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Abstract

Metal nanoparticles are efficient scatterers for light at around
the frequency of localized surface plasmon resonance. By
randomly dispersing such strong scatterers in a gain material,
a laser system is achieved. Multiple scattering leads to an
optical feedback that selects lasing modes. This type of
laser is called random laser and has been developed using
dielectric scatterers. This article highlights the application of
metal nanoparticles to random laser and emphasizes the
advantages of metallic scatterers compared to dielectric
scatterers.

¢ Introduction

Metal nanoparticles exhibit properties different than those
of bulk counterparts. One distinct difference is the behavior
of plasmon, which is a collective oscillation of conducting
electrons with respect to the positively charged metal ions of
which the lattice is composed. While bulk plasmon cannot be
directly excited by light illumination, the polarization developed
by charge oscillation on particle surfaces provides an effective
restoring force that yields conditions for light coupling to
plasmon.! When the eigenfrequency of the surface polarization
matches the frequency of incident light, a resonance, termed
localized surface plasmon resonance (LSPR), takes place on a
particle. Through LSPR, electromagnetic oscillation is converted
into plasmonic oscillation and confined in nanoscale, which
brings about an associated enhancement of electromagnetic field
around the particle. These interesting phenomena make the metal
nanoparticle an important player in plasmonics, a branch of
photonics based on surface plasmon. Potential applications in
plasmonics include surface-enhanced Raman scattering, bio-
chemical sensing, drug targets, solar cells, and even cancer
therapy.?

In this highlight review, we focus on scattering properties of
metal nanoparticles, one of the notable features related to LSPR,
and describe the application of nanoparticles as components of a
laser cavity. While a Fabry—Pérot cavity confines light by a pair
of facing mirrors, randomly dispersed particles can trap light by
multiple scattering and interference. Lasers with this type of
cavity are called random lasers and have been developed mainly
using dielectric scatterers. In the following sections, we first
describe scattering properties of a metal nanoparticle, emphasiz-
ing an excellent scattering ability compared to dielectric

compounds. We pay attention to only noble metals such as
gold (Au) and silver (Ag) with LSPR in the visible range, where
most random lasers studied thus far operate. Then we mention an
operation principle of random lasers and application of metal
nanoparticles to the random lasers. Some representative work, as
well as our studies, are reviewed. In the last part, we sum up the
highlight and make a brief comment on a recently demonstrated
surface-plasmon-based nanolaser, in which a single nanoparticle
works as a cavity.

¢ Scattering Properties of a Metal
Nanoparticle

When a particle is illuminated with an electromagnetic
wave, electric charges in the particle are forced into oscillatory
motion by the electric field of the incident wave. The electric
charges accelerated can radiate electromagnetic energy; this is a
process called scattering.’ Alternatively, absorption is a process
in which the excited elementary charges transform the incident
electromagnetic energy into other forms such as thermal energy.
A sum of scattering and absorption is defined as extinction,
which is equal to the energy given by the original incident beam.
The scattering strength of a particle is evaluated by scattering
cross section, 0, which is defined such that the total energy
scattered by a particle is equal to the energy of the original beam
incident on the area o;. A large o means a strong scattering. In a
similar way, absorption cross section ¢, is defined such that the
energy absorbed by the particle is equal to the energy incident on
the area o,.

The extinction properties of a metal nanoparticle around the
resonance vary with the particle size. Let us briefly summarize a
general tendency in size effect on the contribution of scattering
and absorption.*> For metal nanoparticles of less than 20 nm in
diameter, absorption dominates the extinction while scattering is
negligible. LSPR excited on a particle decays nonradiatively
through excitation of electron-hole pairs either by intraband
transitions within the conduction band or by interband transi-
tions between filled and conduction bands. On the other hand,
scattering effects are important only for nanoparticles of more
than 30nm in diameter, where electrons are accelerated due
to the electromagnetic field and then radiate energy in all
directions. For larger nanoparticles, scattering dominates in the
extinction process, and resonance frequency shifts with increas-
ing diameter. This means that the scattering properties can be
tuned by controlling the size of nanoparticle.
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Figure 1. Extinction efficiencies calculated using Mie theory
for a sphere (diameter: 50 nm) of Ag (indicated by red curves)
and TiO; (black) embedded in a matrix with a refractive index of
1.5. Scattering and absorption efficiencies are denoted by solid
and dashed curves, respectively.

