PHYSICAL REVIEW B

VOLUME 49, NUMBER 14

1 APRIL 1994-11

Exciton formation and decay dynamics in electroluminescent polymers
observed by subpicosecond stimulated emission

M. Yan and L. Rothberg
AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974

B. R. Hsieh
Xerox Webster Research Center, Webster, New York 14580

R. R. Alfano
Institute for Ultrafast Spectroscopy and Lasers, Center for Advanced Technology, Department of Electrical Engineering and Physics,
City College of New York, New York, New York 10031
(Received 16 November 1993)

We observe stimulated exciton

emission

and Raman gain in stretch oriented

poly(paraphenylenevinylene) (PPV) films with 200 fs resolution. The kinetics of stimulated emission of
excitons show that excitons form and equilibrate within 200 fs after 500-nm photoexcitation with 100-fs
laser pulses. Stimulated emission is not observed when higher energy photons are used to excite the po-
lymer. The measured polarization and excitation wavelength dependence provide insight into the proba-

bility of exciton formation in PPV.

The strong coupling of electronic excitations to the lat-
tice causes the optical and electrical properties of the
conjugated polymers to differ greatly from those of inor-
ganic semiconductors.! The understanding of lattice sta-
bilized photoexcitations in these polymers is of funda-
mental and practical interest. The luminescent family of
poly(p-phenylene vinylene)s (PPV) synthesized via a sul-
phonium precursor route has been of particular interest
for electroluminescent devices and nonlinear optical ap-
plications.>3 The photoluminescence has been assigned
to singlet “polaron excitons” which are delocalized over
around six unit cells.* The emission exhibits vibrational
structure with an energy spacing of 0.17 eV correspond-
ing to the frequency of polymer backbone vibrations.’
Electroluminescence from PPV is observed to have the
same luminescence spectrum and is presumably due to
the same species as photoluminescence.

In this paper, we present measurements of femtosecond
stimulated emission from PPV films. This enables us to
study exciton dynamics on timescales faster than typical-
ly accessible by photoluminescence. These data also al-
low us to identify the photoinduced absorption which is
the competing loss mechanism and is relevant to the fa-
brication of lasers from conjugated polymers.® We ob-
serve both stimulated emission by excitons and transient
stimulated Raman scattering from lattice vibrational
modes and document these with both spectral and
dynamical measurements. We find that the lattice stabi-
lized exciton is formed within 200 fs after photoexcitation
and its gain spectrum already matches that of cw
luminescence indicating rapid equilibration. The majori-
ty of singlet excitons decay within 25 ps and we show
that, even at high excitation densities, exciton-exciton in-
teractions are negligible. We also observe a large pho-
toinduced absorption which is spectrally overlapped with
the emission band and turns the gain into absorption on
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timescales less than 100 ps. The assignment of this ab-
sorption and its implications for polymer lasers will be
discussed.

The femtosecond time-resolved absorption spectrome-
ter is based on an amplified CPM ring dye laser which
produces 100 fs pulses at 620 nm with 100 uJ energies at
20 Hz repetition rate.” The amplified pulses are used to
generate white continuum. A portion of this continuum
is spectrally filtered and amplified in a coumarin dye cell
pumped by the third harmonic of a Nd:YAG laser. In
this way, blue light pulses (200 fs, 1 pJ) suitable for pho-
toexcitation of PPV films are generated. The remaining
white light is used as a probe pulse, part of which goes
through the sample excitation region and part of which
does not. These two portions are dispersed onto two
diode arrays for spectroscopic studies. Differential ab-
sorption spectra at fixed delay times between pump and
probe can then be obtained for each probe pulse to
enhance sensitivity. The delay time between the pump
and probe pulse was achieved by varying path-length de-
lay with a translation stage in the pump leg. The probe
white light pulse covers a broad wavelength range from
400 to 1200 nm (1-3 eV), and the pump pulse source was
tuned using interference filters from 500 to 540 nm
(2.3-2.5 eV). The time resolution was about 200 fs across
the entire spectrum. Streak camera photoluminescence
measurements with 6 ps resolution (Hamamatsu syn-
chroscan) are made using the same samples and pump
pulses and are also included for comparison with the
gain. The samples are fully converted free-standing PPV
films mounted between pieces of glass. The polymer has
about a 8:1 stretch ratio and 5 um thickness. The poly-
merization method has been reported elsewhere.®

