
PHYSICAL REVIEW B 15 JULY 1997-IIVOLUME 56, NUMBER 4
Intensity-dependent relaxation dynamics and the nature of the excited-state species
in solid-state conducting polymers

E. S. Maniloff, V. I. Klimov, and D. W. McBranch
Chemical Science and Technology Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

~Received 5 March 1997!

Femtosecond transient-absorption dynamics are presented for an oligomer and a number of polymers from
the poly~arylene vinylene! family for excitation densities in the range from 1018–1021 cm23. We report careful
studies of the wavelength and pump-intensity dependence of the photoinduced absorption in a model five-ring
oligomer, 2-methoxy-5-~28-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 mechanism.@S0163-1829~97!00128-8#
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The optical properties of conjugated polymers have g
erated widespread interest, both because these mate
serve as model systems for understanding the electr
properties of quasi-one-dimensional semiconductors,1,2 and
because they have a strong potential for use as active m
rials in optoelectronic devices.3 Conjugated polymers from
the poly~arylene vinylene! family have been extensivel
studied by femtosecond~fs! and picosecond~ps! transient-
absorption~TA! spectroscopy,4–9 since new subgap absorp
tion features arise in these materials on ultrafast time sc
due to energy and structural relaxation to form polarons,
polarons, and polaron excitons. However, considerable c
troversy still surrounds the interpretation of the photoinduc
spectral features, and the nature of the excited-state sp
on ultrafast time scales. This controversy centers around
eral fundamental questions in solid-state polymer samp
~1! is the initial photoexcitation best described as a stron
localized molecular~Frenkel! exciton or a delocalized~Wan-
nier! exciton?~2! Are more than one photoexcited speci
created at early times (<1 ps!? ~3! How are the relaxation
pathways affected by the presence of defects due to ph
chemical changes, chemical impurities, or structural dis
der?

The enduring nature of this controversy has arisen in p
because measurements by different groups have yielded
matically different conclusions. In particular, based on
trafast TA studies, several authors have reached the con
sion that in poly~phenylene vinylene! ~PPV! films all of the
TA features can be explained as arising from a single p
toexcited species: an intrachain exciton.4,7 Other authors
have concluded that at least two distinct species are cre
at early times, and that the quantum efficiency for genera
the second species~‘‘spatially indirect excitons,’’ or bound
interchain polaron pairs! in films can be as high as 90%.5,6,8

The principal arguments for this second species have b
~1! The dynamics of the stimulated emission~SE! and photo-
induced absorption~PA! features were distinctly differen
under the experimental conditions used in several stud
indicating that the features have distinct origins;5,6,8,9~2! The
PA band has relaxation dynamics which are independen
intensity, indicating geminate recombination of a bou
pair.5 Direct comparison of these results has been com
cated by the fact that various studies were performed ov
560163-1829/97/56~4!/1876~6!/$10.00
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wide range of excitation densities, and with samples hav
uncontrolled degrees of photo-oxidation. For example, wh
some results have interpreted the decreased fluorescenc
ficiency in films as evidence for formation of seconda
species,5 more recent results have demonstrated that in p
tine samples of PPV it is possible to model the observ
fluorescence dynamics and quantum efficiency without
suming a second species.10,11 In addition to being of funda-
mental interest, a resolution of this controversy is essentia
optimize optoelectronic devices made from this unique cl
of materials.

While many works have appeared examining the nat
of the initial photoexcitations in various members of t
poly~arylene vinylene! family, no previous study has bridge
the range of experimental conditions and materials use
these works to provide an unambiguous picture of both
intrinsic photoexcitation pathways and the origin of the co
flicting observations of past studies. In this paper, we prov
a detailed study of the TA features in several poly~arylene
vinylenes! over a wide range of excitation densities. The
measurements establish that many of the conflicting res
outlined above can be understood as arising from a com
nation of intensity-dependent interactions of the prima
photoexcited species~intrachain excitons! at high excitation
densities, and extrinsic photochemical defects. The prod
tion of these defects can proceed very rapidly for the
tremely high photon fluences used in many pulsed exp
ments, even in ‘‘inert’’ environments.

