond to more delocalized states this cross over
ments. Therefore we attribute this ultrafast component to &#appens at a lower intensity.
genuine intrinsic process. Theoretical considerations show In the long-time regime the phonon assisted hopping pro-
that, by contrast with linear optics, nonlinear optics may incesses become important leading to a decay with a time scale
principle exhibit critical behavior related to localization, a given by the hopping rates, which is, depending on spatial
phenomenon which is strongly connected to disotd@ihe  arrangement of the optical excitations, their density of states
material under investigation is strongly inhomogeneously(DOS) and on temperature, usually much longer. From Fig. 1
broadened as can be seen from the absorption spectrum @me obtains decay rates in the long-time regime that are on
Fig. 2(@). Therefore we have to take into account the inher-the order of about 1 ps. This compares favorably with the
ently present disorder in the interpretation of the irreversiblerates deduced from PL upconversion measuremténts.
decay of the nonlinear signal in this class of materials. Taking into account that the large resonant nonlinearities

We argue that the fast initial process is related to disordein these conjugated materials are usually attributed to satu-
present in our samples. The influence of disorder on the dyration of the absorption as can be inferred frafrscan
namics of optical excitation on an ultrafast time scale hasneasurement, the scenario described above can be sum-
been studied theoretically in the context of four wave mixingmarized as follows: localized excitonic states will give a
in the spontaneous photonecho configuration and for noninlarger nonlinear polarization than extended excitonic states.
teracting particled’ In this case the dephasing of the optical In ordered semiconductors, similar effects are due to exci-
polarization is of primary interest, while in our present con-tonic enhancemert, however, the inherent disorder present
figuration the dynamics of the optically excited densityin polymers such as these makes the discussion of the
is monitored. Nevertheless, the fundamental principles alsdropoff in terms of dephasing described by Lonskyal*’
apply here. more appropriate.

The electronic eigenstates in a disordered environment Wavelength-dependent DFWM experiments show that the
can be localized and are then characterized by a localizatiomain contribution to the nonlinear response comes from the
length that depends on disorder. We assume that the wavisw-energy side of the absorption spectrum. Normalizing the
length of the population grating is comparable to the local-measuredy®) value with the absorption coefficient at a cer-
ization length of the relevant optical excitations being detertain wavelength leads to a constayif)/« value [see Fig.
mined by the conjugation length of the underlying polymer2(a)] well known from the literaturé® By scanning the
segments. The population grating responsible for the difwavelength of the DFWM experiment further across the ab-

IIl. RESULTS AND DISCUSSION
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sorption profile a dramatic decrease of é)/« value ap-  with the absorption spectrum. The photocurrent is normal-
pears around 0.4 eV above tBg—S,0-0 absorption edge. ized to the number of photons absorbed in the bulk. The
Taking into account that the exciton binding energy in thisyield spectrum displays some fluctuations in the range of the
class of materials is of the order of about 0.3—0.5 eV as haS1<Sp 0-0 absorption edge followed by a plateau up to
been revealed by time-resolved  luminescenceEexc=1.68€V and an additional monotonous increase at
spectroscop-?2it is likely that intrinsic charge generation Eexc>1.68€V. The photocurrent fluctuations in the range of
leads to the decay of the coherence in the nonlinear respondf€ absorption edge may result both from the low signal-to-
Support for this assumption comes from the decay time NOIS€ ratio in this spectral range and from r_e5|dual extrinsic
~1ps which concurs well with the hopping timewell contr|but|0|js to the photocqrrent. From previous .vgalnkls.
time) of an excitation residing on a site having lower energyknown thatj . 5o can be attribute to volume photoionization.

: : : n VB 297 the intrinsic photogeneration starts 0.35-0.40 eV
neighbors, as can be inferred from luminescence upconvel- ) e
sion spectroscopy. above theS;«S; 0-0 absorption threshold. This is in ac-

Subsequently, we focus on the scenario described abov prd_ W?th _the photoioni_zation in p_olydiacetyleﬁésrvhere
Therefore steady-state photoconduction measurements ha £ mtnnsw_charge carrier gengratlon stertf.5 eV abo_ve
been performed on an 80-nm-thick VB 297 film spin coated" ' absorption edge qnd confirms t.hat an enaﬁyj’ IS

from a hot chloroform solutioi1% weight/weighk The film necessary for generating ? freehlpalr frorr|1 an e?<0|ton|c
was deposited on top of an indium tin oxiddO) coated g;erﬁ/l‘;;;\?er:t(?;?r'ogg?;ﬁ’g‘ﬁ%%esu ts recently obtained on PPV
glass slide. On the ITO a 6—8-nm-thick layer of silicon mon- ) '

oxide (SiO) was evaporated, to block charge injectfdmt A comparison between DFW.M gnd photocurrent mea-
the same time SiO affects discharge of carriers only margin§uremepts cle%r;y shows the coincidence of the severe de-
ally, due to its lower band gap and its higher dark conducLrease in the.X /a values a}nd the onset of the Intrinsic
tivity as compared to that of polymeric materigld 3 vs photoge_neratlon. Wg have directly obse_rved this drop when
107 15(Q cm™})]. Before completing the sandwich configura- the exciting beams in the DFWM experiment are about 0.4

tion by evaporating aluminungAl) top electrodes of 0.07 eV above thes,;—S,0-0 absorption edge of the poly-

cm? the device was kept in a vacuum chamber at a pressuf@iophene derivative. The roughly constat)/ a value be-
of about 108 mbar at 295 K for 12 h to remove residual low the band edge and the dramatic decrease above suggest a

solvent change in the nature of the photoexcited state at this point.

The stationary photocurrent measurements were carrie-Ehis behavior can be consistently ex.pla_ine_d using a molequ—
out in a temperature-controlled cryostat using a calibratedmar approach_as due.to the onset of intrinsic photogenera_tlon
xenon lamp as a light source and quartz optics. Lock-in tech®f fre€ &-h pairs leading to the decay of the coherent nonlin-
niques were employed for signal detection and the photocu£2f résponse. Our data indicate that the exciton binding en-
rent action spectrum was recorded in a pointwise mannefra@y in this class of materials is on the order of 0.4 V.
from low to high photon energies. In order to minimize space
charge effects the device was shorted after each measure-
ment and kept in the dark for 5 min before the next data We gratefully acknowledge fruitful discussion with P.
point was taken immediately after turning on the light. Dark Thomas. This work was performed within the Japanese
currents were of the order of 16° A/cm? typically two or-  “Nonlinear Photonics Materials” Project under the manage-
ders of magnitude lower than the lowest photocurrent conment of Japan High Polymer Center as part of Industrial
sidered for data evaluation. This rather low value of the darkScience and Technology Frontier Program supported by New
current demonstrates the purity of our device. Energy and Industrial Technology Development Organiza-

Figure 2b) shows the photocurrent action spectrum of ation and by the Deutsche Forschungsgemeinsct@RiB
80-nm-thick VB 297 film recorded upon irradiating through 383), the Stiftung Volkswagenwerk and the Fonds der Che-
the ITO/SIO anode j(;. si0) at E=2.5X 10° V/icm together  mischen Industrie.
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