To demonstrate a stronger scattering at around the LSPR
frequency, the extinction properties for a nanoparticle of Ag are
calculated for visible light range and compared with those for
a nanoparticle of titanium dioxide (TiO;), one of the oxides
having the highest refractive index in the visible range
(Figure 1). In the simulation, a sphere of Ag or TiO, is placed
in a matrix having a refractive index of 1.5, and the scattering
and absorption efficiencies, i.e., the ratios of o and o, to the
geometric cross section, are calculated based on Mie theory
using a software Mieplot.% In curves for an Ag nanoparticle, two
peaks appear at around 436 and 386 nm, which are ascribed to
the dipole and quadrupole modes of LSPR of an Ag nano-
particle, respectively. A comparison of the scattering efficiency
between TiO, and Ag nanoparticles clarifies that an Ag
nanoparticle scatters light more efficiently, especially in the
LSPR frequency range.

¢ Random Lasers

Light traveling through a system where nanoparticles are
randomly dispersed undergoes scattering and interference. The
scattering strength is evaluated by the scattering mean free path,
the average length between two scattering events, which is
expressed as

L = 1/p0 ()

where p is the number density of nanoparticles.’ The scattering
strength of a system is classified by the relation between ¢ and
sample size L. When {; > L, a photon on average is scattered
less than one time before exiting the sample, meaning that
the system is in subdiffusive or ballistic regime. In contrast,
multiple scattering dominates when {5 < L, called diffusive
regime where diffusion approximation explains the photon
transport suitably. In the case of an extremely strong scattering
system where ¢ is smaller than the reciprocal wave vector, i.e.,
k€, < 1, photon localization can be established.” Such local-
ization is referred to as Anderson localization of light, in
analogous to localization of electrons in disordered electronic
systems.®
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Figure 2. (a) Schematic illustration of a Fabry—Pérot laser
consisting of two mirrors and a gain material. Light is confined
between two mirrors, one of which partially transmits the light.
(b) Effective laser cavity consisting of random distribution of
scatterers with a gain material.

A random laser is realized when a gain is introduced into
such a scattering medium.” In a random laser, multiple light
scattering and interference provide an optical feedback instead
of a standard Fabry—Pérot optical cavity, which is made of two
mirrors (one of which partially transmits the light) that are
placed to face each other on both sides of the gain material
(Figure 2a). Light that is confined in the cavity interferes
constructively and is amplified selectively before it escapes from
the cavity through the partially transmitting mirror. When the
optical amplification is large enough to compensate for the loss
due to mirror leakage and material absorption, lasing oscillations
occur with a well-defined frequency, good directionality, and
a high degree of coherence. Although random laser works on
the same principle as Fabry—Pérot lasers, the lasing modes are
not determined by a predefined laser cavity but by multiple
scattering. An effective cavity formed by scatterers in a volume
of a random medium is a three-dimensional resonator with
losses (Figure 2b). In such a cavity, the number of modes per
optical frequency can be very large, and a large fraction of these
modes can be nondegenerate. This leads to an overlap of their
frequency spectra, and the spectrum becomes a continuum. As a
consequence, emission experimentally observed manifests a
smooth narrowing of the spectrum as the pump energy is
increased, which can be described in terms of a simplified model
of light diffusion with a gain as originally discussed by
Letokhov.'? This type of random laser is conventionally referred
to as incoherent random laser.

