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Abstract
Plasmonic nano-antennas constitute a central research topic in current science and engineering
with an enormous variety of potential applications. Here we review the recent progress in the
niche of plasmonic nano-antennas operating in the near infrared part of the spectrum which is
important for a variety of applications. Tuning of the resonance into the near infrared regime is
emphasized in the perspectives of fabrication, measurement, modeling, and analytical
treatments, concentrating on the vast recent achievements in these areas.

(Some figures may appear in colour only in the online journal)
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1. Introduction

The interaction of high-frequency electromagnetic fields
with noble metal objects is referred to as plasmonics.
The use of this extraordinary interaction may be traced
back as far as the Bible [1], where a prescription for
preparing a liquid metamaterial consisting of water and gold
nanoparticles can be found. Later and even before Newton’s
first law was formulated [2], similar phenomena were used
by ancient masters—small metal particles of different sizes
produce a variety of colors that may be observed in stained
glass all over the world today. However, comprehensive
studies of plasmonic phenomena, connecting theoretical
predictions with existing experiments, seemingly started at
the middle of the 20th century. Usually, it is convenient
to distinguish between propagating and localized surface
plasmons; however, both originate from the combination of
light–plasma interactions and the interface between negative
and positive dielectric response of plasmonic materials at
certain frequencies.

As a milestone in the research on propagating plasmons
it is remarkable to point to the works of Wood [3] in
1902 where anomalous diffraction from metal gratings was
discovered. The existence of surface plasmons was first
predicted in 1957 by Ritchie [4]. In 1959 Powell and Swan [5]
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demonstrated that electron beams may have an additional
channel of energy loss, corresponding to the creation of
surface plasmons. In 1968 Ritchie et al connected the
phenomena of surface plasmons with Wood’s anomaly [6].
In the same year experimental verification, using optical
excitation assisted by prism coupling, was performed by
Kretschmann and Raether [7] and subsequently by Otto [8].
Localized plasmons, as already mentioned, were known about
long ago, but the first theoretical analysis was performed
by Lorentz [9] and then by Mie in 1908 [10]. Excitation
of resonances of small metal particles was demonstrated
by Kreibig and Zacharias [11] in 1970. Starting from
the first surface enhanced Raman spectroscopy (SERS)
experiment [12], detection and sensing using plasmonic
particles has motivated the recent interest in the field.

The main macroscopic difference of the noble metals
from other dielectric objects at optical and near infrared
(NIR) frequencies is a negative dielectric response, namely
a negative real part of the electrical permittivity (ε). Relying
on this fact, metal–dielectric layers may support unique
modes called surface plasmon polaritons (SPPs) which
may be confined in one or two dimensions and guided
by plasmonic waveguides or even localized in all three
dimensions by metallic nanoparticles in the sub-wavelength
regime. The rebirth of plasmonics a decade ago was started
by a vast interest in guided SPP modes [13, 14] that
were expected to constitute the next generation photonic
circuitry with a possible reduction of the size from the
micron to the nanometric scale. Additionally, since energy
flows in opposite directions at negative/positive ε boundaries,
it results in slow phase (and group) velocity of the
plasmonic modes and consequently in a possibility of sub-
wavelength confinement. SPP modes, being tightly confined
to boundaries, may go beyond the diffraction limit of the
exciting light, as shown both theoretically and experimentally
in adiabatic conical metal rods [15] and tapered [16–18]
or abrupt impedance-matched metal/insulator/metal (MIM)
waveguides [19]. However, because of the relatively high
Ohmic losses of the highly confined SPPs, they cannot
be guided for large distances, limiting the applicability of
SPP circuitry such that integrated/hybrid plasmonic/dielectric
components should be used [20, 21]. On the other hand,
the research on localized plasmon modes in metallic
nanoparticles has increased dramatically due to their ability to
concentrate and enhance electromagnetic fields by orders of
magnitude and to efficiently scatter electromagnetic radiation
even when the size of the metallic particles is much
smaller than the wavelength of the excitation field. Based on
these characteristics the plasmonic nanoparticles are forming
efficient nano-antennas that can operate in the visible and near
infrared regimes.

Control of the characteristics (e.g. resonance) of the
plasmonic nano-antennas opens the possibility for a variety
of practical and prospective applications including enhanced
sensing and spectroscopy [22], plasmonic sensors [23] and
biosensors [24, 25], cancer imaging and therapy [26, 27],
building blocks of metamaterials [28–30], the ability to
redirect scattered light [31], plasmonic lasers [32], which

can be included in the larger family of SPASERs [33],
enhanced nonlinearities [34], enhancement of radiation
efficiencies [35], enhancement of the Raman signal (SERS)
by orders of magnitude [36, 37], and many more. While
most reported resonances of typical plasmonic nano-antenna
response are located in the visible spectrum, this review
emphasizes the NIR regime, which is an important application
field for plasmonics.

2. Fabrication and measurements of plasmonic
nano-antennas

2.1. Fabrication of plasmonic nano-antennas

The materials generally employed for plasmonic nano-
antennas are noble metals—mainly gold and silver—and,
more rarely, aluminum [38], composite semiconductor
structures [39, 40], and heavily doped semiconductors [41,
42]. The choice of antenna material is one of the key
elements in defining its properties, but since the choice
of plasmonic materials for the visible and NIR regime is
currently very limited, it does not allow enough control over
antenna performance. However, due to the dependence of
the resonance on the particle’s geometry, it is common to
tune the plasmon resonance of a nano-antenna by changing
the shape and size of the metallic particle. The shapes of
the nanoparticles can be defined by self-assembly processes,
using chemical methods that control the growth of metal
crystals [43–51]. However, despite the large variety of particle
shapes achievable by these methods, the resulting particles are
characterized by a spread of parameters even within a single
sample, and, in addition, single nano-antennas are practically
impossible to isolate. The self-assembly method is thus not
optimal for systematically studying the dependence of the
plasmon resonance on the particle geometry and interparticle
spacing. For this purpose, highly engineered nanofabrication
techniques such as electron beam lithography (EBL), focused
ion beam (FIB) milling, direct laser writing [52], or
similar [53, 54] should be used. Employing these methods,
homogeneous arrays of nanoparticles may be fabricated with
precise control over the particle shapes and interparticle
distances [55].

