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An unique random laser exhibiting quasi-single-mode and low lasing threshold is developed by a
homogenized submicrometer-sized zinc oxide particle film dispersed with intentionally introduced
polymer particles as point defects. Such unique random lasing is dominantly initiated at the defect
sites, although multi-mode peaks with a collapsed broad emission spectrum are observed at the
defect-free sites as in the conventional random lasers. Thus our proposed simple structure can
possibly provide the controllability of lasing properties even in random structures. © 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4792349]

Random lasers, which typically composed of randomly
distributed scatterers and gain materials, have attracted much
attention over the past decade because of their unique laser
oscillation phenomena without a clear cavity structure.'™"!
The random structures can be expected to be utilized for
easily fabricated and low-cost applications such as surface-
emitting devices, because the disorder (i.e., simple nanopar-
ticle assembly or self-generated surface roughness) plays an
important role for randomly distributed feedback due to the
interference effects of recurrent multiple scattered light.
However, considering the potential applications, the random-
ness should also raise issues of lasing mode controllability
such as wavelength, location, and number of lasing modes.

Several approaches had been proposed for the control of
random lasing properties such as temperature control,'?
reducing structure size,Bf15 limiting excitation area,16’17 vol-
ume fraction control,'® and use of resonant scatterers.'®?°
We have also numerically proposed a method using size-
monodispersed scatterers and an intentionally introduced
defect sites where no scatterer was set.> 2> In this structure,
both the controls of the resonant frequency and localization
position would be, respectively, realized by introducing
defect sites and adjusting the Mie resonances of individual
scatterers. From our numerical results, by optimizing the
structural parameters (e.g., sizes and refractive indexes of
scatterers and defects), we confirmed that random lasing
could be dominantly initiated at the defect sites even in the
random structure, which would be worked as an active center
for lasing. However, experimental verification has not yet
been performed.

In this paper, towards the experimental realization
of our proposed structure, we examined random lasing prop-
erties induced in a random structure composed by
submicrometer-sized ZnO spherical particles mixed with
polymer particles as defects. From the results, we found that
while the lasing properties measured at defect-free sites
exhibited the same behaviors as conventional random lasers
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(discrete multiple sharp peaks superposed on the collapsed
emission spectrum), those at defects were markedly modi-
fied, such as limiting the lasing position at the defect site,
suppressing the number of lasing modes, and lowering
thresholds. From these results, we believe that our proposed
method can strongly modify the lasing properties in random
structures, which is thoroughly different from the lasing
properties of conventional random lasers.

In the experiments, submicrometer-sized ZnO spherical
particles were used as scatterers and gain media. To experi-
mentally realize the proposed structure, because scatterers
optimally sized to match the resonant wavelengths with the
emission spectrum of ZnO particles must be used in the las-
ing experiments,”'>* we roughly estimated the optimal size
of ZnO particles to be about 200 nm from Mie scattering
theory; hence, the lasing would be expected to occur at the
emission wavelength of ZnO around 380 nm. For this pur-
pose, quasi-monodispersed ZnO particles with the diameter
of about 200 nm were fabricated from commercially avail-
able ZnO particles (mean diameter 100 nm, Hakusuitech) by
using a laser-induced melting method. The experimental
setup was essentially the same as that reported else-
where.?>?° Briefly, ZnO particles dispersed in water were
irradiated by nonfocused laser light of a Nd:YAG laser
(wavelength 355nm, duration time 6ns, repetition rate
10Hz), and the concentration, laser intensity, and exposure
time were set at 0.2 mg/ml, 100 mJ/cmz, and 90 min, respec-
tively. Figures 1(a) and 1(b) show scanning electron micro-
scope (SEM) images of ZnO particles before and after the
laser-induced melting. We clearly found that melting caused
the shapes of ZnO particles to be spherical having diameter
of about 200 nm (mean diameter 212 nm) and the shape and
size of ZnO particles were homogenized rather than those
before laser induced melting. Then, we intentionally added a
small amount of green fluorescent polystyrene particles
(diameter 900nm, Corefront) into the solution as point
defects. By using fluorescent polymer particles, we can
determine the positions of point defects by observing the
green fluorescence image. After mixing fluorescent polymer

© 2013 American Institute of Physics
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FIG. 1. Scanning electron micrograph of submicrometer-sized ZnO particles
(a) before and (b) after laser-induced melting. White bars indicate the sizes
of 500nm in (a) and 1 um in (b). (c) Fluorescence image of a polymer parti-
cle (arrow) and (d) emission intensity distribution of a ZnO particle film
including a point defect. Dotted line in (c) suggests the scanned area of the
intensity distribution. White arrows 1 and 2 in (d) represent the sites of spec-
tral measurements, and arrow 1 also indicates the position of the polymer
particle in (c).

particles, a drop of the solution was cast on a cover glass and
dried (film thickness ~100 um).

