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Recent advancements in the ability to design, fabricate and characterize optical and
optoelectronic devices at the nanometer scale have led to tremendous developments in the
miniaturization of optical systems and circuits. Development of wavelength-scale optical
elements that are able to efficiently generate, manipulate and detect light, along with their
subsequent integration on functional devices and systems, have been one of the main focuses
of ongoing research in nanophotonics. To achieve coherent light generation at the nanoscale,
much of the research over the last few decades has focused on achieving lasing using high-
index dielectric resonators in the form of photonic crystals or whispering gallery mode
resonators. More recently, nano-lasers based on metallic resonators that sustain surface
plasmons — collective electron oscillations at the interface between a metal and a dielectric —
have emerged as a promising candidate. This article discusses the fundamentals of surface
plasmons and the various embodiments of plasmonic resonators that serve as the building
block for plasmon lasers. Based on these concepts, a description of the various experimental
implementations of plasmon lasers is given, the characteristic parameters that describe their

performance are highlighted, and the potential applications of plasmon lasers are discussed.
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1. Introduction:

The field of plasmonics studies the collective electron oscillations in a metallic medium
(“plasmons”) and their interactions with external electromagnetic fields (“polaritons”). Plasmon
polaritons are electromagnetic fields that are bound to a metal-dielectric interface and have been
historically categorized into two types: surface plasmon polaritons (SPPs) and localized surface
plasmons (LSPs), where SPPs refer to propagating polaritons that travel along a metal-dielectric
interface, and LSPs refer to oscillations of electrons that are bound to the enclosed surface of an
isolated metallic nanostructure.

The field of plasmonics, as a fundamental part of the larger field of nanophotonics, has
undergone tremendous development during the past several decades thanks to the flexibility in
engineering the characteristics properties of a plasmon. For example, the dispersion properties of
propagating SPPs can be readily controlled, leading to interesting phenomena such as
extraordinary optical transmission [1], negative index of refraction [2], and “spoof” surface
plasmons [3], leading to applications such as nano-lasing [4], nano-circuitry [5], and collimation
of surface emitting lasers [6]. On the other hand, the absorption and scattering properties of
metallic nanoparticles that exhibit LSP resonances can be engineered by controlling the particle
size, geometry, constituent material and surrounding medium, leading to their applications as solar
cells [7], optical filters [8], and building blocks for metamaterials and metasurfaces [9, 10]. The
enhancement of electromagnetic field intensity in the vicinity of the nanoparticle enabled by LSP
resonances has also led to applications in single-molecule detection [11], optical trapping of
bacteria and biological tissues [12], and nonlinear optical conversion at the nanoscale [13].

Both SPPs and LSPs can undergo stimulated emission, which naturally leads to devices

that are the plasmonic analogue of lasers, known simply as plasmon lasers. Plasmon lasers



represent a major research effort in implementing nanoscale, coherent light sources with ultra-
small optical mode volumes. Such devices show promise in biosensing, on-chip optical
communications, and ultrafast manipulations of light-matter interactions. This encyclopedia article
gives a description of the physics and performance metrics of plasmon lasers, as well as their
potential applications. The description begins in summarizing the fundamental physics associated
with SPPs and LSPs, highlighting the necessity and challenges of implementing a plasmon laser.
Then, various types of plasmonic resonant cavities that serve as the building block for plasmon
lasers are summarized. Based on these concepts of surface plasmons and plasmon resonators, the
various experimental implementations of plasmon lasers to date is discussed, along with a

summary of their characteristic performance.

2. Fundamentals of Surface Plasmons
2.1 Drude-Sommerfeld model of metals

This section begins with the modeling of ““volume” plasmons — electron oscillations within a metal.
More specifically, an illustration is given of the collective response of free-electrons subject to a
source electromagnetic field, using a Lorentzian oscillator model. In Figure 1la, a static electric
field E, is applied to an opaque, infinitely large metal block, creating net charge densities +neu,
displaced by distance u,, where e is the electron charge and n is the free charge density of the
metal. Once E| is turned off, allowing the positive charge densities to create a driving force on a
given free electron, the free electron will start an oscillation motion as is described by:

d?u, e
at2 ~  m*

E, (2.1.1)



where m”* is the effective mass of the electron; E, = neu, /¢, is the driving field as induced by
the positive charge densities; and g is the free-space permittivity. Inserting the expression for E,

into equation (2.1.1) gives

—wiu, (2.1.2)

where the resonance frequency w5 represents the natural collective oscillation of electrons in the
volume (hence known as “volume” plasmon) of a metal. w..s of volume plasmons is traditionally

referred to as the plasma frequency wy,, which is expressed as

ne?