2.2. Measurements of plasmonic nano-antennas

Characterization of the properties of plasmonic nano-antennas
may be accomplished in several ways. The simplest is to
measure scattering (related transmission and/or reflection)
spectra from nano-antennas illuminated by a broadband
source (in our case a broadband NIR source). Analysis of the
transmission spectrum allows determination of the resonance
wavelength primarily of the dipole mode that strongly
interacts with the far field excitation. Moreover, for more
complex-shaped antennas, such as coupled nanoparticles,
shift of the resonance wavelength relative to that of an
isolated single-particle antenna can teach us about the
particles’ mutual interaction. Additional information may be
extracted from the spectral measurements on the polarization
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Figure 1. The scheme of the setup for measuring the normal incidence transmission spectrum.

Figure 2. Measurements of a single antenna: (a) excitation of a nanopillar by a plasmonic ring aperture (reproduced with permission
from [58]. Copyright 2011 American Chemical Society); (b) NSOM mapping of near field intensity and phase in a nanorod (reproduced
with permission from [61]. Copyright 2009 Macmillan Publishers Ltd); (c) two-photon photoluminescence of coupled plasmonic particles
(reproduced with permission from [62]. Copyright 2010 American Chemical Society).

dependence of the nano-antenna interactions. This can be
measured by adding a polarizer to the setup to measure
the spectral response for different polarization states. A
typical configuration for measuring the normal incidence
transmission spectrum is shown in figure 1.

This setup includes a broadband light source, a polarizer
(optional), an imaging system that illuminates the sample
and collects the signal scattered in the forward direction,
a monochromator, and a detector. The output of such
a measurement is the spectrum of the transmitted light
with wavelength resolution determined by the gratings
of the monochromator and intensity resolution determined
by the sensitivity of the detector. Most of the particles
have resonance eigen-modes that can be excited by linear
polarization, but there are plasmonic nano-antennas that are
excitable favorably by vectorial polarization, depending on
the antenna symmetry—e.g. radial and azimuthal polarization
states [56, 57].

A method enabling high contrast (signal to background)
measurement of a single nano-antenna requires focusing of
the exciting light onto the effective cross section of the
nano-antenna under test. This is a rather difficult task due
to the small dimensions of nano-antennas. Thus, scattering
measurements are in many cases performed on particle
arrays rather than on a single nano-antenna. An array

configuration with a cell size comparable to the effective
cross-section area of the nano-antenna is a favorable solution.
Furthermore, one can also monitor the light at its first
diffraction order of the array period to enhance further the
contrast. It should be noted that the transmission spectral
shape consists of contributions from the forward scattering
by the nano-antenna, the radiation absorbed by the particle
and the array factor (care is usually taken to make the latter
small for studying basic antenna effects). A method enabling
measurement of a single nano-antenna by employing an
additional large plasmonic focusing lens is reported in [58]. In
the latter, the impinging illumination is conveniently focused
into a few micron diameter plasmonic lens consisting of a
small ring-shaped aperture in a thin Au layer (figure 2(a)).
The circular ring in this case acts as a receiving plasmonic
lens-antenna that transforms radially polarized excitation into
a focusing cylindrical SPP on the rear side of the film,
where the plasmonic nano-antenna under test (in this case
a nano-needle) is located. The forward scattered radiation is
finally collected by the large-area detector.

Dark field microscopy can also be used in order to
enhance the contrast of measurements for single nano-
antennas. In this method the background illumination is not
collected by the imaging objective [59, 60].
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Although spectral measurements provide substantial
information regarding the properties of plasmonic nano-
antennas, they do not show the near field distribution in
close vicinity to the particles, which is highly important
for many applications employing an enhanced field. The
electrical field or intensity profile of the plasmon antenna field
may be deduced indirectly by comparing the spectral results
with numerical simulations that provide both spectral and
modal information. Direct optical imaging of the localized
plasmon mode is not satisfactory since the features of the
near field (intensity) are of a dimension much smaller than
the wavelength of the excitation field and thus beyond the
resolution of an imaging apparatus.

The most straightforward means of measurement of
the near field is to place a small, minimally perturbing
receiving optical antenna in the near field of the nano-antenna
under test, and measure the intensity profile by means of
near field scanning optical microscopy (NSOM) [61, 63].
An example of such a near field measurement is shown in
figure 2(b), demonstrating not only the intensity distribution
of the electrical field on the nanoparticle, but also mapping
its phase [61] by coherent detection techniques. Additional,
more exotic techniques have been demonstrated, including
nonlinear photoluminescence mapping [62] by two-photon
photoluminescence, which strongly correlates with the
local intensity of the electrical field enhanced by the
antenna resonance (figure 2(c)). A high spatial resolution
source may be obtained by a high-energy electron beam
generated by a scanning (transmission) electron microscope—
S(T)EM. In this case cathodoluminescence is generated
from the nanoparticle and collected by the detector [64] or
secondary electron emission may be studied in the EELS
configuration [65].

