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We have prepared random lasers that consist of macroporous titania monoliths infiltrated with dye
solution and that operate close to light localization regime. When the excitation pulse energy
exceeds a threshold, discrete spectral lines ascribed to laser oscillation appear on a featureless
emission peak. No pulse-to-pulse variation was observed in the spectral positions of lasing lines,
indicating that the lasing modes are localized in the medium. We demonstrated selective excitation
of lasing modes by pumping at different positions on the sample. © 2010 American Institute of
Physics. �doi:10.1063/1.3464962�

Random lasing is a phenomenon that occurs in a dielec-
trically disordered medium with optical gain, wherein light
undergoes scattering and amplification simultaneously.1–3

The simplest scheme to interpret random lasing is based on
diffusive feedback,4 which predicts a global narrowing of the
emission spectrum above a threshold. Under certain experi-
mental conditions, however, discrete spectral lines �laser
spikes� appear on top of the narrowed emission peak, which
cannot be explained by a purely diffusive model and indi-
cates the existence of mode structures. The first system
showing laser spikes was made of zinc oxide �ZnO� that
strongly scatters visible light,5,6 and thus a highly localized
mode was first proposed as a possible origin of the spikes.
However, subsequent experiments clarified that the strong
scattering is not necessarily required for the observation of
laser spikes, and it is now generally accepted that a diversity
of modes can support random lasing.1,7 In terms of the spa-
tial extent, the laser spikes can be originated from both the
localized modes that are spatially confined in the system, and
extended ones that cover a large volume of the system.

Among various systems, the random lasers with strongly
localized modes are of particularly interest in a technological
sense of fabricating tiny lasers. The straightforward way of
obtaining localized modes is to use the highly scattering sys-
tem, such as gallium arsenide �GaAs� nanopowders,8 com-
pacted nanoparticles of titania �TiO2�,9 and nanostructured
gallium phosphide �GaP�.10,11 Here, it is noted that appear-
ance of laser spikes is not a direct manifestation of the pres-
ence of highly localized mode because extended modes can
also support laser spikes and yield the similar emission spec-
tra. Measurements of the spatial distribution of laser spikes
are thus required for the evaluation of mode extent, but they
have been performed only for a limited number of systems
having high scattering strengths. van der Molen et al.12 fab-
ricated a random laser system of porous GaP infiltrated with
a dye solution, and observed several localized lasing modes
with the spatial extent of around 2 �m. Recently, Fallert
et al.7 have prepared a ZnO nanocrystalline-based system,
and have found the coexistence of two lasing modes with

different degree of localization; one is a strongly localized
mode with a spatial extent of 5 �m and the other a weakly
localized mode which spatially spreads out over the system
��30 �m�.

Although TiO2 is one candidate as a component of a
random laser that supports the localized modes because of its
high refractive index, the identification of highly localized
mode has not been reported for TiO2-based random lasers so
far. In this letter, we have fabricated random lasers consisting
of macroporous TiO2 monoliths filled with a dye solution
and probed the spatial extent of lasing modes, with a particu-
lar motivation of making the random laser that operates in
the localization regime.

Macroporous TiO2 monoliths were fabricated via sol-gel
process accompanied by spinodal-type phase separation.13–16

Titanium propoxide, hydrochloric acid, water, N-methyl for-
mamide, and poly�ethylene oxide� with a molecular weight
of 10 000 were used as starting materials. The as-prepared
wet gels were aged and evaporation-dried, and then were
heat-treated at 700 °C to turn the amorphous gel skeleton
into a rutile phase. The resultant monoliths possess well-
defined throughpores, which have a dual role as a scattering
center for visible light and a channel for liquid infiltration.
By adjusting the amount of N-methyl formamide in the start-
ing solution, we prepared two samples with central pore
sizes of 1.2 and 0.17 �m, referred to as TiO2-1.2 and
TiO2-0.17, respectively. Figure 1�a� shows the differential
�indicated by solid curves� and cumulative �dashed curves�
pore volumes measured for TiO2-1.2 and TiO2-0.17 using
mercury porosimetry. The two samples have the sharp pore
size distributions, and the porosity is similar to each other
��40%�. The inset displays the SEM image of TiO2-1.2, in
which well-developed three dimensionally interconnected
TiO2 skeletons and pores are obvious in the scale of several
micrometers. To evaluate the scattering strength of the
sample, coherent backscattering �CBS� was measured by the
off-centered rotation technique17 using a 488 nm line from an
Ar+ laser as a light source.

