
Abstract. In the last two decades, extensive research has been
devoted to the development of new ultra-small lasers. The
greatest progress has been made with semiconductor lasers. A
fundamentally new approach to the miniaturization of lasers is
based on using plasmon instead of photon fields. This review is
devoted to an interesting and rapidly developing field, the
physics of plasmon lasers. This area of research is the synthesis
of plasmon and laser physics, which arose as a response to the
need to reduce losses in plasmonic devices. Electrodynamics,
materials science, laser physics, and other aspects of the subject
under consideration are considered. A comparison of photon
and plasmon nanolasers is given. The fundamental and techno-
logical problems of plasmon nanolasers are discussed. Their
numerous applications are also considered.

Keywords: nanoplasmonics, surface plasmon, laser, nanolaser,
spaser

1. Introduction

Progress in modern technologies is to a great degree due to
miniaturization, which has resulted in reducing the size of
basic electronic devices to the level of a single-electron
transistor [1]. Progress in the miniaturization of optical
devices gave rise to the development of many research fields
and practical applications [2]. These optical devices have been
used in large-scale and high-speed communication networks
since 1970 and became the basis for high-definition television
and broadband Internet access. The next natural step in the
development of photonics was the integration of optical
devices. Two fundamental scientific problems in the integra-
tion of photonic devices are the localization of light and
creation of nanolocalized laser sources.

In the last two decades, a wealth of research has been
devoted to the development of new ultra-small lasers. The
greatest progress has been achieved with semiconductor lasers
[3±6]. A fundamentally new approach to miniaturization of
lasers is based on the use of plasmon fields instead of photon
fields. Plasmons appear due to the interaction of electron
density oscillations with the electromagnetic fields exciting
them. There are two types of plasmon oscillations and
corresponding plasmon modes: (1) localized surface plas-
mons (on the surface of metal particles) and (2) surface
plasmon polaritons (at the metal±dielectric interface). The
fields produced by surface plasmons exponentially decrease
away from the interface, which allows light to be concentrated
at sub-diffraction limit scales. Correspondingly, electromag-
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netic effects caused by these fields occur in the subwavelength
region near surfaces on a nanometer scale. Therefore, the
approach based on the use of plasmon fields instead of photon
ones allows overcoming the diffraction limit on the laser size.

A plasmon nanolaser is a nanosize (in at least one
dimension) quantum generator of nanolocalized coherent
plasmon fields. A plasmon nanolaser that is nanoscopic in all
three dimensions is called a spaser (Surface Plasmon Amplifi-
cation by Stimulated Emission of Radiation) [7]. The idea of a
plasmon nanolaser was first proposed by Sudarkin and
Demkovich [8]. The possibility of creating a spaser was
theoretically substantiated by Stockman and Bergman [7].
The concept of stimulated emission of plasmons was also
discussed in [9] and reported in [10]. The idea of a plasmon
nanolaser was further developed in theoretical papers [11±21].
The first experimental demonstration of a spaser was reported
in [22]. By now, the operation of plasmon nanolasers has been
demonstrated in numerous experimental studies [23±34].
Plasmon nanolasers have been described in a number of
reviews [35±44].

The basic elements of a plasmon nanolaser, similarly to a
photon laser, are the activemedium, the active-medium pump
source, and the resonator (Fig. 1). The active medium serves
to excite plasmons in a resonator mode. An essential
difference and advantage of a plasmon nanolaser compared
to other existing sources of localized fields is that the plasmon
nanolaser can operate in the regime of so-called `dark' modes,
which are weakly coupled to electromagnetic fields in the far
zone. In other words, the plasmon nanolaser generates
coherent, strongly localized fields. This is a considerable
technological advantage because such a source of a nanolo-
calized electromagnetic field can affect quantum emitters
(atoms, molecules, quantum dots) in the near field and
efficiently excite them.

The use of plasmon nanolasers allows enhancing the
synergy between electronics and photonics because a metal
is the integral element of the plasmon nanolaser design and
can also be used as electrodes as well as for efficient heat
removal in integrated circuits.

2. Resonator of a plasmon nanolaser

The laser resonator is a set of optical elements forming spatial
and spectral modes for photons. Similarly, the resonator of a
plasmon nanolaser is a set of metal/dielectric nanostructures
forming spatial and spectral modes for plasmons. Two types
of plasmons are distinguished (see Fig. 1): localized surface
plasmons (LSPs) and surface plasmon polaritons (SPPs).
These two types of plasmons are generated in a plasmon
nanolaser using various types of resonators. There are three
types of plasmon resonators: a 3D resonator for localized
surface plasmons (three-dimensional field localization) and
2D and 1D resonators for surface plasmon polaritons (two-
dimensional and one-dimensional localization of a plasmon
wave).

2.1 Choice of the material
for a plasmon nanolaser resonator
2.1.1 Metals. The choice of materials for plasmon resonators
is a decisive factor for both ensuring plasmon nanolaser
generation and achieving its optimal characteristics. Noble
metals are currently the basic materials for experimental
nanoplasmonics, because they have minimal losses among
all the known natural materials. Losses are divided into two
groups: (1) those caused by the presence of free conduction
electrons and (2) those caused by bound electrons in a metal.
Losses caused by conduction electrons appear due to
electron±electron and electron±phonon interactions, as well
as electron scattering by lattice defects and grain boundaries
in polycrystalline metals. Losses caused by bound electrons
appear when photons are absorbed upon an interband
electronic transition to a highly excited state. Interband
transitions cause considerable losses in metals in the optical
wavelength range. Losses in metals significantly restrict
progress in the development of a plasmon nanolaser.

Silver, as the main plasmon material, has minimal losses
in the optical and near-IR spectral regions [45]. Losses can be
considerably reduced by cooling a material to cryogenic
temperatures [46]. For example, the mean free path of
plasmon surface waves increases by 40±60% when decreas-
ing the material temperature to cryogenic values [47].

Many resonators for plasmon nanolasers are based on
thin metal films (silver, gold). As a rule, films less than 30 nm
in thickness are no longer uniform, which results in additional
resonator losses. In silver nanostructures, additional losses
also appear due to the interaction of the metal surface with
sulfur and chlorine inevitably present in the environment [48].

The next element after silver as regards minimizing the
ohmic losses is gold. The technological advantage of gold
over silver is its chemical inertia and the possibility of
preparing uniform nanofilms 10 nm in thickness or less [49].
The presence of interband transition in gold introduces
considerable losses at a wavelength of 470 nm. For this
reason, gold is used in nanoplasmonics mainly in the near-
IR region (l > 600 nm) [50].

Othermetals, for example, copper and aluminum, are also
used in nanoplasmonics. Both these materials are less stable
to the influence of the environment than noblemetals are. The
advantage of copper is that it is widely used in microelec-
tronics. This allows considering copper as an alternative
material in experimental nanoplasmonics from the stand-
point of its possible practical applications. Among all the
metals, copper has the second minimal electric conductivity,
after gold. Its permittivity is similar to that of gold in the
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Figure 1. Illustration of a plasmon nanolaser. (a) Two types of plasmon

excitations: propagating surface plasmons �â� on a metal surface �b̂� and
localized surface plasmons �â� near a nanoparticle �b̂�. (b) Illustration of

the excitation energy transfer from the active medium to the plasmon

mode of a spaser. (c) Three configurations of the plasmon nanolaser: one-

dimensional (1D), two-dimensional (2D), and three-dimensional (3D)

plasmon field localizations.
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spectral range above 600 nm [51]. A considerable disadvan-
tage of copper is its rapid oxidation in air [52]. Copper oxides
strongly impair the plasmon properties of nanostructures.

Aluminum as a plasmon material surpasses silver and
gold in its optical properties in the blue and UV spectral
regions [45]. Aluminum is the only material having a negative
real part of the permittivity at wavelengths below 200 nm and
therefore is a promising material for UV nanoplasmonics.
Aluminum is not widely used in nanoplasmonics because of
its oxidation in air (an Al2O3 layer � 3 nm thick is formed)
and considerable interband transition losses at a wavelength
of 800 nm [53].

We also note the fundamental potential of using alkali
metals in nanoplasmonics. Thesematerials surpass both silver
and gold in their optical properties. However, their extremely
high chemical activity significantly complicates their practical
use [54].

Despite a huge number of studies with metals as plasmon
materials, quite high losses in these materials in the optical
range considerably restrict their applications [55, 56].

2.1.2 Other plasmon materials. Besides metals, there are many
other materials that also have metallic properties and low
losses, and can therefore be used in nanoplasmonics, in
particular, for constructing a plasmon nanolaser resonator.
Such materials include some semiconductors, transparent
conducting oxides, transient metal nitrides, silicides, germa-
nides, and 2D materials (such as graphene) [55, 56].

Among these materials, special attention is attracted to
transparent oxides and transient metal nitrides as low-loss
plasmon materials. Indium tin oxide and gallium-doped zinc
oxide were shown to have metallic properties at wavelengths
above 1.3 mm. Aluminum-doped zinc oxide was shown to
have metallic properties at wavelengths above 1.8 mm. We
note that losses in aluminum-doped zinc oxide at these
wavelengths are a quarter of those for silver [57].

Titanium nitride (TiN) and zirconiumnitride (ZrN) reveal
metallic properties in the optical range above 500 nm. The
plasmon properties of TiN are comparable to those of the best
plasmon metals (Ag, Au) [58].

A promising approach in nanoplasmonics for searching
for low-loss materials is based on engineering plasmon
materials. A negative value of the imaginary part of the
permittivity of a material is known to be responsible for
losses in the material. It is also known that a small value of
the imaginary part of the permittivity can be achieved either
in the case of a small relaxation constant or at a low
concentration of carriers. The decrease in the relaxation
constant achieved by cooling materials to cryogenic tem-
peratures considerably reduces losses; however, such devices
are impractical for applications [46]. Therefore, an approach
based on producing the required carrier concentration in the
material seems more promising. Here, two possibilities exist:
(1) the transformation of a semiconductor to a metal by
doping and (2) the reduction in the carrier concentration in
a metal by one method or another. Doping allows changing
the carrier concentration in a semiconductor. A theoretical
analysis in [54±56, 59] shows that to transform a semicon-
ductor into a metal by doping, the carrier concentration
must be no less than 1021 cmÿ3. The doping method seems
especially promising for obtaining silicon with metal proper-
ties [60, 61]. Heavily doped silicon is a material with
strongly manifested plasmon properties [62]. However,
obtaining plasmon properties in silicon at the telecommuni-

cation frequency remains a complicated and unsolved
problem.

Apart from silicon, other materials have also been studied
as regards obtaining plasmon properties in them: germanium,
the III±V group materials, transparent conducting oxides,
perovskite oxides, nonstoichiometric oxides, and sulfides [63].

Another approach to reducing optical losses in metals is
based on decreasing the charge carrier concentration in a
metal [64]. This is achieved by introducing nonmetalmaterials
into a metal to reduce the total carrier concentration.
However, such a process can change the initial electron
band structure of the metal, resulting in the appearance of
optical interband transitions, thereby increasing losses.

2.1.3 `Ideal' plasmon material. The reduction of losses in a
metal by several orders of magnitude is a key problem whose
solution will allow passing from academic studies in plasmo-
nics to the development of devices for numerous practical
applications [65]. A universal approach to the solution of such
a problem is the synthesis of plasmonics materials. It is shown
in [66] that losses in a metal can be reduced by several orders
of magnitude by doubling the distance between neighboring
atoms compared to that in natural metals. The approach
proposed in [66] is based on the introduction of other atoms
with closed electron shells between metal atoms for screening
the electrostatic field. It is expected that losses will be reduced
by several orders of magnitude in such artificial materials.

2.2 3D resonator for a plasmon nanolaser
A 3D plasmon nanolaser (spaser) is a nanoplasmonic device
generating localized surface plasmons. Localized plasmons in
a spaser play the role of photons in a laser, while a metal
nanoparticle plays the role of the spaser resonator.

A 3D spaser can be constructed using a metal nanopar-
ticle as a resonator with the replacement of its dielectric
environment with an amplifying material. Plasmon genera-
tion is similar to lasing, the difference being that instead of
photons in the laser mode, the spaser mode contains
plasmons. Figure 2 illustrates the two simplest and most
studied 3D spaser configurations: (a) with the amplifying
medium at the center of a metal nanoparticle (nanoshell
configuration) [67, 68] and (b) with the active medium in the
form of the shell of a metal nanoparticle (nanoparticle
configuration) [11, 69]. We note that other configurations of
3D spasers are also possible, for example, in the form of a split
ring immersed in an amplifying medium (the split-ring
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Figure 2. Two configurations of a 3D spaser: (a) with the amplifying

medium at the center of a metal nanoparticle, (b) with the active medium

outside a metal nanoparticle [22].
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resonator), and also configurations based on dimers of short
chains of metal nanoparticles.

The presence of a metal near the active mediummakes the
probability of transferring its excitation energy to the
plasmon mode considerably higher than the probability of
photon emission into free space: plasmon excitation in the
mode occurs. If the next electron excitation in the active
medium occurs for a time shorter than the plasmon lifetime in
the mode, this plasmon stimulates the electron excitation
transfer to the plasmon mode, and plasmons can accumulate
in the given mode. The spaser operation depends both on the
electromagnetic properties of the nanoparticle resonator (the
nanoparticle size, theQ factor, and other parameters) and on
the conditions of interaction of the nanoparticle plasmon
mode with the amplifying medium. The spaser was first
experimentally demonstrated in [22].

