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Two major hurdles to producing solid-state polymer laser diodes are identified: the
presence of a photoinduced absorption (PA) which inhibits the stimulated emis-
sion (SE) necessary for lasing; and the difficulty with making emitted light in an
excited polymer travel farther than the gain length. The first of these difficulties
is addressed utilizing femtosecond spectroscopic experiments on a new conjugated
polymer, poly(2-butyl-5-(2"-ethyl-hexyl)-1,4-phenylene vinylene) (BuEH-PPV). The
60 ps SE decay time of BuEH-PPV is nearly an order of magnitude longer than
that of other conjugated polymers, and is limited only by a dynamic blue-shift
of the PA. Long SE times in polymer films open the possibility for addressing
the second difficulty by producing lasing using multiple scattering. Above a crit-
ical excitation threshold, addition of TiO, nanoparticles to solutions and dilute
blend films of poly(2-methoxy,5-(2'-ethyl-hexyloxy)1,4-phenylene-vinylene) (MEH-
PPV) confines the emitted photons in the excited film until gain exceeds loss. With
this technique, lasing is observed in a solid-state polymer for the first time. The
combination of new materials with persistent SE like BuEH-PPV and lasing by pho-
ton confinement should open major new avenues in the production of polymer laser
diodes.

1. Introduction: conjugated polymer lasers

The photophysics of conjugated polymers is of current interest because of the poten-
tial of these materials for applications in electroluminescent devices. The high density
of chromophores in films of these materials results in a particularly strong ground
state absorption, with typical absorption lengths of only a few hundred angstroms.
Many conjugated polymers exhibit relatively high photoluminescence (PL) efficien-
cies with emission that is shifted sufficiently far from the absorption edge so that
self-absorption is minimal (e.g. cf. figures 1 and 3). Thus, stimulated emission (SE) in
these materials, which is essential to the development of lasers, is expected through-
out the lifetime of the excited state. To first order, the cross-section for SE is the
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same as that for absorption, so the gain length in conjugated polymers should be
essentially the same as the absorption length scaled by the fraction of chromophores
in the excited state. This possibility for very short gain lengths makes these materials
uniquely suited for the potential production of solid-state lasers.

The achievement of polymer laser diodes is an important goal for polymer opto-
electronic devices. By utilizing SE, the quantum efficiency of luminescence can be
dramatically increased, leading to highly efficient light emitting devices. The appli-
cations for bright, spectrally narrow diodes are numerous and the ease of polymer
processing should offer significant advantages over inorganic materials. Despite these
potential advantages, laser action from a conjugated polymer in the solid state has
yet to be achieved. There are two problems facing the production of polymer lasers:
photophysics and gain extraction. The photophysical difficulty lies in the presence
of photoinduced absorption (PA) which often occurs in the same spectral region as
the emission. Since the PA has a comparable cross-section to the SE, competition
between the two effectively inhibits gain. The difficulty with gain extraction is that,
even in the presence of SE, the emitted photons must travel a distance through
excited polymer longer than the gain length for lasing to occur. Although high-Q
etalons have been constructed around conjugated polymer films to achieve longer
path lengths, to date, the gain has not exceeded the losses in any of these microcav-
ity structures.

In this article, we summarize initial progress toward the development of polymer
laser diodes by attacking the two problems discussed in the previous paragraph. The
first approach, outlined in §2, utilizes femtosecond spectroscopy to explore the ele-
mentary photophysics of conjugated polymers (Schwartz et al. 1997). Examination
of different conjugated polymers suggests that the spectral position of the PA can
be partially controlled via choice of side group. Using a newly synthesized alkyl-
substituted conjugated polymer, we demonstrate stimulated emission which persists
for over 60 ps, nearly an order of magnitude longer than in other semiconducting poly-
mers. Next, in § 3, we describe how the introduction of titanium dioxide nanoparticles
can lead to efficient gain extraction by multiple scattering (Hide et al. 1996). With
the appropriate concentration of titania particles, emitted photons cannot leave the
sample until after they have traveled a distance greater than the gain length due to
confinement by multiple scattering. With this technique, we demonstrate optically
pumped lasing of conjugated polymers in solid films for the first time. Finally, in §4,
we summarize the potential for producing electrically pumped solid-state polymer
laser diodes by combining these two approaches.

