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Intensity-dependent relaxation dynamics and the nature of the excited-state species
in solid-state conducting polymers
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(Received 5 March 1997

Femtosecond transient-absorption dynamics are presented for an oligomer and a number of polymers from
the polyarylene vinylengfamily for excitation densities in the range from*#01(?* cm~2. We report careful
studies of the wavelength and pump-intensity dependence of the photoinduced absorption in a model five-ring
oligomer, 2-methoxy-82'-ethylhexyloxy-distyryl benzene. We show that a single photoexcited species, the
intrachain exciton, is responsible for all observable spectral features at low excitation densities. At higher
excitation densities, nonlinear relaxation processes are observed in both polymers and the oligomer, consistent
with exciton-exciton annihilation as a nonlinear-decay mechaniS®163-18207)00128-§

The optical properties of conjugated polymers have genwide range of excitation densities, and with samples having
erated widespread interest, both because these materialacontrolled degrees of photo-oxidation. For example, while
serve as model systems for understanding the electronsome results have interpreted the decreased fluorescence ef-
properties of quasi-one-dimensional semiconductdrand  ficiency in films as evidence for formation of secondary
because they have a strong potential for use as active matspecies, more recent results have demonstrated that in pris-
rials in optoelectronic deviceésConjugated polymers from tine samples of PPV it is possible to model the observed
the polyarylene vinyleng family have been extensively fluorescence dynamics and quantum efficiency without as-
studied by femtosecon@fs) and picosecondps transient- suming a second speci¥st! In addition to being of funda-
absorption(TA) spectroscop§;® since new subgap absorp- mental interest, a resolution of this controversy is essential to
tion features arise in these materials on ultrafast time scalesptimize optoelectronic devices made from this unique class
due to energy and structural relaxation to form polarons, biof materials.
polarons, and polaron excitons. However, considerable con- While many works have appeared examining the nature
troversy still surrounds the interpretation of the photoinducedf the initial photoexcitations in various members of the
spectral features, and the nature of the excited-state specipsly(arylene vinylengfamily, no previous study has bridged
on ultrafast time scales. This controversy centers around sethe range of experimental conditions and materials used in
eral fundamental questions in solid-state polymer sampleshese works to provide an unambiguous picture of both the
(1) is the initial photoexcitation best described as a stronglyntrinsic photoexcitation pathways and the origin of the con-
localized moleculatFrenke) exciton or a delocalize@Wan-  flicting observations of past studies. In this paper, we provide
nier) exciton?(2) Are more than one photoexcited speciesa detailed study of the TA features in several patylene
created at early times<{(1 p9? (3) How are the relaxation Vvinylenes over a wide range of excitation densities. These
pathways affected by the presence of defects due to photoreasurements establish that many of the conflicting results
chemical changes, chemical impurities, or structural disoroutlined above can be understood as arising from a combi-
der? nation of intensity-dependent interactions of the primary

The enduring nature of this controversy has arisen in panphotoexcited specie@ntrachain excitonsat high excitation
because measurements by different groups have yielded drdensities, and extrinsic photochemical defects. The produc-
matically different conclusions. In particular, based on ul-tion of these defects can proceed very rapidly for the ex-
trafast TA studies, several authors have reached the concltremely high photon fluences used in many pulsed experi-
sion that in polyphenylene vinylene(PPV) films all of the = ments, even in “inert” environments.

TA features can be explained as arising from a single pho- The majority of measurements presented in this paper
toexcited species: an intrachain excifohOther authors were taken using the five-ring PPV oligomer 2-methoxy-5-
have concluded that at least two distinct species are creatéd@’-ethylhexyloxy-distyryl benzene (MEH-DSB), with

at early times, and that the quantum efficiency for generatingtructure shown in the inset to Fig.'3.To demonstrate
the second specidg$spatially indirect excitons,” or bound the generality of the results obtained, measurements were
interchain polaron paijsin films can be as high as 90962  also performed in thin film samples of the polymers
The principal arguments for this second species have begmly(p-phenylene vinylene (PPV), poly{2-methoxy-5-