2.2.1 Eigenfrequencies of a spaser 3D resonator. The simplest
3D resonator for a spaser is a nanoparticle made of a noble or
other metal. The size of this particle should be considerably
smaller than the wavelength and lie in the range lnl 5R < ls,
where R is the nanoparticle radius, lnl is the nonlocality
radius, and ls is the metal skin layer thickness. The non-
locality radius is determined by the distance covered by the
electron moving with the Fermi velocity in the time equal to
the light wave period lnl � vF=o. For most of the plasmonic
metals, the skin layer has the thickness of the order of 25 nm.
The nonlocality radius is lnl � 1 nm [70]. Thus, the size of the
3D plasmon resonator is from a few to a few dozen
nanometers [11]. We also note that there is a technological
restriction on the size of the 3D plasmon resonator imposed
by the inhomogeneity of the nanoparticle material. In
addition, the restriction on the minimal size also appears
due to a drastic increase in losses during the scattering of
electrons by the metalëdielectric interface with decreasing the
nanoparticle size.

The eigenfrequencies of the 3D resonator of a spaser are
determined by the resonances of localized plasmons in a
nanoparticle, which are in turn determined by the size,
shape, and material composition of the nanoparticle and its
environment [71, 72]. The technology of producing nanopar-
ticles with different shapes can be found in [73, 74].

The resonance collective oscillations of electrons in a
metal nanoparticle are accompanied by high optical polariza-
tion with a strong absorption and scattering of radiation. The
optical absorption and scattering for a homogeneous metal
sphere in a homogeneous dielectric medium can be calculated
by the Mie theory [75]. If the sphere diameter is considerably
smaller than the wavelength, expressions for the absorption,
sa, and scattering, ss, cross sections in the dipole approxima-
tion have the form [71]

sa � 18pVe 3=2m

l
e2

je� 2emj2
;

�1�
sa�o� � 9

o
c
e 3=2m V

e2�o��
e1�o� � 2em

�2 � e 22 �o�
;

ss � 24p3V 2e 2m
l4

���� eÿ em
e� 2em

����2 ; �2�

where e � e1 � ie2 is the metal permittivity, em is the
permittivity of the medium surrounding the nanoparticle,
and V is the nanoparticle volume. It follows from (1) and (2)
that scattering is proportional to the particle radius to the

sixth power, while losses are proportional to the radius to the
third power. For small particles �2a5 l�, the radiative decay
of plasmon oscillations becomes insignificant, and the
extinction cross section is completely determined by the
dipole absorption. For example, for a gold particle 20 nm in
size, the ratio of the absorption and scattering cross sections is
sa=ss � 100.

It follows from expressions for the absorption and
scattering cross sections that their maximum value is
achieved for a nanosphere when the condition

e1�o� � 2em � 0 �3�

is satisfied. This condition determines the resonance fre-
quency of a metal nanosphere with the permittivity e1
immersed in a medium with the permittivity em [76]. The
quasistatic approximation is valid only for small particles.
For large particles, this approximation is invalid and the
resonance frequency is no longer determined by the relation
Re �e� � ÿ2em but also depends on the geometric character-
istics of nanoparticles. This opens up additional possibilities
for choosing the resonance frequency of a 3D resonator and
hence the spaser generation frequency.

Modern nanotechnology methods can be used to produce
nanoparticles with various shapes: spheres [77±79], hemi-
spheres [80], spheroids [81], ellipsoids [82], nanoshells [83,
84], cubic nanoparticles [85, 86], triangular prisms [87],
tetrahedrons [88], truncated tetrahedrons [89], nanorods [90,
91], three-dimensional pentamers [94], polyhedrons [95],
nanostars [96], split-ring resonators (SRRs) [97, 98], and
split-hole resonators (SHRs) [99]. All these nanoparticles
can also be used as resonators for the spaser.

The best studied and frequently used nonspherical
nanoparticles are nanorods. Nanorods provide a simple
control of the central frequency of the plasmon resonance
by changing the nanorod length, thereby tuning the plasmon
resonance frequency of the nanoparticle to be in resonance
with the emission frequency of quantum emitters of the active
medium of the spaser.

2.2.2 Spectral width of a 3D spaser resonator. Another
important characteristic of a nanoparticle as the spaser
resonator is the width of the resonance determining the
resonator Q factor. The spectral width of 3D resonator
modes in the spaser is determined by the spectral width of
plasmon resonances, which is in turn determined by the
nanoparticle material and its shape. The permittivity of not
too small metal particles is described quite well by the
permittivity of a bulk material, which can be written as

e�o� � eib ÿ
o 2

p

o�o� ig� ; �4�

where eib is determined by interband transitions in the
nanoparticle material, op is the plasmon frequency, and g is
the decay constant. Experimental data demonstrate a drastic
increase in the width of the resonance and its shift with
decreasing the particle size. The dimensional part is due to
the behavior of quasi-free electrons in the nanoparticle
interacting with the surface and to a break in the system
periodicity because of the finite size of the nanoparticle. Two
factors determine the dimensional dependence of the decay
constant g. The first is a geometric factor determined solely by
the particle size. The second factor is determined by the
nature of the nanoparticle±environment interface.
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The geometric factor can be taken into account as a
correction to the decay constant [100], and this part of the
decay constant is inversely proportional to the nanoparticle
diameter D:

gg � 2gs
vF
D
; �5�

where vF is the Fermi velocity and gs is a constant of the order
of unity. For nonspherical nanoparticles, a similar expression
is valid in which the diameter D is replaced by the effective
electron localization size. The widths of resonances in
nanorods were successfully interpreted based on a classical
ballistic model and quantum mechanical theory [101]. The
predictions of the classical ballistic model and quantum
mechanical considerations for nanoparticles with different
shapes are inconsistent [102].

2.2.3Q factor of the 3D resonator.An important parameter of
both a photon and a plasmon resonator is its Q factor. The
Q factor is determined by the number of coherent oscillations
of the resonator mode field during which the resonator mode
field preserves its phase and can accumulate energy from the
external exciting field.

The resonator Q factor is defined as

Q � o
2g
: �6�

For plasmon resonances, another definition

Q � ÿRe em�o�
Im em�o� �7�

is also used.
It follows from quite general physical considerations that

the Q factor of a spaser resonator based on a subwavelength
nanoparticle is small. This follows from the relation between
electric and magnetic field strengths [66] in a metal nanopar-
ticle. The total energy of the system is a sum of the potential
energy of electrons in the electric field and their mechanical
kinetic energy. Half of the time, the energy is stored in the
kinetic electron motion energy. The electromagnetic part of
the field energy is stored mainly in its electric component,
whereas the magnetic component is only an insignificant part
of the total energy. The decay rate g of electron oscillations in
a metal is mainly determined by electron±phonon and
electron±electron scattering and is of the order of 1014 sÿ1.
It follows from the conservation law for the total energy of
the system that the field energy inevitably dissipates at the
rate of 2g.

The maximumQ factor for a silver particle is of the order
of 100, while for a gold particle the Q factor does not exceed
20. Such low values of theQ factor for a 3D resonator impose
stringent requirements on the parameters of the active
medium of the spaser.

A specific feature of a nanoparticle as a spaser resonator is
the appearance of amplification of the electromagnetic field
near its surface with respect to the external electromagnetic
field in which the nanoparticle is located. For nanoparticles
smaller than the skin layer, the external electric field
penetrates through the whole nanoparticle and produces in-
phase oscillations of all the free electrons in the nanoparticle.
Local fields excited near the nanoparticle exceed the external
exciting field byQ times. The size of the amplified field region

is determined by the nanoparticle size. The amplified field
region can be changed by using a hybrid metal±dielectric
nanostructure. Themost thoroughly studied nanostructure of
this type is the nanoshell, which seems to be one of the most
promising geometric shapes of nanostructures for a spaser.
The active medium in such a hybrid structure can be located
in both the inner and outer regions of the nanoparticle.
Nanoshells are widely used in nanooptics, in particular, as
3D resonators for spasers.

Silver surpasses all other materials as regards the electro-
magnetic field amplification in the blue spectral region. Other
materials demonstrate comparable characteristics in different
regions in the optical and IR spectral ranges [58].

2.3 2D resonator for a plasmon nanolaser
A 2D resonator for a plasmon nanolaser is a resonator for
surface plasmon waves (SPWs) providing the required feed-
back for the operation of the 2D plasmon nanolaser. Surface
plasmonwaves propagate along themetal±dielectric interface
or other metal structures, such as metal films or strips, metal
particles of different sizes and shapes, holes in nanofilms, and
surface slits or roughness. Surface plasmon waves are
nonradiative waves localized along the interface of two
media.

At present, SPW amplification and generation are
demonstrated in different optical systems consisting of a
metal±dielectric interface, nanofilms, nanostrips, and nano-
waveguides integrated with amplifying media [23, 24, 26, 30,
39, 103±111]. Because the SPW properties greatly depend on
themetal surface type and the surface nanostructuring extent,
the properties of the 2D plasmon nanolaser are also
determined to a considerable extent by the surface type.

2.3.1 Configuration of the 2D resonator for a plasmon
nanolaser. Surface plasmon waves are restricted in the
transverse direction at the subwavelength spatial scale, and
therefore the construction of a 2D resonator for SPWs
reduces to their spatial restriction along the surface. In this
case, the resonator size in the propagation direction of
plasmon waves cannot be smaller than the diffraction-
limited value. In the most general case, the 2D resonator for
a plasmon nanolaser is a certain type of metal waveguide
nanostructured to produce feedback (similar to the laser
resonator) for SPWs. As a 2D resonator, a metal waveguide
is characterized by two main parameters: losses during the
wave propagation and the degree of spatial localization of the
waveguide mode [112, 113]. In general, when the mode is
strongly localized, the wave losses during propagation are
high. Losses are reduced by choosing the waveguide geometry
for which a significant part of the mode energy is concen-
trated outside the waveguide metal [114, 115].

The construction of the resonator for a 2D plasmon
nanolaser includes two stages: (1) the choice and preparation
of a metal surface and (2) the nanostructuring of the metal
surface to produce the feedback for plasmon waves.

(a) Metal waveguide for a 2D resonator. It follows from
general physical considerations that the propagation length
of plasmon waves increases as the fraction of the plasmon
mode volume outside the metal increases. The development
of the idea to decrease the fraction of the plasmon mode
field outside the metal led to a structure in the form of a
thin metal film in which two types of plasmon waves are
possible: the long-range plasmon mode (long-range surface
plasmon polariton, LRSPP) and the short-range plasmon
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mode (short-range surface plasmon polariton, SRSPP). The
long-range plasmon mode in such a film is located mainly
outside the metal, and its losses are hence considerably
smaller than the plasmon wave losses on the metal±
dielectric interface.

The further development of this idea leads to a structure
representing a thin metal strip restricted in width or a metal
nanowire forming a 2D nanowaveguide. The decrease in the
film width (the reduction in the nanosystem symmetry) gives
rise to a rich mode structure of the plasmon wave. In a width-
restricted thin metal film, the fundamental mode and higher-
order modes can be excited. Among them, there are modes
with a small decay constant and a long propagation length. In
particular, one of the modes does not have a cutoff frequency.
A specific feature of this mode is that the spatial distribution
of its electromagnetic field allows it to be excited by the simple
focusing of laser radiation on the waveguide end [116]. As the
waveguide thickness is decreased, this mode evolves into a
transverse electromagnetic mode (TEM) of the dielectric
surrounding the waveguide. Another interesting feature of
this mode is its ability to sustain the leaky surface plasmon
mode [117]. The leaky mode can be used to characterize both
a passive metal waveguide and a plasmon nanolaser based on
this waveguide.

(b) Choice of a metal waveguide. We consider the char-
acteristics of plasmon waves in the waveguides of the three
types most extensively studied in nanoplasmonics (Fig. 3): a
waveguide in the form of a metal nanocylinder in a dielectric;
a dielectric nanochannel in a metal; and a hybrid nanowave-
guide in the form of a dielectric cylinder located along the
metal surface at a certain distance from it [118±121].

A metal cylinder in a dielectric sustains a plasmon mode
with subdiffraction spatial characteristics in a large range of
its diameter values [118]. At the same time, the deep
subdiffraction mode localization causes its strong decay.
For example, for the mode area equal to 10% of the
diffraction-limited area, the propagation length decreases by
an order of magnitude compared to the propagation of the
wave on a flat dielectric±metal surface. If a dielectric shell
around the metal waveguide is added, the gain in the
localization volume is insignificant, whereas the propagation
length decreases by an order of magnitude. Such a waveguide
sustains the plasmon mode only near the diffraction-limited
mode area.

A dielectric nanochannel in ametal is a diffraction-limited
waveguide having a cutoff frequency [118]. For a waveguide
formed by a dielectric nanocylinder and a metal surface, the
mode is formed due to hybridization of the photon mode of
the nanocylinder and the plasmon wave of the flat metal
surface. The wave propagation length in the hybrid mode can
be large along with a considerable spatial localization of the
field. Even in the case of the maximummode localization (for
small gaps), mode losses do not exceed plasmon wave losses
on a flat metal±dielectric surface [118, 122, 123]. Moreover, in

such a waveguide, additional field localization occurs due to
the interaction of the surface metal charge with the surface
polarization of the dielectric, resulting in a strong capacitive
localization in the gap region.

