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Abstract— Random lasers offer advantages such as low-cost
fabrication and robustness in harsh environments and have
applications in sensing, imaging, communications, and security.
Our current research focuses on advanced materials, active
control techniques, integration with other photonic structures,
and exploration of Anderson localization and polydisperse
effects. Coherent feedback in cavity-enhanced random lasers is
discussed as means to achieve specific emission characteristics,
and emission at 1300 nm is shown for the first time.
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1. INTRODUCTION

Random lasers (RLs) are a type of laser based on the
principle of multiple scattering of light in a disordered or
random medium, rather than relying on conventional resonant
cavities. Unlike conventional lasers, random lasers do not
require mirrors or other optical components to form a
resonant cavity for feedback. In a random laser, the active
medium, which can be a solid, liquid or gas, contains
scattering centers or disordered structures that scatter light in
multiple directions. This scattering process creates a random
path for light propagation in the medium. When the active
medium is excited by an external energy source, such as
optical pumping or an electrical discharge, the light is
amplified as it is repeatedly scattered and travels through the
medium. Eventually, some of the photons are excited to emit,
forming coherent laser light. RLs generally show a lack of
well-defined resonator modes, with some notable exceptions,
instead, they exhibit broadband emission spectra and are
highly diffusible. The output of a random laser can be highly
directional or diffuse, depending on the specific design and
properties of the active medium. RLs have been investigated
for applications in imaging, sensing, communications, and
lighting.

Random lasers offer unique characteristics such as low-
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cost fabrication, broad emission spectra and robustness in
challenging environments, making them suitable for various
applications such as sensing and detection, where they are
used in chemical and biological sensing, environmental
monitoring of pollutants and hazardous substances and
structural health monitoring of buildings and bridges. Other
applications are in imaging, where Random lasers are used in
fluorescence microscopy, speckle-free imaging systems, and
metrology for distance measurement and interferometry.
Another application is in security and authentication, where
random lasers can be used in anti-counterfeiting measures
and authentication systems, providing secure and tamper-
proof labeling and tagging. The latter applications are due to
the unique spectral and spatial distribution, and spatially
complex emission that provides a distinct and unique
signature making them inherently difficult to replicate or
mimic.

Random lasers are an open research frontier and are being
explored to enhance their performance, develop new
functionalities, and expand their applications. Some of the
emerging frontiers for random lasers include advanced
materials through tailored gain materials for improved
performance and extremely low threshold; active control
through developing techniques for active manipulation and
optimization of gain and spectral characteristics; hybrid
systems by integrating random lasers with other photonic
structures such as on-chip photonic platforms; nonlinear
effects for enhanced functionality and quantum Random
Lasers based on quantum gain media such as quantum dots
and quantum cascade random lasers.

II. RANDOM LASERS STUDIES

A. Directional Random Lasers with coherent feedback

Directional random lasers with coherent feedback have
potential applications in various fields, including imaging,
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Figure 1: a) Image of the polymer strip with TiO2 particles. b) Low
divergence red laser emission of microfluidic RL. ¢) Persistent, localized
modes on top of the ASE band of the extended modes, indicating
suppression of the interaction between the localized modes.

sensing, communication, distance measurement and
interferometry [1, 2]. Their ability to generate controlled laser
emission without the need for conventional cavity structures
makes them attractive for applications where simplicity,
compactness, and low-cost are desired.

In a first embodiment of such a laser in 2015, we enclosed
an active region, a DCM doped DNA-CTMA polymer film,
between two rough scattering surfaces, where scattering
centers were randomly positioned. No distributed feedback
inside the active material itself was imposed, the scattering
regions being positioned at the edges of the pumped area [3].
The entire device was acting as a single random oscillator
with dimensions of several hundreds of micrometers, being a
promising device for lighting, display and imaging
applications (Figure 1a).

In a next step, we integrated a directional RL into an
optofluidic device using a hollow-core antiresonant reflecting
optical waveguide (HC-ARROW) containing the gain media
inside a reservoir, which was connected to microchannel
waveguides to increase beam directionality [4]. With the
reservoir and microchannels, a low laser threshold of below
100 pJ and a high radiance with beam divergence of 68 mrad,
comparable to a traditional Nd:YAG laser, were achieved,
aside from a much slower dye decay rate (Figure 1b).