By reducing the number of modes excited simultaneously,
observation of spectrally resolved emission peaks from different
modes becomes possible. This can be achieved by preparing a
medium that operates in scattering regime close to localization,
exciting a medium with a very small spot or using a short
excitation pulse (shorter than the lifetime of the gain material).
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These random lasers with discrete spectral peaks are conven-
tionally called coherent random lasers, and many models!! have
been proposed as the origin of lasing modes, such as localized
photonic modes induced by Anderson localization,'? whispering
gallery-type modes supported by randomly distributed micro-
resonators'® and extended modes where spontaneously emitted
photons follow exceptionally long optical paths in a gain volume
and eventually lase.'*

Experimentally, coherent and incoherent random lasers have
been developed using various systems with scattering strengths
from nearly localized'>'>!® to close to ballistic.'*!” Typical
forms include nanoparticles [e.g., TiO,'® and zinc oxide
(Zn0)"] dispersed in dye solution and in polymer, porous
monoliths [gallium phosphide (GaP)'® and silicon dioxide
(Si0,)*°] infiltrated with dye solution, polycrystalline semi-
conductor (ZnO) powders and films,'>!> and ground laser
crystals [neodymium-doped lanthanum oxide (Nd**:La,03),%!
neodymium lanthanum pentaphosphate (Nd,La;_,Ps04)*].
Numerical works have been also carried out by utilizing a
finite-difference time-domain (FDTD) method in combination
with the rate equations of a four-level atomic system to simulate
the wave propagation in scattering media with a gain.?®

The application of random lasers is proposed based on their
properties different from those of regular lasers.” Low contrast of
a speckle pattern of incoherent random laser is beneficial for
application where homogeneous light field is required, including
photolithography, display, and lighting system.?* Meanwhile,
narrow-linewidth emission of coherent random lasers is appli-
cable for example to high-resolution wavelength-domain pho-
tonic codes and tags, which can be embedded in textile and
books.?

¢ Random Lasers Mediated by Local-
ized Surface Plasmon Resonance

In contrast to dielectric nanoparticles, it is only recently that
metal nanoparticles have begun to be used as scatteres in random
lasers in spite of their potential excellent scattering properties
due to the LSPR. The first example of a metal-nanoparticle-
based random laser was demonstrated in 2005 by Dice et al.®
They prepared a rhodamine 6G (R6G) dye solution containing
Ag nanoparticles (diameter: ca. 55nm) and observed a spectral
line narrowing down to 5 nm by exciting the system with 532 nm
pulses from a nanosecond Nd**-doped yttrium aluminum garnet
(Nd3*:YAG) laser. They examined emission properties of
suspensions with a various volume fraction of Ag nanoparticles
and found that the sample with volume fraction of 1.5 x 1072
vol % ({s = 1.05mm) had the lowest threshold. The threshold
increased rapidly when the volume fraction was further increas-
ed, indicating that the absorption by Ag nanoparticles of 55nm
is not negligible. The paper points out the enhancement in dye
fluorescence resulting from the enhanced localized electro-
magnetic field associated with LSPR, which was further
discussed in their following paper.?’ It is also indicated that
due to a large o, of an Ag nanoparticle, the geometric volume
occupied by scatterers, which is required to construct a system
with a given ¢, can be greatly reduced compared to that for
dielectric-based systems, providing a large volume left for a gain
material to fill in. Subsequently Popov et al. performed research
of the emission properties for R6G-doped poly(vinyl alcohol)
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(PVA) films 200um thick containing Au nanoparticles.?®
Similarly to the results reported by Dice et al., excitation with
532 nm pulses from a Nd*>*:YAG laser (10 ns width) allowed the
observation of spectral narrowing down to ca. S5nm. They
examined the dependence of threshold on nanoparticle size with
a fixed volume fraction of scatterers (6 x 1073 vol %) and found
the optimal size of 80 nm, where the threshold was the lowest. It
was found that the threshold increased with the reduction of
particle diameter.

In these preceding reports, the linewidth of emission
spectrum was as narrow as Snm; in other words, incoherent
random lasers were realized, and coherent random laser using
metallic scatterers was still missing at that time. We have
performed complementary works to demonstrate coherent
random laser emission for metal-nanoparticle-based media using
a picosecond excitation source.?*3!