The far field spectral measurements described above can
also provide the angular emission pattern, by measuring the
(spectral) intensity as a function of angle [64]. The directivity
(angular dependence) is an important characteristic of the
nano-antenna.

3. Theory—analytical solutions

The resonance wavelengths of plasmonic nanoparticles may
be calculated analytically for certain shapes, e.g. ellipsoids
and cylinders, and, in general, for any shapes, which
have ‘simple’ boundaries in coordinate systems, where the
Laplacian operator is separable. The solution for the basic
spherical shape is known as Mie theory [66]. In the quasistatic
limit, when the size of the particles is much smaller than the
wavelength of the excitation field, the resonance wavelengths
of the field eigen-modes for a spherical metal particle,
embedded in a homogeneous dielectric, can be determined
using the following equation:

εp(ω) = −εd
N + 1

N
(1)

where εp(ω) is the dielectric constant of the particle, εd is the
dielectric constant of the surrounding medium, and N is the
mode order: N = 1 (dipole), N = 2 (quadrupole), etc. Note

that, since εp(ω) describes the dielectric constant of a metallic
nanoparticle, it is a complex number; on the other hand, εd
generally stands for the dielectric surrounding of the particle
and thus it is predominately real. Therefore equation (1) can
be fulfilled only approximately. For example, equation (1) for
the first order (dipole) mode of a spherical Au nanoparticle
with a diameter of 100 nm surrounded by air is obtained in
the visible part of the spectrum: λ0(Au) = 480 nm.

As a result of the spherical symmetry, (1) is independent
of the polarization of the excitation field which is not the
case for particles of other shapes. The resonance conditions
for ellipsoidal-like cross sections, such as disks or cylinders,
may be found by modifying the condition of equation (1) with
a geometrical factor. For the dipole mode this condition will
become

εp(ω) = εd

(
1−

1
L

)
(2)

where L is the Lorentz depolarization factor [66, 67]. It is a
closed form expression for an ellipsoid and is given by the
aspect ratio between its major axes. For an ellipsoid there
are three different geometrical factors (that determine three
different resonances), while for a sphere they degenerate into
the single value L = 1/3. For a general case, the Lorentz
depolarization factor may be estimated empirically using
different numerical techniques.

The polarizability of an ellipsoidal particle of volume V
in an incident electrical field parallel to a principal axis of the
ellipsoid is given by [66]

α = V
εp(ω)− εd

εd + L[εp(ω)− εd]
. (3)

Thus at the resonance the particle will behave as a dipole
with its strength determined by the volume (V), shape (L),
and material properties of the particle and the surroundings
(εp(ω), εd). For a given polarizability of the particlethe
absorption Cabs and scattering Csca cross sections can be
defined as [66]

Cabs = k Im{α} Csca =
k4

6π
|α|2 (4)

where k denotes the wave number of the incident electrical
field. Both of these cross sections depend on the particle’s
polarizability α and the wave number but the functional
dependences are different. This means that the absorption and
scattering efficiencies of the particle will exhibit their maxima
at (usually slightly) different wavelengths. In general, for
very small nanoparticles (smaller than the penetration length
of ∼20 nm) the absorption cross section will be dominant,
while for larger particles the scattering (radiation resistance)
will overcome the absorption, unless dark modes are excited.
Another interesting phenomenon can be shown by separating
the real and imaginary parts of the particle’s permittivity εp(ω)

in equation (4). It can be shown [66] that the maximum
absorption is inversely proportional to the absorptive part of
the particle’s permittivity, which may look counter intuitive.
On the other hand, this allows a lossy plasmonic material such
as aluminum to be used as the plasmonic nanoparticles, while
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in the case of an SPP, aluminum loss, which is much larger
than that of gold or silver, will reduce its applicability.

While analytical solutions for resonance frequencies
are known only for a small number of particle shapes,
numerical methods may be used for design and analysis.
Various methods such as the finite difference time domain
(FDTD) [68, 69], the finite element method (FEM) [70],
the boundary element method (BEM) [71], the T-matrix
approach [72], the discrete dipole approximation (DDA) [73],
the generalized multiparticle Mie (GMM) theory [74], and
more have been employed for this purpose. Each method has
its own advantages and disadvantages in terms of complexity,
computational efficiency, running time, and accuracy. We
refer the interested reader to the cited references and to the
survey paper by Myroshnychenko et al [75], comparing the
most popular computational methods used for modeling of
optical responses in nanoparticles.

4. From visible to near infrared

Potential applications of plasmonic nanoparticles in the
NIR (0.75–2 µm) part of the spectrum include, among
others, optical communications and biomedical applications.
However, in the quasistatic limit, the plasmon resonance of
the spherical particle is weakly dependent on size and for
most plasmonic materials lies in the visible range. Thus more
complicated modifications of the plasmonic nano-antennas
are required. We will discuss below major methods that
allow the plasmon resonance to be shifted toward the NIR
wavelengths.

4.1. Shifting resonances to the NIR by geometrical aspect
ratios

Equation (2) depicts the dependence of the resonance
wavelength of a metallic ellipsoid on the relative dimensions
of the particle and their position in respect to the direction
of polarization of the excitation field. It may be shown by
equation (2) that alignment of the polarization along the
longest axis of an ellipsoid provides maximal red shift of the
resonance relative to a spherical particle, while alignment of
the polarization along the shortest dimension leads to blue
shift. Such a dependence is demonstrated in figure 3 for
a Au ellipsoid particle in vacuum by varying the particle’s
dimensions relative to the polarization of the excitation field
(the dispersion characteristics of Au were estimated by the
Drude model).

