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Abstract

Laserlike emission from optically pumped inverse opals photonic crystal infiltrated with a laser
dyeisreported for thefirst time. The data show strong modification of the dye fluorescence and
alaser threshold of ~ 0.1 mJ/pulse. The nonlinear process studied is enhanced by local field
effects due to the location of dye molecules inside the opal voids.

I ntroduction

Laserlike emission from strongly scatering media has been the subjed of intense reseach since this
phenomenon was observed in laser dye solutions containing TiO, nanoparticles [1]. The enisson from such
system, which was named as laser paint (LP), has charaderistics of a multimode laser, athough ro resonant
cavity is used. Of particular importance to oltain laser emission is the multiple scatering of light which
occurs due to the difference between the refradive index of the liquid and the scaters. The multiple scattering
events contribute to increase the dfedive pathways of the amitted photons favoring their interadion with very
large of molecules.

An analogous processof laser generation is expeded to be observed if a periodic arangement of particles,
such as a photonic aystal (PC) [2, 3], isinfiltrated by a laser adive medium and excited in a suitable maner.
An appropriate PC structure to demonstrate such effed is the inverted opal which presents pores of well
defined size and long-range spatial periodic ordering. Synthetic opals can be made of silica polystyrene or
other materials [4] and the radiative properties of dyesincorporated into such PC may change mnsiderably as
shown in ref. [5].

In this letter we report the observation of laser adion in synthetic opals infiltrated with Rhodamine.

Experimental Setup

The experiments were caried out in opals fabricaed using closed paced crystals of latex spheres as
templates for sili capolymerization [6]. Samples with f.c.c. crystalline structure of nanoholes as charaderized
by eledron microscopy and Bragg diffradion of light were prepared. For the present experiments the opals
were infiltrated with Rhodamine 6G by adding some drops of an etanholic solution (concentration: 5.87 x 10*
M.) over the samples and left to dry at room temperature for some days. We studied samples with different
diameter’s gze of holes, 220 nm (sample A) separated by walls of 70 rm and 500 mm (sample B), with walls
of 110 nm, respedively.

The second harmonic of aNd:Y AG laser (532 nm; 6ns; 5 Hz) was used to excite the samples. The linealy
p-pdarized laser beam is incident on the PC surfacewith an angle of incidence which could be adjusted with
resped to its normal diredion. The pump wavelength is off the pseudogap of the PC and thus the laser beam
penetrates inside the aystal exciting molecules along its trgjedory. Although sili ca presents no absorption in
the visible range, the laser light is absorbed inside the opal structure due to the presence of dye molecules.

In the experiments performed the incident laser intensity was varied and the dye fluorescence was
colleded and sent throughout a monochromator to monitor its charaderistics. The signals were recorded using
a photomultiplier coupled to a storage oscill oscope mnneded to a omputer.



Results and Discussions

Figure 1 shows the fluorescence spedra wmrresponding to sample A for two different pump intensities. The
pseudogap of sample A (B) is located in the blue (red) region, as already shown in the literature [5] and the
dye fluorescence band is outside of the gap. For the sample B (A), the fluorescence peak intensity for
excitation at 0.92 (0.84) GW/cm? is 54 (7) times lessintense than the pe& intensity for excitation at 10.1
(10.5) GW/cm?, but the signals are normali zed with resped to the maximum fluorescence intensity signal.
Spedral narrowing was ohserved increasing the pump laser intensity as in the LP experiments. Note that at
low-laser intensity the fluorescencelinewidth is~ 30 rm while éove threshold it isreduced to ~ 8 nm.

10

0.8

0.6

0.4

0.2

Normalized intensity

0.0

540 560 580 600 620 640 660 680 700 720
Wavelength (nm)

Figure 1: Normalized fluorescence spedra of the sample A. The dashed line
corresponds to pump intensity of 0.9 GW/cm?, while the solid line is for pump intensity
of 10.1 GW/cnr.