(2.1.3)
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Figure 1 | A classical description of plasmons as collective oscillations. a, A static field E, applied to a
thin metallic film surrounded by air. b, A static field E, applied to a spherical metallic particle surrounded
by air. ¢, The oscillation of a single electron with charge e in an electric field E| is represented by a damped

oscillator experiencing a driving force Fy = eEj.

The surface geometry of a metal also plays a role in determining the collective free electron

oscillation frequency inside the metal. Figure 1b illustrates this scenario using the example of a
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spherical metallic particle. The polarization density response to the applied static field Ej in this
scenario is calculated as P, = —neu,, which in turn creates the response field E, = —F,/3¢,.

Inserting this into equation (2.1.1) results in a new expression for the surface plasmon resonance
frequency given by wres = wp/ V3. In general, however, the relationship between plasmon

resonance and geometry is non-trivial, and as discussed in Sections 2.2 & 2.3, the dielectric

environment also influences these resonances.

Now consider the effect that free-electrons in a metal can scatter from the background
positive-ion lattice structure, resulting in a damped oscillation motion for the electrons. This is
represented by the inclusion of a damping factor y in equation (2.1.1). The dynamics of the free-

electrons in the presence of damping and a time harmonic driving field Eoe_i“’t is given by:

~ - e -
0fu + you = —WEOe_“‘” : (2.1.4)

This damped oscillator model of the free-electron response is illustrated in Figure 1c. Macroscopic
material parameters are derived using expressions for both the polarization density P=

go(e— 1)570 = neu and electric flux density D= EOSEO = SOEO +P. Inserting a time harmonic
expression for the amplitude oscillations % = fiue ~*“? into equation (2.1.4), and substituting in

the polarization density and electric flux density, results in the Drude-Sommerfeld expression for

the permittivity of a damped plasma, given by:

2
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Interband transitions occurring when w > w,, are accounted for with the inclusion of the constant

£ in equation (2.1.5). The dielectric function is complex and is written as e(w) = &'(w) +



ie" (w) for real numbers &'(w) and "' (w). For typical plasmonic metals such as Au, Ag, or Al at
optical frequencies, both &'(w) < 0 and |&'(w)| » |€"(w)| when w < w, is satisfied. These
properties, along with specific surface geometries, determines the properties of the excited
propagating or localized surface plasmons. The next two sections will discuss the conditions for

exciting these two categories of surface plasmon modes.

2.2 Propagating SPPs on a planar metal/dielectric interface

Figure 2a illustrates a transverse-magnetic (TM) plane wave at optical frequencies incident from
one medium to another at the Brewster angle 65, with the interface placed at z = 0. Each medium
is non-magnetic and described by dielectric constants €, for regions m = 1, 2. Additionally, the
spatial frequencies in each region obey the relationship e,k§ = kZ + k2, , where Em = 4, k, +

d,kp, ». The plane-wave solutions for regions m = 1, 2 are:

H,, = a,Hyei(kexthmzz) (2.2.1a)
v —iHm o i(kexx+kom 22)
B = —— (Gxkm, + Gy, ) e Fxxthmaz) (2.2.1b)
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Figure 2 | Surface-plasmon-polariton modes a, A transverse magnetic (TM) polarized plane wave is
incident from medium 1 having material parameters (¢, €&;) onto medium 2 having parameters (yo, €,) at
the Brewster angle 6. Both dielectric media are homogeneous, isotropic, and non-magnetic. Note that
0 + 0, = m/2. b, If medium 1 is a dielectric and medium 2 is a metal, the Brewster angle condition results
in SPP resonant modes. ¢, The SPP (blue-solid line) and free-space (red-dashed line) dispersion curves.
When the frequency is smaller than wgp, the two curves diverge, with the SPP curve representing a wave
bound to a surface. For frequencies beyond wgy,, the modes are no longer SPP modes as they are not bound

to the surface.



Maxwell’s equations dictate the field expressions in equation 2.2.1 and obey the relationships El .
a, = Ez -d, and elfl -a, = EZEZ -d, across the interface at z = 0 [14]. Applying these
conditions to equations 2.2.1a-b results in H,k, ,/&; = H,k, ,/€, and H; = H, = H, for a real

constant Hy. These two expressions then give the relation,

kl,z — kZ,Z (2 2 2)
) & . L.