Thus, in order to shift the resonance wavelength of the
nanoparticle toward the NIR, the particle’s dimension in the
direction of the field polarization should be increased or, on
the other hand, the particle’s dimension in the perpendicular
direction should be decreased [76, 77]. This tendency can
also be shown by using a quantum mechanical time-dependent
density functional theory [78]. Although the use of elongated
particles instead of spheres is one of the simplest ways
to achieve the red shift of the resonance, it has several
disadvantages. First, in order to generate a considerable shift
of the resonance (by hundreds of nanometers), particles with

Figure 3. Plasmon resonance wavelength dependence on the
diameter (D) of the ellipsoid particle. The arrow shows the
polarization of the excitation field.

a very high aspect ratio are required. Thus the size of the
particle in its long dimension tends to be larger than the
desired nanometer scale, which make it impossible to use it in
applications such as metamaterials, where the unit cells should
be much less than the excitation wavelength. Another issue
that should be considered is the polarization dependence of the
elongated particles. Although it might be beneficial in some
cases, in other applications, such as plasmonic enhancement
of solar cells, this dependence will be a disadvantage [79, 80].

4.2. Coupling

One of the most common possibilities for shifting the
resonance of a plasmonic nano-antenna is to couple several
particles. Being coupled, and with the nomenclature taken
from chemical bonding, the ‘energy levels’ (correspondingly
the plasmonic resonances) are mixed, creating, in the
most simple case, bonding and anti-bonding states with
corresponding energies lying below and above the original
two-fold degenerate levels of the standalone particles. Thus
the bonding configuration of the coupled nanoparticles will be
red-shifted relative to the single-particle case with a resonance
shift that is determined by the strength of the interaction.

4.2.1. Hybridization. The well established hybridization
concept, used in chemistry and solid state, may be applied
for the description of the resonance behavior of complex
structures [81]. Combinations of simple geometries with
known standalone solutions (e.g. shell—combination of a
sphere with a spherical hole) may be successfully treated, as
was shown in [82, 83] and is demonstrated in figure 4. The
energy-level diagram of figure 4 shows the split of bonding
and anti-bonding states for an interacting spherical particle
and spherical cavity.

The bonding state of the nanoshell will be red-shifted
relative to the spherical nanoparticle, and by reducing the
thickness of the shell, the magnitude of the shift can be
significantly increased.
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Figure 4. An energy-level diagram describing the plasmon
hybridization in metal nanoshells resulting from the interaction
between a sphere and cavity plasmons. The two nanoshell plasmons
are an anti-symmetrically coupled (anti-bonding) ω+ plasmon mode
and a symmetrically coupled (bonding) ω− plasmon mode.
Reproduced with permission from [82]. Copyright 2003 AAAS.

4.2.2. Capacitive coupling. In electrical-engineering
terminology, a few coupled nano-antennas may be treated
as capacitively, inductively, and conductively coupled nano-
circuits. Two main scenarios of the coupled nanoparticles may
be considered. In the first scenario the coupled particles are
separated by a dielectric material and thus this will be further
called the capacitive coupling case. In the second scenario the
particles are connected by a conductive medium and this will
be considered as a conductive coupling case.

Nanoparticle dimers are the simplest structures to
study for the capacitive coupling phenomenon. The spectral
response of such dimers differs from the response of single
particles and depends also on the spatial separation between
the particles and the polarization direction of the excitation
field relative to the pair axis. In general, the plasmon
resonance has a red shift (that increases with reducing
interparticle distance) for parallel polarization and a small
blue shift for perpendicular polarization compared to the
resonance of the isolated particles.

Some models describe dimer resonance as an interaction
between two adjacent oscillating point dipoles. In such models
there is an assumption that the external field excites an
electrical field in each standalone particle, which is similar
to the near field of a point dipole with 1/d3 distance
dependence, where d is the distance between two adjacent
dipoles. The advantage of point dipole models is their
extension from simple dimer resonance to resonance and

propagating modes in long nanoparticle chains [84]. Such
modes can propagate in straight and bent particle chains [85,
86], and the electromagnetic energy transferred by these
modes can be measured, e.g. by placing additional fluorescent
dye close to the particle chains [87]. The disadvantage
of point dipole models is related to their inability to
predict resonance wavelengths correctly for all sizes of
nanoparticles and gaps. The condition required for the point
dipole model is to keep the interparticle gap larger than the
diameter of the particles, i.e. weak coupling between particles,
otherwise higher multipolar interaction should be taken into
account [88]. On the other hand, for particles separated by
too large gaps the interaction is not predominantly near field
coupling, and correction for retardation effects should also be
considered [89, 90].

Another approach to describe the resonance of the
dimmer is by means of the well-known tools from the
field of radio-frequency antennas. In this model two coupled
nanoparticles are treated as a dipole antenna fed at its center,
and analysis of the antenna response is described in terms of
impedance matching and optical radiation resistance, rather
than in terms of scattering and absorption cross sections [91,
92].

Closed chains of nano-antennas are subject to periodical
boundary conditions, which may dramatically alter the
behavior of such arrays. While for open configurations
nearest neighbor coupling describes quite well the mode
structure [84], closed systems manifest collective response
and even produce considerable magnetic moments at optical
frequencies [93]. Analytical expressions have been derived
for closed-loop arrays with subsequent explanation of dark
modes with suppressed far field radiation [94]. Change of the
geometrical properties of individual particles in closed-loop
arrays (in analogy to chemical molecules they also may be
called oligomers) may dramatically change the resonance
behavior of the structures, manifesting a strong signature of
collective behavior [95].