Figure 2 summarizes the intensity and linewidth behavior of the fluorescence a a function of the pump
intensity for the sample B. The fluorescence pe&k intensity shows a weak dependence with the pump intensity
up to 5 GW/cm? ( 0.1 mJ/pulse) which represents the threshold for nonlinea growth of the fluorescence
intensity. The pe& intensity increases by one-order of magnitude whil e increasing the pump intensity from 4
to 10GW/cn, for the sample B. Note in Fig. 2 that the linewidth starts at ~ 30 rm, which is the natural width
of the dye, and narrows to ~ 7 nm when the laser intensity is increased to ~ 12 GW/cm?. We dso note that the
PC laser wavelength is off the pseudogap and thus the emitted light propagates inside the opal structure and
amplified spontaneous emission occurs along the random pathway.

The emisgon charaderistics from both samples (i.e. its wavelength, bandwidth and intensity) for different
observation angles are similar and the feaures were reproduced well for different regions on the samples
surfaces.
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Figure 2: Linewidth (open squares) and pedk intensity (solid circles) dependence with
pump intensity for the sample A.

The present results can be compared with previous reports on LP and PC studies. Two kinds of systems
were exploited in the LP experiments. Most of the works were performed with coll oidal solutions containing a
laser dye dislved in acohol and deledric nanoparticles randomly distributed [1] but samples were the dye
and the scaters are dispersed in a poymer shed were dso investigated [7, 8]. The laser threshold of 0.1
mJ/pulse measured in the present experiment, is about the same observed in LP experiments [1, 7, 8] where
two-orders of magnitude larger dye mncentration was used. In LP experiments al feedback mechanisms that
are due to morphologicd resonances are diminated since the gain medium is outside the scaters. Locd —
field effeds due to the scaters are not relevant in the LP experiments because most of the adive molecules
are locaed far from the particles surfaces.

In this work the dye molecules are inside nanoholes periodicdly arranged and thus the opa structure
behaves as a PC with laser adive lattice points. The wall s of the nanoholes sater light originating a random
walk of the photons generated inside the structure before they reach the exit PC surface Inside the holes the
spatial distribution of dye moleaules is expeded to be non uriform and larger dye molecules concentrations
ocaur neaby the walls due to adsorption. Although organic dyes adsorbed in semiconductors have their
quantum efficiency lowered, in the present case this can be @mmpensated by the dfed of dieledric
confinement of radiation. In fad, the difference between the refradive index of the hole wall and its inner
spaceis such that locd field effeds may contribute to enhance the nonlinea processin contrast to the LP
experiments. According to theoreticd predictions [9] strong enhancement effeds in the emission rate of atoms
having transitions with optica frequencies outside the bandgap is expeded even in structures with incomplete
photonic bandgap. Therefore, locd-field effects are dtributed as the origin of the large laser-adion
enhancement observed in the present work in comparison with LP experiments [1, 7, 8]. On the other hand,
the present results indicate that laser emisson from dyes infiltrated PC made of inverse opals of titania could
be observed in the previous experiments [5] if appropriate mnditions have been exploited. Moreover, the
results of ref. [5] which demonstrate large modification in the fluorescence spedrum of dyes moleales
corroborate our assumption that locd field effeds play an important role in the present experiment.

A comparison with recently reported lasing in a liquid crystal based PC is aso worthwhile. Ref. [10]
presents an approach which relies on the properties of partially ordered liquid crystal phases which exists for
certain temperatures. Although the laser threshold reported in ref. [10] is lower than in the present case, the
approach of ref [10] is limitted by the solubility of laser dyesin liquid crystals while there is no limitation to
extend the operation of the present PC laser to ather spedral regions were dficient dyes are dready avail able.



Conclusions

In summary, we have ohserved for the first time laser emission from an opticdly pumped PC. The
stimulated emission processis favored by the geometry of the inverted opal nanostructure and the locaion of
dye moleaules inside nanoholes.
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