Figure 1 depicts the photoinduced transmission change
at various delay times with probe wavelengths from 530
nm to 640 nm after photoexcitation with 520 and 530 nm
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FIG. 1. Photoinduced change in probe transmission for

several subpicosecond pump probe delays. Zero delay is defined
to be temporally overlapped pump and probe. The bottom set is
photoexicted at 520 nm and top one at 530 nm, both with exci-
tation polarization parallel to the stretch direction. The curves
are offset with a dashed line at AT /T =0. The stimulated Ra-
man and exciton gain are indicated.

pulses polarized parallel to the polymer chains. The po-
lymer absorbs over 90% of the light at these wavelengths.
The polarization of probe light is always fixed parallel to
the chain. Since the probe wavelength range is below the
m-* absorption edge, the transmission increase is due to
stimulated emission rather than bleaching. The spectrum
of the stimulated emission exhibits two sharp gain peaks
when the pump and probe are temporally overlapped.
These peaks clearly shift with the excitation wavelength
and are due to transient Raman gain as has been previ-
ously observed in polydiacetylenes® and polythiophenes.'°
The frequency shifts of these two Raman bands are 1170
cm™}, and 1560 cm~!, which correspond to the two
strongest Raman modes,'"!? those modes assigned to the
phenylene C-H bending vibration and ring stretch, re-
spectively. This suggests that the lattice dimerization is
distorted in the excited state. The magnitude of the non-
linear susceptibility describing the stimulated Raman
gain, ¥ (w,,0,, —®,, —®,), is approximately 5X107°
esu.
The photoinduced gain observed after 200 fs delay
when pump and probe are no longer overlapped does not
shift with pump wavelength. This gain spectrum agrees
closely with the cw photoluminescence spectrum as
shown in Fig. 2. This gain can therefore be associated
with the same excitonic species responsible for the emis-
sion. It is noteworthy that it has already reached its
“steady state” spectrum in 200 fs indicating that the re-
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FIG. 2. (a) Spectrum of photoinduced change in probe
transmission 200 fs after photoexcitation at 500 nm with polar-
ization parallel (open circles) and perpendicular (solid circles) to
the chain direction. (b) The steady-state (cw) photolumines-
cence (PL) spectrum for comparison.

quisite cooling and lattice relaxation are nearly complete
by this time. This is consistent with the lattice relaxation
times measured by Yoshizawa and co-workers in other
conjugated polymers.”’ Lattice deformation on the order
of the size of the excitation (R ~50 A) would be expected
to take of order t ~R /v, where v, is the speed of sound,
consistent with a 200 fs equilibration time. The rapid
convergence of the emission spectrum to its “steady
state” form indicates that substantial “self-trapping”!* or
exciton diffusion!® on hundreds of picosecond timescales
are negligible in our samples, in contrast to previous
work.

Figure 2 also shows that photoinduced gain is not ob-
served at 500-nm pump wavelength when the polariza-
tion of pump pulse was parallel to the polymer stretch
direction. This is reminiscent of photoluminescence exci-
tation spectra in oriented phenylenevinylenes where per-
pendicular excitation leads to more emission and both
pump polarizations are more efficient in producing emis-
sion when excited near their respective absorption
edges.!® These facts are consistent with a picture where
excitation onto the longest chain segments produces
emission more efficiently and the reason for this is dis-
cussed in greater detail elsewhere.!” For this reason, pre-
vious transient absorption measurements in PPV made
with ultraviolet excitation'® do not observe stimulated
emission.

The kinetics of stimulated Raman and exciton gain are
depicted in Fig. 3 for photoexcitation at 530 nm polar-
ized along the chain direction. At a probe wavelength of
576 nm were stimulated Raman gain is observed (shown
in open circles), the Raman gain is formed instantaneous-
ly and quickly decays within the 200 fs instrument resolu-
tion. This occurs because Raman gain is a four-mixing
process which is only observed when the pump and probe
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FIG. 3. The time-resolved photoinduced change in probe
transmission at 560 nm and 576 nm after photoexcitation by 530
nm pulses polarized parallel to the chain direction. The inset
displays a longer timescale. The solid lines are the fits to a biex-
ponential decay with 10 ps and 100 ps components. The 576 nm
trace also includes an instrumentally limited component
describing stimulated Raman gain at O ps.

pulses temporally overlap. The relatively slow decay is
due to the exciton gain and, at 560 nm (solid circles)
where Raman gain is absent, is all that we observe. A
very brief excited-state absorption (< 100 fs) is detected
at this probe wavelength which becomes the gain signal
observed in Figs. 2 and 3 within 200 fs. For reference,
the decay of excitation gain is fitted with two exponen-
tials, the faster having a 10 ps time constant and the
slower one at least 100 ps (see inset of Fig. 3). The dy-
namics cannot be fitted by a single exponential.