(1) The dynamics of the stimulated emissiSE) and photo-  (2'-ethylhexyloxy-p-phenylene vinylene(MEH-PPV), and
induced absorptior{PA) features were distinctly different poly(3-hexylthiopheng (P3HT). MEH-DSB was prepared
under the experimental conditions used in several studiegnd purified as described in Ref. 12, and thin films were
indicating that the features have distinct origif€°(2) The  deposited by vacuum sublimation onto sapphire substrates.
PA band has relaxation dynamics which are independent d¥lEH-PPV and P3HT samples were prepared as previously
intensity, indicating geminate recombination of a bounddescribed?!* and cast onto glass substrates in air. PPV
pair> Direct comparison of these results has been complisamples were made by thermal conversiga °C for 2 h,
cated by the fact that various studies were performed over then 140 °C for 2 h, and finally 220 °C overniglaf a stan-
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FIG. 1. The photoinduced transmission chany&/T (solid FIG. 2. Normalized time dependence efAT/T at 800 nm

line) in a MEH-DSB thin film. A region of positive\ T/T occurs, (1.55 eV} in a thin film of MEH-DSB, for varying photon flux. Flux
peaking at 535 nm, resulting from SE. The ReegativeAT/T)  Vvalues from upper to lower curves afe) 8.9x 10%cm™% (b)
peaks at=900 nm. The absorption coefficient, (dashed linpand ~ 2-7% 1014.0"172? (c) 8.3% 10" cm% (@ 1.3x 10cm2 The
PL (dotted ling are also plotted for comparison. The pump beamdashed lines are a fit to the data using Eq.(see text

photon energy3.1 eV) is indicated by the vertical arrow. The struc- o ) )
ture of MEH-DSB is shown in the inset. (3.1 eV), with incident energy controlled with a calibrated

neutral-density filter wheel. The remainder of the fundamen-

dard sulfonium-salt precursor polyme€rAll samples were tal was attenuated te<2 uJ and either used directly as a
measured under vacuum<6& mTorp to inhibit photo- Probe beam, or focused through a 1-mm sapphire plate to
oxidation processes. generate a broadband white-light continuum probe pulse

MEH-DSB serves as an ideal model compound for thewith spectral components from 450—1100 nm. The differen-
poly(arylene vinyleng family. High optical quality samples tial transmission AT/T) is defined as follows:
can be prepared by vacuum sublimation with control over thé T/T=(T—To)/To, whereT, and T are transmissivities in
degree of crystallinity by changing substrate temperattre. the absence and in the presence of the pump, respectively. In
All films in this study were amorphous. Samples of highthe small signal limit AT/T<1), AT/T is proportional to an
purity which have never been exposed to oxygen are easilgbsorption changela: AT/T~—Aad (d is the sample
prepared. Thin films of MEH-DSB are highly luminescent, thickness.
with the photoluminescencéPL) quantum efficiency esti- AT/T spectra at a fixed delay time between pump and
mated to be approximately 15%.The m—=* absorption probe pulses were recorded with a 0.15-m spectrometer
maximum occurs at 430 ni2.9 e\), so that near-band-edge coupled to a liquid-N-cooled charge-coupled device array
resonant pumping is achieved using our 400-(8ril-eV)  camera by averaging the signal over 1000—-2000 pulses. This
pump beam. Several authors have pointed out the advantag@sasurement provides information on the spectral distribu-
of studying oligomers when trying to identify the intrinsic tion of the excited-state absorption over a broad spectral
excitations in polymer$®~8 The absorption and emission range(0.45-1.1um). TA dynamics at a fixed probe wave-
line shapes of oligomers and polymers are quite similar, inlength were measured by mechanically chopping the pump
dicating similar degress of structural relaxation in the exciteddeam at a frequency of 140-500 Hz, and measuring the
state, despite a substantial upshift of ther* transition —modulation of the transmitted probe intensity using synchro-
energy in oligomers as a result of spatial confinement. Imous(lock-in) detection. A computer-controlled delay line in
addition, the excited-state absorption features are also quitbe probe path was used to vary the arrival time of the probe
similar between polymers and oligomers. Oligomers are eagpulse relative to the pump. The pump beam pulse width was
ily purified to a single chain length, so that additional energybroadened to approximately 150 fs at the sample plane.
relaxation channels due to a distribution of conjugation The principal TA spectral features in MEH-DSB are
lengths are absent. Finally, in MEH-DSB the principal TA shown by the solid line in Fig. 1, and are similar to those
features are spectrally separated enough to allow unambigtieported for many poliarylene vinylenes'® The bleaching
ous assignment despite their broad spectral linewidth. Theignal (positive AT/T) in the region of the absorption band
need for a simple molecular system which allows insight intoarises due to the depopulation of the ground-state electfons;
the broader class of materials is highlighted by the manythe positiveAT/T signal peaking at 535 nr{2.32 eV}, co-
existing conflicting studies of polgirylene vinyleng poly-  inciding with the PL(dotted line in Fig. ], is assigned to
mers as outlined above. SE?® the broad PA peak(negative AT/T) peaking at