Combining equations (2.2.2) with e,k§ = kZ + kZ,, for m = 1,2, where k is the free-space

wavenumber of the field, produces the dispersion relation,

kZ = kZ 2.2.3
X 81 82 0 ( a)
ka = 82 kz 2.2.3b
z 81 + 82 0 ' ( - )

Equations (2.2.3a-b) are the dispersion relations for the Brewster condition, however if medium 1
is a dielectric described by a real-valued dielectric constant, and medium 2 is a metal with a
dielectric constant described in the previous section, then the following relationship represents a

resonance condition resulting in surface-plasmon-polariton (SPP) modes:

glwe(w)<0o (2.2.4a)

glw)+e(w) <0 . (2.2.4b)

Under these conditions, the spatial frequency components become complex in both media,
resulting in k, = k;, + ik, for real values of k, and k;/, and k,,, , = ky,, , + ik, , for real values

of ky, , and ky, ,. For many dielectric/metal interfaces the approximation k,, , = ik, , is used



[15]. The result is a wave that propagates along the interface at z = 0 and exponentially decays

normal to the surface. The SPP wave expression is:
Hspp = @, Hoellx¥e~(xxtkmz2) (2.2.5)

Figure 2b suggests that an SPP is a surface wave that is bound to and propagates along the metal-
dielectric interface. The electromagnetic field intensity decays exponentially away from the
surface, indicating a subwavelength scale mode volume — a property that is desired for a nanoscale
laser as discussed in Section 4.3(v). On the other hand, the presence of the term k; in equation
(2.2.5) suggests energy is dissipated in the metal as the SPP propagates — the loss channel that

limits the quality factors of plasmonic resonators (Section 3.1) and needs to be compensated to

achieve lasing (Section 4.3(ii)).

Along the SPP propagation direction, the effective SPP wavelength Agpp is also
subwavelength: this is observed in the k; term of equation (2.2.5) via Agpp = 21/ky, and in
general Agpp < A. Figure 2c shows the SPP mode and free-space dispersion curves for a medium
using parameter values in equation (2.1.5) typical of metals such as y = 10" Hz, w, = 10"® Hz,
and €. = 10 [16]. At low optical frequencies, both curves nearly touch. This is the region of the
grazing Sommerfeld-Zenneck surface waves [16]. As the optical frequency increases, the two
dispersion curves diverge and special techniques are required to couple incident light to SPP modes

[15, 16]. The SPP k-vector reaches a maximum at the surface plasmon frequency wg,. Assuming

medium 1 is air, the surface plasmon frequency is given by ws, = w,/4/1 + &,. Although the free-
space light is confined to smaller wavelengths as the k-vector increases, the damping loss, in
addition to a decrease in group velocity, limits the effective SPP propagation length to the order

of 10 um [16]. SPP modes are no longer accessible as the optical frequency increases beyond wgp,.
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For very large frequencies, the medium loses its metallic properties and its dispersion curve once

again follows the light-line.

2.3 Localized surface plasmon (LSP) resonances

Now consider the case for LSPs, which are non-propagating surface plasmon modes confined by

the geometry of a metal nanoparticle.

Oabs
Oscat

0.25 030 035

Figure 3 | Localized surface plasmon resonant modes a, A plane wave with wavelength A is incident
from a dielectric medium onto a non-magnetic metallic particle with radius a. The particle radius is small
compared to the wavelength, a << A. b, The absorption and scattering cross sections of a spherical metal

nanoparticle. The peaks in the curve indicate the presence of LSP modes.

In Figure 3a, an electromagnetic plane wave with wavelength 4 is incident on a spherical

metal particle with radius a < A. The electromagnetic field induces an electric-dipole moment

p= aEl, where a is the polarizability of the metal particle. For a spherical particle, the

polarizability takes the form [17]:
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a = 4meyad & T 26 (2.3.1)
The scattering and absorption cross-sections for a spherical particle are then given by:
4
Oscar = g—lal® (2.3.2a)
Oaps = kIm(a) . (2.3.2b)

Figure 3b illustrates these cross-sections for the same metal and dielectric parameters used to
calculate the dispersion curve in Figure 2¢. The peak amplitudes occur when Ref{e, + 2¢;} = 0:
the resonance condition for exciting LSP modes. As discussed in Sections 3(iii) & 4.2(i), nanoscale
particles can act as self-contained resonators for the amplification of LSP modes in a gain medium,
and therefore can serve as a useful ingredient in the development of deep-subwavelength nano-

lasers.

3. Plasmonic Cavities

Stimulated emission is typically achieved using an optical resonator, and plasmon lasers are no

exception. In this section, several embodiments of surface plasmon resonators are discussed.

(i) Plasmonic Fabry-Perot cavities. As described in Section 2.2, SPP is a wave that propagates
along a metal-dielectric interface. Reflective surfaces can be used to form cavities for SPPs, where
the waves are reflected between the surfaces, resulting in a Fabry-Perot type cavity for SPPs. For
certain wavelengths, a standing-wave forms inside the cavity, corresponding to a resonant
condition. A measure for the relative strength of the resonance is known as the quality factor (Q-

factor):
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where A is the resonance center wavelength and &4 is the resonance linewidth. The cavities
themselves typically need to be stable, where the reflected waves will stay within the cavity even
after many reflections.