Our random laser system was prepared by immersing the
macroporous TiO2 disk �200 �m thick� in a methanol solu-
tion of rhodamine 640 �R640, 10 mM�. The porous TiO2
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sample was attached to the interior wall of a polystyrene
cuvette �10�10�40 mm3� using a polystyrene resin to
avoid filling of the dye solution between the TiO2 sample
and the cuvette, and then was infiltrated with a dye solution.
The cuvette was put on the stage equipped with a stepper
motor so that the sample could be translated in a direction
parallel to the sample surface. The frequency-doubled output
��=532 nm� of a mode-locked neodymium-doped yttrium-
aluminum garnet �Nd3+:YAG� laser �10 Hz repetition rate
and 25 ps pulse width� was used as a pump source. The
pump pulse focused by a lens �15 mm focal length� was
incident normal to the sample surface. The diameter of pump
spot on the sample surface was estimated by a knife-edge
method to be about 30 �m, which was reasonably larger
than the reported typical size of localized mode ��5 �m�.
Photoluminescence �PL� signal was collected at 45° with re-
spect to the sample surface by a fiber bundle, dispersed by a
monochrometer, and detected by a liquid-nitrogen cooled
charge coupled device. PL signal was integrated over 50 ex-
citation pulses for each data acquisition.

Figure 1�b� displays the angular resolved CBS cones for
porous TiO2 samples. The width of the cone is inversely
proportional to the transport mean free path �t, the length
after which the direction of light propagation is randomized.
We fit the data with a theoretical curve based on diffusion
theory18 to estimate k�t, where k is a wave vector. In the
fitting process, the reflectivity of the surface was calculated
using the Maxwell–Garnett effective medium theory in order
to correct for the overestimation of k�t due to internal reflec-
tion. After the correction, the k�t value was estimated to be
15.5 and 5.5 for porous TiO2-1.2 and TiO2-0.17, respec-
tively. We also measured the CBS cone for porous TiO2-0.17
infiltrated with a polymer having the refractive index similar
to methanol and obtained k�t�8.2.

Figure 2 shows the PL properties for dye-infiltrated po-
rous TiO2 samples. For the neat dye solution, the PL spec-
trum exhibits a broad spontaneous emission with a maximum
at 598 nm and full width at half maximum �FWHM� of 20
nm, even when excited with a pump power of 220 nJ/pulse,
the highest energy during our experiment �Fig. 2�a�, gray
curve�. For TiO2-1.2 infiltrated with a dye solution �black
curves�, a narrowing of PL spectrum occurs when the pump
power is increased above 119 nJ/pulse, and FWHM of the
emission becomes about 7.5 nm �Fig. 2�b��. The spectral
narrowing is accompanied by a rapid increase in emission
intensity, showing the presence of threshold for lasing. It
should be noted that although the global spectral narrowing

occurs, no laser spikes appear in the emission spectrum. In
Fig. 2�c�, PL spectra under various pump powers are shown
for TiO2-0.17 infiltrated with a dye solution. The spectral
narrowing of broad emission starts at a much lower pump
power compared to TiO2-1.2, and laser spikes emerge on top
of the featureless narrowed emission peak when the pump
power exceeds 70 nJ. The thresholds for both the global
spectral narrowing and the emergence of laser spikes are also
recognized in the plot of integrated emission intensity versus
pump power �Fig. 2�d��; one can detect two thresholds at 45
and 75 nJ as indicated by arrows in the inset. The appearance
of laser spikes in the emission spectra is stable for the inte-
gration over 50 excitation pulses, indicating that after each
excitation pulse, the system lases in the same modes and
therefore at the same wavelengths. The observation implies
that lasing modes are localized in TiO2-0.17 based system.