Femtosecond TA studies were carried out using a regen=900 nm(1.38 e\j has an origin which remains controver-
eratively amplified Ti:sapphire lase(Clark-MXR CPA-  sial.
1000 emitting 100-fs pulses of 1-mJ energy at a wavelength Figure 2 shows the normalized ultrafast PA dynamics of
of 800 nm(1.55 eV} and a repetition rate of 1 kHz. The MEH-DSB probed at 800 nnfl1.55 eV}, within the broad
majority (90%) of the fundamental beam was frequency near-infrared PA band, for values of the photon flux ranging
doubled to provide the pump excitation source at 400 nnfrom 8.9x 10-1.3x 10'* cm™2 The magnitude of the peak
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3 that when care is taken to compare the dynamics at the
same intensity in pristine samples, the dynamics of the SE
and PA features are identicdlhese data indicate that in the
model PPV oligomer MEH-DSB, the excitation responsible
for the PA in the spectral region from50—-1100nm (1.13-

7 1.65eV) is the same as that for the SE: the intrachain exci-
] ton. We turn now to a discussion of the intensity-dependent
L= relaxation of the PA feature as shown in Fig. 2.

] To gain insight into the nature of the pump-dependent
dynamics, the data of Fig. 2 were modeled using a nonlinear
rate equation taking into account bimolecular decay pro-
cesses. The bimolecular annihilation of excitons in organic
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ool |- |t " process, the energy from one exciton is transferred to a
5 - >0 = yra— nearby exciton, which rapidly relaxes nonradiatively back to
Delay time (ps) the lowest excited state. This results in a net reduction in the

) . exciton population. Molecular systems in which annihilation
FIG. 3. A comparison of the dynamics of the SE at 535 nmqynamics have been directly observed include phthalocya-
(2.32 eV and the PA at 850 qn@l.46 eV} at two fluences. The nine derivative®25 and Qs0a24 which have extended
symbols  show the SE(solid squares, photon fluenee . gjactron structures similar to those found in conjugated
B e e L e oy oot gobmers. Excon-exciton annination in pabryene -
’ . u ' o oy . _Tylenes has been recently proposed to explain the sublinear
—0.3, such that the maxima of the two features coincide. The mseltntensit dependence of the maanitude of the cw’#3¢and
shows an expanded view of the same data on a shorter time scal% 1Sity dep 9 . !
the intensity dependence of the PL dynamics on the 100-ps

time scale?® but this process has been previously explicitly

AT/T at zero delay scales nearly linearly with pump inten- led h L lumi : d
sity at low intensities, with saturation occurring above a flux"4'€ out for the PA feature in luminescent conjugate

of approximately 18 cm~2. From Fig. 2 it is apparent that polymers>®2” Earlier work proposed annihilation as a decay

the dynamics are dramatically changed at high excitatiof"®chanism in conducting polymers, but without any investi-

densities. From the measured absorption coefficient in MEHJatON of intensity dependené®. Although these studies
DSB films at 400 nm, a photon flux of ¥cm~2 in our have implied the presence of bimolecular effects, because of

measurement corresponds to an excitation density € ultrafast nature of th? ann|hllat|9n process SL.JCh indirect
measurements cannot give insight into the physical mecha-