Plasmonic Fabry-Perot cavities have been demonstrated for both wedge waveguides and
planar waveguides. For the wedge waveguide cavity, wedge-plasmon polariton resonators are
formed at the ridge of a long triangular wedge. The ridge acts as a one-dimensional (1-D)
waveguide along which the SPP waves propagate. Metal strips are placed at positions along the
wedge that act as high reflectors. Resonators with a Q-factor > 190 have been achieved in the
visible spectrum using template stripped Ag surfaces [18]. For SPPs existing on a planar metal
film, both curved and flat reflectors have been successfully employed in building plasmonic Fabry-
Perot cavities. An example of such a cavity along with a typical far-field spectrum are shown in
Fig. 4a and 4b respectively. The earliest successfully demonstrated planar resonator is a Fabry-
Perot resonator created by Sorger et al., who formed a long trench between two vertical silver
reflectors [19]. This original design has been subsequently improved upon, such that O-factors as
high as 310 have been successfully demonstrated in the visible region of the electromagnetic
spectrum [20]. Curved metallic mirrors can also been used to generate planar resonators with
comparably high QO-factors [21]. It is worth noting that higher-order hybrid-photonic-plasmonic
modes can exist within these planar resonators, but fundamental SPP modes can be singled out by

controlling the height of the reflectors.

(ii) Gap plasmon cavities. When an SPP wave reaches the edge of a dielectric or semiconductor
facet, a portion of the wave will be reflected back due to Fresnel reflections. Such a reflection can

be employed in place of a cavity mirror to form a resonator (Fig. 4c). An early demonstration is by
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Oulton et al., who exploited this concept to construct a gap plasmon cavity [4]. Here, the gap
plasmon refers to the plasmonic mode confined in between a planar metal film and a high-index
semiconductor nanowire. The large refractive index of the semiconductor material naturally
provides a large reflection coefficient at the end facet. A 2-dimensional cavity (Fig. 4d) can also

be formed by replacing the nanowire with a nano-slab [22].

b . e
i

570 600 630 660 690
Wavelength (nm)

Figure 4 | Surface plasmon polariton cavities. a, Cross-section of a planar Fabry-Perot cavity with two
planar end mirrors. Reprinted from [20]. © The Authors, some rights reserved; exclusive licensee American
Association for the Advancement of Science. Distributed under a Creative Commons Attribution
NonCommercial License 4.0 (CC BY-NC). b, Measured (red solid line) and simulated (gray dashed line)
resonance spectrum of a plasmonic Fabry-Perot resonator. Adapted from [21]. ¢, Schematic diagram of a
dielectric-fact cavity that supports plasmonic-photonic-hybrid modes. This cavity consists of a
semiconductor nanowire and a planar metal film, separated by a nanoscale dielectric gap. Adapted from
[4]. d, Schematic diagram of a two-dimensional (2-D) dielectric-facet cavity which consists of a
semiconductor nanodisk and a planar metal film, separated by a nanoscale dielectric gap. Adapted from
[22]. e, Schematic diagram of a metal-coated plasmonic cylinder that can support plasmonic whispering-

gallery modes. f, Schematic diagram of a plasmonic toroidal cavity. Adapted from [25].
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(iii) LSP open-cavities. As discussed in Section 2.3, free electrons within an isolated metallic
nanoparticle can undergo a collective oscillation known as LSP, which is a quantum of localized
electron plasma oscillation. Similar to other oscillators, resonance plays a role in the amplitude
and decay time of LSPs. In general, the resonant frequency of the LSP depends on the material,
size, shape, and local environment of the particle [23]. The sensitive dependence of LSPs on their
local environment has been exploited in applications such as refractive index sensing [24], surface-

enhanced Raman scattering (SERS) [25], and tip-enhanced Raman scattering (TERS) [26].

As discussed in Section 2.3, analytical solutions for LSPs exist in the case of spherical
particles. These solutions remain valid through deep sub-wavelength scales until a quantum
mechanical treatment becomes necessary. Quasi-analytical solutions exist for non-spherical
particles, including the multiple-multipole method and the volume integral method [15]. Purely

numerical methods are also applicable, including finite-difference time-domain methods.

Typical experiments that exploit LSP resonances use silver (Ag) or gold (Au) nanoparticles.
Ag and Au offer LSP resonances that fall within the visible spectrum with reasonably high Q-
factors (10 to 40). Ag nanoparticles typically offer resonances in the blue region with higher quality
factors than that of Au nanoparticles, while Au nanoparticles are less prone to undergo chemical
changes in experimental ambient environmental conditions. Given a local gain medium and
sufficient excitation power, LSP resonances can also undergo a transition into lasing behavior (see

Section 4).
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(iv) Lattice plasmon cavities. A different type of resonance emerges in quasi-infinite arrays of
single LSP resonators, known as delocalized “lattice plasmons”, surface Bloch modes, or surface
lattice resonances [27-29]. Individual resonators that are separated by a dielectric medium can be
coupled by a scattered, in-plane electromagnetic field and undergo coherent oscillation [30]. In
this case, the electromagnetic field is delocalized from the individual particles and can lead to
resonances with much higher Q-factors than those of any individual particle because of reduced
metallic absorption. Such resonances have also been shown in cases where a plasmonic crystal

lattice can be formed [31].