The majority of measurements presented in this pa
were taken using the five-ring PPV oligomer 2-methoxy
~28-ethylhexyloxy!-distyryl benzene ~MEH-DSB!, with
structure shown in the inset to Fig. 1.12 To demonstrate
the generality of the results obtained, measurements w
also performed in thin film samples of the polyme
poly~p-phenylene vinylene! ~PPV!, poly@2-methoxy-5-
~28-ethylhexyloxy!-p-phenylene vinylene# ~MEH-PPV!, and
poly~3-hexylthiophene! ~P3HT!. MEH-DSB was prepared
and purified as described in Ref. 12, and thin films we
deposited by vacuum sublimation onto sapphire substra
MEH-PPV and P3HT samples were prepared as previou
described,13,14 and cast onto glass substrates in air. P
samples were made by thermal conversion~80 °C for 2 h,
then 140 °C for 2 h, and finally 220 °C overnight! of a stan-
1876 © 1997 The American Physical Society
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56 1877INTENSITY-DEPENDENT RELAXATION DYNAMICS AND . . .
dard sulfonium-salt precursor polymer.15 All samples were
measured under vacuum (,5 mTorr! to inhibit photo-
oxidation processes.

MEH-DSB serves as an ideal model compound for
poly~arylene vinylene! family. High optical quality samples
can be prepared by vacuum sublimation with control over
degree of crystallinity by changing substrate temperatur12

All films in this study were amorphous. Samples of hi
purity which have never been exposed to oxygen are ea
prepared. Thin films of MEH-DSB are highly luminescen
with the photoluminescence~PL! quantum efficiency esti-
mated to be approximately 15%.12 The p–p* absorption
maximum occurs at 430 nm~2.9 eV!, so that near-band-edg
resonant pumping is achieved using our 400-nm~3.1-eV!
pump beam. Several authors have pointed out the advant
of studying oligomers when trying to identify the intrins
excitations in polymers.16–18 The absorption and emissio
line shapes of oligomers and polymers are quite similar,
dicating similar degress of structural relaxation in the exci
state, despite a substantial upshift of thep–p* transition
energy in oligomers as a result of spatial confinement.
addition, the excited-state absorption features are also q
similar between polymers and oligomers. Oligomers are e
ily purified to a single chain length, so that additional ener
relaxation channels due to a distribution of conjugat
lengths are absent. Finally, in MEH-DSB the principal T
features are spectrally separated enough to allow unamb
ous assignment despite their broad spectral linewidth.
need for a simple molecular system which allows insight i
the broader class of materials is highlighted by the ma
existing conflicting studies of poly~arylene vinylene! poly-
mers as outlined above.

Femtosecond TA studies were carried out using a reg
eratively amplified Ti:sapphire laser~Clark-MXR CPA-
1000! emitting 100-fs pulses of 1-mJ energy at a wavelen
of 800 nm ~1.55 eV! and a repetition rate of 1 kHz. Th
majority ~90%! of the fundamental beam was frequen
doubled to provide the pump excitation source at 400

FIG. 1. The photoinduced transmission changeDT/T ~solid
line! in a MEH-DSB thin film. A region of positiveDT/T occurs,
peaking at 535 nm, resulting from SE. The PA~negativeDT/T)
peaks at'900 nm. The absorption coefficient,a, ~dashed line! and
PL ~dotted line! are also plotted for comparison. The pump bea
photon energy~3.1 eV! is indicated by the vertical arrow. The struc
ture of MEH-DSB is shown in the inset.
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~3.1 eV!, with incident energy controlled with a calibrate
neutral-density filter wheel. The remainder of the fundam
tal was attenuated to,2 mJ and either used directly as
probe beam, or focused through a 1-mm sapphire plat
generate a broadband white-light continuum probe pu
with spectral components from 450–1100 nm. The differe
tial transmission (DT/T) is defined as follows:
DT/T5(T2T0)/T0, whereT0 andT are transmissivities in
the absence and in the presence of the pump, respective
the small signal limit (DT/T!1!, DT/T is proportional to an
absorption changeDa: DT/T'2Dad (d is the sample
thickness!.