Our random laser consists of Ag nanoparticles embedded in
polymer matrix doped with R6G molecules, where Ag nano-
particles were synthesized through a two-step seeded growth
procedure. The average size of Ag nanoparticles is 50nm in
diameter, with a somewhat anisotropic shape (Figure 3a). The
Ag nanoparticles exhibit intense LSPR signals over the whole
visible wavelength range (Figure 3b). Two main peaks at 425
and 540 nm are ascribed to dipole modes excited along the two
axes of anisotropic Ag nanoparticles, and a shoulder at 340 nm a
quadrupole mode. The film with a thickness of 100 um was
prepared by cell casting from a chloroform solution where
poly(methyl methacrylate) (PMMA) and R6G were dissolved
and Ag nanoparticles were ultrasonically dispersed.

Typical volume fraction of the nanoparticles was 3 x 1073
vol %, and {5 was calculated to be 3.4mm from eq 1 with
0, being simulated by the Mie theory. On the other hand,
absorption length ¢,, the distance when the intensity of light
traveling the medium becomes e~! of the initial value, was
estimated to be 81um from the absorption spectrum. The
relation of ¢ and ¢, ({5 > {,) indicates that the photon transport
inside the film is dominated by the absorption. Even in such a
situation, the presence of nanoparticle makes notable difference
in emission spectra. The film was pumped with the second
harmonic wave (532nm) of a mode-locked Nd**:YAG laser
(PL2143AE, EKSPLA) with a duration of 25 ps and a typical
repetition rate of 10Hz. Excitation pulse was focused by a
cylindrical lens to form stripe geometry having a typical length
of 2.1mm and width of 17um on the sample surface, and
emission was collected with a CCD detector (Figure 3c).
Figure 3d exhibits the integrated emission intensity as a function
of pump energy. Above certain pump energy, the emission
intensity increases nonlinearly, indicating existence of threshold
for the emission. Figure 3e shows the variation of emission
spectrum with the pump energy. When the pump energy is
low, the emission spectrum exhibits a broad band centered at
590 nm with full width at half maximum (FWHM) of 46 nm,
which can be ascribed to the spontaneous emission of R6G. As
the pump energy is increased up to Ey, = 0.36 WJ (corresponding
to an excitation energy density of 0.14 MW mm™2), a single
sharp peak at 572nm with FWHM less than 0.2 nm suddenly
emerges in addition to the spontaneous emission band, indicat-
ing that a lasing occurs upon this pump energy. The lasing
frequencies are found to vary with the irradiated position on the
film, which is relevant to the randomness in spatial distribution
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Figure 3. (a) Field emission scanning electron microscope
(FE-SEM) image for Ag nanoparticles dispersed on a glass
substrate. (b) Extinction spectrum of Ag nanoparticles dispersed
in water, showing two main bands at 425 and 540 nm along with
a shoulder at 340 nm. (¢) Schematic illustration of random laser
experiment showing excitation and emission configurations. (d)
Dependence of integrated emission intensity on pump energy.
(e) Variation of emission spectrum with pump energy. The
emission spectra were obtained under pump energies of 0.23
(indicated by a black curve), 0.36 (red), and 0.44 uJ (green). The
sample is a 100um-thick PMMA film containing 3 x 1073
vol % Ag nanoparticles and 10 mM R6G.3°