(iv) Hybrid-photonic-plasmonic cavities. Generally, the cavities that support resonant hybrid-
photonic-plasmonic modes can also be defined as plasmonic cavities. These hybrid modes have
an SPP-like field at the surface of the metal and photon-like fields inside the dielectric. Instead of
using reflection at interfaces to form a standing wave inside the cavity, a ring-shaped cavity such
as toroid or cylinder can be used such that waves traveling in both the clockwise and
counterclockwise directions form a standing wave, given the proper wavelength. Waves of this
type are typically known as whispering-gallery waves. One of the few analytically tractable
resonators is the infinitely extended cylinder (Fig. 4¢). A metal-coated dielectric cylinder can carry
SPPs on both the inner and outer metal interfaces. The SPP mode on the inner surface typically
has a much higher Q-factor than that on the outside, which can reach 700 at the red end of the
visible spectrum [32, 33]. Hybrid modes generally exist in a single-dielectric cylinder, which can
lead to a very large number of simultaneously excited modes for cylinders with a large radius.
Toroidal resonators are also capable of carrying SPPs with a high O-factor (Fig. 4f). Here, the SPP

propagates along the length of the tube and not around the circumference. Theoretically, these
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resonators can support an SPP mode on the outer surface with a O-factor of 1000 at the red-end of

the spectrum [34].

4. Plasmon Lasers

LASER is the acronym for ‘light amplification by stimulated emission of radiation’. The
development of various types of lasers since their inception in the 1960s has revolutionized the
field of optics by providing coherent, high intensity light sources on demand. This section focuses
on one sub-category of lasers which achieves stimulated light emission in the form of surface
plasmons. These devices are known as SPASERs or plasmon lasers and represent a major effort
in implementing nanoscale light sources that exploit the subwavelength optical confinement
offered by surface plasmons. In this section, the concepts and implementations of plasmon lasers
are discussed and the characteristic parameters that govern their performance are summarized.

Some practical applications of plasmon lasers are also highlighted.

4.1 Plasmon lasers vs. Photonic/Hybrid lasers

Analogous to conventional lasers, a plasmon laser consists of a medium that provides an optical
gain and a cavity that supports a resonant mode of a surface plasmon. The stimulated emission of
a surface plasmon is achieved when the optical gain from the gain medium compensates the loss
of the cavity. The semi-classical model of a plasmon laser, shown in Fig. 5a, describes such an
optical process, where a three-level gain medium provides an optical gain that allows the
stimulated emission of SPPs in a resonant plasmonic cavity [35]. Based on this semi-classical
model, the build-up of lasing action can be numerically simulated in the time domain by combining

the rate equation of the gain medium with a finite-difference time-domain method that simulates
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the plasmon resonance [28]. A complete quantum mechanical model has also been used to examine

the coherence characteristics of the waves emitted by a plasmon laser [36].

Compared to lasing based on photonic modes or hybrid-photonic-plasmonic modes, a pure
plasmonic mode lasing faces a bigger challenge as the quality factors of plasmonic cavities are
typically smaller than those of photonic or hybrid cavities. However, achieving plasmonic mode
lasing can be desirable because of the high confinement of the electromagnetic field near the metal
surface, which allows for sensitive refractive index sensing and enables nanoscale optical devices
with enhanced light-matter interactions. The enhanced interaction between the plasmonic mode
and the gain medium also contributes in reducing the lasing threshold of specific types of plasmon
laser. Moreover, the miniaturization provided by plasmonic devices is also beneficial, which stems
from the typically smaller wavelength of SPPs relative to photonic modes with the same frequency.
For example, electro-optic modulators with nanometer size and extremely high speed are enabled
by SPPs [37] where photonic modes are inferior due to their large wavelength and weak electric

field enhancement.

4.2 Plasmon laser implementations

Several terms exist for referring to plasmon lasers in the research community, including
SPASERs, gap/lattice plasmon lasers, and surface plasmon polariton lasers. Despite the common
character of achieving stimulated emission of surface plasmons, the above terms have been used
to differentiate specific plasmonic modes that resonate inside plasmonic cavities of different
geometries. These different implementations of plasmon lasers are placed into the following