Slight changes in local geometry may also be seen as
effective coupling between modes of the original structure.
Since a variety of collective modes exist in the initial structure
and may be coupled by these perturbations, the analogy
to quantum effects (having also classical counterparts)
such as electromagnetically induced transparency and Fano
resonances may be demonstrated [96].

4.2.3. Conductive coupling. The transition from the coupled
to the touching regime dramatically modifies the resonance
behavior [97–99]. When particles are touching, a conductive
bridge is formed, thus transferring coupled plasmonic
nano-antennas from the capacitive to the conductive coupling
regime. The same effect can also be achieved by changing
the conductivity of the connecting junction by increasing
significantly the free carrier density in the gap between the
particles [100, 101]. It is essential, however, to clarify here the
‘conductivity’ notion. Although conductive coupling, charge
transfer dimers, etc are commonly used in this field, due to
the similarity of these nano-plasmonic structures to regular
circuit elements connected by conductive wire or to charge
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(a) (b)

Figure 5. (a) Transmission (forward scattering) spectra of the coupled and connected particles; the bold arrow denotes the polarization of
the excitation field. (b) Resonance wavelength of the connected particles as a function of the bridge width for horizontal, EH, and vertical,
EV, polarizations. Reproduced with permission from [102]. Copyright 2011 American Chemical Society.

transfer molecular complexes, it is important to say that we
are not dealing with real conductivity. The metal particles are
predominantly dipolar materials at optical frequencies (their
losses—real conductivity—are definitely not the main effect
determining the resonances). The ‘conductive’ wire is thus not
the equivalent of a DC conductor and the ‘current’ flowing in
the structure is rather a displacement (dipole) current, while
the notion of high conductivity here is related to the high
absolute value of the material dipole moment (real part of
the electric susceptibility). As a consequence, the resonance
characteristics after establishing even the tiniest conductive
bridge are primarily determined by the ability of the surface
charge to redistribute over the surfaces of the whole combined
structure. The idea that in the touching regime the particle’s
behavior, such as resonance location and field enhancement,
cannot be explained by a simple theory of coupled particles,
but is determined by the geometry of the whole combined
particle, was demonstrated experimentally in [102].

For polarization parallel to the interparticle axis the
introduction of a narrow (60 nm) conductive wire between
the particles abruptly shifts the transmission resonance of
the dimer to the NIR part of the spectrum by more than
900 nm (figure 5(a)). It may be thought that by enhancing
the ‘conductivity’ in the gap, namely increasing the wire
width, we should expect a further red shift. But, as can
be seen in figure 5(b), the inverse effect occurs, and the
spectral shift moderates as we enhance the wire width. Since
the gap between the particles remains constant, the shift
of the resonance wavelength is only due to the substantial
redistribution of the surface charge to be much more
delocalized—thus contributing to the red shift.

4.3. Concavity

In order to shift the particle’s resonance by hundreds of
nanometers toward the NIR, extreme modifications of the
configurations discussed above are required: coupled particles
separated by only several nanometers, few-nanometer-thin
nanoshells, or extreme aspect ratio ellipsoids. However, the
repeatable fabrication of such configurations is challenging
and limits their applicability. Another solution of this problem

is to exploit the interaction of the surface charge and the local
geometry for the concave structures.

A method that directly connects the surface charge
distribution, the local geometry of a particle, and their
mutual interactions is based on surface integral equations.
In the electro-quasistatic regime the geometry-dependent
eigen-solutions for the surface charge density and the
eigen-values, related to the resonance frequency, are given
by the following Fredholm integral equation of the second
kind [103]:

σ(Q) =
εp(ω)− 1

εp(ω)+ 1

∮
S
σ(M)

ErMQ · n̂Q

π |ErMQ|
2 · dSM (5)

where σ(Q) is the surface charge density at point Q, εp(ω) is
the particle’s dispersive dielectric constant, ErMQ is a vector,
connecting two points on the particle boundaries, any point
(M) with a point of interaction (Q), n̂Q is a normal to the
boundary at the point Q, and the integration is performed
on the particle boundary. For convex particles, the normal
to the surface always points in the direction of the charge
separation vector ErMQ · n̂Q > 0,∀M,Q (figure 6(a)) resulting
in Blaschke’s topological theorem [103]:

εp(ω)− 1

εp(ω)+ 1
>

1

1− A
4πRD

(6)

where A is the area of a particle, R is the maximum radius of
curvature of its boundary, and D is the minimal diameter of the
embedding sphere. Dispersion relations for plasmonic metals
lead to negative values for ε (< − 1) increasing in absolute
value with ω, meaning that shift toward NIR frequencies will
always be accompanied by significant aspect ratios.

On the other hand, for concave particles (thus not
satisfying the relation of equation (6)), the normal to the
surface can point in a counter direction to the charge
separation vector, resulting in a local negative value of the
scalar product within the integrand of equation (5) (∃M,Q :
ErMQ · n̂Q < 0), which may yield a reduced value of the
resonance frequency whenever a significant surface charge
distribution is generated on the concave edges (figure 6(b)).
Although equation (5) can be solved only numerically, it gives

7



J. Phys.: Condens. Matter 24 (2012) 073202 Topical Review

(a) (b)

Figure 6. Particles of (a) convex and (b) concave shapes.

(b)(a)

Figure 7. (a) Measured transmission spectra of an elliptical disk (red solid line), a rectangle (blue dashed line), and a concave hyperbolic
particle (black dotted line). (b) Resonance wavelengths of concave hyperbolic particles plotted as a function of their base-width: measured
values (blue rings) and FDTD results (red solid line). The arrow designates the polarization of the incident field. Reproduced with
permission from [104]. Copyright 2010 American Chemical Society.

an indication that the concavity of the particle is a parameter
that can be used to move the plasmon resonance to the longer
wavelengths.