of Ag nanoparticles in the PMMA host. We confirmed that
similar sharp emissions were still observed in the same spectral
range even when the sample was excited by the third harmonic
wave of the Nd3*:YAG laser (A4 = 355nm). This result indicates
that the observed sharp peaks are not ascribed to Raman
scattering but to fluorescence. For comparison, we fabricated
two kinds of dye-doped films containing TiO, nanoparticles
(rutile-type, diameter 50 nm), one having the same ¢; as that for
Ag-embedded film and the other having the same p. We also
prepared a reference film containing neither Ag nor TiO,. While
a reference film without any nanoparticles merely shows a spon-
taneous emission band with FWHM of 46 nm under the same
pumping conditions, the TiO,-embedded films show similar
random lasing with discrete emission peaks, and the thresholds
(Ew, = 0.64 W for the system with the same 5 and 0.90 pJ for the
same p) are higher than that for the Ag-embedded film.
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Figure 4. Angular distribution of the intensity of light
scattered by a sphere with a diameter of 50 nm calculated using
Mieplot® for Ag (a) and TiO; (b). Incident light is an unpolarized
plane wave with a wavelength of 570 nm. Scattering angle of 0°
corresponds to forward scattering, and 180° backscattering.

In the present system, a photon traveling inside the gain
material is scattered less than one time on average before it exits
because £ is longer than the excitation stripe length of 2.4 mm,
meaning that the system is in subdiffusive regime. Optical
amplification in this regime was discussed by Kumar et al., who
proposed that the rare scattering events can significantly
contribute to lasing if gain is large enough.’? The probability
that amplification occurs within the system having a size L can
be described by a product of two factors, the probability that a
photon is scattered back into the gain region while traveling in
the system and a gain factor that a photon is amplified within the
system. Let us compare the thresholds among three samples
based on this discussion. When p is the same, both the Ag- and
TiO,-embedded films have the same gain factor because of the
same volume fraction occupied by the scatterers, while the
scattering probability differs from each other. The probability of
backscattering is much higher for the Ag-embedded film bacause
the o, of 50 nm Ag nanoparticles is larger by about 20 times than
that of TiO,, resulting in the lower threshold for the Ag-
embedded film (Ey, = 0.36 WJ) compared to the TiO,-embedded
film (Ey =0.90W)). The difference in scattering strength is
visualized in Figure 4, where angular distributions of the
intensity of light scattered by a 50nm Ag sphere and a TiO,
sphere are calculated based on the Mie theory. Scattering
intensity for backscattering direction (scattering angle: 180°) is
far larger for Ag than TiO, (note that the intensity scale for the
Ag nanoparticle is larger by a factor of 20 than that for the TiO,
nanoparticle). On the other hand, when s is the same, both the
Ag- and TiO,-embedded films have the same scattering
probability, but the gain factor is different because the volume
occupied by the scatterers is larger for the TiO,-embedded
sample by 20 times. This may reduce the gain for light
amplification and result in the higher threshold for the TiO,-
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Figure 5. (a) FE-SEM image of Ag nanoprisms dispersed on
a glass substrate. (b) Extinction spectrum of Ag nanoprisms
suspended in an aqueous solution. (¢) Emission spectra at varied
pump energies for PMMA film containing Ag nanoprisms
(1.2 x 1073 vol %) and R6G (10 mM). The pump energy: 0.22
(indicated by a black curve), 0.33 (red), and 0.52uJ (green).
(d) Emission intensity as a function of pump energy.?’

embedded film (Ey, = 0.64uJ). In addition, enhancement in
localized electromagnetic field due to the LSPR can be another
factor to reduce the threshold of the Ag-embedded film, although
it is difficult to separate the enhancement effect from other
factors and discuss quantitatively.

