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We report the experimental implementation and theoretical analysis of a random laser system that

constitutes an amplifying periodic-on-average random superlattice (PARS). The stringent conditions on

monodispersity required for a periodic-on-average random superlattice system are fulfilled using a linear

array of spherical microresonators whose separation and size distribution can be controlled. Statistical

studies of the lasing frequency reveal a frequency-controlled behavior. We perform transfer matrix

calculations with gain to analyze the origin of the lasing modes, their thresholds, and frequency statistics.

The results confirm that the experimentally observed lasing modes arise from states introduced into the

stop gap of the underlying periodic system. On virtue of the fact that these high-quality gap states are

restricted to a band of frequencies, the consequent random lasing exhibits significant reduction in

frequency fluctuations.
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Random lasers are a fascinating class of optical ampli-
fying systems [1,2] that exploit structural disorder to real-
ize laserlike emission. The interplay between multiple
scattering and optical gain reveals a plethora of exciting
phenomena that have generated a great amount of interest
[3–16], particularly in the synergy of Anderson localiza-
tion and optical gain [17–21]. The coupled randomness and
gain result in strong frequency and intensity fluctuations
[12,22–27]. Recently, literature has focused attention on
the frequency behavior of random lasers [10,28–33]. For
instance, active spatial control of the excitation in order to
strengthen a desired mode has allowed us to control the
lasing frequency, effectively ‘‘taming’’ the random laser
[29,34]. On the other hand, resonant properties of individ-
ual scatterers can be exploited to achieve wavelength
control on diffusion and lasing [10,33]. Transport over
multiple resonators also induces localization at the wave-
lengths closest to the resonance [35].

A special kind of disordered system that relies on mul-
tiple resonators is the periodic-on-average random system
(PARS). It refers to an underlying periodic system that has
well-defined bands and band gaps, and is weakly random-
ized so as to excite localized modes. Here, the localized
states can be studied with respect to the band structure of
the underlying order. Indeed, one of the earliest seminal
works in optical localization dealt with such a system [36].
Recently, massive parallel computations have shown that
such systems are most likely to provide localization in
three dimensions [37,38]. Significant literature also exists
in one-dimensional PARS systems [39–41], including the
variation of localization length � in the gap [39], enhanced
transmission in the gap [40], and statistics of the Lyapunov
exponent in PARS systems [41]. On the experimental front,
weakly random binary multilayers were created to measure

� across the band edge [42]. Experimental reports in such
systems are relatively few, probably because of twin
requirements of (a) monodispersity and (b) a large number
of samples for averaging. In the random laser scenario,
theoretical works have investigated the statistics of reflec-
tion and transmission coefficients in such systems [43,44].
However, to our knowledge, there are no experimental
reports of amplifying PARS systems. It is desirable to
provide experimental pathways to complement the existing
theoretical ideas, in addition to generating new ones. In
that regard, we present a practical manifestation of a quasi-
one-dimensional amplifying periodic-on-average random
superlattice (aPARS). Having recently demonstrated col-
lective lasing from multiple microresonators [45], we ana-
lyze the spectral features of these modes from the vantage
point of random lasing. Transfer matrices with gain were
used to study the frequency behavior of periodic amplify-
ing multilayers and systematically added disorder. The
calculations identify the high-quality modes originating
from the gap states, whose frequency behavior is in excel-
lent agreement with the experiments. The inherent nature
of the gap states leads to frequency-controlled random
lasing. Thus, we demonstrate an experimental implemen-
tation of an amplifying PARS system. The dynamic nature
of our PARS configurations allows us to investigate con-
figurationally averaged quantities, which are most relevant
in disordered systems.
We briefly describe the experimental realization of such

an aPARS system. The most crucial requirement in an
experimental sample is the possibility of controlling the
active layer widths to make them monodisperse. This is
achieved by employing a technique created for studying
ultrahigh-quality microspherical Mie resonators. The
microspheres are obtained using a vibrating orifice aerosol
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generator that creates microdroplets, using the fracture of
an unstable liquid jet [46]. A liquid discharged through a
narrow orifice emits as a jet with inherent mechanical
instabilities, and spontaneously disintegrates into a stream
of polydisperse, irregularly shaped microdroplets. By
applying an appropriate periodic perturbation, the unstable
jet can be induced to break up into equal-sized droplets. In
our setup, the jet is realized by a microcapillary of diameter
10 �m, while the perturbation is created by a piezoelement
inside the capillary to which a periodic voltage is applied.
We created microdroplets from a Rhodamine 6G-methanol
solution, which are emitted serially in a linear configura-
tion. Along the axis of the array, the refractive index profile
resembles a multilayer. Under excitation by a Nd:YAG
laser (� ¼ 532 nm), the array emitted fluorescence in all
directions. The transverse (emission perpendicular to the
array) and the longitudinal emissions were separately ana-
lyzed by a spectrometer (f ¼ 50 cm). The longitudinally
traveling light experiences the multilayer arrangement,
whose widths and separations can be tweaked by modify-
ing the pressure and piezofrequency. The details of micro-
droplet characterization and the experimental techniques
are described in Ref. [45].