The use of the hybrid mode in the semiconductor
cylinder±metal surface configuration is extremely attractive
for constructing the 2D plasmon laser, because the semicon-
ductor cylinder can also be the active medium of the plasmon
nanolaser (Fig. 4).

(c) Chain of nanoparticles as a 2D resonator. A chain of
metal nanoparticles can be used as a waveguide for the
electromagnetic field [125±131]. If a nanoparticle diameter is
smaller than the wavelength of the external electromagnetic
field, the response of each nanoparticle is described very well
by the electric dipole model [71]. The resonance frequency of
the dipole is determined by the nanoparticle material, its
shape, and the permittivity of the particle environment. Due
to the short-range interaction, the dipole field of one
nanoparticle can excite plasmon oscillations in a neighboring
nanoparticle [132]. If this is accompanied by efficient energy
transfer between neighboring nanoparticles, this chain of
nanoparticles represents a nanowaveguide.

Depending on the distance between nanoparticles,
interactions of two types can appear in the chain. For a
chain with the distance d between particles of the order of
the excitation wavelength, the long-range interaction dom-
inates, which depends on the distance as dÿ1 [71, 132]. For
the interparticle distance considerably smaller than the
excitation wavelength, the short-range interaction domi-
nates, which depends on the distance as dÿ3. The short-
range interaction gives rise to eigenmodes of the chain of
nanoparticles and the appearance of coherent modes with
the wave vector along the chain. Energy transfer along the
chain then occurs, which means that the chain is a
nanowaveguide [133, 134].

Important parameters of a waveguide in the form of a
chain of metal nanoparticles are the plasmon wave propaga-
tion lengths. Losses in a plasmon waveguide can be radiative
and the ohmic losses in a metal. For particles significantly
smaller than the wavelength, the radiative losses are negligible
compared to ohmic losses. Experimental studies confirmed
the possibility of channeling the electromagnetic energy via
short-range interaction in the chain of metal nanoparticles
over several hundred nanometers [135].

Waveguides based on nanoparticles allow creating com-
plex plasmon elements with bent connections and beamsplit-
ters without significant radiative losses. For example, during
the propagation of a wave through bent (up to 90�) waveguide
parts, the transmission of the waveguide part can be close to
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Figure 3. Three types of metal waveguides for the 2D resonator of a

plasmon nanolaser: (a) metal nanocylinder, (b) nanochannel, and

(c) hybrid waveguide.
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Figure 4. (a) Hybrid nanowaveguide consisting of a dielectric cylinder with

diameter d located at a nanoscopic distance h from ametal surface. (b) The

distribution of the hybrid mode field in the waveguide gap [124].
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100%. The development of nanotechnology methods has
made it possible to create ordered chains of particles and to
study their waveguide properties, including the possibility of
their use for constructing a resonator for a plasmon
nanolaser.

(d) Slit and groove in a metal. The possibility of
plasmon wave channeling in a waveguide (Fig. 5) via a
groove cut on the metal surface was first considered in
[104, 136]. Plasmon waves along the groove channel were
called channel polaritons. Channel polaritons have the
properties of a spatially confined plasmon wave with
subwavelength field channeling, relatively low losses in
the single-mode regime, and the ability to propagate
efficiently through the bent parts of the channel. Channel
polaritons are also capable of the broadband transfer of
signals [15, 137, 138]. As shown in [137], the propagation
length of a plasmon wave along the channel can be large,
albeit smaller than on the flat metal surface.

Channels of two types can be distinguished: in the form
of a slit in a metal film and in the form of the letter V cut in a
metal surface. The width of a V-groove cut in a metal
monotonically decreases away from the metal surface.
Because the field tends to localization in the region with the
maximum effective refractive index, deep enough grooves
can sustain plasmon modes near the groove bottom, where
the effective refractive index is maximal [139]. The propaga-
tion length rapidly increases with decreasing the groove
depth. In this case, the effective refractive index approaches
its value in air, the spatial size of the mode increases, and it
comes out from the groove. The propagation length also
depends on the groove angle, increasing with this angle. In
the limit case of a 180� angle, the plasmon wave becomes a
wave on the metal surface [140].

For a channel in the form of a slit, channel polaritons
originate from two plasmon waves in two half-planes, which
become coupledwaves at a sufficiently small distance between
the half-planes [141±143].

2.3.2 Feedback in the 2D resonator. To build a 2D plasmon
nanolaser based on a nanowaveguide, it is necessary to ensure
feedback for plasmon waves along the waveguide. The field
confinement along the waveguide is achieved by restricting
the waveguide length in the nanolaser using a Fabry±Perot
resonator [23, 144±147] or a coaxial resonator [4]. In the case
of a metal rod waveguide [148, 149], the length of the

nanolaser resonator is the length of the metal nanocylinder.
When a semiconductor nanocylinder near a metal surface is
used (a 2D hybrid-mode plasmon laser), the resonator length
is the length of the semiconductor nanocylinder [124, 150,
151].

Nanocylinders in plasmonics have been studied in detail,
both theoretically and experimentally [149, 152, 153]. The
plasmon resonator in the form of a metal nanocylinder is
characterized by the total length, the length of its cylindrical
part, and the diameter and curvature radius of its ends. A
nanorod in an external electromagnetic field has several
resonances. The resonance at a small wavelength determines
the dipole resonance, which is characterized by one node in
the surface charge density [149]. The wavelength of the dipole
resonance linearly depends on the total nanorod length down
to small values, when the nanorod takes the shape of a sphere.
In this case, the nanorod length is always considerably smaller
than l=2 [154]. Higher-order resonances correspond to
shorter wavelengths.

Besides Fabry±Perot resonator schemes, some other
schemes have been proposed and used to provide feedback
in the 2D plasmon nanolaser. For example, a resonator can
be constructed using distributed feedback [28]. Another
approach uses the total internal reflection of plasmon
waves [24, 25, 155].

An important parameter of a 2D plasmon nanolaser is
the minimal size that can be achieved. The nanolaser size
can be reduced by passing to the frequency range near the
surface-plasmon resonance frequency. If the dipole mode
of a nanocylinder away from the resonance frequency
satisfies the half-wavelength condition, a dipole resonance
in the short-wavelength part of the spectrum occurs for
smaller nanorod lengths, thereby providing the smaller
resonator size and the smaller volume of the plasmon
mode [148, 156]. The resonance frequency is then indepen-
dent of the nanorod length and its radius. The nanolaser
size can be reduced to several dozen nanometers, as was
demonstrated in [22].

2.4 1D resonator
The 1D resonator for a plasmon nanolaser is a nanostruc-
tured metal surface producing feedback for surface plasmon
waves. The construction of the 1D resonator involves two
stages: (1) the choice of ametal and creation of ametal surface
and (2) the nanostructuring of the metal surface for providing
the feedback.

2.4.1 Metal±dielectric interface. The simplest setup of the 1D
resonator is based on using the metal±dielectric interface. A
plasmon wave at the metal±dielectric interface is an evanes-
cent wave exponentially decaying in both media with the
distance from the interface [76]:
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� �E 0

x ; 0;E
d
z � exp

�
i�kSPPxÿ ot�� exp�ÿz ������������������������

k 2
SPP ÿ edk 2

0

q �
;

E�z < 0�
� �E 0

x ; 0;E
m
z � exp

�
i�kSPPxÿ ot�� exp�z �������������������������

k 2
SPP ÿ emk 2

0

q �
;

�8�

where E 0
x , E

d
z , and Em

z are amplitudes of the corresponding
components of electric fields in the dielectric andmetal, ed and
em are permittivities of the dielectric andmetal, and kSPP is the

Figure 5.Groove in a metal for plasmon wave channeling.
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wave vector of the plasmon wave:
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The normal components of the field are related to tangential
components as
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where E 0
z is the amplitude of the field component at the

metal±dielectric interface.
The real part of the wave vector determines the plasmon

wavelength lSPP � 2p=Re �kSPP�, which is always smaller
than the wavelength in the dielectric, lSPP < l � l0=

����
ed
p

.
The imaginary part of the wave vector determines the
propagation length LSPP � 1=Im �2kSPP�. The typical propa-
gation length is of the order of a few dozen micrometers. For
example, the propagation length of a plasmon wave at the
gold±air interface at the telecommunication wavelength of
1.55 mm isLSPP=lSPP � 220. This value gives the upper bound
for the Q factor QSPP � 2pLSPP=lSPP.

When the metal surface is not perfectly flat, a plasmon
wave is scattered by surface irregularities, which reduces its
propagation length. The total propagation length ltot is
determined as

1

ltot
� 1

lohm
� 1

lrad
� 1

lscat
; �12�

where lohm, lrad, and lscat are contributions to the plasmon
wave propagation length caused by ohmic, radiative, and
scattering losses.

2.4.2 Dielectric±metal±dielectric film. The permittivity of
metals is typically higher than that of dielectrics, jemj4 ed.
As a result, the electromagnetic energy in a metal averaged
over the period is always higher than the electromagnetic
energy averaged over the period in a dielectric surrounding
the metal [157]. This suggests that ohmic losses in thin metal
films should be lower than at the metal±dielectric interface,
and therefore thin metal films are preferable for building the
resonator of a plasmon nanolaser.

Films can be prepared in two variants: (1) metal±
dielectric±metal and (2) dielectric±metal±dielectric [158]. The
dielectric±metal±dielectric structure is more practical for
building the resonator of a plasmon nanolaser. On each
surface of a metal film, its own plasmon mode can exist. As
the film thickness is decreased, these modes can spatially
overlap, resulting in the appearance of two new hybrid
modes: symmetric and antisymmetric [159±161]. If the
permittivity on both sides of the film is the same, the
transverse component Ez (or Hy) in the guided symmetric
mode is the symmetric component, whereas the longitudinal
component Ex is antisymmetric. The opposite situation is
observed for the antisymmetric mode. The longitudinal

component of the electric field in the symmetric mode
changes sign in the middle of the metal film (the field strength
is zero). Because the decay is mainly determined by the
longitudinal component of the electric field of the mode, the
decay of the symmetric mode is weaker. Simultaneously with
decreasing the mode decay, the mode localization degree
decreases [158, 162]. The symmetric mode is called the long-
range surface plasmon polariton (LRSPP), while the anti-
symmetric mode is called the short-range surface plasmon
polariton (SRSPP).

The field in a very thin film tends to escape from themetal,
and its decay constant approaches its value in the dielectric:
the decay constant tends to zero, while the propagation length
tends to infinity, and hence the long-range plasmon mode
evolves into a purely photon mode [163]. The weak decay of
the long-range plasmon mode allows treating it as a mode of
the resonator of a plasmon nanolaser. We note that losses of
the long-range mode strongly increase in the absence of
symmetry in the dielectric on both sides of the metal film.
For example, for a 10 nm thick gold film immersed in
benzocyclobutene, losses increase from 0.17 dB mmÿ1 in the
symmetric situation to 0.4 dB mmÿ1 if the difference between
refractive indices of the upper and lower dielectric media
reaches 0.006 [164].

An example of a thin metal film with low losses is a silver
film. For a 20 nm thick film immersed in an SiO2 dielectric,
the power decay constant at a wavelength of 1550 nm is
2a � 0:0012 dB mmÿ1 for the long-range plasmon mode
and 2a � 0:045 dB mmÿ1 for the short-range mode. The
decay constant sharply increases with decreasing the
wavelength [162].

To date, a considerable number of theoretical and
experimental studies have been performed on the amplifi-
cation and generation of plasmon waves on thin metal
films in the 1D resonator configuration [163±174]. The
resonator of such a plasmon nanolaser consists of a size-
restricted thin metal surface that is square or circular in
shape [175, 176] (Fig. 6). Feedback in the resonator can be
produced by the total internal reflection from the nanofilm
boundaries (see Fig. 6). Feedback can also be obtained in
the resonator configuration similar to a Fabry±Perot
photon resonator [177].

3. Active medium of a plasmon nanolaser

As in a laser, the energy source of a plasmon nanolaser is the
active medium. Compared to macroscopic lasers, small-size
lasers (both photon and plasmon lasers) require amplifying
media with a considerably higher gain. This is explained by
the fact that mirror losses comparable to those in macro-

1D

±±ÑÑÎÎÖÖÒÒÓÓÑÑÄÄÑÑÆÆÐÐËËÍÍSemiconductor

Metal

Oxide 10 nm
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Figure 6. Configuration of the 1D resonator of a plasmon nanolaser with

total internal reflection feedback. The nanolaser is formed by a semicon-

ductor disc (active medium) located at a distance of 10 nm from a metal

surface.

September 2018 Plasmon nanolaser: current state and prospects 853



scopic lasers should be compensated in a much smaller
volume, together with internal losses, which are often even
higher than in macroscopic lasers. In addition, plasmon
resonances providing a strong spatial localization of the
electromagnetic field have a relatively low Q factor (no more
than 100). These two circumstances impose strict require-
ments on the parameters of the amplifying medium.