B. Anderson localization and Random Lasers

Combining Anderson localization and random lasers
makes much sense: Anderson localization is a phenomenon
where wave propagation is strongly affected by disorder,
leading to the confinement of waves in a localized region.
Random lasers, on the other hand, utilize multiple scattering
within a disordered medium to achieve lasing action. The
interplay between disorder-induced localization and lasing
opens up new avenues for designing and manipulating light
sources with specific properties, such as highly localized
emission, narrow linewidths, or tunable spatial patterns. It
also offers opportunities for studying fundamental physics
related to wave localization and lasing in complex media [5,
6]. We investigated the random laser action at the transition
to Anderson localization in a strongly disordered scattering
medium composed of a colloidal suspension of core—shell
nanoparticles (TiO>@Silica) in ethanol solution of
Rhodamine 6G [7]. Narrow peaks with a linewidth of < 0.17
nm and of approximately equal intensity were observed on
top of the classical superfluorescence band (ASE, amplified

spontaneous emission), indicating suppression of the
interaction between the peaks modes (Figure Ic). The
linewidth of the coherent localized modes is much smaller
than the linewidth of the extended modes, which is
approximately 1.3 nm, demonstrating the very high Q factor
of the localizing cavities. Random laser threshold is also very
small, of the order of 10 uJ mm? [8].

Correlation-induced localization is an active area of
research, and the specific requirements for inducing and
controlling localization is determined by a combination of
factors related to the system's disorder, scattering properties,
and the desired level of localization. For example, if the
scatterers are arranged in a highly ordered periodic pattern,
the localization effect may be diminished compared to a
disordered arrangement [9]. The correlation length represents
the characteristic distance over which the scattering events
are correlated. When the correlation length is comparable to
the wavelength of light, the localization effect becomes more
pronounced. By increasing the shell thickness in the core-
shell nanoparticles from 40 nm (TiO2@SiO;) to 70 nm
(TiO>@Si0,-Si0,), a stronger and longer-range Coulomb
interaction between the scatterers was induced, increasing
correlation (Figure 2a) and, as a consequence, localization
and slope efficiency (Figure 2b) [10].

C. Polydisperse Random lasers

The presence of different-sized scatterers in the medium
can enhance scattering and light trapping effects. The
multiple scattering events and the variety of scattering cross-
sections from different scatterers can increase the path length
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Figure 2: a) diffracted light collected in the backscattering configuration for
the RL systems (TiO,@SiO,—Si0,). b) a higher contribution of RL localized
modes for the TiO,@SiO,—SiO, RL system is detected when compared to
the TiO,@SiO, RL system, as shown by the higher slope (red circles, green
slope), accompanied by a 25% higher pumping fluency for saturation of the
RL. ¢) Output energy as a function of absorbed pump power for
polydispersed samples. Al to AS have increasingly higher mean diameter,
but all have the same threshold (indicated by arrow) demonstrating that the
smaller particles are responsible for laser threshold. d) artist impression of
the small particles concentrating the light.
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and the interaction of light with the gain medium, leading to
improved energy deposition and amplification. By preparing
pressed pellets of Nd*":Y VO, powder, which has a very high
gain [11, 12], and optimizing them in terms of grain size
distributions, we achieved an increase of 130% (2.3x) in
output power, with respect to the best monodisperse powder
[13]. A maximum output pulse energy of 1.3 mJ] was
achieved with a record slope efficiency of 50% as a function
of absorbed pump power (figure 2c), demonstrating that these
random lasers can be efficiently pumped by semiconductor
diodes. Light diffusion in these RLs is governed mainly by
the larger particles and it is almost independent of the smaller
particles, whereas the smaller particles, which are trapped
between the larger particles, are responsible for an increase of
15% in the number of scattering events, increasing the local
pump power density by up to five times (an artist impression
of this behavior is shown in figure 2d).

D. Cavity-enhanced coherent random lasers

Coherent feedback in random lasers is influenced by the
interplay between gain and scattering. The gain medium
should provide sufficient amplification to compensate for
scattering losses and allow the light to build up coherently
within the system. Adjustment of the gain profile and
optimization of the scattering strength, anisotropy and spatial
distribution of the scatterers are necessary to control multiple
scattering events and improve coherence. The spectral
emission of a Rhodamine doped aerogel random laser was
unequivocally associated with coherent emission, facilitated
by an effective cavity of length 67 pm, formed by the
combination of the input sample surface and the interface
between gain and reabsorption within the pumped sample
[14]. This laser system, characterized as weakly scattering (1,
> 1,) with an absorption length of 53 um and a scattering
length of approximately 6 mm, demonstrated that the free
spectral range (FSR) of the coherent emission peaks (figure
3a), occurring near the laser threshold, corresponded to a
cavity length about 25% longer than the absorption length L.
Above threshold, one single broad emission peak, attributed
to amplified spontaneous emission (ASE), was observed.