Figure 1(a) shows three representative microdroplet
arrays, which we identify as polydisperse, aperiodic, and
weakly periodic. The top image shows an array of poly-
disperse microdroplets with random spacings. Shown
below the image is the axial refractive index variation,
which reflects the randomness in the sizes and the separa-
tions in the thus-formed multilayer. We label the mean
dimension of the microdroplets along the axis as A and
the mean separation as B. The randomness in A (B) is
labeled �A (�B), the width of the measured Gaussian
distribution in the parameters. In the polydisperse
configuration, the parameter set (A, B, �A, �B) was
ð26:7; 25; 8:3; 24Þ �m. The middle image shows a mono-
disperse, aperiodic array with a large randomness in the
spacings, where ðA; B; �A; �BÞ ¼ ð23:9; 27:8; 0:1; 16Þ �m.
The refractive index profile indicates an aperiodic multi-
layer with monodisperse active layers. The bottom struc-
ture constitutes a weakly periodic multilayer, with
ðA; B; �A; �BÞ ¼ ð17:1; 6; 0:05; 2Þ �m. This was the best
monodispersity (�A ¼ 0:05 �m) achieved in the setup.
Figure 1(b) shows two shot-to-shot spectra obtained from
the longitudinal emission from these configurations. The
spectra differ because of the fluctuating configuration. The
measurements were made at an excitation energy above
threshold, which increased with randomness. In particular,
the threshold energies for the three cases were (i) 0:72 �J,
(ii) 0:41 �J, and (iii) 0:1 �J, while the excitation energies
were (i) 1:7 �J, (ii) 0:76 �J, and (iii) 0:32 �J. The poly-
disperse sample yields a multimode spectrum with almost
overlapping modes, which leads to their broadening.
Importantly, the modes appear at random frequencies.
The aperiodic sample yields spectra where the modes
appear at similar frequencies, and some modal overlap
was still seen. The modes from the weakly periodic sample

were fewer in number, and were well separated. They also
occurred at comparable frequencies. Occasionally, ‘‘dou-
blet’’ modes (pairs of peaks with equal separations, black
spectrum) were seen in the weakly periodic case, but were
never observed in the aperiodic configurations. To eluci-
date the frequency dependence, we plot the frequency
distribution of the lasing modes over 200 pump pulses, as
shown in Fig. 1(c). The top panel shows the histogram for
the polydisperse sample. Awide continuous distribution is
seen, which approximately emulates the shape of the gain
profile of the dye. No frequency dependence is observed in
the emission, reflecting strong frequency fluctuations akin
to a conventional coherent random laser. Next, when the
size distribution is minimized (middle panel), the continu-
ous distribution breaks into discrete bunches. The imme-
diate restriction in the lasing modes indicates the reduction
in frequency fluctuations created by the monodispersity.
The histogram bunches range from a width of 1.3 to
2.2 nm, separated by �4:6 nm. Thus, by minimizing the
randomness in size, the system can be made to emit in a

(a)

(c)

(b)

FIG. 1 (color online). (a) Observed aPARS configurations and
corresponding axial refractive index profile. Top: Random poly-
disperse configuration; middle: aperiodic system; bottom:
weakly periodic system. Yellow bar: 30 �m. See text for actual
dimensions. (b) Spectra from the corresponding systems.
(c) Probability distribution of lasing wavelengths in the polydis-
perse (top), aperiodic (middle), and for a weakly periodic system
(bottom).
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specified wavelength range. Finally, in the weakly periodic
manifestation (bottom panel), the separation in the bunches
is larger, and the bunch width was limited to 2 nm. The
histogram essentially exhibits only two bunches, with evi-
dence of very few modes around �� 571 nm. This was a
consequence of the limited gain profile of the dye, which
prevented the formation of lasing modes above ��
568 nm. We observed that stronger excitation did not
compromise the frequency bunching effect; it merely
increased the overall number of modes in the spectra and
mildly broadened the histogram bunches. Overall, by
tweaking the properties of the microdroplet array, the
system offered a control of the random lasing frequency.