The amplifying medium should compensate the attenua-
tion of an electromagnetic wave during its propagation. An
electromagnetic wave

E�x; t� � E0 exp
�
i�kxxÿ ot�� �13�

propagating along the �x axis is amplified when its wave
vector kx has a negative imaginary part. This condition is
realized when the complex refractive index of the medium has
a negative imaginary part, e � e 0 � ie 00 � n 2. The optical
amplification is expressed via the power gain g relating the
input Iin and output Iout powers as Iout � Iin exp �gx�. The
power gain is defined in terms of the real and imaginary parts
of the refractive index of the amplifying medium [178] as
g � k0e 00=e 0. In the case of a two-level amplifying medium
with level populationsN1 andN2, the gain dependence on the
medium parameters is given by

g�o� � A21
l20
8pe0

g�o�
�
N2 ÿ g2

g1
N1

�
; �14�

where A21 is the Einstein coefficient, g1 and g2 are the
degeneracies of the corresponding levels, and g�o� is the
frequency dependence of the spontaneous emission prob-
ability. If the condition N2 ÿ �g2=g1�N1 > 0 is satisfied, the
medium amplifies the wave in the spectral range determined
by the function g�o�. It follows from (14) that to obtain a high
gain, the concentration of emitters and the upper-level
population should be high.

The gain required to reach the generation regime in a
plasmon nanolaser depends on the type of plasmonwaves and
has the following values. For nondecaying long-range surface
plasmon waves (LRSPWs) propagating along metal films
20 nm thick, the gain should lie between 1 and 200 cmÿ1.
For short-range surface plasmon waves (SRSRWs), the gain is
already considerably higher and lies in the range from 1000 to
2000 cmÿ1. For plasmon waves propagating along metal
waveguides 50 nm thick, the gain should be between 2000
and 5000 cmÿ1. For nanosize structures providing the
subdiffraction three-dimensional localization of the field [the
field mode volume Vmod 5 �l=2n�3], requirements for the
medium gain are even stricter: the gain should lie in the
range 103 ± 105 cmÿ1 [35, 38±44]. A comparison of plasmon
resonator losses with the active medium gain allows estimat-
ing the fundamental possibility of achieving a lasing threshold
in the system. The required high gain of the active medium
and complications in the achievement of the high-Qmode in a
plasmon nanolaser can lead to the appearance of parasitic
photon lasing in the resonator.

Two types of excitation of the active medium of the
plasmon nanolaser have been achieved to date: optical and
electric.

3.1 Optical excitation
The choice of the active medium for optical pumping is rather
limited. There are erbium-doped active glasses [180] and dye
molecules [181±183].

Erbium-doped glasses are attractive for constructing a
simple resonator+active medium scheme by doping a
dielectric material with a low refractive index. However, the
gain in such systems is low because of the low concentration
of quantum emitters. For example, the gain at the telecom-
munication wavelength l � 1:535 nm in heavily doped
erbium glass is no more than a few cmÿ1 [180].

The use of dye molecules provides a considerable increase
in the gain [169, 182, 184]. The amplification is possible in a
broad spectral range (a few dozen nanometers) due to the
complex vibrational±rotational energy level diagram of dye
molecules. Dyemolecules are pumped by lasers. The presence
of double bonds in molecules provides the absorption of
photons with wavelengths above 200 nm. Because of the
Franck±Condon effect and fast intramolecular relaxation,
the frequency of emitted photons is considerably shifted to
the red (by a few dozen nanometers). Dye molecules can be
readily dissolved in appropriate solvents, which become the
environment of molecules. Dye molecules can also be placed
into a solid dielectric medium (for example, polymers or
glasses), which in turn can be integrated with metal nano-
structures forming the resonator of a plasmon nanolaser.

There are a number of physical restrictions on the
maximum gain of active media based on dye mole-
cules [185]. These restrictions appear because of concentra-
tion-dependent effects such as the formation of dimers,
concentration quenching restricting themaximum concentra-
tion of molecules in solution, and thus limiting the maximum
density ofmolecules in the range from 10ÿ4 to 10ÿ7 mol lÿ1. In
addition, most of the dye molecules have long-lived triplet
states into which excited molecules can transfer, resulting in a
gain decrease. These factors set the maximum possible gain
g � 10±100 cmÿ1 [184].

The use of quantum dots (QDs) as the active medium
allows increasing the gain considerably. Quantum dots are
semiconductor nanocrystals larger in size than the lattice
constant but comparable to the characteristic spatial size of
the wave function of an exciton, an electron, or a hole.
Although QDs contain thousands of atoms, their optical
properties are similar to those of individual atoms because
of the quantum spatial confinement of electrons at the
nanometer scale.

Features of the optical absorption spectrum of QDs can
be obtained from the expression for the probability of the
dipole optical transition between the electron and hole
states. The transition probability for the transition energy
�ho � E e

nl � E h
nl (above the band gap) is described by the

expression

a�o� � jpcvj2 1

�4p=3�R 3

X
n; l

�2l� 1�d�Zoÿ E e
nl ÿ E h

nl� ; �15�

where E e; h
nl are the final and initial state energies of the optical

transition and jpcvj2 is the dipole transition matrix element
squared. This expression gives the dependence of the optical
characteristics of QDs on their size. As the size of nanocrys-
tals is increased to� 40 nm, the spectrum transforms into the
spectrum of a bulk material. The spectrum of a QD crystal is
characterized by a sharp boundary of the energy band and a
series of exciton states close to it.

The spectrum of a QD nanocrystal typically has consider-
able inhomogeneous broadening (� 50ÿ100 nm) exceeding
the homogeneous spectral broadening of an individual QDby
more than an order of magnitude [186]. We also note that the

854 V I Balykin Physics ±Uspekhi 61 (9)



absorption spectrum of QDs at high excitation energies
becomes a function without singularities and corresponds to
the absorption spectrum of the bulk material.

There are two types of QDs: colloidal and epitaxial. They
differ in the method of their preparation. Colloidal QDs are
produced by the chemical synthesis of a nanometer structure
from solution and consist of a core and a shell. Such QDs can
be placed into a dielectric medium (for example, polymers),
which in turn can be integrated with metal nanostructures
forming the nanolaser resonator. In this case, the dielectric
medium also affects the spectral characteristics of emitters
and hence the parameters of the amplifying medium [187].

Epitaxial QDs (InAs) are prepared by themolecular beam
epitaxy technique [188], their growth being based on the small
difference between the lattice constants of InAs and GaAs
crystals. When the InAs material is deposited on the GaAs
surface during the growth process, a two-dimensional InAs
layer is first formed. When the layer thickness reaches a
certain value, the two-dimensional growth becomes the
three-dimensional one because of the difference in lattice
constants of InAs and GaAs crystals. As a result, the InAs
nanocrystals (QDs) appear on the layer of a wetting InAs
film. The InAs crystals are then covered by a GaAs layer. The
surface density of QDs produced in this way is of the order of
10 mmÿ2 and higher. An individual QD has the shape of a lens
about 3 nm in thickness with a diameter of 20 nm. The QD
size and material determine the energy structure of the QD
and its emission wavelength. The QD size can be varied in a
broad range during its preparation.

The main advantages of using QDs as the active medium
of the plasmon nanolaser are (1) the high radiative quantum
efficiency of QDs, (2) the full compatibility of epitaxial QDs
with the available semiconductor technology, (3) the possibi-
lity of placing QDs inside the resonator or near the
nanostructure for controlling their optical characteristics,
and (4) the stable optical properties of epitaxial QDs: the
absence of bleaching effects and (or) blinking.

Active media based on QDs have a high gain. For
example, In0:53Ga0:47As QDs provide a gain of up to
2000 cmÿ1 at the telecommunication wavelength
l � 1:5 mm. Even higher gains can be achieved in epitaxial
AlAs/GaAs QDs, where the extremely high gain of
68,000 cmÿ1 was obtained at 970 nm [189]. One of the
important experimental advantages of QDs is that they are
made of semiconductormaterials for which numerous growth
and processing methods and technologies have been devel-
oped in recent decades. Quantum dots can be excited both by
optical radiation and by electric current.

3.2 Electric excitation
Plasmon nanolasers using inorganic semiconductors as
amplifying media are pumped electrically and are compatible
in designwithmodern semiconductor technology. Thismakes
them the most technologically relevant sources of electro-
magnetic fields. In addition, semiconductor materials are
robust, and therefore optical devices based on them have a
long service lifetime. A semiconductor material can provide a
compensation of losses exceeding 1000 cmÿ1. Among the
disadvantages of inorganic semiconductors used as active
media is that in most cases they can operate only at cryogenic
temperatures.

The best semiconductor materials for amplifying media
are direct-gap semiconductors, such as the II±VI group
semiconductor compounds. Among them, indium gallium

nitride InGaN is the most promising amplifying mediumwith
a broad amplification band. The bandgap of InxGa1ÿxN
�04 x4 1� can be varied from the IR to UV spectral range
by changing the compound composition. The InN �x � 1�
semiconductor has the bandgap DE � 0:65 eV, while the
bandgap of GaN �x � 0� is DE � 3:4 eV. The InGaN
semiconductor has a gain of about 104 cmÿ1 [190]. This
makes it a promising material for building a plasmon
nanolaser [39, 191].

The maximum gain of semiconductor materials at
high pump powers is restricted by their thermal heating.
High pump powers cause the heating of metal nano-
structures forming the nanolaser resonator and can
damage them [192]. Nanostructures are more readily
subjected to thermal damage than the bulk metal, and
microscopic thermally induced damage is observed in
them at lower pump powers [193±195].

4. Characteristics of a plasmon nanolaser

Studies on the minimization of laser dimensions performed
in recent decades revealed considerable physical differ-
ences between conventional macroscopic lasers and nano-
lasers [196±199]. In photon microscopic lasers, a significant
role is played by amplified spontaneous emission, which
changes the threshold behavior of the laser and increases the
noise component of emission. In addition, the emission
directivity of a microscopic laser considerably deteriorates
when its size approaches the diffraction limit. Because of the
small size, all these differences also exist for a plasmon
nanolaser, and to a considerably greater degree. In addition,
new features appear in the lasing regime inherent only in
lasers of this type. These include: (a) a strong dispersion
appearing due to the necessity of a high gain to achieve the
lasing threshold and (b) a short optical response time of
plasmon lasers due to a high gain and rapid spontaneous
emission. Less manifested effects are also present, such as
frequency pulling, gain guiding, and gain switching [36±44].

In photon lasers, lasing appears when the pump energy
reaches a certain value (the lasing threshold) and its
appearance is characterized by a number of physical effects
such as (1) the spectral narrowing of output emission, (2) the
appearance of directed emission, and (3) the appearance of
spatial and temporal coherence. While these lasing features in
macroscopic lasers are quite unambiguous, plasmon struc-
tures in nanolasers change the character of spontaneous
emission of the active medium, and the passage to the lasing
regime is not clearly manifested. The narrowing of the
emission spectrum in plasmon nanolasers can occur even
before the onset of lasing, which can lead to the incorrect
interpretation of the operation regime of the device.When the
amplifying medium maintains many modes in the nanolaser
resonator, a change in the spontaneous emission rate can be
more easily distinguished from real lasing, because the
increase in the pump power then results in significant
competition among the modes.

Because of the nanoscopic dimensions of a nanolaser and
therefore its low emission power, the study of an individual
nanolaser is an extremely complicated experimental problem.
For this reason, studies are often performed with ensembles
of nanolasers. However, nanolasers typically have different
sizes, and therefore their lasing characteristics are different.
For example, uncertainty appears in the value of the lasing
threshold. In addition, effects occurring due to interaction
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between individual spasers can also cause additional features
in the behavior of spasers, which can be erroneously
interpreted as the appearance of lasing.

The main characteristics of a nanolaser, such as the laser
generation frequency, lasing threshold, pump power, and
temporal response, are determined by the resonator geome-
try and material, the quantum mechanical characteristics of
chromophores of the amplifying medium, and the method of
energy coupling out of the resonator. The study of character-
istics of individual nanolasers is complicated because of their
nanoscopic size, whereas the study of ensembles of nanolasers
(in which variations in geometric and other parameters lead
to the spread of the lasing threshold and the broadening of the
emission spectrum) complicates a comparison with theoreti-
cal models, which usually consider individual nanolasers.

4.1 Amplified spontaneous emission and lasing threshold
4.1.1 Field localization.Figure 7 schematically shows the three
types of configuration of metal nanostructures used in
plasmon nanolasers. Such metal nanostructures can support
surface plasmon modes with different spatial localization
degrees. A planar nanostructure (1D configuration) in the
form of a metal±dielectric interface supports a surface
plasmon mode restricted in one dimension. A structure in
the form of a nanowire (2D configuration) supports a
plasmon wave restricted in two dimensions. A structure in
the form of a metal nanoparticle (3D configuration) restricts
the field in all three dimensions.

A planar metal±dielectric structure and a thin metal
nanowire are systems with one- and two-dimensional field
localizations. Collective electron oscillations in such systems
are related to a metal surface or a metal nanowire and are
spatially localized in the direction perpendicular to the
surface, while remaining waves freely propagating along
surfaces. Therefore, such systems are nonresonance and
support plasmon waves in the entire frequency range up to
the plasmon frequency. Plasmon oscillations in metal
nanoparticles are localized in all three directions. They have
the resonance character and support plasmon oscillations at
certain frequencies.

The localization degree of the electromagnetic energy
depends on the configuration of metal nanostructures. For
nanoparticles, the electromagnetic energy is confined to a
volume considerably smaller than the diffraction limit
�l=2n�3, where n is the refractive index of the nanoparticle
environment. In the one-dimensional case (the metal±dielec-
tric interface), the subdiffraction energy localization is
possible in the direction perpendicular to the metal±dielectric
interface. In this case, the localization degree depends on the
optical characteristics of the metal and the dielectric and on
the wavelength. Because of the spatially localized character of

the plasmon surface wave, dispersion curves lie to the right of
the corresponding light lines. At frequencies o > op, the
propagation of radiation in the metal is possible. Between
the regimes of coupled and radiative modes, there is a
frequency range with purely imaginary values of the wave
vector, where the propagation of waves is forbidden. For
small wave vectors, the propagation constant of the plasmon
wave is close to the value on the light line k0, and the wave
extends in the dielectric over many wavelengths.