The sample was fixed on a piezo-stage set on a confocal
microscope (Ecripse Ti-U, Nikon). Pulses from a Q-switched
pulsed laser (wavelength 355 nm, duration time 100 ps, repe-
tition rate 1 kHz) were irradiated on the sample by an objec-
tive lens (100x, NA=0.9, spot size ~65um). Emission
from a ZnO particle film was collected by the same objective
and passed through a pinhole (about 1 um on the sample
plane). Then, emission was coupled into a fiber bundle con-
nected to a spectroscope equipped with a cooled CCD cam-
era and a photomultiplier tube (PMT). For lasing intensity
distributions, signals from the PMT that detected photons
with wavelengths from 375 to 395 nm passing through the
spectrometer were recorded by two-dimensionally scanning
the piezo-stage. After obtaining the intensity distribution, we
measured the emission spectra at arbitrary sample positions
and varying excitation intensity.

Figures 1(c) and 1(d) show the green fluorescence image
(white arrow indicates the position of a polymer particle) and
lasing intensity distribution of a ZnO particle film including a
point defect (scanned area is indicated by a broken white line
in Fig. 1(c)). From the results, an intense bright spot was
observed in the intensity distribution and the spot position was
almost the same as that of a fluorescent particle in Fig. 1(c),
when the excitation intensity was maintained constant
(10 MW/cm?) during the scanning. Therefore, we confirmed
that the emission intensity from ZnO particles was enhanced
around the point defect rather than at the defect-free sites.
Note that because fluorescent particles emitted only weak
green light and were easily degraded by the irradiation of the
excitation laser light, the emission from polymer particles did
not contribute to obtained lasing experimental data.

Appl. Phys. Lett. 102, 061110 (2013)

Figure 2 shows the emission spectra measured at the
point defect and defect-free site (indicated by white arrows 1
and 2 in Fig. 1(d)). Each figure shows the spectra with excita-
tion intensities of 0.5, 1.0, and 2.0 times each threshold. In
addition, the insets in each figure indicate the logarithmic
plots of the peak intensities against the excitation intensities.
In the figure, /,,, and I, indicate the thresholds at the point
defect and defect-free site, which were defined as the first
sharp peaks observed on a broad emission spectrum. From the
excitation intensity dependences, because nonlinear evolu-
tions of emission intensities were observed when the excita-
tion intensity exceeded each threshold, we confirmed that
random lasing was induced at the both of point defect and
defect-free site. However, the threshold at the point defect
(I1..) was about 6 MW/cm?, while that at the defect-free site
(Iy,) was 80 MW/cmz, which is about 13 times larger than that
at the defect. Thus, at the excitation intensity of 10 MW/cm?
(~1.5 x 14 s or ~0.13 x I,), the intense lasing spot was only
observed at the defect, as shown in Fig. 1(d).

From the spectra at the defect-free site (arrow 2 in
Fig. 1(d)), multi-mode sharp peaks superimposed on the col-
lapsed broad emission spectrum were randomly appeared at
the wavelengths around its gain maximum (~388nm). In
addition, relative peak intensities changed depending on the
excitation intensities and each shot of the excitation pulses.
These behaviors were also observed at different defect-free
sites and were similar to the characteristics of conventional
random lasers. Note that because the excitation intensity of
0.5 x I, was enough higher than the threshold at the defect
(about 6 x 14 ), broad emission spectrum already red-
shifted compared with that at the defect owing to the
increase in the exciton density or formation of electron—hole
plasma with high excitation intensity.”” On the other hand,
when we measured at the point defect (arrow 1 in Fig. 1(d)),
we found that the behaviors were clearly different from the
results at the defect-free sites (conventional random lasers),
where a single sharp peak was observed at 381 nm (see Fig.
2(b)). Increasing the excitation intensity up to five times of
the threshold, the wavelength of the single discrete sharp
peak did not fluctuate and no additional lasing peaks due to
the increase in gain appeared. In addition, we could not
clearly observe the collapse and red-shift of the broad
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FIG. 2. Emission spectra measured at (a) defect-free and (b) defect sites
(arrows 2 and 1 in Fig. 1(d)). The excitation intensities were 0.5, 1.0, and
2.0 times of each threshold from bottom to top. The insets in each figure
show the excitation intensity dependences of peak intensities. Arrows indi-
cate the threshold intensities (/,;, and /., respectively.
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emission spectra, as seen in Fig. 2(a), even when the excita-
tion intensity exceeded the threshold; this resulted in a high
contrast between a sharp discrete peak and the broad fluores-
cence spectrum.