categories.
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(i) SPASERs. The term “SPASER” hints at a broad range of plasmon lasers, but it is most
commonly used to describe devices which achieve lasing of localized surface plasmons (LSPs).
The first model-prototype of a SPASER was theoretically proposed in 2004, which consists of
colloidal Ag nanoshells coated with fluorescent nanocrystals serving as the gain medium (Fig. 5b)
[38]. Such a configuration can be viewed as an open cavity laser where the optical mode is not
confined by any mirrors; instead, the lasing is based on the LSP resonances of individual plasmonic
nanoparticles. The first experimental implementation of a SPASER was reported in 2009 [39],
where colloidal Au nanospheres were enclosed by laser-dye doped polymers. These polymers can
provide optical gain when pumped with a sequence of nanosecond optical pulses. Lasing action
was claimed based on observations of threshold pump-power for laser emission, enhanced photon
decay rate, and linewidth narrowing of the emitted light. The major benefit of a SPASER is its
extremely small mode volume. However, in this first experiment the observed linewidth was on
the order of 5 nm, leading to skepticism of its degree of temporal coherence [36]. This large
emission linewidth is directly related to the low Q-factor of the localized surface plasmon

resonances due to metallic absorption and optical radiation loss.

(ii) Lattice plasmon lasers. Parallel to the effort with individual particles, another type of
SPASER was proposed and implemented based on a periodic lattice of plasmonic nanoparticles.
As discussed in Section 3.2, such a periodic arrangement of nanoparticles constitutes an LSP
resonator array. The “lattice plasmon” modes, referring the Bloch mode of the plasmonic lattice,
exhibit a higher O-factor than those of individual plasmonic nanoparticles. In its original design in
2007 [40], plasmonic split ring resonators were employed to build the array. The LSP resonance
of individual split ring resonators at the microscopic scale form a dark mode with minimal

radiation losses and create an “open” cavity for the SPASER (Fig. 5c). Further experimental efforts
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showed that similar lasing action can be achieved in an array of plasmonic nanodisks or nanoholes
that support sub-radiant dark plasmon modes [28, 41]. The Q-factors of these lattice plasmon
modes can be as large as =~ 200, which significantly reduces the amount of optical gain needed to
achieve lasing. Both semiconductor and laser dye materials have been used as the optical gain
medium in SPASERs together with a pulsed pump laser. Experimental characterizations show that
lattice plasmon lasers arrays exhibit higher temporal and spatial coherence compared to those
based on randomly arranged individual plasmonic nanoparticles, with a lasing emission linewidth
as narrow as =~ (0.2 nm and a collimated emission pattern. One drawback of SPASERs based on

resonator arrays is that their length scale is on the order of tens of microns.

(iii) Gap plasmon lasers. The first demonstration of a plasmon laser was reported in the form of
gap plasmons in 2009 [4]. In this design, a direct-bandgap cadmium sulfide semiconductor
nanowire, which served as the optical gain medium, was brought near a planar metal film (Fig. 4c¢).
A thin dielectric layer was used to separate the nanowire from the metal film. Such a geometry
supports a gap mode whose field maximum is located at the metal-dielectric interface and decays
exponentially into the metal layer, exhibiting characteristics of a plasmon mode. The presence of
the semiconductor nanowire, typically with a large refractive index, further confines this plasmon
mode to the deep-subwavelength-scale gap. The two end-facets of the nanowire function as two
end-mirrors to form a Fabry-Perot-like cavity, giving QO-factors of = 100. The lasing action was
first achieved at cryogenic temperatures under optical pumping with femtosecond optical pulses
(Fig. 5d). Because of the high damage threshold of semiconductor materials, the laser was able to
work stably in the linear regime, demonstrating the capability of practical applications such as a
nanoscale coherent light source. Following this initial work, the performance of plasmon lasers

has been dramatically improved in various aspects, including in the emission linewidth, lasing
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temperature, and modulation speed [22, 42]. The design has also been extended to plasmon lasers

in the ultraviolet region [43].

(iv) SPP lasers. As discussed in Section 2, the primary loss mechanism for propagating SPPs is
the metal absorption at optical frequencies. Therefore, significant efforts have been devoted to
demonstrating lasing from SPPs by exploiting Fabry-Perot-like resonant cavities. These
implementations of plasmon lasers are often termed SPP lasers. As discussed in Section 3, a simple
Fabry-Perot cavity for propagating SPPs consists of a planar metal film and two high-reflectivity
mirrors (Fig. 5e). Quality-factors up to 500 for micron-scale cavity lengths can be achieved, which
are among the largest reported for planar SPPs. By incorporating laser dye molecules into these
low-loss cavities, plasmon lasing action was observed with threshold behavior and narrowing of
emission linewidth under optical pumping with nanosecond pulses [20, 21]. The demonstrated
pumping threshold intensity of these lasers is much lower than those of SPASERSs using similar
optical gain media due to the comparatively higher O-factor. Emission linewidths of 0.2 nm have

been achieved.

One drawback of propagating surface plasmon lasers, as discussed in Section 3.1.1, is that
hybrid and purely photonic modes can co-exist in the same cavity, which may be undesirable.
Luckily, in the case of the semiconductor-nanowire plasmon lasers, the photonic modes inside the
wire typically have a much higher lasing threshold than the gap plasmon mode. In the case of the
Fabry-Perot type plasmon lasers, photonic modes can be filtered out by careful selection of the

gain medium thickness and reflector height.