2.2x10?° cm™3, neglecting the effects of variation along the ' . : : :
nism of the luminescence quenching. The intensity-

film depth due to absorption of the pump bearn. A752tr-]e_phodependent decay data as shown in Fig. 2 represent the first

ton flux rises above a threshold of a fewl10 cm™2 in . . )
creasing contributions from ultrafast relaxation processes ar%'r_eCt measurement of thes_e effects with subpicosecond reso-
observed. These results indicate that nonlinear relaxatioprmOn In th|§ class of ma_tenals._ . . .
processes occur on ultrafast time scales, rapidly depleting the A generic rate equ_atlonzswhlch includes exciton-exciton
excited-state population of the species which contribute téammhnanon can be writtef
the PA band at 800 nm. We will return to a discussion of the
intensity-dependent dynamics, but first we present a com- d—N=G(t)— ﬂ_ (N2 1)
parison of the main TA spectral features. dt 7 7 '

One of the principal arguments for interchain bound pairs
as an intrinsic photoexcitation has been the reported lackhe functional form of the time-dependent nonlinear decay

of correlation between the dynamics of the SE band andate y(t) is sensitive to the effective dimensionality and the
the near-ir PA band. Since both the PA bafas above  role of diffusion in the annihilation proced$.For a three-
and the time-resolved photoluminescefideve been shown dimensional system in the strong diffusion limit,
to have intensity-dependent dynamics, it is clearly insuffi-y(t) =const, while in the diffusion-free limity(t)oct =2,
cient to compare the PA and SE features at a single pumfince the time scales for the nonlinear decay in Fig. 2 in-
intensity; the evolution of the two features must be carefullyvolve only the first few ps, diffusion cannot be expected to
measured over a range of intensities. Figure 3 shows a conplay a dominant role. For the purposes of illustration, the
parison of the PA dynamics in MEH-DSBneasured at 850 intensity-dependent data of Fig. 2 have been fit to @g.

nm (1.46 eVJ] with the SE dynamicgmeasured at 535 nm using y(t) =8t~ ¥2 as shown by the dashed lines in Fig. 2.
(2.32 eV)]. Special care was taken to avoid photodegradatio he fits shown were obtained using only two adjustable pa-
during these measurements. The squares and circles reprameters:z=150 ps and3=>5.3x 102 cm®/\/ps. The evo-
sent the SE measured at photon fluxes sf1®°cm 2 and  lution of relaxation dynamics for photon fluxes from
1.2Xx10' cm™2, respectively. The lines are the PA dynam- 9x 10'*-1.3x 10'® cm~2 is reproduced with reasonable ac-
ics measured at the same fluxes, and scébgda factor of curacy, considering that the details of the nonlinear interac-
—0.3) to have the same maxima as the corresponding Ston are likely quite complex, and that in disordered solid-
curves. The inset to the figure shows an expanded view dftate films of conjugated polymefsven at low excitation
the dynamics on a shorter time scale. It is evident from Figdensitie3 nonexponential decay dynamics are commonly ob-
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FIG. 4. Normalized—AT/T scans at varying photon fluences for thin films of four different falylene vinylenes (a) MEH-DSB, (b)
PPV, (c) MEH-PPV, and(d) P3HT. Photon fluences for these measurements, from upper to lower curves, respecti@lyasiested in
Fig. 2; (b) 1.0x10"cm™2, 3.3x10%cm 2, 1.0x10®%cm™% (c) 1.0x10%¥cm 2, 3.1x10% cm 2, 9.3x 10" cm % (d) 8.7x10%cm 2,
2.6x10%cm™2 8.0x 10" cm 2, 2.4x 10%cm ™2, 6.7x 10 cm 2.