Note that the gain is overwhelmed after about 20 ps by
a long-lived induced absorption which is apparently
formed instantaneously.” The origin of this photoinduced
absorption is controversial and has been discussed by
several groups.!®!* We wish to point out that, as is evi-
dent from the inset to Fig. 3, the dynamics of the pho-
toinduced absorption and luminescence are not the same
and that the absorption is therefore not due to singlet ex-
citons, the emitting species. There is strong reason to as-
cribe the photoinduced absorption to polaron Pair ab-
sorption as we have noted in previous work,” %20 but
that is out of the domain of the present paper. Regard-
less of its assignment, we believe that the induced absorp-
tion is intrinsic and that this precludes the fabrication of
lasers from PPV films even though photopumped lasers
have been demonstrated in solution from soluble
members of the phenylenevinylene family.® We note that
gain is not observed at all in our previous work on
monomethoxy substituted PPV'® because the side group

spectrally alters the induced absorption and exciton emis-
sion independently. Thus there may be side groups
where excited-state loss can be avoided or reduced.

Transient photoluminescence as measured by a streak
camera is displayed in Fig. 4. The excitation densities
used (~10%/cm?) are comparable to those used in the
time-resolved gain measurements and the observed gain
and luminescence decay dynamics are essentially identi-
cal. Note that the decays do not depend much on excita-
tion wavelength even though the absorption depths for
these two pump colors vary by nearly an order of magni-
tude. Similarly, emission dynamics after perpendicular
photoexcitation are also nearly indistinguishable. These
indicate that density effects and two exciton bimolecular
processes are unimportant in determining the decay dy-
namics, contrary to previous speculation.” Radiative de-
cay could also not be responsible for the rapidity nor the
nonexponential nature of the exciton disappearance. It
would require an unphysically large oscillator strength in
disagreement with the Einstein relation between 4 and B
coefficients to explain such fast emission and one might
expect much higher luminescence yields as well. We be-
lieve the dynamics are dominated by nonradiative
quenching at defect centers as suggested by Kanner
et al?! in polythiophene and, more recently, by Lemmer
et al.?? in phenylenevinylene polymers. There is there-
fore hope that higher emission yields can be achieved by
elimination of these defect sites.

In summary, we report picosecond transient absorp-
tion measurements on oriented PPV and observation of
stimulated gain in phenylenevinylene films. Lattice stabi-
lized excitons are formed and equilibrate within 200 fs as
observed by comparing transient stimulated emission and
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FIG. 4. Time-resolved luminescence at 570 nm after pho-
toexcitation by 520 nm (solid circles) and 500 nm (open circles)
pulses with polarization parallel to the chains. Fluency is
1X10'® photons/cm? in each case and emission intensity is
scaled to match at the maxima. The solid line is a fit to a biex-
ponential decay with 20 ps and 100 ps components.



9422 M. YAN, L. ROTHBERG, B. R. HSIEH, AND R. R. ALFANO 49

cw photoluminescence. The agreement of the 200 fs
spectra with later photoluminescence argues against the
importance of self-trapping and exciton diffusion on
longer timescales. Rapid nonexponential decay is ob-
served on a few picosecond timescale which is likely due
to nonradiative quenching by defects. A photoinduced
absorption due to a different species competes with
stimulated emission and overwhelms the gain in about 20
ps. This absorption precludes quasicontinuous lasing ac-
tion in PPV films, but not necessarily substituted
phenylene vinylenes. Remarkably, the stimulated exciton
gain changes its amplitude dramatically but not its spec-
trum when the photoexcitation wavelength is varied.
Similarly, anisotropy with respect to pump polarization
of the transient magnitude but not the spectra is observed
for the gain and photoinduced absorption. These results
are both consistent with those observed in photolumines-
cence excitation'® and are explained by the observation
that gain only occurs near the absorption edge where the

longest conjugation segments are excited directly. There,
excitons are formed with the largest probability. In the
case of electrical injection, electrons and holes (or their
polaronic analogs) are most likely to meet on the longest
conjugation (lowest energy) segments.”* Electrolumines-
cence device efficiency is therefore best compared to the
photoluminescence yields for near band-edge excitation.
Finally, we observe two stimulated Raman gain reso-
nances when pump and probe pulse overlap in time. The
Raman shifts of 1170 cm ! and 1560 cm ™! correspond to
vibrations which reflect excited-state distortions along
those coordinates. Further work to study the photoin-
duced absorption spectroscopy and dynamics is in pro-
gress.
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