For large wave vectors, the wave frequency approaches
the plasmon boundary frequency osp � op=�1� e2�0:5. In the
limit of the negligibly weak decay of the wave, the wave vector
tends to infinity, the frequency approaches the boundary
frequency osp, the group velocity vg ! 0, and the plasmon
wave acquires an electrostatic character. In the 1D case, the
maximum localization of the surface plasmonwave is reached
near the surface plasmon frequency osp. Surface plasmon
waves in metal nanowires (the 2D case) are characterized by a
considerably stronger field localization, with the localization
degree depending on frequency as oÿ2 [200].

4.1.2 Amplified spontaneous emission near nanostructures.
When the nanostructure size is smaller than or comparable
to the emission wavelength, the spontaneous emission rate of
a quantum emitter located near the nanostructure can either
increase or decrease compared to that in free space (the
Purcell effect) [201]. This effect is quantitatively character-
ized by the Purcell factor F � A=A0, where A is the
spontaneous emission rate modified by the environment and
A0 is the spontaneous emission rate in free space. This effect
affects a number of physical processes involved in nanolaser
operation, because a strong spatial redistribution of sponta-
neous emission then occurs, with suppression of certain
modes and amplification of other modes. This can in turn
considerably change the lasing regime of the nanolaser. In the
presence of feedback in the system (the nanolaser resonator),
the spontaneous emission rate further increases proportion-
ally to the resonator Q factor. In this case, the Purcell factor
can reach significant values [200]. For 1D and 2D systems,
assuming that the resonator Q factor is restricted only by
internal losses in themetal, the Purcell factor reaches 102. The
Purcell factor is large even at frequencies close to the surface
plasmon frequencyosp, at which themaximum localization of
the field is reached; however, losses also become maximal.
For 3D systems (nanoparticle), the Purcell factor can be close
to 106 and is limited by nonlocal effects [200, 202, 203].

4.1.3 Lasing threshold of a plasmon nanolaser. The strength
of light interaction with a quantum emitter can be increased
by decreasing the optical mode volume and increasing the
resonator Q factor [201]. In photon lasers, this increase is
achieved, as a rule, by using high-Q resonators [204±207]. In
plasmon lasers, the increase can be achieved even at the low
Q factor in a resonator with a sufficiently small mode
volume.

Figure 8 shows the Purcell factor in a system consisting of
a metal surface and a semiconductor nanorod as a function of
the distance between the nanorod and the surface [146]. The
left scale shows the Purcell factor and the right scale, the
b factor. The b factor is defined as the fraction of spontaneous
emission emitted in a certain resonator mode.

The maximum value of the Purcell factor in such a system
is small, equal to 6. The maximum value of the b factor is
80%. For a gap smaller than 5 nm, the nonradiative

a

1D

b

2D

c

3D

Figure 7. Metal nanostructures maintaining surface plasmon modes with

different localization degrees. (a) one-dimensional configuration: metal±

dielectric interface; (b) two-dimensional configuration: nanorod in a

dielectric; (c) three-dimensional configuration: nanoparticle.
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quenching on the metal surface leads to a drastic decrease in
the b factor.

A high value of the Purcell factor �F � 60� was achieved
for molecules inside the gap between a nanowire and a metal
surface [147]. It was shown quite recently that the Purcell
factor in plasmon structures can amount to 10±1000 [208±
210].

The effect of increasing the emission rate in metal
nanostructures is realized, as a rule, only for several modes,
mainly for the most localized ones. For a plasmon nanolaser,
this means that the strongest coupling of quantum emitters of
the activemedium is realized with themost localizedmodes of
the nanolaser resonator. The coupling is quantitatively
characterized by the b factor of spontaneous emission into a
mode. The b factor plays an extremely important role in the
threshold behavior of nanolaser lasing. Analysis of the lasing
dynamics of the nanolaser shows that the lasing threshold is
determined by the ratio of the total resonator losses to the
b factor [200, 211]. While the b factor of the photon
semiconductor laser is extremely small �b < 10ÿ3�, it can be
as high as b � 0:8 in a metal nanostructure [210, 212].
Therefore, lasing in a photon semiconductor laser is possible
only in the case of low resonator losses, whereas lasing in a
plasmon laser is also possible at high resonator losses [211,
213].

Figure 9 illustrates the difference between the behaviors of
photon and plasmon lasers. The dependences of the output
power on the pump power are shown for a photon laser
formed by a CdS nanowire over a quartz surface and for a
plasmon laser formed by a nanowire of the same material but
over a metal surface [146]. We can see from Fig. 9 that the
photon laser demonstrates a sharp transition between the
regimes of spontaneous emission and lasing. In a plasmon
laser, the transition to the lasing regime is manifested less
clearly. At the same time, the output power of the plasmon
laser strongly depends on the nanowire diameter. Such a
difference in the behavior of these two types of lasers is
explained by the large difference of b factor values for
photon and plasmon lasers. This shows that the conventional
definition of the lasing threshold is not valid for plasmon
nanolasers.

Another specific feature of the plasmon laser is the strong
dependence of its emission on lossy surface modes [214].
These modes dissipate energy in the metal, thereby greatly

reducing the output power. Coupling with decaying surface
modes considerably reduces the b factor, preventing the
achievement of the lasing threshold of the spaser.

4.2 Emission linewidth of a plasmon nanolaser
The laser emission linewidth is one of the basic parameters of
the laser and its change on passing from the spontaneous
regime to stimulated emission clearly demonstrates the
achievement of lasing: as the lasing threshold is achieved,
the emission linewidth drastically decreases. In the case of a
plasmon nanolaser for which the lasing threshold value is
quite uncertain, the role of the lasing linewidth parameter is
much more important than for a photon laser, because the
evolution of the emission linewidth can indicate the onset of
lasing [215].

The Townes±Schawlow theory predicts that the limit
emission linewidth of the photon laser is proportional to
the ratio of the resonator transmission bandwidth squared to
the output power [216]. In most laser systems, this limit
cannot be achieved for various reasons, and the emission
linewidth greatly exceeds the theoretically predicted value.
One of the reasons is fluctuations of the refractive index of
the medium inside the laser resonator, which induce emission
line broadening characterized by the linewidth enhancement
factor [217].

A specific feature of the plasmon nanolaser compared to
the photon laser is that the Q factor of its resonator (10±100)
is extremely small. As a result, the emission spectrum of the
nanolaser is determined not by the selective properties of its
resonator but by the dispersion properties of the amplifying
medium [203]. In [218], the spaser emission linewidth was
studied by introducing the dispersion properties of the
permittivity of the amplifying medium material. It was
found that the emission linewidth of the plasmon nanolaser
can be related to the linewidthDoTS in the Townes±Schawlow
theory as

Do � �1� a 2�DoTS ; �16�

where a is the linewidth enhancement factor in the plasmon
laser resonator. Numerical simulation of the behavior of the
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emission linewidth of the plasmon nanolaser with the active
medium representing an electrically pumped semiconductor
showed that the linewidth in the lasing regime above the
threshold monotonically narrows with increasing the pump
power (Fig. 10), as predicted by the theory. This behavior of
the spaser linewidth was confirmed experimentally [4, 219,
220].

4.3 Temporal characteristics of a plasmon nanolaser
Because of their small physical dimensions, plasmon nano-
lasers, like photon lasers, demonstrate dimensional changes
of their characteristics, and to a considerably greater degree
than photon lasers do. In addition, new features appear, such
as strong dispersion due to the high gain required to obtain
lasing and an ultrafast optical time response caused by the
high gain and the increased spontaneous emission rate.

The physical reason of the ultrafast optical time
response of the plasmon nanolaser is the short electron
collision time in a metal, of the order of 100 fs. The ultrafast
optical time response means the possibility of a large
modulation frequency bandwidth of the plasmon laser.
The amplification of the active medium can be switched at
a time scale of the order of the plasmon lifetime, which is
extremely short (about 10 fs). This means that emission of
plasmon lasers can be modulated at the extremely high
frequency of about 10 THz. The small spatial dimensions of
plasmon resonators and the ultrafast temporal dynamics of
the electromagnetic field of plasmon nanolasers allow their
energy to be concentrated at the nanometer spatial scale
and femtosecond temporal scale.

4.4 Radiative and nonradiative components
of the electromagnetic field of plasmon nanolasers
Most of the energy of a 3D spaser is stored in the near field.
The fraction of the electromagnetic energy inside a metal
considerably exceeds its fraction in an adjacent semiconduc-
tor. The electromagnetic energy inside the metal rapidly
dissipates into heat. Only a small part of the plasmon mode
energy is released in the form of optical emission in the far
zone. The characteristic energy dissipation time of a 3D
spaser due to radiative losses is the Wheeler±Chu limit for a

metal nanoparticle [221],

trad � 3

�
l

2pa

�3 l
c
; �17�

where a is the nanoparticle radius. It follows from (17) that
the radiative lifetime is trad � 8 ps. On the other hand, for a
subwavelength metal nanoparticle with a Q factor of about
15, the energy absorption time at a wavelength of 500 nm in a
metal is tabs � 25 fs. Hence, only 0.003 of the total energy of
generated surface plasmons is converted into optical radia-
tion. Because radiation released in the form of the optical field
constitutes a small fraction of the total energy, the near field
can be of the greatest interest for practical applications of the
spaser.

5. 3D plasmon nanolaser (spaser):
experimental realization

A nanoparticle plasmon laser (spaser) can be built by
replacing the dielectric medium surrounding a nanoparticle
by an amplifying medium. Two schemes for realization a 3D
spaser are possible: with the amplifying medium located
outside and inside the nanoparticle (see Fig. 2). Theoretical
estimates show that to obtain lasing under favorable physical
conditions, a few hundred quantum emitters per nanoparticle
are required [222].

The first experimental demonstration of a 3D spaser was
performed with metal nanoparticles [22]. The metal nanopar-
ticles were chemically synthesized gold nanospheres 14 nm in
diameter covered with a dielectric silicon shell containing
Oregon Green 488 dye molecules. The maximum of the
emission spectrum of dye molecules was at 510 nm, coincid-
ing with the wavelength of the plasmon resonance of
nanoparticles. The total size of the 3D spaser was 44 nm.
The resonator mode occupied a volume between the surface
of a metal core (14 nm in diameter) and the external silicon
shell (44 nm in diameter). The resonator Q factor was 14.8.
The number of dye molecules per nanoparticle was 2:7� 103.
All the measurements were performed with an ensemble of
spasers at a concentration of 3� 1011 cmÿ3 in aqueous
suspension.

The spaser consisted of a metal nanoparticle with a silicon
dioxide shell containing dye molecules. This method involves
a number of significant difficulties. First, dye molecules must
be able to bind covalently with silicon dioxide via character-
istic groups in the chemical structure of dye molecules [22].
Commercial dyes are not compatible with this method due to
the absence of a functional group for covalent bonding [223].
Second, the method requires considerable technological
experience in the preparation of a `metal nanoparticle±dye-
containing shell' with a concentration of dye molecules
sufficient for compensating plasmon oscillation losses.
Third, it is necessary to match the spectrum of the plasmon
mode with the emission spectrum of dye molecules to provide
the optimal transfer of the excitation energy of molecules to
the plasmon mode of the nanoparticle. All these restrictions
impede the experimental realization of a 3D spaser.

In [22], dye molecules were pumped by nanosecond laser
pulses. Pulsed pumping facilitates the achievement of the
lasing threshold. The spectral and threshold characteristics of
the ensemble of spasers showed that emission was of the laser
character: at low pump levels (Fig. 11), the measured
spectrum was mainly determined by the spontaneous emis-
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sion of dye molecules. As the pump power was increased, a
narrow peak appeared in the emission spectrum at a
wavelength of 531 nm, which corresponds to the plasmon
resonance of the nanoparticle. The dependence of the
emission intensity on the pump power demonstrated the
threshold type of lasing. The experimental lasing linewidth
greatly exceeded the theoretical linewidth [224]. According to
the experimental laser linewidth, the lifetime of the electro-
magnetic field in the resonator was about 200 fs, which is
seven times greater than the estimated radiative lifetime of a
plasmon resonator.

The operation of a 3D spaser with nanoparticles in the
form of nanorods was demonstrated in [31] (Fig. 12).
Nanorods maintain both transverse and longitudinal surface
plasmon modes (see Fig. 12) and can therefore be used to
control the spectral characteristics of the spaser resonator and
to tune the spaser mode frequency to the maximum of the
emission spectrum of the active medium. The wavelength of
the longitudinal plasmon mode can be changed by changing
the nanorod length. The longitudinal and transverse plasmon
resonances were located at wavelengths of 520 and 610 nm.
Calculations showed that the extremely small mode volumeV
of the nanorod resonator allowed achieving a high Purcell
factor. The estimate of the longitudinal mode volume gives
V � 5:05� 10ÿ24 m3. Despite the low Q factor of the
resonator, the ultrasmall mode volume provides the very
high Purcell factor F � 104.