The importance of the concavity parameter was
confirmed experimentally in [104], where particles of the
same aspect ratio but with different convex/concave cross
section were tested. Figure 7(a) shows the transmission
spectrum as a function of wavelength for particles with
different concavity types: convex, rectangular, and concave.
Well defined minima, corresponding to the dipole resonances
of individual elements, clearly show the significant red
shift of the concave particle with respect to the convex
particle, while both have the same dimensional aspect ratio.
Moreover, by increasing the ‘concavity factor’ of the particle
its resonance may be widely tuned into the NIR regime
without changing the aspect ratio of the particle very much
(figure 7(b)). In summary, concavity tuning provides much
flexibility (hundreds of nanometers) without the requirement
of high aspect ratios and complex lithographical techniques.

It should be noted that even in the case of the concave
particle the direction of excitation is still important. In order
to benefit from the concavity of the particle the positive
and negative charges should be separated along the concave
boundary, as is predicted by equation (5).

Another example related to the concave structures is the
well-known split ring resonator [105, 106]. For polarization
that is parallel to the gap the main dipole mode of the structure
is located at long wavelengths which are determined by the
length of the whole structure that works as a folded antenna.

4.4. Particle shape design by evolutionary algorithms

As discussed earlier, the shape of the particle is one of the
major tools to tune the plasmon resonance. In order to get
the required resonance wavelength for a given surroundings
the shape of the initial particle is generally modified by
variation of one or several geometrical parameters, such as the
length of the elongated particle, the concavity factor, etc. The
drawbacks of these techniques are currently the technological
limits, such as minimal particle size and minimal distance
between particles (defined by fabrication possibilities), or
maximal antenna length for metamaterial applications, etc.

While evolutionary algorithms of different kinds [107]
are widely used in electromagnetic research for optimization
of excitation signal for a given shape [108] and for antenna
engineering [109], very few have been implemented in the
field of nano-plasmonics, for instance the particle-swarm
optimization method for field enhancement [110]. Recently,
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Figure 8. Transmission spectra of particles engineered by an
evolutionary algorithm. Insets: respective particle shapes: ‘1’
particle, blue dashed line; ‘2’, red circles; ‘3’, green dash–dotted
line; ‘4’, black solid line. The arrow shows the polarization of the
excitation electrical field. Reproduced with permission from [111].
Copyright 2011 American Physical Society.

evolutionary algorithms have been shown to provide ‘on
demand’ spectral response properties of plasmonic particles
and even simultaneously manipulate several quasistatic
resonances independently [111].

The proposed method is based on a series of small
perturbations applied to an initial particle, which enables
the modification of the spectral location of a resonance or
even multiple resonances according to specific predetermined
values. Small perturbations of an initial particle geometry
yield small shifts of its resonances. It may be shown
and even analytically proved that a proper sequence of
perturbations is capable of shifting the resonances toward the
requested values. Figure 8 shows the transmission spectra of a
particle series (originated from ellipsoid) with predetermined
dipole resonance frequencies constructed by an evolutionary
algorithm and verified by FDTD simulation.

4.5. Substrate of the nano-antenna

Resonance of the particle embedded in the homogeneous
dielectric medium depends on the dielectric constant of
the surroundings, similarly to the dependence derived in

condition (1) for a spherical nanoparticle, i.e. for a denser
medium the resonance will be moved to the red. However, in
most experimental realizations (except for colloidal samples)
arrays of plasmonic nanoparticles are fabricated on the top of
a dielectric substrate, usually glass or quartz and sometimes
semiconductor, with air as a top cladding material. Prediction
of the resonance locations and shapes in such an asymmetric
configuration is more complicated and challenging, but
substrates may be used for resonance tuning and adjustment
of the required properties.

The simplest interpretation of substrate action, proposed
first by Yamaguchi et al [112], provides an explanation
by image theory, where additional image charges, coming
from the induced polarization in the dielectric substrate, are
produced by the plasmonic particle at resonance (figure 9).

According to the polarization of the incident field
which excites the plasmon resonance in the nanoparticle,
the substrate may enhance (figure 9(a)) or clamp the far
field scattering from the particles (figure 9(b)). Additionally,
the polarization dependences for particles embedded in
a homogeneous medium and for those deposited on a
substrate are different, since asymmetry, caused by the
substrate, removes the mode degeneracy between ‘s’- and
‘p’-polarizations, thus leading to the split of the resonances
for unpolarized illumination [113].

In order to estimate the influence of a substrate
quantitatively several models have been proposed. The
simplest one is the image dipole model that calculates
the interaction between the dipole mode induced in the
metal nanoparticle and the dipole of its image screened
by the substrate. This model, however, fails for particles
of nanometric dimensions in very close proximity to the
substrate, since the distance between interacting dipoles
will be too short, and multipolar interactions should
also be taken into account. An extension of the image
model was proposed by Román-Velázquez et al [114]
who investigated theoretically the multipolar effects on the
effective polarizability of a spherical particle lying over
a substrate. The effect of multipolar coupling was also
measured on alkali-metal particles due to their free-electron
character and moderate damping [115]. The accuracy of
the multipolar expansion is determined by the truncation
of the otherwise infinite series of multipolar terms. On the

Figure 9. Image description of substrate action. Dipole induced resonance perpendicular (a) or parallel (b) to the surface.
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(b)(a)

Figure 10. Scheme of the effective medium approximation. (a) Particle in an asymmetric configuration with different refractive indices of
the substrate ns and cladding nc. (b) Particle embedded in a homogeneous effective medium neff.

other hand, this accuracy can be increased by using the
spheroidal multipole expansion instead of the spherical one.
For particle shapes such as disks or needles, the induced
charges, although enclosed within the particle’s volume, do
not occupy it completely. In this case the shape of the radiation
can better be described by a flattened or elongated source
volume rather than a spherical one. The spheroidal wave
expansion [116] is thus a generalization of the spherical wave
expansion and it is more appropriate to describe general
spheroidal volumes. In the case of simple spherical particles
both expansions will of course give the same result. The
increase in accuracy by implementation of the spheroidal
multipole expansion to describe the interaction between the
nanoparticle and its image charge has been shown both
theoretically [117] and experimentally [118]. In both works it
was shown that spheroidal dipole order was accurate enough
whereas for spherical expansion quadrupole and higher terms
were required.