Conventional dye scatterer–based random lasers rely on
the disorder created by nanoscatterers, which are essen-
tially abrupt refractive-index variations in the medium. In
this system, the abrupt change of index along the axis of the
array realizes multiple reflecting and transmitting interfa-
ces, thereby generating feedback in the longitudinal propa-
gation. Since the individual resonators are quite large
compared to the optical wavelengths, the collective mode
only encounters an almost planar interface at the axis, and
the actual sphericity of the microdroplets does not influ-
ence the transport. Essentially, the curved multilayer has
such a large radius of curvature at every interface that it
can be approximated as a planar multilayer. (This behavior
is elucidated using numerical simulations in the
Supplemental Material [47].) Therefore, a 1D calculation
suffices to analyze the origin of the modes. Accordingly,
we model the system as an amplifying multilayer system
using 1D transfer matrix calculations [48]. Optical gain is
introduced by adding a negative imaginary component to
the refractive index of the dielectric (n0-in00), with a
Gaussian gain profile centered at � ¼ 563 nm and a width
of 35 nm. This method is well suited to identify the
frequencies of lasing modes and their thresholds, although
the suprathreshold behavior cannot be studied because of
numerical instabilities [49,50].

Figure 2 shows the transmittance of a passive (n00 ¼ 0)
PARS system. Here, we discuss systems with arbitrary
parameters to gain insight into the effect of randomness.
As in the experiments, �A and �B are the widths of the
Gaussian distributions of the fluctuations in A and B,
respectively. We address a monodisperse system with
randomness only in spacings. The red curve depicts
the spectrum from a perfectly ordered multilayer
ðA; B; �A; �B ¼ 20; 6; 0; 0Þ �m. Two stop bands occur in
the region of interest, centered at �� 556 and 560.7 nm.
The modes at the band edge are the highest quality modes,
with relatively broader modes in the conduction bands. The
introduction of weak randomness in a controlled manner
reveals the perturbation of the band-edge states into the
stop band. For instance, the blue curve shows a spectrum
for a particular random configuration with �B ¼ 0:06 �m,
which corresponds to weak disorder. While the conduction
and stop bands still remain defined, the gaps are widened
(green arrows) and the erstwhile band-edge modes migrate

into the gap, now known as gap states. The quality factor of
these gap states remains high. With increasing disorder
(�B ¼ 2 �m, black curve), several gap states are gener-
ated with a distributed Q factor. The configurationally
averaged transmittance (magenta curve), the parameter
that is usually studied in passive systems, shows equi-
spaced peaks of unit transmittance at separations equal to
the free-spectral spacing of an individual layer. These
maxima, however, originate from the serial filtering effect
from a collection of independent Fabry-Pérot etalons, and
are not related to the high-Qmodes. Thus, it is of interest to
investigate the modes of maximal gain and further inter-
rogate their frequency behavior.
Figure 3 shows the corresponding spectra with optical

gain (n00 ¼ 2:6� 10�5) in all cases, and it was subthres-
hold in order to avoid numerical instabilities. The highest
peaks in the spectra can be identified as the eventual lasing
modes. In the periodic system (red curve), the band edges
are seen to gain in intensity, as expected of their large
quality factor. At each stop gap, the two band edges create
a closely spaced (1 nm) pair of lasing peaks, forming a
doublet. In the disordered system (blue curve), the modes
that lase first are the gap states, reconfirming their high
quality factor. The location of these states changes with
configuration, while remaining within the gap. Evidently,
the ‘‘doublet’’ peaks in the experimental weakly periodic
situation [Fig. 1(b), bottom plot] came from some particu-
lar instantaneous configuration that had sufficient period-
icity to yield band-edge lasing. The inset shows the
variation of peak intensity with n00, which identifies the
lasing threshold [51]. The gap state had a low lasing
threshold (n00 ¼ 2:77� 10�5), owing to the high quality
factor. Under stronger disorder (black spectrum), multiple
lasing modes are initiated in the stop gap region, and
the lasing threshold is raised to (n00 ¼ 8:25� 10�5).

FIG. 2 (color online). Spectra showing the passive transmit-
tance from the ordered system (red curve, top) and from two
PARS configurations with separations having weak (blue curve,
middle) and strong (black curve, bottom) randomness. Magenta
curve: Configurationally averaged transmittance for strong
randomness.
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An interesting behavior was revealed in the calculations.
The gap mode (blue curve) actually had a lower lasing
threshold than the band-edge modes (red curve, n00 ¼
5:5� 10�5), because of the higher quality factor of the
gap states. Perfect periodicity was inaccessible in the
experiments to verify this behavior. However, once
the disorder set in, the lasing threshold increased with the
disorder, which was in agreement with the experimental
observations.