Creating a spaser based on nanorods involved several
stages (see Fig. 12). Gold nanorods covered with a porous
silica shell (Figs 12a, b) were deposited in the form of a
monolayer on a glass surface (Fig. 12c). The monolayer of
nanorods was then covered with a polyvinyl alcohol film
containing Rhodamine 6G dye molecules, which were the
active medium of the spaser. Dye molecules doped into a
polymer have a higher photostability. In addition, the self-
quenching of the dye fluorescence decreases and the fluores-
cence yield increases. The silica covering of gold nanoparticles
prevents the formation of large molecular clusters [225].
Porous silica provides a more efficient interaction between
the gold nanoparticles and surrounding dye molecules
captured in silica pores. This in turn provides the efficient
pump energy transfer from the active medium to the
nanoparticle mode. The nanorods used in experiments had
the following parameters: the nanorod diameter and length

were 20 and 40 nm, respectively, and the shell thickness was
10 nm. The density of the nanoparticles was 1:6� 107 mmÿ2.
Figure 12a shows an electron image of silica-covered gold
nanorods.

The basic characteristics of the spaser were determined in
experiments with spaser ensembles (Fig. 12d). Lasing was
demonstrated in the wavelength range 562±627 nm with the
emission linewidth 5±11 nm at room temperature.

Although these experiments were performed not with
individual 3D spasers but with their ensemble, the authors
of [22] believe that lasing observed in the experiments is the
result of lasing of independent spasers. To date, the results
in [22] have not been reproduced at other laboratories and
have given rise to numerous critical comments. Various
aspects of this work have been questioned by many
researchers [31, 215, 226±229]. It was found in [229] that
the pump rate required to obtain lasing is extremely high
due to the very high dephasing rate of the plasmon laser,
and it would be very difficult to achieve lasing under the
experimental conditions in [22].

6. 2D plasmon nanolaser:
experimental realization

A 2D plasmon nanolaser is a plasmon nanowaveguide with
an active medium in the plasmon mode volume. To date, a
great number of nanowaveguide structures have been
investigated in nanoplasmonics, such as dielectric-loaded
waveguides [105±107], nanorods [109], wedge nano-
waveguides and nanochannels in a metal surface [103, 139],
cylindrical metal±dielectric±metal waveguides [108, 230, 231],
and hybrid plasmon metal±dielectric±semiconductor wave-
guides [124, 150, 151]. A 2D plasmon nanolaser can be built
based on such waveguides by replacing a dielectric (on the
metal surface) by active media (semiconductors, dye
molecules, or quantum dots). The feedback along the
wave propagation direction required for lasing can be
obtained by using a Fabry±Perot resonator [23, 24, 26],
distributed feedback [110, 111], or the total internal
reflection effect [27, 175, 176]. Several 2D plasmon
nanolasers setups have been developed.
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We consider a 2D hybrid dielectric±metal plasmon
nanolaser. The main requirements for nanowaveguide struc-
tures used for constructing a 2D nanolaser is the 2D
subdiffraction localization of plasmon waves and minimal
plasmon wave losses. Among numerous 2D nanowaveguide
structures, of considerable interest for building a 2D
nanolaser is the hybrid dielectric±metal nanostructure [118]
(Fig. 13). Such a nanostructure represents a semiconductor
nanorod located at a distance of a few nanometers from a
metal surface. The coupling between the photon mode of the
dielectric waveguide and the surface plasmon wave on the
metal surface produces a hybrid mode in the gap between the
nanowaveguide and surface.

In the hybrid mode, most of the wave energy is concen-
trated in a nonmetal gap, providing strong field localization
and simultaneously a large propagation length of the wave. If
an amplifying semiconductor material is used as a dielectric
nanowaveguide, such a system constitutes a 2D plasmon
nanolaser [146].

Semiconductors used as amplifying media offer a number
of advantages over other active media. First, semiconductors
are electrochemically and photochemically stable; second,
they have a high gain. Semiconductor materials serving as
activemedia for nanolasers can be pumped both optically and
electrically. In addition, semiconductor devices are reliable
and durable and can be used for constructing various
nanowaveguide structures.

The first successful demonstration of a 2D hybrid
dielectric±metal plasmon nanolaser was reported in [146]. A
dielectric nanorod was made of a CdS semiconductor [232],
which was simultaneously the active medium and the
resonator forming modes of the plasmon nanolaser in the
longitudinal direction. The feedback in the resonator (along
the nanorod) was provided by wave reflection from the
nanorod ends due to the large difference between refractive
indices of the semiconductor and air (Fabry±Perot resona-
tor). The nanorod was located at a distance of several
nanometers from the metal surface.

The active medium was optically pumped by a laser at a
wavelength of 405 nm. Lasing was observed at a wavelength
of 489 nm. The optical energy was localized in the metal±
nanorod gap. The transverse size of mode localization was
extremely small, about 10 nm. Lasing of the nanolaser was
observed by wave scattering at the nanorod ends at a
cryogenic temperature of the sample.

In the resonator configuration used, lasing can appear
both in the photon and plasmon laser regimes. For the photon
laser regime, a cutoff frequency exists, which appears for the
nanorod diameter of 140 nm. The plasmon lasing regime can

also appear for a smaller diameter of the nanorod. Lasing was
observed in experiments for the nanorod diameter equal to
52 nm. For such a nanorod diameter, only the plasmon lasing
regime is possible.

In further experiments [25] with the hybrid structure based
on CdS and Ag, lasing was already obtained in the optical
spectral range at room temperature. The nanolaser field
localization in the direction perpendicular to the surface was
approximately 20 nm, while localization along the surface
was of the order of 1 mm2.

The same idea of constructing a nanolaser based on a
hybrid mode but using a composite semiconductor material
was realized in [27, 30]. A nanorod consisted of a core (an
InGaN semiconductor) covered with a thin InN shell. The
shell served as a gap between the nanorod and the metal
surface.

To achieve continuous lasing in the plasmon laser, it is
necessary to considerably reduce resonator losses. This was
realized in [30] on a metal-surface±semiconductor-nanorod
nanostructure in which the metal (Ag) surface was prepared
with atomic precision, which considerably reduced losses in
the plasmon resonator. The continuous lasing regime was
achieved only at a low temperature. Figure 14 shows the
temperature dependence of the nanolaser spectrum. At a
temperature of 300 K, the spontaneous emission of an
InGaN semiconductor is observed. Lasing appears at 120 K,
when a small peak appears in the green region of the emission
spectrum. At 8 K, a narrow spectral line appears at a
wavelength of 500 nm. The experimental dependence of the
output power on the pump power coinciding with theoretical
calculations also confirms the achievement of lasing in the
plasmon nanolaser. Measurements of the second-order
correlation emission function before and after the onset of
lasing also confirmed the appearance of lasing above the laser
threshold.

Further development of this research resulted in
the creation of an ensemble of single-mode nano-
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lasers on a surface emitting simultaneously at
different wavelengths [233]. The authors used semiconduc-
tor nanoparticles with different contents of indium in
InxGa1ÿxN �04 x4 1�. It is known that the bandgap of a
semiconductor can be varied from the near-IR to the UV
region by changing its composition. For example, the
bandgapof InN isDE � 0:65 eV,while forGaN,DE � 3:4 eV.

In experiments, several suspensions of nanoparticles with
different contents of indium were deposited on a silver film.
Nanoparticles of each type provided nanolasers emitting at
specific wavelengths. Lasing at many wavelengths was
achieved from an ensemble of nanolasers prepared by the
successive deposition of nanoparticles with different contents
of indium in InGaN on the silver surface. Figure 15a
illustrates the setup of a hybrid dielectric±metal 2D nano-
laser and the optical image of three nanolasers emitting at
different wavelengths in the spectral range from the blue to
the red. Because the physical dimensions of nanolasers are
considerably smaller than the wavelength, their images in the
figure are in fact diffraction pictures typical of point-like
emission sources. Figure 15b shows the emission spectra of
nanolasers between the blue and red spectral regions. The
measured linewidth of nanolasers was considerably broader
than that predicted by the Townes±Schawlow theory. The
difference is explained by the ultrasmall size of the resonator
and the additional broadening caused by the active medium
noise.

7. 1D plasmon nanolaser:
experimental realization

The 1D plasmon nanolaser is a 1D planar nanostructure
consisting of a metal nanostructured surface with an adjacent
dielectric used for amplification of a surface plasmon wave.
As a 1D planar nanostructure, we can use themetal±dielectric
interface, the dielectric±metal nanofilm±dielectric planar
structure, or the metal±dielectric nanofilm±metal planar
structure. The amplification and generation of surface
plasmon waves have been demonstrated to date in all these
planar nanostructures [26, 166, 175, 183].

7.1 1D plasmon nanolaser
based on the metal±dielectric interface
Stimulated amplification of surface plasmon waves on a
metal±dielectric interface was first observed in [169]. The
metal was silver and the amplifying medium contained
Rhodamine 101 and Cresyl Violet dye molecules. The

amplification was obtained in the optical spectral
range.

The 1D plasmon nanolaser was constructed on the metal±
dielectric interface using whispering-gallery cavity modes to
provide feedback for plasmon waves [176]. Such a nanolaser
represents a 235 nm thick InP/InAsP/InP semiconductor disc
prepared on a glass surface and covered with a silver layer.
The semiconductor disc was made by electron beam litho-
graphy and dry etching. The disc was then covered by a silver
layer. The nanolaser mode volume was 0:56�l=2n�3. Lasing
was obtained by optically pumping the active medium and
was observed at temperatures between 8 and 80 K. Based on
spectral measurements, the optical image of the mode, and its
polarization properties, the generated mode was interpreted
as the whispering-gallery plasmon mode on the bottom of the
silver nanodisc.

7.2 1D plasmon nanolaser based on
the dielectric±metal nanofilm±dielectric structure
A plasmon structure in the form of a symmetric metal
nanofilm supports the two types of plasmon waves: a long-
range surface plasmon wave and a short-range surface
plasmon wave. The construction of a plasmon nanolaser
with the use of a metal nanofilm and a long-range propagat-
ing surface plasmon wave is a simpler problem than the
creation of a plasmon nanolaser on a metal surface, because
the gain of the active medium required to overcome losses is
lower in the former case [116, 160, 234, 235]. Such a
configuration of the 1D nanolaser was demonstrated in [26].
The nanolaser comprised a metal (Au) waveguide nanofilm
located inside the amplifying medium based on (InGaAs)
quantum wells (Fig. 16). The waveguide length and width
were 1mmand 100 mm.AFabry±Perot resonator was formed
by the ends of the metal waveguide. The active medium was
pumped by l �1.06 mm laser pulses. The narrowing of the
emission line and the threshold behavior of the emission
power confirm the appearance of lasing. Lasing was
observed at room temperature at the telecommunication
wavelength of 1.46 nm.

Continuous lasing in a nanolaser is prevented by heat
release. This problem also exists for subwavelength photon
lasers, where cw lasing is possible, as a rule, only at low
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indium contents in nanoparticles: InxGa1ÿxN �04 x4 1� [233].
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Figure 16. 1D plasmon nanolaser based on a planar metal waveguide and

the active medium formed by InGaAs quantum wells [26].
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temperatures. In [4, 110, 236], the continuous lasing of an
electrically pumped 1D laser was demonstrated.However, the
laser linewidth was rather large, being 3±4 nm [236]. This is
quite a large value for most possible and expected applica-
tions of plasmon nanolasers, which require much narrower
laser linewidths. Great efforts are being invested into the
development of nanolasers operating simultaneously at (1)
room temperature in (2) the cw regime with (3) the
subwavelength mode size upon (4) electric pumping of the
active medium. While all these goals have already been
achieved separately, the simultaneous operation in all these
regimes is still a difficult problem.

7.3 1D plasmon nanolaser based on
the metal±dielectric nanofilm±metal structure
Of great interest in the development of the 1D nanolaser is a
planar nanostructure in the form of a plane metal±dielectric±
metal nanowaveguide in which the dielectric is replaced by the
active medium. The metal±dielectric±metal waveguide pro-
vides subdiffraction localization of the mode in the transverse
direction, and a major part of the mode volume can be filled
by the active medium of the nanolaser. A nanowaveguide
with a properly chosen width supports the propagating TM01

mode that spatially overlaps with the active medium of a
spaser.

A metal±dielectric nanofilm±metal configuration can
provide both photon and plasmon laser regimes, depending
on the active medium thickness. As a plasmon laser, this
configuration can operate only at a small thickness and
cryogenic temperatures. At a greater thickness of the active
medium, the photon lasing regime is possible. Because the
photon mode losses are smaller, lasing can be obtained at
room temperature.

The first planar nanolaser in the metal±dielectric nano-
film±metal configuration was demonstrated in [177]. The
active medium was an InGaAs semiconductor, which was
first covered with a 20 nm (SiN/InGaAs/SiN) silicon nitride
layer and then with a silver layer. The silicon nitride played
the role of an insulating layer, preventing the nonradiative
deexcitation of the active medium by the metal. The ends of
the nanolaser waveguide formed mirrors of a Fabry±Perot
resonator. Due to the large length of the resonator (3±6 mm),
its Q factor was rather high: Q � 370 at cryogenic tempera-
ture andQ � 140 at room temperature. The active medium of
the nanolaser was pumped electrically.

