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Abstract. We report a detailed investigation of optical gain A mandatory ingredient for an active laser material is
narrowing processes in thin films of a conjugated ladder-typa sufficiently large stimulated emission (SE) cross section in
poly(p-phenylene) polymer. The intensity-dependent opticathe excited state. The common understanding of laser oper-
emission spectra of samples of varying thickness are conation requires an additional positive feedback. ASE on the
pared. For thin high-quality spin-coated samples spectral naother hand does not require any feedback. It occurs in ma-
rowing of the emission is observed for pump pulse energies derials with high optical gain when spontaneously emitted
low as10 nJ Picosecond time-resolved measurements showhotons that propagate through the optically excited sam-
that the spectral narrowing is accompanied by an acceleratg@le stimulate the radiative decay of other excitations [10]. If
emission for high pump energies. Our experimental findingshis mechanism becomes the dominant deactivation pathway
are in full agreement with the assumption that amplified sponspectral narrowing can be observed. Superradiance (SR) has
taneous emission in a lateral direction is the underlying physo be distinguished from lasing and ASE, since it describes

ical mechanism. the radiation that is observed when a number of two-level-
systems emit in a cooperative manner. Since SR requires a co-
PACS: 78.45.+h; 78.47.+p; 78.55.Kz herent coupling of the different radiating species, it can only

occur for time delays shorter than the dephasing timef
the involved optical transition [10].

In this paper we investigate the spectral narrowing in con-
Conjugated polymers are promising candidates for a varietjigated polymer films of varying thickness. From our meas-
of optoelectronic applications [1]. Besides the tremendouarements and a careful analysis of the experimental situation
progress in electroluminescent devices the discovery of gawe conclude that the PL line narrowing is due to an ASE pro-
narrowing in a solid conjugated polymer under intense opticatess enhanced by waveguiding in a lateral direction. Direct
pumping has recently attracted much attention. Photolumievidence for ASE is found by time-resolved measurements of
nescence (PL) line narrowing has been observed in thin filmghe emission after pulsed photoexcitation by a subpicosecond
of a conjugated polymer embedded in a microcavity structaser pulse. The emission becomes gradually faster for higher
ture as well as in simple spin-coated films [2—6]. PL lineexcitation densities. For the highest pump intensity the radi-
narrowing in organic solids had been reported before for oration is emitted as a picosecond burst. This can be directly
ganic molecules in various matrices [7, 8]. The latter materiexplained by the high rate of stimulated emission due to ASE.
als, however, were insulators, which do not offer any prospect In our experiments we investigate solution-cast thin films
for electrically pumped lasing devices. This is different in theof a ladder-type poly(p-phenylene) (LPPP). The chemical
case of conjugated polymers which show high electrolumistructure of this polymer is given as an inset in Fig. 1. This
nescence efficiencies and are thus potential candidates for polymer has recently attracted much interest because of its
organic injection laser. In order to achieve this goal approprihigh photoluminescence quantum yield, its high stability, and
ate geometries have to be explored and the photophysics t§ excellent solubility provided by the sidegroups [11,12].
conjugated polymers under high excitation densities has to Behin films of this polymer were deposited on glass substrates
understood. The experimental observations so far have be&om a toluene solution. Figure 1 depicts a comparison of the
interpreted rather controversially in terms of lasing [3], superabsorption and the emission spectrum of a thin LPPP film.
radiance [4], and amplified spontaneous emission (ASE) [9]The spectra exhibit an almost mirrorlike behavior for absorp-
A unified picture of the underlying mechanism has not yetion and emission. The purely electrorfig—Sy 0-0 transi-
evolved. tion is located around50 nm The vibronic progressions are

observed for lower wavelengths in the case of the absorp-
* Corresponding author. (Fax: +49-8480-3441, E-mail: ulilemmer@ tiON spectrum and for higher wavelengths in the emission
physik.uni-muenchen.de) spectrum.
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Fig. 1. Absorption ¢lashed ling and photoluminescencedlid line) spectra
of a thin ladder-type poly(p-phenylene) (LPPP) film. The inset shows the
chemical structure of LPPP. X represents a methyl group and R and R’ are
n-hexyl and 1,4-decylphenyl, respectively

Intensity (arb. units)