‘Bright’ plasmon modes possess finite dipole moments
and can therefore be efficiently excited by incident light
even for a standalone particle. But ‘dark’ modes, such as
quadrupole ones, do not couple efficiently to far field light
and, generally, do not leave a signature in the transmission
spectrum. Symmetry breaking introduced by the substrate
allows excitation of ‘dark’ modes of the original nanoparticle.
Moreover, for particles deposited on a substrate, interaction
between ‘dark’ and ‘bright’ modes becomes possible, giving
rise to the appearance of Fano resonances [119, 120] that are
significantly more sensitive to the local dielectric environment
than the primitive plasmon modes of the nanostructure [121].

While the strength of the image charge is screened by the
substrate permittivity and is thus, generally, much weaker than
the charge induced in the particle located on this substrate,
metallic substrates produce image charges comparable with
those in the particle. Therefore the resonances of plasmonic
nanoparticles located very close to the metallic substrate will
be considerably modified [122] relative to the dielectric case.
While metal substrates work as a good mirror, substrates with
a moderate imaginary part of permittivity can also influence
the plasmon resonance of the nanoparticles, especially the
shape of the resonance, emphasizing the importance of
substrate absorption [123].

The asymmetry caused by substrates can be reduced by
increasing the refractive index of the cladding material. Since
the plasmon resonance of a nanostructure is sensitive to the
material properties of the whole surroundings it will also

be shifted by the gradual change of the cladding refractive
index [124, 125]. This property is frequently used for sensor
applications.

Interpretation of the interaction between the particle and
the supporting substrate by image theory provides significant
physical insight into the problem. On the other hand it
is sometimes too complicated to enable prediction of the
resonance wavelength of the dipole mode of the particle
fabricated on a flat substrate relative to the stand alone case.
In general, the dependence of the dipole resonance on the
substrate refractive index is a simple monotonic function
similar to the linear dependence shown in [126]. Such a
dependence can be described by using the concept of the
effective medium approximation (shown in figure 10).

In this model the resonance frequency of a plasmonic
particle on a substrate is similar to that of the particle in a
homogeneous effective medium [127].

5. Applications of plasmonic nano-antennas

The action of a conventional antenna is either the collection
of electromagnetic far field radiation (receiver mode), or
direction of radiation to a far field (transmission mode).
Plasmonic nano-antennas can be used in a similar way, while
additional applications, which stem from the unique abilities
of plasmonic nanoparticles to localize electromagnetic
radiation on the nanoscale and from their sensitivity to the
environment, are imminent.

5.1. Receiver mode

The ability of a plasmonic nano-antenna to be efficiently
coupled to far field radiation and to localize it into small
volumes can be used in different fields. In the visible range
of the spectrum the focusing of incident radiation onto
absorbing materials is of great importance for solar cells, as
the thicknesses of the absorbing materials may be reduced
by improving the absorption efficiency [79]. In the infrared
spectrum, where detection of weak signals is challenging
because of background noise, enhanced absorption may be
employed for improvement of photo-detection. Reduction
of the active material volume by improving the absorption
within it may significantly improve the signal-to-noise ratio.
Dense nanoparticle arrays have been shown to enhance the
photocurrent in a 165 nm thick silicon-on-insulator (SOI)
photo-detector by a factor of 20 at 800 nm wavelength of
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Figure 11. (a) Scheme of the Yagi–Uda antenna and (b) the nano Yagi–Uda antenna (reproduced with permission from [136]. Copyright
2010 AAAS).

incident radiation [128]. Improvement of quantum well and
dot based detectors has been demonstrated by incorporation
of hole arrays [129, 130] and particle lattices [131]. The
absorption may be enhanced even at much longer wavelengths
(above 10 µm), where free carriers are playing the key
role [132].

An additional very promising and emerging application
of plasmonic nanoparticles in the NIR is related to
biomedicine and biosensing [24, 25]. Here, the resonant
behavior of localized plasmons may be taken toward the single
molecule detection limit and for observation of molecular
binding events and changes in molecular conformation [133].
So-called ‘plasmon rulers’ may be used for observation of
conformational changes of biomolecules in both in vitro and
in vivo scenarios [134] or even for protein networking [135].
Losses corresponding to plasmonic particles on resonance
may be used for medical treatment, where these particles
may be selectively attached to desired sites (such as cancer
tumors), heated by infrared radiation, and subsequently burn
the nearby cells [26, 27].

5.2. Transmission mode

Optical emitters have low radiation efficiencies simply
because their physical dimensions are small. The basic idea
for light extraction from such emitters is to couple them
(within their near field) to larger objects, impedance-matched
to free space. An additional requirement is directionality—
while standalone emitters produce purely uniform radiation,
the latter may be shaped by antennas. Counterparts of
conventional radio-frequency antennas may be used in optics,
e.g. Yagi–Uda (figure 11(a)).