The plasmon nature of lasing was confirmed by using a
subwavelength thick active medium and observing the
increase in the group refractive index of the laser mode upon

decreasing the activemediumwidth. The appearance of lasing
was demonstrated by the narrowing of the laser emission
spectrum with increasing pump power. Lasing with trans-
verse field localization of about 50 nm was demonstrated.

Most 1D plasmon nanolasers operate at cryogenic
temperatures. The necessity of using low temperatures is
the main obstacle to their practical application. Consider-
able efforts are made to achieve the operation of plasmon
nanolasers at room temperature. This requires ensuring low
losses in the device, efficient feedback in the resonator, and
high gain in the active medium. All these requirements must
be satisfied in one device. The generation of plasmon waves
in a planar structure at room temperature in the setup
shown in Fig. 17 was demonstrated in [175]. The nanolaser
resonator had the shape of a planar nanosquare with each
side 1 mm in length and a thickness of 45 nm, made of the
active medium (a CdS semiconductor) on a metal (Ag)
surface. The active medium was separated from the metal
by a thin (5 nm) insulator �MgF2� layer. The so-called
nanowaveguide metal±dielectric±semiconductor scheme
was thus realized [175]. In this scheme, only plasmon
modes are formed, because the total internal reflection
regime for the chosen geometric parameters of the resona-
tor is satisfied only for plasmon waves and not for photon
waves. The total internal refection regime allows minimiz-
ing radiative losses in the resonator.

The construction provides a strong localization of the
field with low ohmic losses in the metal, low radiative losses,
and hence a high Q factor of the resonator. The strong field
localization and the efficient feedback provided the high
Purcell factor F � 20. A suitable choice of the resonator size
also provided single-mode lasing with the nanolaser linewidth
of 1.1 nm (Fig. 18).

Resonator mode losses in the planar metal±dielectric±
metal configuration can be considerably reduced by using
Bragg diffraction gratings as resonator mirrors. This allows
lasing to be achieved at a lower pump level. In [110], lasing in a
continuously electrically pumped nanolaser was observed at
80 K by using a Bragg diffraction grating. In [111], strong
feedback was obtained by using a bandgap defect state inside
a surface plasmon crystal. Lasing was observed under pulsed
optical pumping at 77 K.

Lasing at room temperature, in the continuous regime and
under electric excitation has been demonstrated in the metal±
dielectric nanofilm±metal configuration in [237±239]. The
best parameters of a nanolaser in the metal±dielectric±metal
planar waveguide scheme were obtained in [237], where lasing
was demonstrated at the telecommunication wavelength of
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Figure 17. (a) 1D plasmon nanolaser based on a metal (Au) surface and a semiconductor active CdS medium operating at room temperature. The active

medium is separated from the metal surface by an insulating material. (b) Electron microscope image of the nanolaser [175].
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1.6 mm at room temperature with a small mode volume
Vc � 0:67l 3. We note that this mode volume is still much
greater than the mode volume for the 3D spaser.

7.4 1D plasmon nanolaser based on the plasmon crystal
A 3D nanolaser can be extremely small and can contain only
several hundred atoms. However, the energy generated both
in the near-field part and in the emission is extremely small.
Presumably, the use of a regular structure containing separate
nanoparticles (spasers) can allow increasing the generated
power and simultaneously controlling the directivity of
emission of an ensemble of spasers. The possibility of
obtaining lasing from a periodic structure formed by metal
nanoparticles was first discussed in [240]. Lasing was
observed from an array of metal (Au) nanoparticles
embedded into an organic film used as the amplifying
medium. The narrowing of the emission spectrum was
observed and the change in the emission power had a
threshold, which confirmed the appearance of lasing.

Lasing was also observed in a complementary periodic
structure consisting of a metal film with a periodic structure
of nanoholes (plasmon crystal) [241] covered with the active
medium (semiconductor quantum dots). The idea of using a
plasmon crystal for generating plasmon waves was further
developed in [242, 243], where more complex objects, optical
nanoantennas, were used as nanostructures forming a
plasmon crystal.

A regular structure of nanoparticles has resonances of two
types: an individual particle and surface guided. Under
certain conditions, the hybridization of these modes is
possible [244]. For example, a chain of resonance nanoparti-
cles [134, 245] allows the transport of plasmon excitations
between nanoparticles. The guided propagation of excitation
occurs with the transverse subdiffraction spatial field locali-
zation without radiative losses via the instantaneous `quasi-
electrostatic' dipole±dipole near-field interaction [135, 246].
The dispersion relation of such a guided mode can coincide at
certain frequencies with the dispersion relation for free
photons, which means that a chain of plasmon particles can
be efficiently excited by an external light wave [247, 248].

The authors of [249] for the first time proposed to
obtain directional lasing by using a 2D array of plasmon
resonator particles. Directional lasing appears in such an

array due to in-phase oscillations of nanoparticles. The
amplification of the local field of an individual nanoparti-
cle is manifested in the lasing of a plasmon crystal
nanolaser via two effects. The first is spontaneous and
stimulated amplification processes [242, 243]. The second
is the band structure with a broad bandgap appearing in
the plasmon crystal, which strongly modifies the distrib-
uted feedback in the plasmon crystal [250].

7.4.1 Plasmon crystal consisting of an array of nanoparticles.
Figure 19 shows a plasmon crystal nanolaser [243]. The
nanolaser consists of an array of Au nanoparticles on a glass
surface covered by a polymer material layer that is used as the
active medium. The polymer material consists of poly-
urethane and IK-140 dye molecules. Two physical effects are
important in the behavior of this crystal: Wood's anomaly
and the excitation of surface plasmon polaritons [251]. The
crystal was pumped by 800 nm femtosecond laser pulses. The
laser beam was directed at an angle of 45� to the plasmon
crystal plane. The nanolaser operated at room temperature.
The output emission was detected in the direction perpendi-
cular to the plasmon crystal plane and demonstrated the
threshold and narrowing of the spectrum. When the pump
power exceeded the threshold, the directional emission at a
wavelength of 913 nm with the spectral width dl � 1:3 nm
was observed. The beam divergence was 1:5�. The nanolaser
emission was spatially coherent over a significant area of
50� 50 mm2, which confirmed the in-phase emission from
individual nanoparticles.

To confirm the plasmon character of lasing, measure-
ments were performed with a periodic structure of nanopar-
ticles made of nonplasmon materials (titanium and titanium
dioxide). No lasing was observed in that system.

Later, tunable and unidirectional lasing of a plasmon
crystal nanolaser was observed in [252, 253]. The laser was
tuned by changing the permittivity of the substrate on which
the array of nanoholes was produced, and lasing was
observed in the range from 862 to 891 nm with the emission
linewidth of 1.5 nm.

7.4.2 Plasmon crystal consisting of an array of nanoholes. It
was shown in [254] that the heating of a nanoparticle by laser
radiation considerably depends on its shape and environ-
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ment. It was also found that the thermal damage of a metal
nanostructure occurs at lower radiation intensities compared
with the Babinet complementary structure produced in a
metal film. Hence, under laser irradiation, a nanostructure in
the form of a nanorod acquires the temperature a few orders
of magnitude higher than the temperature of the complemen-
tary structure in the form of a nanoslit. Therefore, a plasmon
crystal based on a structured nanofilm is preferable to an
array of nanoparticles for the use in a nanolaser.

It was theoretically predicted in [225, 256] that directional
coherent radiation can be obtained from a system consisting
of a metal film perforated by a periodic array of nanoholes
(plasmon crystal). The lasing of plasmon crystals with
nanoholes was later experimentally demonstrated by using
an array of metal holes [241, 257, 258]. A schematic of a
plasmon nanolaser based on a plasmon crystal consisting of
an array of nanoholes and the adjacent active medium is
shown in Fig. 20 [241]. An indium phosphide (InP) plate was
coated with a 105 nm thick indium±gallium arsenide

(InGaAs) layer, which was then covered with a 15 nm thick
InP layer. After that, a 5 nm thick silicon nitride (SiN)
protective layer was applied. The protective layer was coated
with a 100 nm thick gold film in which an array of nanoholes
160 nm in diameter was produced. The indium±gallium
arsenide layer is the active medium of the nanospaser, which
was pumped at a wavelength of 1.06 mm.

The achievement of lasing in the nanolaser was studied by
the dependence of lasing power on the pump power. At low
pump powers, emission at three frequencies determined by
array resonances was observed. Above a certain pump power,
the emission power in one of the three resonances (at 1480 nm)
increased by more than three orders of magnitude, which was
interpreted as lasing. Lasing was observed at cryogenic
temperatures.

Lasing of a nanolaser based on a plasmon crystal with a
periodic array of nanoholes in the optical range was observed
in [258±260]. As the active medium, dye molecules in a
polymer film [260] or solution [258] were used. Both emission
spectrum narrowing and the lasing threshold were observed
with increasing the pump power. Lasing was observed at
room temperature.

8. Comparison of photon
and plasmon nanolasers

8.1 Photon nanolasers
8.1.1 Minimal size of a nanolaser. The motivation for the
miniaturization of lasers is the well-known incompatibility of
the minimal achievable sizes of elements of silicon microelec-
tronic devices (based on the use electrons) and optoelectronic
devices (based on the use of photons). From the quantum
mechanical standpoint, both electrons and photons are
waves, and the fundamental restriction on the size of devices
is determined by the corresponding wavelength. The electron
wavelength is several orders of magnitude smaller than the
photon wavelength (in the optical range), and therefore
electron elements can be many orders of magnitude smaller
than photon ones. This discrepancy of the dimensions is
especially critical in integrated electron±photon devices, and
because the laser is one of themain optoelectronic devices, the
question about its minimal size is decisive in achieving
integration of electronic and photonic devices.

In recent decades, studies on the miniaturization of
photon lasers revealed significant differences in their char-

Glass

Glass

Amplifying medium

Array of nanoparticles

a

b

40

20

0
800 850 900 950

Wavelength, nm

In
te
n
si
ty
,r
el
.u

n
it
s

Experiment

Au

Ag

Ti (�50)
TiO2 (�50)

Figure 19. (Color online.) (a) Illustration of a plasmon nanolaser based on

a plasmon crystal consisting of an array of nanoparticles embedded into
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Figure 20. Schematic of a plasmon nanolaser based on a plasmon crystal

consisting of an array of nanoholes [241].
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acteristics compared to macroscopic laser devices [198, 199,
261±263]. There are several fundamental restrictions on the
minimal size of the laser that follow from the general physical
principles of laser operation [264, 265]. For both photon and
plasmon lasers, the field reproduction condition

r1r2 exp �2ikL�E0 � E0 �18�

must be satisfied after the round-trip transit of a wave in the
resonator, where r1 and r2 are the reflection coefficients of
resonator mirrors, k � k0 � ik00 is the complex wave vector,
and E0 is the amplitude of the wave field. Equation (18) gives
two expressions for the minimal length of the laser resonator:

L
�1�
min �

l
2neff

m ; m � 1; 2; . . . ; �19�

L
�2�
min �

ln �r1r2�
2k00

� ÿ ln �r1r2�
Gm

; �20�

where l is the wavelength in a vacuum, neff is the effective
refractive index of the laser medium, and Gm � GG0 is the
modal gain equal to the active medium gain G0 times the
confinement factor G. The confinement factor is the ratio of
the active medium volume to the resonator mode volume.
Equation (19) determines the minimal size of a laser, which is
equal to half the wavelength, taking the refractive index into
account. The only possibility of further decreasing the
longitudinal size of a laser is to increase the effective
refractive index. For lasers made of semiconductors with
high refractive indices (3.0±3.5), the first condition for the
laser resonator length gives the minimal value 300 nm.

Further progress in laser miniaturization is possible only
by passing to waves of a different type, namely, plasmon
waves, for which the effective refractive index can be very
high. The wavelength decreases especially strongly near the
surface plasmon polarization resonance oSR, where the real
part of the wave vector reaches its maximum [266].

The physical reason for the second restriction on the
minimal length of the laser, Eqn (20), is the requirement of a
finite size of the active medium to overcome resonator losses
(mirror losses, diffraction losses, absorption and scattering of
the wave). The minimal laser length Lmin is achieved by using
high-reflection mirrors and a high-gain active medium and
choosing a resonator with the maximal confinement factor.

Conditions (19) and (20) determine the minimal length of
a laser. Fundamental restrictions on the minimal transverse
size of a laser also exist. Two laser configurations based on
propagating waves are known. One of them is based on a
Fabry±Perot resonator and the other is the waveguide version
of the laser. In the first case, the `transverse' size of the laser is
determined by diffraction restrictions, and the minimal field
size is of the order of the wavelength. In the waveguide type
laser, the situation highly depends on the physical nature of
the waveguide. In the case of a dielectric waveguide, the
decrease in its diameter leads to an increase in the transverse
size of the field outside the dielectric [267, 268], and the
minimal size of the dielectric-waveguide±active-medium
structure (and hence of the laser) is of the order of the
wavelength. The use of a metal photon waveguide (a metal
shell for a semiconductor photon laser) or a plasmon
waveguide (for a plasmon laser) changes the situation quite
significantly: the transverse size of the fieldmode can bemuch
smaller than the wavelength. In this case, restrictions on the
minimal transverse size appear due to two related factors: the

field penetration into a metal through a finite depth (skin
layer thickness) and the necessity of compensating high field
losses in a metal due to the active medium occupying a finite
volume.