We compare two distinctly different samples of this poly- Wavelength (nm)
mer. Sample | is a simple drop-cast film of thickness SeVerallig 2. Emission spectra of the drop-cast LPPP film (sample |, thickness
tens of microns. Sample Il'is a Spm'coated film with a thICk'some tens of microns) in the spectral range of the two main emi’ssion bands

ness 0800 nm _ _ for various excitation pulse energies. Femtosecond laser pulses centred at
In our optical experiments we use a regeneratively ampli400 nmare used for the excitation. The grey areas in the emission spectra

fied femtosecond Ti:sapphire laser as excitation source. Aftépdicate the changes that are observed in comparison to the low excitation
frequency doubling we obtain pulses of less th&6-fs dura- pulse energy spectrum. In addition, a scheme of the photoexcited sample is
. . ., shown as an inset
tion at a wavelength af00 nm The pulse energies are varied
in the range fromLlO nJup to 10pJ. For lower pulse ener-
gies the pulses of the2-MHz Ti:sapphire seed oscillator are is distinctly different with a significant narrowing of the first
directly frequency doubled and used without further ampli-vibronic side band. Additionally, the spectral weight of this
fication. The laser beam is focused down to a diameter agmission band compared to the 0-0-band is enhanced. The
approximately200um on the sample surface. The emissiongrey area in the emission spectrum indicates the changes
spectra are recorded in reflection geometry by using a spethiat are observed in comparison to the low excitation-pulse-
trometer and a cooled CCD detector. For the cw experimentnergy spectrum. At higher excitation energies these effects
the samples were kept in ambient atmosphere. No samptget more pronounced. The line narrowing can be quantified
degradation due to photooxidation was observed on the timey values of22 nm and 5.5 nm for the full width at half
scale of our experiments. For the time resolved measurementsaximum (FWHM) for the lowest and the highest excitation
we use the Kerr gate technique [13] with a time resolution ofevel, respectively. In all cases the emission spectra for higher
2 ps In this technique the fluorescence light is focused ont@xcitation-pulse energies can be explained by a superposition
a cell containingCS; mounted between two crossed polariz- of the broad PL band and the spectrally narrowed emission.
ers. A second laser pulse (the gating pulse) is focused onto the To gain more insight into the spectral narrowing we stud-
same spot of th€S, cell. The presence of this strong pulseied sample 1l which is a high-quality spin-coated film of
causes the polarization of the fluorescence to be temporarithickness800 nm Figure 3 displays the intensity-dependent
changed and thus fluorescence photons can be detected afterission spectra measured for this film. For this sample the
the second polarizer. By varying the time delay of the gatinggmission is already changed at much lower excitation-pulse
pulse the temporal evolution of the fluorescence can be measnergies. At a pulse energy 8 nJthe emission exhibits the
ured with an overall time resolution @fpsdetermined by the characteristic superposition of the broad PL band and a nar-
orientation relaxation time of theéS, molecules. Because of rowed line. This value is one of the lowest reported so far
the relatively long integration times in this experiment, thefor spectral narrowing in conjugated polymers. Again, upon
samples were kept in a vacuum chamber at a pressure bel@further increase of the pump energy, the first vibronic side-
10-* mbarin order to prevent photooxidation. band gets narrower and gains spectral weight. The changes
The basic observation of spectral narrowing can be seenin the spectrum, however, are not as pronounced as in the
Fig. 2. The figure displays the emission spectrum in the spe@ase of the drop-cast sample I. This issue will be discussed
tral range of the two main emission bands of the drop-cadater in more detail in connection with our time-resolved
LPPP film (sample [) for various excitation pulse energiesmeasurements.
For the lowest excitation pulse energy the emission spec- The experimental results can be consistently explained in
trum shows the spontaneous PL spectrum. Upon increasirnije framework of gain narrowing through amplified sponta-
the excitation pulse energy the emission spectrum changesous emission (ASE). To estimate the absolute amount of
its spectral shape. At a pulse energylofJ the spectrum gain one first has to calculate the density of photoexcitations.
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In the case of the thick film (Sample I) only a small por-
tion (in the vertical direction) of the film is optically excited.
Thus the gain for laterally propagating light is very small.
Therefore a much higher density of excitations has to be es-
tablished in the film before ASE can be observed.

ASE occurs at the wavelength with the highest net gain.
Albeit the purely electronic emission 460 nmgives rise to
the highest peak in the PL spectrum, the observed ASE is not
found at this spectral position. This is because of the strong
overlap of this emission with the lowest lying absorption band
in LPPP (see Fig. 1). Instead, the amplification is observed at
the vibronic sideband where the residual absorption is rather
low and thus the net gain has its highest value.