The optical version of the Yagi–Uda antenna is based
on coupled particles of carefully designed dimensions and
an optical emitter (usually a quantum dot) placed in the
vicinity of ‘feed’ particles (figure 11(b)). The directionality
is achieved by blocking the radiation by a ‘reflector’ in
certain directions and beaming by the ‘directors’ assembly.
The optical Yagi–Uda configurations on the nanoscale
were recently theoretically and experimentally realized [64,
136–138].

Optical counterparts of fractal antennas, which in
principle may be very broadband, have also recently been
proposed [139].

Optical beaming of radiation coming from emitting
dipoles may also be achieved by surface patterning. Emitters,

situated in sub wavelength holes in metal films, emit radiation
into plasmons that are coupled to propagating surface plasmon
polaritons, which subsequently directionally re-radiate to the
far field by periodic Bragg patterns etched in the film [140,
141].

5.3. Enhancement of quantum and nonlinear phenomena

The electromagnetic environment may dramatically influence
the radiation properties of emitters. Generally, classical anten-
nas are treated in terms of Green’s functions (electromagnetic
responses for elementary excitations), while Fermi’s golden
rule with ‘density of states’ treatment provides, seemingly,
more physical intuition in the optical range. However, there
is a one-to-one correspondence between the two approaches
if the weak coupling regime is considered [142].

The enhancement of the spontaneous emission rates in
the environment relative to free space is, generally, described
in terms of the Purcell factor [143], given by

P =
3Q (λc/n)3

4π2Veff
(7)

where P is the Purcell factor, depending on the cavity
quality factor Q, the cavity central wavelength λc, the average
refractive index n, and the effective cavity modal volume Veff.

While the quality factors of plasmonic antennas/cavities
are not so high (order of ten), being limited in the quasistatic
limit by the ratio of real and imaginary parts of the dielectric
permittivity of the cavity [144], the modal volumes of the
localized plasmonic modes may go far beyond the diffraction
limit [145]. A number of plasmonic cavities with very small
modal volumes have been proposed, e.g. with values of
{Q,Veff/λ

3
} of {10, 0.006} [146], {30, 0.015} [147], and {30,

0.0002} [148], giving emission enhancement by 3–5 orders of
magnitude.

While various plasmonic cavities have already been
discussed, the emitters themselves require separate treatment.
It was shown in [149] that the emitters’ radiation efficiency
should initially be low; otherwise significant plasmonic
enhancement will not be obtained. The coupling efficiency
of individual quantum emitters is of potential significance for
quantum information applications; here plasmonic antennas
may yield significant improvement, e.g. plasmonic nano-
wires, coupled to a single quantum dot, were shown to
engineer photon–emitter interactions [150].
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Figure 12. (a) Transmission spectrum of the passive bow-tie
particle array. The inset is the SEM image of the bow-tie antenna.
(b) Spectrum of the enhancement in TPE by the bow-tie array:
measurement, solid blue line; FDTD calculation, dashed black line.
The inset is the one-photon emission spectrum. Reproduced with
permission from [151]. Copyright 2010 American Chemical
Society.

Plasmonic cavities may also enhance nonlinear processes
such as spontaneous two-photon emission (TPE) at room
temperature [151] (shown in figure 12), photoluminescence
from quantum wells [152], Raman scattering [153], and other
nonlinear phenomena, originating from adjacent nonlinear
materials or the metals themselves [154–160].

6. Future outlook and conclusion

Phenomena related to localized plasmon resonances are a well
proven and fast developing branch of physics. Having a large
number of potential applications, some already demonstrated,
plasmonic nano-antennas, in particular in the NIR regime, are
employed in various disciplines. The unique property of deep
sub wavelength confinement of optical fields, corresponding
to localized plasmon resonances, may dramatically change the
essentials of light–matter interaction and its exploitation.

Comprehensive research has been performed on the
subject and much is well understood now—advanced
theoretical modes have been developed and many of them
have been experimentally proven. However, there are still
substantial issues, both technological and conceptual, that
are not fully resolved, making the area of plasmonics
and, in particular, localized surface plasmon resonances, an
evolving and promising niche in physics. Recently, more
attention has been devoted to ultra-small particles with
dimensions (or interparticle separation distances) smaller
than ∼10 nm. From a technological point of view, the
repeatable fabrication of such tiny particles is challenging,
and most of the techniques, applied straightforwardly, are
failing. Other concepts should be developed and applied to
reach the above dimensionality. The particular interest in

particles smaller than ∼10 nm is due to the fact that the
mean free path of room temperature electrons in plasmonic
metals is of this order. This means that the bulk properties
attributed to the material components are not valid anymore
and the dielectric susceptibility model cannot be used in
predictions of phenomena and modeling for such small
structures. Advanced hydrodynamical models or quantum
description of the processes should be applied [161–164].
Specifically, boundaries (and tunneling effects through them)
and surface states may play a key role in the optical properties
of very small particles, while larger specimens may be
treated straightforwardly by applying macroscopic Maxwell
equations and proper boundary conditions.

As was already mentioned, a large number of emerging
applications are based on, or have a strong component relying
on, plasmonic resonances. Here we outline once again the
importance of quantum optics and biomedical applications.
The unique properties of strong plasmonic localization
provide novel solutions to old problems of quantum optics,
in particular radiation and collection efficiencies. Insufficient
collection efficiencies may result in fundamental limitations
for quantum protocols, and existing devices still require
significant improvement. Biomedical applications, including
cancer treatment in particular, represent another promising
niche that implements the localized plasmon resonance in the
NIR, and are under considerable study.
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