DT/T spectra at a fixed delay time between pump a
probe pulses were recorded with a 0.15-m spectrom
coupled to a liquid-N2-cooled charge-coupled device arra
camera by averaging the signal over 1000–2000 pulses.
measurement provides information on the spectral distri
tion of the excited-state absorption over a broad spec
range~0.45–1.1mm!. TA dynamics at a fixed probe wave
length were measured by mechanically chopping the pu
beam at a frequency of 140–500 Hz, and measuring
modulation of the transmitted probe intensity using synch
nous~lock-in! detection. A computer-controlled delay line i
the probe path was used to vary the arrival time of the pr
pulse relative to the pump. The pump beam pulse width w
broadened to approximately 150 fs at the sample plane.

The principal TA spectral features in MEH-DSB a
shown by the solid line in Fig. 1, and are similar to tho
reported for many poly~arylene vinylenes!.19 The bleaching
signal ~positiveDT/T) in the region of the absorption ban
arises due to the depopulation of the ground-state electron19

the positiveDT/T signal peaking at 535 nm~2.32 eV!, co-
inciding with the PL~dotted line in Fig. 1!, is assigned to
SE;19 the broad PA peak~negative DT/T) peaking at
;900 nm~1.38 eV! has an origin which remains controve
sial.

Figure 2 shows the normalized ultrafast PA dynamics
MEH-DSB probed at 800 nm~1.55 eV!, within the broad
near-infrared PA band, for values of the photon flux rang
from 8.931013–1.331015 cm22. The magnitude of the pea

FIG. 2. Normalized time dependence of2DT/T at 800 nm
~1.55 eV! in a thin film of MEH-DSB, for varying photon flux. Flux
values from upper to lower curves are~a! 8.931013 cm22; ~b!
2.731014 cm22; ~c! 8.331014 cm22; ~d! 1.331015 cm22. The
dashed lines are a fit to the data using Eq.~1! ~see text!.
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1878 56E. S. MANILOFF, V. I. KLIMOV, AND D. W. McBRANCH
DT/T at zero delay scales nearly linearly with pump inte
sity at low intensities, with saturation occurring above a fl
of approximately 1015 cm22. From Fig. 2 it is apparent tha
the dynamics are dramatically changed at high excita
densities. From the measured absorption coefficient in ME
DSB films at 400 nm, a photon flux of 1015 cm22 in our
measurement corresponds to an excitation density
2.231020 cm23, neglecting the effects of variation along th
film depth due to absorption of the pump beam. As the p
ton flux rises above a threshold of a few31014 cm22, in-
creasing contributions from ultrafast relaxation processes
observed. These results indicate that nonlinear relaxa
processes occur on ultrafast time scales, rapidly depleting
excited-state population of the species which contribute
the PA band at 800 nm. We will return to a discussion of
intensity-dependent dynamics, but first we present a c
parison of the main TA spectral features.

One of the principal arguments for interchain bound pa
as an intrinsic photoexcitation has been the reported
of correlation between the dynamics of the SE band
the near-ir PA band. Since both the PA band~as above!
and the time-resolved photoluminescence20 have been shown
to have intensity-dependent dynamics, it is clearly insu
cient to compare the PA and SE features at a single pu
intensity; the evolution of the two features must be carefu
measured over a range of intensities. Figure 3 shows a c
parison of the PA dynamics in MEH-DSB@measured at 850
nm ~1.46 eV!# with the SE dynamics@measured at 535 nm
~2.32 eV!#. Special care was taken to avoid photodegrada
during these measurements. The squares and circles r
sent the SE measured at photon fluxes of 631015 cm22 and
1.231015 cm22, respectively. The lines are the PA dynam
ics measured at the same fluxes, and scaled~by a factor of
20.3) to have the same maxima as the corresponding
curves. The inset to the figure shows an expanded view
the dynamics on a shorter time scale. It is evident from F