2. Controlling stimulated emission in conjugated polymers

Ultrafast spectroscopic studies of various conjugated polymers have revealed that,
although SE is readily observed in solutions and dilute blend films, in neat solid
films SE is either not observed or decays within at most a few ps (Yan et al. 1994a, b,
1995; Graupner et al. 1996; Pauk et al. 1995). The absence of SE results from a
strong PA which overwhelms the SE in neat films, but not when the polymer chains
are isolated in solution or in dilute blends. The exact nature of this sub-gap PA has
been a subject of debate (Hsu et al. 1994); however, it seems clear that the bulk of
PA in solid films must be due to an interchain electronic species. Whatever the origin
of the PA, the absence of observable SE implies that the excited medium does not
exhibit gain, indicating that polymer lasers and solid-state polymer laser diodes are
not possible.
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Figure 1. Fractional change in probe transmission (AT /T") versus photon energy at ‘zero’ time
delay for BUEH-PPV films (open circles, right axis). For reference, the steady-state PL (solid
curve, arbitrary units) and absorption (dashed curve, arbitrary units) are also shown. Upper in-
set: chemical structure of BuEH-PPV. Lower inset: spectrally integrated PL decay of BuEH-PPV
excited at 440 nm recorded on a streak camera (diamonds) and exponential fit (solid curve).

In this section, we present the results of femtosecond spectroscopic studies on a
new semiconducting polymer, poly(2-butyl-5-(2’-ethyl-hexyl)-1,4-phenylenevinylene)
(BuEH-PPV). The presence of the bulky alkyl substituents produces a enough of a
red-shift of the PA to significantly reduce spectral overlap with the emission. We
find that SE in neat solid films of BuEH-PPV at room temperature persists for over
60 ps and show that the discrepancy between the ca. 60 ps SE decay time and the
ca. 900 ps decay of the PL results from a dynamic blue-shift of the PA which causes
the PA to mask the SE at longer times.

Femtosecond pump-probe experiments were performed using the second harmonic
of an amplified CPM laser (310 nm, ca. 100 fs, 0.3 pJ, 1 kHz) to excite the sample
and a mechanically delayed white-light continuum generated from the remaining fun-
damental light to probe the spectral dynamics. Spectral signals recorded on a CCD
array were double-normalized utilizing signal and reference probe beams both with
and without the pump light, as described previously (Schwartz et al. 1997). The
magnitudes of the PA and SE signals at zero time delay (ca. 10% AT /T') were linear
with pump intensity. The relative polarization of the pump and probe light was set
to the magic angle. Films of BuEH-PPV, synthesized as described elsewhere (An-
dersson et al. 1997), were drop-cast from o-dichlorobenzene with ca. 1 pm thickness
on sapphire substrates in a N, atmosphere (glass substrates led to problems with
sample heating under fs UV excitation). The samples were placed immediately in an
optical cryostat at room temperature and kept under dynamic vacuum (ca. 2 mTorr)
during the experiments.

Figure 1 presents the ground state absorption (dashed curve), PL (solid curve)
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Figure 2. Early time SE dynamics of BUEH-PPV at 2 ps (dashed curve), 6 ps (dotted curve),
10 ps (dot-dashed curve) and 14 ps (dot-dot-dashed curve) following 310 nm photoexcitation.
The spectrum before excitation (—2 ps, thick solid curve) and the steady-state PL (thin solid
curve, arbitrary units) are shown for reference. Inset: 525-575 nm spectrally integrated decay of
the SE.

and molecular structure of BuEH-PPV. This material is highly luminescent; the PL
quantum yield for 430 nm excitation is 0.62 in films and 0.75 in tetrahydrofuran
solutions (Andersson et al. 1997). The inset in figure 1 shows the time dependence
of the spectrally integrated PL; the thin solid line is a fit to the streak camera
instrument rise and a single exponential decay with a time constant of 914 ps. The
high PL quantum yield and correspondingly long PL decay time compared to other
substituted PPVs is likely the result of reduced interchain interactions caused by the
presence of the bulky alkyl side-chains (Staring et al. 1994).

The gain spectrum and transient absorption of BuEH-PPV immediately follow-
ing photoexcitation are displayed as the open circles in figure 1. In the 520-620 nm
region, the probe undergoes an increase in transmission, corresponding to strong
SE gain, a feature not commonly observed in the transient spectroscopy of other
conjugated polymer films. The early time SE closely resembles the equilibrium PL
spectrum, indicating that the emissive species is formed exceedingly rapidly. To the
red of 620 nm, the nascent excited state spectrum consists of a broad PA extend-
ing well into the near IR. Although qualitatively similar to that observed in other
conjugated polymers (Yan et al. 1994a,b, 1995; Graupner et al. 1996; Pauck et al.
1995), the PA is broader and is red shifted in BuEH-PPV. This difference is also
likely related to the decreased interchain interactions in BuEH-PPV compared to
other substituted PPVs.

Careful inspection indicates that the nascent SE gain is blue-shifted from the
steady-state PL. Figure 2 displays the early time spectral dynamics of the SE; the
SE undergoes a red shift over the first ca. 15 ps following photoexcitation. Although
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