Direct insight into the dynamics of the collective emis-
sion process is obtained from time-resolved measurements
of the spin-coated film. Figure 4 depicts the emission tran-
- . sients for various excitation energies. The lowest excitation
s 4 pulse energyE, of 10 nJis just below the threshold for spec-

A B I B tral narrowing in this sample. For this energy we observe

a characteristic /e luminescence decay time 40 ps Upon
440 460 480 500 520 increasing the pump energy the emission decay gradually be-

comes faster. FOE, = 75 nJthe decay time is already less
Wavelength (nm) than20 ps For E, = 490 nJthe decay is limited by the time
Fig. 3. Intensity-dependent emission spectra of a spin-coated film of LPPPesolution of our setup. The major part of the emission is

(sample I, thicknes800 nn). The grey areas in the emission spectra indi- emitted as an emission burst driven by the ASE process.
cate the changes that are observed in comparison to the low excitation pul . . . L .
energy spectrum. In addition, a scheme of the photoexcited sample is shovjl?pe hlgh photon denSIty for hlgh excitation densities leads

as an inset to a rapid depopulation of the excited state. Since our meas-
urements give only an upper limit for the characteristic pulse
duration of the ASE burst, the decay time might well be on
With an absorption coefficient d§ x 10*cm~! at a wave- a subpicosecond time scale. This would concomitantly cause
length of400 nmthe energy for the onset of line narrowing a spectral broadening of the emission and would lead to a sat-
in sample Il A0 nJ corresponds to a volume density of ap- uration of the emission line narrowing. The different ASE line
proximately2.5 x 10'8 cm~3 excitations at the surface of the widths observed in the different samples might be explained
film. Since the film thickness is larger than the penetratioby differences in the excited state lifetime.
depth at the pump wavelength the beam is attenuated in-
side the sample and thus the volume density of excitations
is rather inhomogeneous. A more useful quantity for further
estimates is the vertically integrated area denbityof ex-
citations. In our caséay = 5 x 103cm=2. To calculate the
overall gain for a photon that transverses the sample per-
pendicular to the film this number has to be multiplied by’uT
the cross sections for stimulated emission. Direct measure=
ments of the stimulated emission cross section in conjugate
polymers [4,14] have revealed values D 6cn? up to -
10-15cn?. An upper estimate for the overall ga@, in the O
vertical direction is theis, = oNa = 0.05. Since the condi- }3
tion for gain narrowing [10] iSG ~ 1 we conclude that our ~
observations can not be explained by an ASE process in ver>
tical direction. On the other hand the condition of spectraf=
narrowing can be fulfilled for photons propagating in lateral &=
direction. The lateral gain coefficiegt can be estimated by @
g = oNa/d, whered is the film thickness. In this direction =
an overall gainG, = gL = 1 is obtained for a lengtlh. of —
16pm. This value is much less than the beam diameter of
the pump beam. We therefore conclude that the gain narrow-
ing observed in the emission spectra is the result of lateral

Intensity (arb. units)

—o0— 10nJ
—e— 75nJ
—a—195nJ
—X—490 nJ

ASE. Spontaneously emitted photons that propagate laterally 0 5 10 15 20 25 30
in the plane of the film by waveguiding are amplified by )
stimulated emission processes. Although ASE takes places in Time (pS)

a lateral direction, it can be detected perpendlcular to the flIrTlzig.4. Optical emission transients of the spin-coated LPPP film detected

Th'is is explained by scattering of radiation from the wave-yith the Kerr gate technique at a wavelengtt#88 nmfor various pumping
guided ASE. levels
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For the intermediate excitation pulse energiésrfJand
195 nJ) the accelerated decay is due to a complex superposi-
tion of ASE and bimolecular annihilation processes leading
to a nonradiative decay of excited states [15]. We rule out 1.
superradiance or superfluorescence being responsible for thé-
spectral narrowing [4] since these phenomena are only rele->
vant for time delays shorter than the dephasing fimerhich 4
is expected to be less thdf0 fsin a conjugated polymer at
room temperature [16]. 5.

In conclusion, we have shown that laser-like emission in
a thin film of a conjugated polymer can be explained by ™
a laterally amplified spontaneous emission process. Photong.
that propagate laterally because of waveguiding in a thin
conjugated polymer film are amplified and lead to spectral 8.
narrowing of the emission. This effect depends strongly on
the sample thickness. Temporally resolved measurements of"

the collective emission show that the decay of the excitedio.

state population becomes gradually faster when the pump en-

ergy is increased. Neither the time-resolved nor the spectrally-1-

resolved measurements show a distinct lasing threshold be-
havior. This is understandable since the simple planar wave-
guide formed by substrate, polymer, angea&cuum does not

operation.
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