In the following new embodiment of a cavity-enhanced
random laser, we show for the first time a glass random laser,
based on neodymium doped zinc tellurite and aluminum
oxide (figure 3b) heavy-metal glass [15-18], that operates at
1300 nm (figure 3c) [19]. This laser system works, unlike the
weakly scattering system above, in the strongly scattering
regime (I, > I5) with approximately the same absorption
length as above (65 pm) and a much smaller transport mean
free path of just 4 pm. Being a glass laser of inhomogeneous
spectral broadening, no peaks were detected near threshold,
but two different slopes were observed (figure 3d), the first
attributed to emission from cavity modes, whereas the second
is the combination of ASE and coherent emission. A cavity
consisting of the pump surface of the sample and an effective
mirror formed by a second parallel layer at the gain-loss
interface (a combination of absorption and scattering) is
probably the main lasing mechanism of this random laser
system, similar to the weakly scattering system described
above, with the difference that the limiting parameter for the
cavity length is the short transport mean free path, in contrast
to above where the limiting factor is the short absorption
length.

The reason for the lack of emission at 1064 nm is
believed to be a measured temperature rise in the active
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Figure 3: a) three sets of equidistant peaks with the same FSR
corresponding to three resonators of the same length within the pump spot
size. b) image of the random laser surface. c¢) emission at 1337 nm. d)
output power versus input power clearly showing two different slopes, the
first attributed to cavity-enhanced coherent emission and the second to
additional incoherent emission due to ASE or extended modes.

volume of the sample, whose loosely arranged and tiny
micrometer-sized particles heat up sufficiently during the
short pump pulse duration to cause significant population
occupation of the lower laser level, hampering inversion at
the 1064 nm transition.

Both examples of random lasers, in the weak and strong
scattering regimes, demonstrate a wealth of new spectral
features, such as controllable equidistant peaks and new
wavelengths, that underline their usefulness in the
aforementioned, diverse applications.

ACKNOWLEDGMENTS

The authors would like to thank other collaborators for
the mentioned studies: A. Consoli, C. Lopez, M. A.
Alvarado, M. N. P. Carreno, M. 1. Alayo, I. F. da Silva, V.
Mestre, P. C. de Oliveira, W. M. Faustino, G. F. de S4, C. T.
Dominguez, A. A. V. Gomes, W. S. Martins, F. Butzbach, D.
Anacleto, E. Pecoraro, S. J. L. Ribeiro, C. D. S. Bordon, E. S.
Magalhdes and L. R. P. Kassab.

REFERENCES

[1]K. S. Reichel et al, "Self-mixing interferometry and near-field
nanoscopy in quantum cascade random lasers at terahertz frequencies,"
(in English), Nanophotonics, Atticle vol. 10, no. 5, pp. 1495-1503, May
2021, doi: 10.1515/nanoph-2020-0609.

[2] D. S. Wiersma, "The physics and applications of random lasers,"
Nature Physics, vol. 4, no. 5, pp. 359-367, May 2008, doi:
10.1038/nphys971.

[3] A. Consoli, D. M. da Silva, N. U. Wetter, and C. Lopez, "Large area
resonant feedback random lasers based on dye-doped biopolymer
films," (in English), Optics Express, Article vol. 23, no. 23, pp. 29954-
29963, Nov 2015, doi: 10.1364/0e.23.029954.

[4] K. C. Jorge, M. A. Alvarado, E. G. Melo, M. N. P. Carreno, M. L.
Alayo, and N. U. Wetter, "Directional random laser source consisting
of a HC-ARROW reservoir connected to channels for spectroscopic
analysis in microfluidic devices," Applied Optics, vol. 55, no. 20, pp.
5393-5398, Jul 2016, doi: 10.1364/a0.55.005393.

[5] E. Jimenez-Villar et al., "Anomalous transport of light at the phase
transition to localization: strong dependence with incident angle,"
Photonics Research, vol. 6, no. 10, pp. 929-942, Oct 1 2018, doi:
10.1364/prj.6.000929.

[6] V. A. Ermakov, W. S. Martins, N. U. Wetter, F. C. Marques, and E.
Jimenez-Villar, "Localization of light induced in ordered colloidal

Authorized licensed use limited to: UNIVERSIDADE DE SAO PAULO. Downloaded on November 13,2023 at 19:24:56 UTC from IEEE Xplore. Restrictions apply.



suspensions: powerful sensing tools," Nanoscale, vol. 13, no. 13, pp.
6417-6425, Apr 2021, doi: 10.1039/d0nr08736;.