served. The largest deviations from this simple rate equatioful: the variation of excitation-density within the film is not
are evident on the ps time scale, and it is possible that othéncluded. A more complete guantitative model which in-
nonlinear interactions at short times contribute to the ob<cludes these effects, as well as including terms which would
served relaxation dynamics. allow for nonexponential decay at low intensities, is not nec-
For the purposes of the present paper, however, a simplgssary for the conclusions drawn in this paper. It is important
picture can explain the salient photophysics of this modetg note that in both PPV and MEH-PPV, intensity-dependent
PPV oligomer. At low excitation densities, the dominant TA gecay dynamics are observatithe same probe wavelengths
features arise from excited-state absorption and stimulategare previous measurements ruled them56uthis dem-
emission from intrachain singlet excitons, and at higher eXqctrates that one of the principal arguments in favor of

citation densities nonlinear interaction of these singlet eXClyqund interchain polaron pairs as a dominant photoexcitation
tons leads to progressively faster recombination dynamics. ‘h poly(arylene vinylengfilms is incorrect
n .

should be noted that this nonlinear decay on the ps time sca Although the results presented thus far demonstrate

is absent in TA measurements performed over the same Ir(‘:_learly that the dynamics of the SE and PA in MEH-DSB are

tensity range in solution. This indicates that the three- . o )
y 9 correlated over the intensities presented, theynotprovide

dimensional interaction of excitons on separate chains pro- : .
vides the dominant nonlinear decay channel in thin films. an explanation of the lack of correlation between these fea-

We have clearly shown that nonlinear processes consid!"eS presented in previous work. In our studies of MEH-
tent with exciton-exciton annihilation contribute strongly to DSB. a@s the intensities were increased substantially above
the dynamics of the near-infrared PA band in MEH-DSB. Inthe levels presented in Fig.(& become comparable to those
order to test whether these results are more general, the P#§ed in previous repoitst became evident that at suffi-
dynamics were probed at 800 nth.55 eV} as a function of ~ ciently high carrier densities the SE undergoes a very rapid
intensity in a number of polarylene vinyleng polymers. decay, which is not matched by the PA. Moreover, at these
These results are shown in Fig. 4 fey MEH-DSB, (b) pure  same intensities we see evidence for rapid photodegradation
PPV, (c) MEH-PPV, and(d) P3HT. In all four materials we of the sampledirreversible reduction of the magnitude of
observe the same general form of intensity-dependent dysoth PA and SE featurgsn a few tens of seconds, after
namics. The detailed dependence of the dynamics on photomhich the samples again appear stable. We hypothesize that
flux in each material is different, which is not surprising the lack of correlation between the two features is a byprod-
since the position of the pump beam relative to ther™ uct of both photo-oxidation and high excitation densities;
absorption band, and the probe beam relative to the excitedmnder these conditions, a second ultrafast relaxation pathway
state absorption band, is different in each case. Since thHeecomes efficient, corresponding to the creation of a second
polymer films[(b) through (d) in Fig. 4] were thick com- species with significant quenching of the stimulated emis-
pared with the absorption depth of the pump beam, a simplsion. This hypothesis is consistent with recent reports that
guantitative analysis of the type shown in Fig. 2 is not usethe effects of deliberate photo-oxidation, when studied at ex-
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citation densities in excess of faxm3, lead to dramatic ficiently distinct to allow unambiguous separation. A more
quenching of the SE, but have a relatively minor effect ondetailed investigation of the intensity dependence of this sec-
the PA band’ ond PA band in MEH-DSB will be presented in Ref. 31.