8.1.2 Dielectric photonic nanolasers. An example of a photon
nanolaser is the laser with a semiconductor nanorod as the
active medium. The typical diameter of the nanorod lies in the
range 10±100 nm and its length is 1±100 mm. The refractive
index of semiconductor materials is in the range � 2:5ÿ3:5.
Therefore, a considerable difference between the refractive
index of semiconductor materials and that of the air
surrounding a nanorod provides a large confinement factor.
In addition, a nanorod is also a nanowaveguide.

Another example of a photonic nanolaser is a photonic
crystal laser. A photonic crystal can be both three-dimen-
sional and two-dimensional. The characteristic size of a 3D
photonic crystal laser is determined by the number of
dielectric layers required to obtain a high reflection coeffi-
cient and is equal to a few micrometers. The size of 2D
photonic crystal lasers in the crystal plane is also a few
micrometers. The field restriction in the perpendicular
direction is achieved due to total internal reflection, and the
transverse size is several hundred nanometers.

8.1.3 Photon nanolasers with metal resonators.A considerable
decrease in the mode volume in photon crystals is achieved
by using metal coatings (mirrors) forming a resonator. The
use of metal results in high resonator losses; nevertheless,
the Q factor of resonators can reach large values up to
several hundred [155], depending on the chosen resonator
design. The optimization of the resonator parameters and
the choice of the high-gain active medium simultaneously
provides (1) continuous lasing at (2) room temperature (3)
upon electric pumping [237].

Photon nanolasers with metal resonators use transverse
electric (TE) or hybrid resonator modes. The miniaturization
of such lasers leads to diffraction-limited dimensions in the
range of a few hundred nanometers. A nanolaser consists of a
metal capsule filled with a high-gain active medium [237].
There are also other configurations of photon nanolasers with
metal resonators [269, 270].

A laser with an extremely small (picogram) mass was
demonstrated in [271]. The volume of this laser was
Veff � 0:019l3, the laser diameter was 406 nm, and its
thickness was 440 nm. The total mass of the laser was 0.6 pg.
At 1420 nm, the laser emitted two fundamental modes of the
resonator resembling the modes of oscillating electric and
magnetic dipoles.

8.2 Plasmon nanolasers
Fundamental physical differences exist between photon and
plasmon nanolasers: (1) the optical energy in plasmon
nanolasers is amplified at spatial scales considerably smaller
than the diffraction limit; (2) a strong coupling of radiation to
matter in the nanometer resonator of a plasmon laser
increases the rates of spontaneous and stimulated processes,
making the plasmon laser a device with a fast response; and
(3) the plasmon laser provides energy localization on the
nanometer spatial scale and the femtosecond temporal scale
simultaneously.

8.2.1 Plasmon nanolasers based on propagating plasmon waves.
A photon nanolaser based on a dielectric rod as the active
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medium has the minimal transverse size. A decrease in the
nanorod diameter does not reduce the laser size because the
mode éeld increases outside the nanorod [267, 272]. A
further improvement in the transverse localization of a
guided mode éeld is possible only by using a metal coating
of a dielectric waveguide and propagating plasmon waves,
i.e., by passing to the plasmon laser concept. In this case, a
surface plasmon wave propagates along the waveguide and,
as is well known, a strong localization of the electromag-
netic éeld is possible near the resonance oSPP (the
wavelength near the resonance decreases by more than an
order of magnitude compared to the wavelength in a
vacuum). As a result, the half-wavelength limit is reached
along the wave propagation direction with no restriction on
the transverse size (down to the skin layer thickness).
However, in this case, maximum éeld losses appear near
the resonance oSPP. This imposes stringent restrictions on
the active medium gain and, as follows from (20), on the
minimal nanolaser length. Both these factors require a
compromise in choosing the parameters of the laser based
on a dielectric with a metal coating [23].

8.2.2 Plasmon nanolasers based on localized plasmon waves.
The only known configuration of a nanolaser in which all
its dimensions can be significantly smaller than the
wavelength is based on the use of a metal nanoparticle. In
this case, the nanolaser size is determined only by the
nanoparticle size (the resonator size) and the active
medium gain capable of compensating losses in the
nanoparticle. The nanoparticle laser is built using loca-
lized plasmon waves. The authors of [22] reported the
generation of localized plasmon waves on a nanoparticle
surrounded by an active medium with a total size of 44 nm.
The active medium was optically pumped.

Implementing electric pumping (required for integrating
nanolasers with other electronic circuits having nanosize
components) is an even more complicated problem [215,
273]. The major fundamental difficulties appear due to the
Purcell effect. It is known that the spontaneous emission rate
increases with decreasing the resonator volume. To prevent
the influence of the Purcell effect, the amplifying medium
must supply enough energy to attain the stimulated emission
of plasmons and hence lasing. The electric pump current for a
metal nanoparticle nanolaser is so high that thermal damage
of the laser material becomes possible. The electric pumping
requires the development of new materials for active media
and new resonator configurations capable of eliminating the
parasitic influence of the Purcell effect.

Short relaxation times in a metal, a small resonator size, a
short lifetime of surface waves, and a large Purcell factor in
plasmon lasers lead to the attainment of very highmodulation
frequencies (in the terahertz range) of the plasmon nanolaser
field [11, 200], which makes them attractive for many
applications.

There is a fundamental difference between the polariza-
tion properties of emission from photon and plasmon
nanolasers having the same nanoscopic dimensions. This
difference is important and useful for identification of the
physical nature of emission. As an example, we consider a
nanorod resonator. In most cases, the polarization of a
photon laser is perpendicular to the nanorod axis. The
polarization of radiation for a plasmon laser is parallel to
the nanorod axis. For example, for a nanorod diameter
smaller than 150 nm, lasing appears mainly in the plasmon

mode, while for a diameter exceeding 150 nm, the resonator
can also maintain the photon mode, and photons are
generated. Polarization differences in emissions allow the
device type to be identified.

9. Applications

Studies in the field of nanolasers are motivated by the
possibility of concentrating and manipulating the electro-
magnetic energy at the subwavelength spatial scale. In
turn, the energy concentration on the nanometer scale
allows amplifying both linear and nonlinear optical
processes with the minimal energy down to the energy of
single photons or plasmons. All this makes plasmon
nanolasers promising sources of electromagnetic energy
for numerous applications [76, 273, 274].

(1) Photonic integrated circuits. The most frequently
mentioned possible application of nanolasers is photonic
integrated circuits, which were first proposed by Miller in
1996 [275]. The most difficult problem in the development of
photonic integration is the creation of efficient radiation
sources on a chip. Plasmon nanolasers are potentially
sources that not only can be integrated with other electronic
and optical components but can also provide the operation of
photonic circuits with an extremely broad modulation
bandwidth. The temporal parameters of photonic systems
based on nanolasers can significantly exceed the capabilities
of modern electronic devices, because the capacitance load
effect inherent in electric circuits is absent in optical systems.

The use of nanolasers as building blocks in digital
photonic circuits has already been demonstrated in [276,
277]. Coherent subwavelength radiation sources are also of
great interest for intercomponent connections [278, 279] and
data storage [280].

We note that aside from radiation sources, the miniatur-
ization of other passive plasmon elements required for
photonic integrated circuits is also taking place. These
include detectors, waveguides, and modulators with
improved parameters and considerably reduced energy
consumption [281].

(2) Integrated electronic and photonic hybrid systems. The
incentive for laser miniaturization is the well-known incom-
patibility of the minimal dimensions of available silicon
microelectronic and optoelectronic devices. This discrepancy
of dimensions is especially critical in integrated electrooptic
devices. Because the laser is a basic optoelectronic device, the
question of its minimal size is decisive in the possibility of
achieving integration of electron±photonic devices. A simple
example of the possibility of miniaturization of photonic
devices is the replacement of a standard optical fiber by a
semiconductor nanowaveguide. In this case, the great con-
trast between refractive indices of the semiconductor nano-
waveguide and air allows the size of a single-mode fiber to be
reduced from a fewmicrometers (in the case of glass fibers) to
a few hundred nanometers [267, 282].

(3) Sensors. Two parameters of plasmon lasersÐ their
small size and strong field localizationÐmake them attrac-
tive for the development of laser-based sensors. Nanolasers
also provide the spatial diagnostics of objects on the
nanometer scale. A strong localization of the electric field in
a nanolaser allows amplifying weak, previously unmeasur-
able, optical effects and using them for diagnostics [283]. This
improves the diagnostic sensitivity to the level of single
molecules with nanometer spatial resolution [284±291].
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Most of the plasmon detection schemes are based on
passive plasmonics, with the sensitivity limited by large
losses in a metal. It was shown theoretically that the use of
active plasmonics (nanolasers) can significantly increase
the detection sensitivity due to amplification of surface
plasmon waves [9, 292].

Sensors based on active plasmonicsmeasure the generated
radiation intensity, which is sensitive to the presence of
substances to be detected. It was shown in [293] that the use
of a plasmon nanolaser as a sensor provides the detection of
substances at the sub-part-per-billion level with subwave-
length spatial resolution. A sensor of this type has been used
for selective detection of various explosives, such as 2,4-dini-
trotoluene, ammonium nitrate, and nitrobenzene [294].

An important advantage of plasmon nanolasers com-
pared to traditional lasers in sensor diagnostics is their
broadband emission, allowing diagnostics to be performed
on the ultrashort time scale.

(4) Biomedical applications. High-sensitive sensors based
on plasmon nanolasers are becoming an inherent part of
biomedical applications. To date, the fluorescence of a
molecular label remains the most powerful tool in biomedi-
cal studies for chemically and immunologically specific
visualization of labeled molecules, viruses, cellular orga-
nelles, and living cells in complex biological systems [295]. A
drawback of fluorescent labels for the visualization of
biological objects is their insufficient brightness caused by
the optical saturation and photobleaching [296]. Metal
nanoparticles were proposed quite long ago as optical labels
for biological studies. The advantage of metal particles as
labels is the absence of photobleaching [297]. The disadvan-
tage of metal particles is their broad absorption spectrum
and the absence of fluorescence. This restricts the spectral
selectivity of sensors based on metal nanoparticles both for
visualization and for detection [298].

Results of recent studies [299] show that a plasmon
nanolaser can be used as a universal tool in biomedical
investigations. The use of plasmon lasers as labels eliminates
the drawbacks of simple metal nanoparticles, because the
lasing spectrum of a nanolaser is monochromatic and
saturation is absent. In [300], a 3D spaser was used as a
high-sensitive optical sensor. The spaser consisted of a gold
nanoparticle 10 nm in diameter coatedwith a silica shell 12 nm
thick, doped with uranine dye molecules as the amplifying
medium. Uranine dye molecules are biocompatible with
living cells. The laser linewidth was 0.8 nm. The spaser
emission intensity exceeded the fluorescence intensity of a
quantum dot label 380-fold. This spaser, biocompatible with
living cells, is at present the brightest optical label.

Another biomedical application of nanolasers is based on
the high energy density in the small optical mode volume of
this laser. These properties allow using the nanolaser as an
efficient manipulator and cutting tool for extremely precise
surgery on biological tissues.

(5) Optical communication and data storage. Digital
optical data processing is another field where nanolasers can
find wide applications [301]. Because of the small size of
nanolasers and the low Q factor of their resonators, the
modulation frequencies of plasmon lasers lie in the terahertz
range [19, 38, 302], which, with moderate power consump-
tion, shows their potential advantages over high-frequency
electronics methods. For the practical realization of such
potential capabilities of plasmon lasers, it is necessary to solve
numerous problems, such as directional data transfer and the

separation of the input and output of optical elements [278,
303]. Experiments with nanolasers based on waveguides show
that these problems can be successfully solved [182, 183, 304].

An important application of spasers is the field of
informatics related to data storage: the sharply focused fields
of plasmon lasers can be used for increasing the data storage
density on carriers such as DVDs or hard discs [305, 306].

(6) Super-resolution imaging, including biomedical imag-
ing. The high energy density and small size of the optical
mode achieved in nanolasers can be used for nanoscopic
imaging [307].

(7) Ultrafast spectroscopy. Plasmon lasers provide simul-
taneous energy localization on the nanometer spatial scale
and the femtosecond time scale, which opens up possibilities
for ultrafast spectroscopy.

(8) Photolithography. Strongly localized electric fields in
plasmon lasers considerably increase the efficiency of the
interaction of light with matter, which opens fundamentally
new possibilities for photolithography. For example, the
nanlocalized fields of plasmon lasers can be used for
photolithography, eliminating restrictions encountered in
experiments with conventional lasers [308±310].

10. Conclusions. Fundamental and technological
problems of plasmon nanolasers

Numerous investigations of plasmon nanolasers have shown
that their applications are promising. At the same time, many
fundamental and technological problems concerning their
commercial aspects remain unsolved. Some of them are listed
below:

(i) An important characteristic for numerous applications
of conventional lasers is the high directivity of their radiation.
In plasmon lasers, the formation of radiation directivity is a
problem due to diffraction

(ii) Many practical applications will require the stable
operation of plasmon lasers, which assumes the availability of
a simple and low-cost method for pumping the active medium
of the laser. Electric pumping is preferable, which in turn
requires solving the complicated problem of the construction
of electric contacts for energy supply without deterioration of
the optical parameters of the resonator mode.

(iii) To integrate plasmon nanolasers into photonic
integrated circuits (large-scale integration), it is necessary to
use technological methods for their construction based on the
top-down principle, whereas most of the schemes for creating
plasmon nanolasers are based on the bottom-up principle
used in semiconductor microelectronics.
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