[7] E.lJimenez-Villar et al., "Random Lasing at Localization Transition in a
Colloidal Suspension (TiO2@Silica)," Acs Omega, vol. 2, no. 6, pp.
2415-2421, Jun 2017, doi: 10.1021/acsomega.7b00086.

[8] N. Wetter and E. Jimenez-Villar, "Random laser materials: from
ultrahigh efficiency to very low threshold (Anderson localization),"
Journal of Materials Science-Materials in Electronics, vol. 30, no. 18,
pp. 16761-16773, Sep 2019, doi: 10.1007/s10854-019-01289-x.

[9] E.Jimenez-Villar, W. S. Martins, and N. U. Wetter, "Ordered photonic
colloidal suspensions," Applied Optics, vol. 62, no. 11, pp. 2707-2710,
Apr 2023, doi: 10.1364/a0.477410.

[10]C. T. Dominguez et al., "Random lasing at localization induced in
correlated colloidal system," Optical Materials, vol. 120, Oct 2021, Art
no. 111428, doi: 10.1016/j.optmat.2021.111428.

[I1]N. U. Wetter, F. A. Camargo, and E. C. Sousa, "Mode-controlling in a
7.5 cm long, transversally pumped, high power Nd : YVO4 laser,"
Journal of Optics a-Pure and Applied Optics, vol. 10, no. 10, Oct 2008,
Art no. 104012, doi: 10.1088/1464-4258/10/10/104012.

[12]F. A. Camargo, T. Zanon-Willette, T. Badr, N. U. Wetter, and J.-J.
Zondy, "Tunable Single-Frequency Nd:YVO4BiB/O-3(6) Ring Laser at
671 nm," leee Journal of Quantum Electronics, vol. 46, no. 5, pp. 804-
809, May 2010, doi: 10.1109/jqe.2009.2038496.

[13]N. U. Wetter, J. M. Giehl, F. Butzbach, D. Anacleto, and E. Jimenez-
Villar, "Polydispersed Powders (Nd3+:YVO4) for Ultra Efficient

Random Lasers," Particle & Particle Systems Characterization, vol.
35, no. 4, Apr 2018, Art no. 1700335, doi: 10.1002/ppsc.201700335.

[14]N. U. Wetter, A. R. de Miranda, E. Pecoraro, S. J. L. Ribeiro, and E.
Jimenez-Villar, "Dynamic random lasing in silica aerogel doped with
rhodamine 6G," Rsc Advances, vol. 8, no. 52, pp. 29678-29685, 2018,
doi: 10.1039/c8ra04561e.

[15]L. R. P. Kassab, M. E. Fukumoto, V. D. D. Cacho, N. U. Wetter, and
N. I. Morimoto, "Spectroscopic properties of Yb3+ doped PbO-Bi203-
Ga203 glasses for IR laser applications," Optical Materials, vol. 27,
no. 10, pp. 1576-1582, Sep 2005, doi: 10.1016/j.0ptmat.2005.04.006.

[I6]E. A. dos Santos et al., "Evaluation of laser level populations of
erbium-doped glasses," Journal of Luminescence, vol. 124, no. 2, pp.
200-206, Jun 2007, doi: 10.1016/j.jlumin.2006.03.003.

[17]D. S. da Silva, N. U. Wetter, W. de Rossi, L. R. Pires Kassab, and R. E.
Samad, "Production and characterization of femtosecond laser-written
double line waveguides in heavy metal oxide glasses," Optical
Materials, vol. 75,  pp. 267-273, Jan 2018, doi:
10.1016/j.0ptmat.2017.10.033.

[18]L. R. P. Kassab et al., "GeO2-PbO-Bi203 glasses doped with Yb3+ for
laser applications," Journal of Non-Crystalline Solids, vol. 348, pp.
103-107, Nov 15 2004, doi: 10.1016/j.jnoncrysol.2004.08.244.

[19]J. Dipold, C. D. S. Bordon, E. S. Magalhdes, L. R. P. Kassab, E.
Jimenez-Villar, and N. U. Wetter, “1337 nm Emission of a Nd3+-
Doped TZA Glass Random Laser,” Nanomaterials, vol. 13, no. 13, p.
1972, Jun. 2023, doi: 10.3390/nan013131972.

Authorized licensed use limited to: UNIVERSIDADE DE SAO PAULO. Downloaded on November 13,2023 at 19:24:56 UTC from IEEE Xplore. Restrictions apply.



		2023-08-28T13:01:21-0400
	Preflight Ticket Signature