It has also recently been reported that the SE quantum !N summary, we have performed careful measurements
efficiency varies strongly within films of the same polymer ©f the decay dynamics of the PA band around 800 nm and

depending on the preparation conditions and solvent used #9€ SE at 535 nm in the model oligomer MEH-DSB over
cast thin filmsZ It is clearly probable that some of the dis- & 'ange of excitation densities. We have observed nonlinear

crepancies in previous studies of the SE and PA dynamicEcombination dynamics consistent with exciton-exciton
are directly traceable to differences in the chemical purityanmh'lat'on in both features. Comparison of the decay dY'
namics for PA and SE shows that both of these bands arise

and microscopic morphology of the samples, and that futur? om photogenerated intrachain excitons as the primary

studies must attempt to quantify these differences so tha[hotoexcited species at low excitation densities. In addition
direct comparison can be made between results of differer}} P — )

we have observed pump-dependent PA dynamics in a variety
groups. We have demonstrated, however, that the presen

. . e - . Of conducting polymers indicating that similar nonlinear
ic'Jsf gonél:ee;rl (:cgt;n?gyo(?ep;grd?g:ee%?r:n?e'rr]lzgogvgzn@;nézs interactions are a general feature of the excited-state recom-
9 . . pdgry yiene . bination dynamics in many conjugated polymers from the
relatively little care is taken to control chemical purity of the poly(arylene vinyleng family. A second PA band with dis-
po'?t/r:ﬁ(;‘z'ld also be noted that we find a second PA si naturtinct dynamics was observed, however it does not influence
in MEH-DSB in the wavelength range between 620—7900 n the SE and primary PA bands. Given the similarities between
(1.77-2.0 eV. This band has decay dynamics distinct from he absorption and luminescence line shapes, the TA spectral

both the SE, and the PA feature from 750—1100 {m3— features, and the nonlinear recombination dynamics in our

1.65 eV}, but given the broad spectral extent of the PA band" O?dge?gg%rgfrdg?; ilz? ;Treor?r(ljaiir Clél;t?vgf t%g{'iﬂ?ﬁ%'ﬁ;ﬁ
in Fig. 1, this second feature is only evident from a detailed®®” ! gly sugg

comparison of dynamics at different wavelengths. Thephotoexcnatlons in all poliarylene vinylenesare intrachain

longer-lived nature of the second band leads to an apparere1 citons. In terms of the ongoing debate about the magnitude

blueshift of the PA band at longer times, similar to that re-0 the exciton binding energy, these results provide no direct

cently reported for another PPV derivative, BUEH-PBY. measurement. However, the nonlinear interaction of these

Our measurements could only detect this second feature (g(r cg]o;r;s a:;[frllr?eh ;éz'::tlgﬂc?::zlpefesirgxlsdgfuginesx.ﬁ’_?n?gsg
values of the photon flux>10' cm™2, implying that it is y P P - 1op

. ; - .. that the photoexcitation mechanisms in all of these materials
due to a secondary species created only at high excitation . : : .
" . . .—are identical, however, will take further careful studies of the
densities, perhaps as a byproduct of the nonlinear interaction . . .
wavelength and intensity dependence of the transient

of intrachain excitons. For the purposes of this paper, it suf- cited-state absorption in polymer films which are known to

fices to say that its presence does not account for the S S . .
. . : e pristine. These studies are beyond the scope of this paper,
guenching observed in solid-state samples, and does not altgr

the assignment of the SE and the PA between 750—-1100 ngﬂhvéilebg;trtlatrl;alls to claim a comprehensive understanding
(1.13-1.65 eVYto a single excited-state species. If this sec- '

ond band overlapped significantly with either the SE or the  We are grateful to H.-L. Wang for preparation of the
primary PA bands, then the dynamics of the latter two band®3HT and PPV samples and I. Campbell, C. Heller, and J.
would not match so exactly. Such an overlap of bands irFerraris for preparation of the MEH-DSB and MEH-PPV
other polyarylene vinylenesmay in fact help to explain samples. This research was supported by Los Alamos Di-
why the SE and PA bands in these materials do not matchected Research and Development funds, under the auspices
exactly; in MEH-DSB, it is fortuitous that the bands are suf- of the U.S. Department of Energy.
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