(v) Others. Various types of lasing actions have been proposed or observed that are related to
plasmonic effects. In these studies, the general goal is to achieve coherent radiation within the

plasmonic modes of interest. For example, metamaterials is a research field that is closely related
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to plasmonics. Lasing action in hyperbolic metamaterials has been shown through the
incorporation of optical gain media [44]. Another example is a ‘mirror-free’ nano-laser that relies
on a backward-travelling plasmon mode inside a metal-insulator-metal waveguide, which confines

the light at the nanoscale [45].

a c d
. Metamaterial w
e—h pairs array = =
————— O 5 ©
y— 0
& g 3 E
T 5 £ v
= 5_3_ e - /
> 5889 B rd
Exciton £ Plasmon 553 LR
@ — 2 gcE = & d=129nm
| I.I:J A g 5g¢ o P h=5nm
; £ v < 10° 100 107
l I (active) 2 E Pump intensity (MW cm~2)
di 3 85
NQD Nanoshell medium 5 2o
Metallic—— e E
nanowires— fe. o
b k : a° \ R
Gold core OGd-aasddye — 460 470 480 490 500 510 520 530 540
ope .
silica shell H, ™E Wavelength (nm)
Sodium
silicate shell
e f
Semiconc{ulctor ° ®  © comnDNT
nanocrysta
‘ Y ~Surface defect
hd -
P l—e—o—o—' d,
Dielectric d;
Metal d<d <}

Figure 5 | Concept and examples of plasmon lasers. a, Semi-classical model description of a plasmon
laser. The optical gain provided by the exciton can support the stimulated emission of plasmons. Adapted
from [35]. b, A typical SPASER implementation showing individual plasmonic nanoparticles coated with
optical gain medium. Adapted from [38]. ¢, Schematic diagram of a planar plasmon laser design which
consists of a 2-D array of subradiant plasmonic nanostructures. Adapted from [39]. d, Example of plasmon
laser emission spectra. The spectra are measured at different pump powers. Inset images, micrograph
images of the plasmon lasers under different pump powers. Inset figure, emission power as the function of
pump power. Adapted from [4]. e, Schematic diagram of the metallic trench SPP laser, consisting of a gain
medium-decorated Fabry-Perot resonator, illuminated with a pump beam (blue-green). The schematic

standing wave (red) illustrates a trapped SPP lasing mode. Reprinted from [20]. © The Authors, some rights
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reserved; exclusive licensee American Association for the Advancement of Science. Distributed under a
Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC). f, Schematic diagram of an

active dielectric sensing design based on a plasmon laser. Adapted from [50].

4.3 Performance characteristics of plasmon lasers

Among plasmon lasers, there is not yet a universal design that outperforms others in every
performance characteristic. This is because a plasmon laser is usually designed to emphasize a
particular aspect of laser characteristic performance. In the following, a summary is given of
typical performance characteristics for the plasmon lasers that have been reported. Also provided

is a general guidance on the type of plasmon laser that should be chosen for a given application.

(i) Lasing wavelength. Plasmonic effects associated with noble metals are mostly discussed in the
wavelength range between ultraviolet and infrared. Plasmon lasing with emission wavelengths
spanning this range have been achieved by selecting appropriate plasmonic cavities and optical
gain media. In particular, ultraviolet and blue plasmon lasers with wavelengths from 370 nm to
500 nm are made possible with gap plasmon lasers using appropriate direct-bandgap
semiconductor nanowires [4, 22, 43]. Plasmon lasers working in the telecommunications band
have also been made possible by patterning plasmonic structures on semiconductor substrates [41].
For wavelengths between green and near-infrared regimes, various laser dye molecules and
fluorescent quantum dots are commonly used as the optical gain media, although dye molecules
in particular show short lifetimes [46]. These gain media are easily brought in proximity with
plasmonic resonators to provide maximum modal gain. Ag and Au are the most common materials
in plasmonic cavities because of their low absorption coefficient in visible and infrared whereas

Al is typically employed for plasmon laser operation in the ultraviolet [43].
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(ii) Lasing threshold. Direct-bandgap semiconductors and laser dyes are the most commonly used
optical gain media for plasmon lasers. In all implementations reported to date, optical pumping
using a femtosecond or nanosecond pulse is required. Neither continuous wave (CW) pumping nor
electrical pumping of plasmon lasers has yet been achieved. In the case of plasmon lasers using
dyes, the minimum lasing threshold, defined as the average intensity of the pumping beam, is = 10
MW/cm?. This was observed in a propagating SPP laser with a large O-factor [20]. Continuous
replenishment the laser dye molecules is necessary to extend the lifetime of these devices. For
lasers using direct-bandgap semiconductors, the lasing threshold is =~ 3.5 MW/cm? for cryogenic
temperature measurements and ranges from 10 MW/cm? to 60 MW/cm? for room temperature
measurements. However, because of the high damage threshold of the semiconductor materials
and immunity to photobleaching, these lasers usually have long lifetimes, making them suitable

for practical applications.