FIG. 3. A comparison of the dynamics of the SE at 535 n
~2.32 eV! and the PA at 850 nm~1.46 eV! at two fluences. The
symbols show the SE ~solid squares, photon fluence5
6.031015 cm22; open circles, 1.231015 cm22). The lines represen
the PA, taken at the same fluences, and scaled by a facto
20.3, such that the maxima of the two features coincide. The in
shows an expanded view of the same data on a shorter time s
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3 that when care is taken to compare the dynamics at
same intensity in pristine samples, the dynamics of the
and PA features are identical.These data indicate that in th
model PPV oligomer MEH-DSB, the excitation responsi
for the PA in the spectral region from750–1100nm (1.13–
1.65eV) is the same as that for the SE: the intrachain ex
ton.We turn now to a discussion of the intensity-depend
relaxation of the PA feature as shown in Fig. 2.

To gain insight into the nature of the pump-depend
dynamics, the data of Fig. 2 were modeled using a nonlin
rate equation taking into account bimolecular decay p
cesses. The bimolecular annihilation of excitons in orga
solids has been studied extensively, both theoretically21,22

and experimentally.23–25 In the exciton-exciton annihilation
process, the energy from one exciton is transferred t
nearby exciton, which rapidly relaxes nonradiatively back
the lowest excited state. This results in a net reduction in
exciton population. Molecular systems in which annihilati
dynamics have been directly observed include phthaloc
nine derivatives23,25 and C60,

24 which have extended
p-electron structures similar to those found in conjuga
polymers. Exciton-exciton annihilation in poly~arylene vi-
nylenes! has been recently proposed to explain the sublin
intensity dependence of the magnitude of the cw PL,20,26and
the intensity dependence of the PL dynamics on the 100
time scale,20 but this process has been previously explici
ruled out for the PA feature in luminescent conjugat
polymers.5,8,27Earlier work proposed annihilation as a dec
mechanism in conducting polymers, but without any inves
gation of intensity dependence.28 Although these studies
have implied the presence of bimolecular effects, becaus
the ultrafast nature of the annihilation process such indir
measurements cannot give insight into the physical mec
nism of the luminescence quenching. The intensi
dependent decay data as shown in Fig. 2 represent the
direct measurement of these effects with subpicosecond r
lution in this class of materials.

A generic rate equation which includes exciton-excit
annihilation can be written21,25

dN

dt
5G~ t !2

N

t
2g~ t !N2. ~1!

The functional form of the time-dependent nonlinear dec
rateg(t) is sensitive to the effective dimensionality and t
role of diffusion in the annihilation process.22 For a three-
dimensional system in the strong diffusion limi
g(t)5const, while in the diffusion-free limitg(t)}t21/2.
Since the time scales for the nonlinear decay in Fig. 2
volve only the first few ps, diffusion cannot be expected
play a dominant role. For the purposes of illustration, t
intensity-dependent data of Fig. 2 have been fit to Eq.~1!,
usingg(t)5bt21/2, as shown by the dashed lines in Fig.
The fits shown were obtained using only two adjustable
rameters:t5150 ps andb55.3310221 cm3/Aps. The evo-
lution of relaxation dynamics for photon fluxes from
931013–1.331015 cm22 is reproduced with reasonable a
curacy, considering that the details of the nonlinear inter
tion are likely quite complex, and that in disordered sol
state films of conjugated polymers~even at low excitation
densities! nonexponential decay dynamics are commonly o