To clarify the importance of the point defect, we also
measured lasing spectra at different defect sites. Figures
3(a)-3(c) show lasing spectra measured at different defects.
We clearly found that the obtained results were similar to
those in Fig. 2; relatively intense spots at the defect, a few
discrete sharp peaks, and lower thresholds were observed.
By repeating similar measurements at different point defects,
we found that single-peak lasing was observed at a rate of
about 30% and a few lasing peaks appeared in about 70% of
defects. Note that if polymer particles were placed on or near
the surface of ZnO particle film, it was impossible to observe
lasing behavior owing to huge leakage loss, and these cases
were excluded. We summarized their lasing properties in
Fig. 3(d), which indicates the scatter plots of the wavelength
of the first lasing peaks and its thresholds at point defects
and defect-free sites (indicated by squares and circles,
respectively). From the results, we clearly confirmed that the
intense lasing spots were observed at the defects and their
lasing peaks at the defect sites always appeared at the wave-
lengths around 380 nm with the lasing thresholds of about
10 times lower than those at defect-free sites. Note that the
lasing wavelengths at the defect-free sites seem to be more
concentrated around 388 nm than those at point defects
around 380 nm, because several lasing peaks simultaneously
appeared at the defect-free sites and we plotted the center
wavelengths of these multi-mode lasing.

Furthermore, also to clarify the importance of the ho-
mogenization of ZnO particles, we also measured the ran-
dom structure composed of point defects and ZnO particles
before the laser-induced melting. Figures 4(a) and 4(b) show
the emission spectra and the intensity distribution including
a defect (indicated by a black arrow), and the inset in
Fig. 4(a) indicates the excitation dependence of lasing peak
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FIG. 3. (a)-(c) Emission spectra measured at different defects and (b) scatter
plots of thresholds and lasing wavelengths. Solid squares and circles
indicate the results at defects and defect-free sites. Vertical axis is logarith-
mically plotted.
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FIG. 4. (a) Emission spectra and (b) intensity distribution of a random struc-
ture composed of a point defects and ZnO particles before laser-induced
melting. In (a), the excitation intensities were 0.5, 1.0, and 2.0 times of the
threshold from bottom to top. In (b), the excitation intensity was kept con-
stant at twice of the threshold.

intensity. The spectra in Fig. 4(a) were measured with the
excitation intensities of 0.5, 1.0, and 2.0 times of the thresh-
old. From the spectra measured at the defect, multiple sharp
peaks superposed on a collapsed broad emission spectrum
were observed at the wavelengths around 387 nm with the
threshold of about 50 MW/cmz, similar to the characteristics
of conventional random lasers. Furthermore, from Fig. 4(b),
we found that the intensity distribution shows almost uni-
form distribution (excitation intensity was kept at the twice
of the threshold), although the defect particle existed at the
center of the structure (indicated by a black arrow). These
similar behaviors were repeatedly observed at different pla-
ces and samples, and were thoroughly different from the
results of random lasers composed of homogenized ZnO par-
ticles and point defects. Thus, from these results, although
we must note that scatterers still have slight polydispersity
(about 10%) even after the laser-induced melting, which
may degrade the averaged resonant properties of a ZnO par-
ticle film, we concluded that not only the introduction of
point defects but also the homogenization of ZnO particles
would attribute to the modification of random lasing proper-
ties such as lasing wavelength, number of lasing modes, las-
ing sites, and thresholds.

In summary, we experimentally demonstrated random
lasing from a random structure composed of homogenized
ZnO particles including polymer particles as point defects.
Comparing the random lasing properties at point defects and
defect-free sites, we confirmed that the lasing behaviors were
markedly modified at the defect. In addition, the random las-
ing properties at a defect within a random structure composed
of ZnO particles before the laser-induced melting were
almost same as those at defect-free sites and conventional
random lasers. Thus, by simply introducing polymer particles
into homogenized ZnO particles, we demonstrated unique
random lasing properties such as limiting the lasing position
at the defect site, suppressing the number of lasing modes,
and lowering the thresholds. Even though further investiga-
tion is necessary to understand these observed unique random
lasing properties, we believe that our results will provide im-
portant viewpoints for manipulating randomly appearing res-
onant and lasing properties in random structures.
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