Progress in wet chemistry allows the fabrication of particles
with a variety of morphologies. As a scatterer for random laser,
we fabricated Ag nanoprisms by chemical reduction in the liquid
phase (Figure 5a). Most of the Ag nanoprisms are triangular
with truncated edges, with by-products of small-sized Ag
nanoplates. Figure 5b shows the extinction spectrum of an
aqueous suspension of Ag nanoprisms. The spectrum exhibits
three bands at 351, 423, and 553 nm, corresponding to the in-
plane quadrupole, out-of-plane dipole, and in-plane dipole
resonances, respectively. The 100um-thick samples were
prepared by cell-casting from a chloroform solution containing
PMMA, R6G, and Ag nanoprisms. The random laser experi-
ments were conducted with a picosecond Nd**:YAG laser using
the same configuration as described in Figure 3c. Figure 5c
presents the evolution of emission spectra as a function of the
pump energy. The broad spontaneous emission band becomes
narrow with increasing pump energy to 0.27uJ, and narrow
spikes emerge at around A = 580nm when the pump energy
reaches 0.33WJ, implying the onset of laser emission. The
integrated intensity of emission as a function of pump energy
clearly shows the existence of a threshold of laser emission
(Figure 5d). The laser peaks are slightly red-shifted compared to
the system containing polyhedral Ag nanoparticles shown in
Figure 3e, probably reflecting a LSPR red-shift of nanoprisms.

Surprisingly, random laser action is possible even for a
medium with ultrafine Ag nanoparticles, although nanoparticles
less than 20 nm absorb most of the incident light and o is very
small. Ag nanoparticles embedded inside polymer films were
prepared via in situ reduction of Ag™. A mixture of PVA, silver
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Figure 6. (a) Transmission electron microscope (TEM) image
of 2 um-thick PVA film containing Ag nanoparticles and R6G
(10 mM). The average particle size is ca. 5.5 nm in diameter. (b)
Emission spectra at varied pump energies. The pump energy:
0.43 (indicated by a black curve), 1.29 (red), and 1.60 (green).?!

nitrate, and aqueous R6G solutions was spin-coated on an SiO,
glass substrate followed by annealing, leading to the precip-
itation of Ag nanoparticles with average size of 5.5nm
(Figure 6a). The random laser experiments were carried out
with a picosecond Nd**:YAG laser using the same configuration
as described in Figure 3c. Figure 6b depicts the evolution of
emission spectra as a function of pump energy. The emission
spectrum narrows down with an increase in the pump energy,
and sharp spectral peaks suddenly appear at ca. 560nm with
linewidth of 0.3 nm when the pump energy reaches 1.60 uJ. At
this pump energy, a film prepared without Ag nanoparticles only
shows an amplified spontaneous emission (ASE) band with
linewidth of 24nm. Beyond this threshold, the emission
intensity increases more rapidly and the linewidth dramatically
decreases, indicating the emergence of coherent laser emissions.
Compared to the o for a 50nm Ag in PVA, o, of 5.5nm Ag is
smaller by a factor of around 10° at the wavelength of emission
(560nm). This small o; makes ¢{; of the system 200mm,
meaning that the film is virtually transparent because the size of
the film (typically 1 cm x 1 cm x 2 um) is much smaller than £.
We speculate that in addition to scattering, the enhancement of
electromagnetic field may contribute to the appearance of sharp
laser emissions.

¢ Summary

In this review, emission properties of media based on metal
nanoparticles are described after an introduction of the operation
principle of random lasers. It is emphasized that a metal
nanoparticle is a strong scatterer compared to a dielectric at
around the frequency of LSPR, and a large o5 of a metal
nanoparticle allows fabrication of a random laser with a lower
threshold compared to that containing dielectric nanoparticles.
The existence of amplification effect due to the localized
electromagnetic field in the vicinity of the metal surface is
suggested.

As a related topic to the metal-nanoparticle-based random
laser, a surface-plasmon-based nanolaser, called lasing spaser,
was reported.’>** A spaser, abbreviation of “surface plasmon
amplification by stimulated emission of radiation,” is analogous
to the laser. In a spaser, photons are replaced by surface
plasmons, and a cavity is a nanoparticle that supports the
plasmonic mode.>> Outcoupling of surface plasmon mode to
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photonic mode results in a nanolaser, which was experimentally
demonstrated in a suspension of core—shell nanoparticles having
an Au-core (diameter: 14nm) and a dye-doped SiO, shell
(thickness: 15 nm).?* The similarity in components, i.e., a metal
nanoparticle and a gain material, may allow fabrication of a
spaser using the same techniques of making metal-nanoparticle-
based random lasers.
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