(iii) Temporal coherence. In the majority of work reported to date, the temporal coherence of
stimulated emission of surface plasmons is inferred by observing the linewidth narrowing of the
scattered light. For SPASERs, the achieved emission linewidth has been improved from = 5 nm in
its first demonstration to = 0.2 nm in the most recent work, thanks to the improved Q-factor of the
plasmonic cavity and a microfluidic channel that replenishes the laser dyes [28, 47]. SPP lasers
exhibit even narrower emission linewidths down to 0.16 nm, due to the higher Q-factors of the

Fabry-Perot cavities for the plasmon modes.

(iv) Spatial coherence. Spatial coherence is an important parameter for bulk semiconductor lasers
such as distributed-feedback (DFB) lasers and vertical-cavity surface-emitting lasers (VCSELs)
where a highly directional light emission is desirable. For micro- or nano- lasers, the length scales

of the lasing modes are usually comparable to or even smaller than the lasing wavelength.
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Therefore, diffraction can occur in one or more dimensions, resulting in a non-directional lasing
emission [21, 22]. One exception is the lattice plasmon SPASER which has a surface area on the
order of millimeters [28]. In the lattice design, directional emission can be achieved. Spatial
coherence on the millimeter scale and temporal coherence on the picosecond scale have been

demonstrated in lattice devices [48].

(v) Mode volume. One motivation to develop plasmon lasers is to exploit their subwavelength
mode volumes and employ them as nanoscale light sources that can be integrated with other
devices. The SPASER design based on colloidal nanoparticles provides the smallest mode volume
because of the natural spatial confinement of LSP resonances [39]. However, lasing with a single
plasmonic nanoparticle has not been demonstrated. The smallest mode volume of a lasing plasmon
demonstrated to date was achieved by the gap plasmon laser, which has a mode volume of
approximately A3/1000, where 1, is the free-space wavelength, and is confined in the deep-
subwavelength gap [22]. As a comparison, the mode volumes of both the lattice plasmon SPASER

and the SPP lasers are around A3 [20, 28].

(vi) Modulation speed. Another advantage of nanoscale lasers is that they can be modulated at
high rates because of their small mode volumes. This has been demonstrated experimentally by
plasmon lasers using direct-bandgap semiconductors [42]. Modulation of the lasing wavelength is
achieved by electrically injecting carriers into the gain medium. Decay dynamics on the sub-
nanosecond time scale indicate that these plasmon lasers can be modulated in the gigahertz range

[49].
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4.4 Applications of plasmon lasers

The fundamental advantages of plasmonics can be used in a broad range of applications. The
fundamental properties of plasmonic resonances include optical near-field enhancement, flexible
tunability, and enhanced light-matter interactions. The development of plasmon lasers adds
another new dimension, leading to active plasmonic devices with improved performance over their
passive counterparts. For example, refractive index sensing is one important application. The
lasing wavelength of a plasmon laser is very sensitive to the refractive index of the local dielectric
environment. Liquid analytes with slightly different refractive indices can be differentiated when
mixed with laser dye molecules and brought into the region of a lasing plasmonic mode via
microfluidic channels [50]. The refractive index change introduced by gaseous analytes can also
be detected [51], making plasmon lasers useful in sensing explosive materials (Fig. 5f). SPASER-

based plasmon lasers have also been demonstrated as biological probes in ultra-small volumes [52].

5. Conclusion

In comparison to optical modes in a dielectric material, noble metals can provide much tighter
confinement to electromagnetic waves in the form of surface plasmons. Such tight confinement
has inspired a wide variety of applications desiring small mode volumes for enhanced light-matter
interaction. In this encyclopedia article, one such sub-area in this field — plasmon lasers — which
deals with generation of coherent radiation at the nanoscale was discussed. A summary of the
fundamental physics associated with surface plasmons is provided. Subsequently, a discussion of
the various types of plasmonic resonant cavities that form the building block for plasmon lasers is

presented. Finally, based on these concepts of surface plasmons and plasmon resonators, a
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discussion is given of the various experimental implementations of plasmon lasers to date. Within

this discussion, the various characteristic parameters that describe the performance metric of a

laser of this type, along with various potential applications of a plasmon laser is presented. This

article is meant to serve as an entry-level guide for students and researchers working in the general

area of optics, photonics or electromagnetics, and who are interested in the area of plasmonics,

and more specifically on light generation at the nanoscale using lasers that utilize the benefits of

surface plasmons.
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