The issue in focus here is the frequency control of the
modes, which is quantified in Fig. 4. Figure 4(a) (red
histogram) shows the wavelength distribution when the
active slabs were perfectly monodisperse ðA; B; �AÞ ¼
ð20; 6; 0Þ �m and the separations were weakly randomized
with �B ¼ 0:06 �m. The distribution shows three narrow
bunches indicating the restricted wavelengths of the gap
modes. Each bunch exhibits a double-peaked profile,
showing the memory of the band edges in the gap states.
However, the introduction of slight polydispersity (blue
plot, �A ¼ 0:05 �m) washes out the band-edge effect
and all bunches show a single peak. This explains the
lack of double-peaked bunches in the experimental obser-
vation, where an inherent randomness of about 50 nm
exists in the microdroplet diameter. At this level of ran-
domness and gain, the central histogram bunch is roughly
1.3 nm wide. Figure 4(b) shows the simulation of the
experimental systems (Fig. 1). The blue and the red histo-
grams show the behavior of the weakly periodic system
ðA; B; �A; �BÞ ¼ ð17:1; 6; 0:05; 2Þ �m and the aperiodic
system ð23:9; 27:8; 0:1; 16Þ �m, respectively. The experi-
mentally observed frequency control is reproduced as seen
from the restricted wavelengths. The mean separations in
the bunches are 4.8 and 6.85 nm, respectively, in excellent
agreement with experimental separations of 4.65 and
6.9 nm. Because of the extended gain profile in the simu-
lations, we could realize the third bunch in the red histo-
gram. The position of this third bunch coincides with the

few modes close to �� 571 nm seen in the experiments.
Despite the large configurational randomness, the fre-
quency bunching effect still occurs because the gain layers
remain fairly monodisperse. Thus, �B does not compro-
mise the frequency sensitivity as much as �A. Notably, the
bunches are separated by the free-spectral spacing of an
individual layer, although the stop gaps of the underlying
periodic system are not separated accordingly. This occurs
because the disorder widens the averaged stop gaps and
makes them equispaced. Finally, when both �A and �B are
strongly randomized [Fig. 4(c)], there is no frequency
sensitivity in the emission. A continuous distribution of
wavelengths is seen, with a width of about 10 nm. Clearly,
under such strong disorder, the system can no longer be
treated as periodic on average, and behaves like a conven-
tional random laser. These calculations are in excellent
agreement with the demonstrated experimental system.
Thus, our experimental system behaves as a quasi-one-
dimensional aPARS system and offers frequency control
of random lasing due to gap states.
In summary, we have realized an amplifying periodic-

on-average random system, aPARS. These aPARS systems
are promising candidates to study disorder-induced light
localization and lasing. This system offers frequency con-
trol in coherent random lasers. Further work would involve
analyzing the effect of the spherical shape of the droplets,
although this will only affect the intensity and interdroplet
coupling and not the frequency characteristics. To our
knowledge, this is the first demonstration of an aPARS
system with conclusive experimental evidence of

FIG. 3 (color online). Spectral profiles under amplification, for
the same configurations as in Fig. 2. The modes in the stop band
are seen to lase. Inset: Intensity as a function of n00 for the
indicated peak, revealing lasing threshold.

FIG. 4 (color online). (a) Red columns: Lasing wavelength
distribution for a weakly disordered system with monodisperse
active layers (�A ¼ 0 �m, �B ¼ 0:06 �m). Band-edge mem-
ory is evident in the double-peaked bunches. Blue columns:
Weakly polydisperse system (�A ¼ 0:05 �m, �B ¼ 0:06 �m).
Band-edge memory is washed out and single-peaked bunches are
seen. (b) Simulation of experimental parameters of aperiodic and
weakly periodic systems, yielding excellent agreement in the
distribution. (c) Continuous, broadband distribution from a
strongly disordered system with experimental parameters.
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frequency control in coherent random lasers. The micro-
droplet array system promises immediate applications in
optofluidic random lasers [15]. Finally, this system offers
the opportunity to study the phase transition from a
standard (ordered) multimode mode-locked laser to the
mode-locked random laser, an issue of great current
interest [52–54]. We hope our results trigger more activity
in this direction.
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Karalekas, and E.V. Podivilov, Nat. Photonics 4, 231
(2010).

[9] J. Fallert, R. J. B. Dietz, J. Sartor, D. Schneider, C.
Klingshirn, and H. Kalt, Nat. Photonics 3, 279 (2009).

[10] S. Gottardo, R. Sapienza, P. D. Garcı́a, A. Blanco, D. S.
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