To directly investigate the spatial extent of the localized
lasing modes, PL spectra for TiO2-0.17 based system were
collected while pumping at different positions of the sample.
In our experiment, we translated the sample with steps of
1 �m in the direction parallel to the sample surface �defined
as x-axis�. The pump power was set to around 97 nJ, which
is well above the threshold. In Fig. 3�a�, we show the PL
spectra collected at different sample positions �from x=0 to
8 �m�. Let us discuss the behavior of some representative
lasing peaks. The sharp peak at �=602.05 nm, denoted by
�i� in Fig. 3�a�, is not observed at x=0 and 1 �m, appears at
x=2, 3, 4, 5, and 6 �m, and disappears at x=7 and 8 �m.
This means that the mode responsible for the peak �i� can be
excited only when x is between 2 and 6 �m. The similar
behavior can be seen for the sharp peak at �=605.50 nm,
denoted by �iii�, which appears as a weak emission at
x=0 �m, grows in intensity at x=1, 2, and 3, then decreases
at x=4, 5, and 6, and finally disappears at x=7 and 8 �m.
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on the diffusion theory.
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FIG. 2. �a� PL spectra of TiO2-1.2 infiltrated with a R640 solution measured
with various pump powers �black solid curves�. Emission from a neat R640
solution excited at 220 nJ is described by a gray solid curve. �b� Pump
power dependence of integrated PL intensity �left axis� and FWHM �right
axis� for TiO2-1.2 infiltrated with a R640 solution. The vertical dotted line
represents a pump power of 119 nJ/pulse. �c� PL spectra of TiO2-0.17 infil-
trated with a R640 solution measured with various pump powers. �d� Pump
power dependence of integrated PL intensity for TiO2-0.17 infiltrated with a
R640 solution. The inset enlarges the region around the thresholds. Three
lines are guides for the eyes, and arrows represent two thresholds at 45 and
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The behavior of these peaks implies that the different modes
can be excited by changing the pumping position. Spatial
extents of those two modes are on the order of 5 �m, and
are comparable to the values reported for other random lasers
that operate in or close to localization regime �e.g., 2 �m for
a GaP-based system12 and 5 �m for a ZnO-based system7�.

A close inspection of Fig. 3�a� reveals interesting behav-
ior for the sharp peak at �=603.54 nm, denoted by �ii�. This
peak appears at x=0 and 1 �m, becomes less intense or
almost disappears at x=2, 3, 4, 5, and 6, and then revivals as
intense emission at x=7 and 8 �m. Note that the x positions
where this peak becomes weak correspond to the ones where
the peak �iii� is intense. To quantify this, we calculated the
correlation between the spectral profiles in Fig. 3�a� in the
standard way as the Pearson correlation coefficient �r�. After
subtracting the broadband pedestal, we picked up the data of
�0.35 nm around the peaks �ii� and �iii� from each spectrum,
and calculated r between the data taken at a reference posi-
tion �x=0 �m for �ii� and 3 �m for �iii�� and that at various
x. The result is shown in Fig. 3�b�. One can recognize the
mode competition;19,20 the positions where r of peak �ii� is
high correspond to the positions where r of peak �iii� is low.
Most likely, these two modes spatially overlap, and compete
for a gain. In the present excitation condition, the total gain
available is not large enough for the both modes to lase si-
multaneously, and thus only one of the modes that win the
competition shows a laser peak.

There are several candidates for the origin of localized
mode that results in the observed lasing spikes. One plau-
sible candidate is a strong light localization in the sense of
Anderson localization21 because the present TiO2-0.17
sample infiltrated with dye solution is strongly scattering
�k�t�8.2�. Considering the facts that the localization behav-
ior has been observed up to k�t�4 for the system without
gain9 and up to k�t�6.4�2.8 for the system with gain,12

strong confinement of lasing modes may be achieved even
though k�t is larger than unity, a theoretical criterion for

Anderson localization. Other mechanisms for occurrence of
laser spikes are the confinement of lasing modes induced by
either optical absorption22 or fluctuations in the refractive
index.23,24 In the former, absorption of emitted photons in the
peripheral area of the excitation spot can reduce the effective
sample size and thus decrease the spatial extent of lasing
modes, while in the latter, the fluctuations in the refractive
index create waveguiding structures by chance. All the three
mechanisms lead to strongly localized modes that are con-
fined in a volume of the sample.

In summary, we have prepared random lasers consisting
of porous TiO2 monoliths and a R640 methanol solution
filled in the throughpores. The random laser actions with
laser spikes are recognized, which originate from localized
modes created due to extremely high scattering strength. By
scanning the system with the pump, we have demonstrated
selection of the lasing modes to be excited. The result sug-
gests that the porous TiO2-based system is promising for the
application to microsized active elements in photonic de-
vices.
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FIG. 3. �a� PL spectra of TiO2-0.17 infiltrated with a R640 solution obtained
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around the peaks �ii� and �iii� were used for the calculation.
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