of
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le.
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FIG. 4. Normalized2DT/T scans at varying photon fluences for thin films of four different poly~arylene vinylenes!: ~a! MEH-DSB, ~b!
PPV, ~c! MEH-PPV, and~d! P3HT. Photon fluences for these measurements, from upper to lower curves, respectively, are~a! as listed in
Fig. 2; ~b! 1.031014 cm22, 3.331014 cm22, 1.031015 cm22; ~c! 1.031013 cm22, 3.131014 cm22, 9.331014 cm22; ~d! 8.731013 cm22,
2.631014 cm22, 8.031014 cm22, 2.431015cm22, 6.731015 cm22.
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served. The largest deviations from this simple rate equa
are evident on the ps time scale, and it is possible that o
nonlinear interactions at short times contribute to the
served relaxation dynamics.

For the purposes of the present paper, however, a sim
picture can explain the salient photophysics of this mo
PPV oligomer. At low excitation densities, the dominant T
features arise from excited-state absorption and stimul
emission from intrachain singlet excitons, and at higher
citation densities nonlinear interaction of these singlet ex
tons leads to progressively faster recombination dynamic
should be noted that this nonlinear decay on the ps time s
is absent in TA measurements performed over the same
tensity range in solution. This indicates that the thre
dimensional interaction of excitons on separate chains
vides the dominant nonlinear decay channel in thin films

We have clearly shown that nonlinear processes con
tent with exciton-exciton annihilation contribute strongly
the dynamics of the near-infrared PA band in MEH-DSB.
order to test whether these results are more general, the
dynamics were probed at 800 nm~1.55 eV! as a function of
intensity in a number of poly~arylene vinylene! polymers.
These results are shown in Fig. 4 for~a! MEH-DSB, ~b! pure
PPV, ~c! MEH-PPV, and~d! P3HT. In all four materials we
observe the same general form of intensity-dependent
namics. The detailed dependence of the dynamics on ph
flux in each material is different, which is not surprisin
since the position of the pump beam relative to thep–p*
absorption band, and the probe beam relative to the exc
state absorption band, is different in each case. Since
polymer films @~b! through ~d! in Fig. 4# were thick com-
pared with the absorption depth of the pump beam, a sim
quantitative analysis of the type shown in Fig. 2 is not u
n
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ful: the variation of excitation-density within the film is no
included. A more complete quantitative model which i
cludes these effects, as well as including terms which wo
allow for nonexponential decay at low intensities, is not ne
essary for the conclusions drawn in this paper. It is import
to note that in both PPV and MEH-PPV, intensity-depend
decay dynamics are observedat the same probe wavelength
where previous measurements ruled them out.5,6 This dem-
onstrates that one of the principal arguments in favor
bound interchain polaron pairs as a dominant photoexcita
in poly~arylene vinylene! films is incorrect.

Although the results presented thus far demonstr
clearly that the dynamics of the SE and PA in MEH-DSB a
correlated over the intensities presented, theydo notprovide
an explanation of the lack of correlation between these f
tures presented in previous work. In our studies of ME
DSB, as the intensities were increased substantially ab
the levels presented in Fig. 3~to become comparable to thos
used in previous reports! it became evident that at suffi
ciently high carrier densities the SE undergoes a very ra
decay, which is not matched by the PA. Moreover, at th
same intensities we see evidence for rapid photodegrada
of the samples~irreversible reduction of the magnitude o
both PA and SE features! in a few tens of seconds, afte
which the samples again appear stable. We hypothesize
the lack of correlation between the two features is a bypr
uct of both photo-oxidation and high excitation densitie
under these conditions, a second ultrafast relaxation path
becomes efficient, corresponding to the creation of a sec
species with significant quenching of the stimulated em
sion. This hypothesis is consistent with recent reports t
the effects of deliberate photo-oxidation, when studied at
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1880 56E. S. MANILOFF, V. I. KLIMOV, AND D. W. McBRANCH
citation densities in excess of 1020 cm23, lead to dramatic
quenching of the SE, but have a relatively minor effect
the PA band.27

It has also recently been reported that the SE quan
efficiency varies strongly within films of the same polym
depending on the preparation conditions and solvent use
cast thin films.29 It is clearly probable that some of the di
crepancies in previous studies of the SE and PA dynam
are directly traceable to differences in the chemical pu
and microscopic morphology of the samples, and that fut
studies must attempt to quantify these differences so
direct comparison can be made between results of diffe
groups. We have demonstrated, however, that the pres
of nonlinear ~intensity-dependent! recombination dynamics
is a general feature of poly~arylene vinylenes!, even when
relatively little care is taken to control chemical purity of th
polymers.

It should also be noted that we find a second PA signa
in MEH-DSB in the wavelength range between 620–700
~1.77–2.0 eV!. This band has decay dynamics distinct fro
both the SE, and the PA feature from 750–1100 nm~1.13–
1.65 eV!, but given the broad spectral extent of the PA ba
in Fig. 1, this second feature is only evident from a detai
comparison of dynamics at different wavelengths. T
longer-lived nature of the second band leads to an appa
blueshift of the PA band at longer times, similar to that
cently reported for another PPV derivative, BuEH-PPV30

Our measurements could only detect this second featur
values of the photon flux.1015 cm22, implying that it is
due to a secondary species created only at high excita
densities, perhaps as a byproduct of the nonlinear interac
of intrachain excitons. For the purposes of this paper, it s
fices to say that its presence does not account for the
quenching observed in solid-state samples, and does not
the assignment of the SE and the PA between 750–1100
~1.13–1.65 eV! to a single excited-state species. If this se
ond band overlapped significantly with either the SE or
primary PA bands, then the dynamics of the latter two ba
would not match so exactly. Such an overlap of bands
other poly~arylene vinylenes! may in fact help to explain
why the SE and PA bands in these materials do not ma
exactly; in MEH-DSB, it is fortuitous that the bands are su
ev
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ficiently distinct to allow unambiguous separation. A mo
detailed investigation of the intensity dependence of this s
ond PA band in MEH-DSB will be presented in Ref. 31.

In summary, we have performed careful measureme
of the decay dynamics of the PA band around 800 nm
the SE at 535 nm in the model oligomer MEH-DSB ov
a range of excitation densities. We have observed nonlin
recombination dynamics consistent with exciton-excit
annihilation in both features. Comparison of the decay
namics for PA and SE shows that both of these bands a
from photogenerated intrachain excitons as the prim
photoexcited species at low excitation densities. In addit
we have observed pump-dependent PA dynamics in a va
of conducting polymers indicating that similar nonline
interactions are a general feature of the excited-state rec
bination dynamics in many conjugated polymers from t
poly~arylene vinylene! family. A second PA band with dis-
tinct dynamics was observed, however it does not influe
the SE and primary PA bands. Given the similarities betwe
the absorption and luminescence line shapes, the TA spe
features, and the nonlinear recombination dynamics in
model oligomer and in the broader class of arylene-vinyle
polymers, our data is strongly suggestive that the intrin
photoexcitations in all poly~arylene vinylenes! are intrachain
excitons. In terms of the ongoing debate about the magnit
of the exciton binding energy, these results provide no dir
measurement. However, the nonlinear interaction of th
excitons at high excitation densities provides an explana
for many of the discrepancies of previous studies. To pro
that the photoexcitation mechanisms in all of these mater
are identical, however, will take further careful studies of t
wavelength and intensity dependence of the trans
excited-state absorption in polymer films which are known
be pristine. These studies are beyond the scope of this pa
but will be critical to claim a comprehensive understandi
of these materials.

We are grateful to H.-L. Wang for preparation of th
P3HT and PPV samples and I. Campbell, C. Heller, and
Ferraris for preparation of the MEH-DSB and MEH-PP
samples. This research was supported by Los Alamos
rected Research and Development funds, under the aus
of the U.S. Department of Energy.
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