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Preface

Plasmonics refers to the generation, detection, and manipulation of signals at optical 
frequencies along metal-dielectric interfaces at the nanometer scale. Similar to electronics 
and photonics, plasmonics follows the trend of miniaturizing optical devices, and its appli-
cations can be found in sensing, microscopy, optical communications, and bio-photonics. 
The era of plasmonics started in the 1950s with the discovery of surface plasmon polaritons 
(SPPs). Another milestone for plasmonic research was the development of surface-enhanced 
Raman scattering in the mid-1970s. However, it took several more decades for plasmonics to 
receive a new wave of attention. In particular, new manufacturing technologies in micro-
electronics have led to novel applications. SPPs are coherent electron oscillations traveling 
together with an electromagnetic wave along the interface between a dielectric material like 
silicon dioxide, glass or a polymer, and a metal like silver or gold. The SPP modes are strongly 
confined to their supporting interface, giving rise to strong light-matter interactions. In 
particular, the electron gas in the metal oscillates with the electromagnetic wave.

Plasmonics has attracted widespread attention in both science and industry, with the 
number of applications increasing rapidly. This book presents, in five chapters, a collec-
tion of recent advances in the broad field of plasmonics, including theory, simulation and 
fabrication aspects, along with emergent applications.

Lu He et al. provide a comprehensive analysis of the influence of geometry on plasmonic 
resonances in surface- and tip-enhanced Raman spectroscopy.

Kaweri Gambhir and Agnikumar G. Vedeshwar discuss the physical interactions of plasmons 
and their excitonic hybrids and describe their experimental realizations.

Ehab Awad investigates the design and optimization of a Bundt Optenna and demonstrates 
polarization insensitivity and ultra-broad bandwidth with a large fractional bandwidth 
within the near, short-wave, and mid-wave infrared bands.

Sanele Nyembe et al. discuss current challenges and developments of plasmonic nanostruc-
tures for molecular diagnostics and biosensors.

Hashem Rasha describes a plasmonic bowtie nano-antenna designed for biomedical 
applications.

We thank all the authors for their contributions. We also wish to express our thanks to the 
editorial staff of IntechOpen, particularly Ms. Karla Skuliber.

Patrick Steglich
Technische Hochschule Wildau,

Wildau, Germany
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Chapter 1

The Influence of Geometry on
Plasmonic Resonances in
Surface- and Tip-Enhanced Raman
Spectroscopy
Lu He, Dietrich R.T. Zahn and Teresa I. Madeira

Abstract

Plasmonic nanostructures have attracted growing interest over the last decades
due to their efficiency in improving the performance in various application fields such
as catalysis, photovoltaics, (opto-)electronic devices, and biomedicine. The behavior
of a specific metal plasmonic system depends on many factors such as the material,
the size, the shape, and the dielectric environment. The geometry, that is, size and
shape of both single plasmonic elements and patterned arrays of plasmonic
nanostructures, plays an essential role, and it provides considerable freedom to tune
the plasmonic properties of a single plasmonic nanostructure or any combination of
nanostructures. This freedom is mainly used in the application fields of surface-
enhanced Raman spectroscopy (SERS) and tip-enhanced Raman spectroscopy
(TERS). In this context, the chapter encompasses how the geometry of the SERS-
active plasmonic nanostructures and tips with/without metal substrates used in TERS
influences the localized surface plasmon resonances of the plasmonic systems.

Keywords: plasmonics, metal nanostructures, geometry, SERS, TERS, simulation

1. Introduction

Almost 50 years ago, in 1974, Fleischmann et al. observed an enhanced Raman
signal from a monolayer coverage of pyridine molecules adsorbed on a silver electrode
[1]. Such unexpected behavior opened and initiated a new field of spectroscopic
analysis including experimental and theoretical studies. Creighton’s group [2] and Van
Duyne’s group [3] published similar results regarding pyridine molecules on silver
anode surfaces using relatively low laser power and they brought forward different
explanations for their results on the variation of Raman signal. Creighton explained
that the enhanced signal is, on one hand, due to a surface effect increasing the
molecular Raman scattering cross section and, on the other hand, due to the broaden-
ing of the electronic energy levels of molecules at rough metal surfaces, which may
induce resonant Raman scattering from the adsorbed molecules via interaction with
surface plasmons. Additionally, Van Duyne discovered that the enhancement of the
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Raman signal is related to the roughness of the surface of the silver electrode and
together they established the hypothesis that the phenomenon is due to electric field
enhancement. Both explanations were accepted, but the electromagnetic enhance-
ment was more prevailing [4] compared with the chemical or first-layer enhancement
when molecules are in contact with metals.

In 1978, Moskovitz [5] put forward a possible explanation for the excitation-
wavelength-dependent behavior observed by Creighton et al. [6] and Jeanmarie and
Van Duyne [3]. He suggested that the observed behavior originates from the
adsorbate-covered metal bumps on the metal surface, which could be considered as a
two-dimensional colloid of metal spheres covered with the adsorbate and embedded
in a dielectric medium on top of a smooth metal mirror. Additional absorption appears
for those metal colloidal particles, for which interband electronic transitions exist [7].

Such resonance from the collective oscillation of conduction electrons on the metal
surface and limited by the physical dimensions of the metal nanostructure is called
localized surface plasmon resonance (LSPR). Typical metals used for plasmonic
nanostructures are copper, silver, and gold [8, 9]. Due to the strong confinement of
the electric field in the vicinity of such plasmonic metal nanostructures, they can be
employed to break the optical diffraction limit and offer a vast range of applications
in the fields of biology [10], chemistry [11–14], information [15], optical devices
[16–19], and energy science [20, 21]. As a fast-developing field, researchers have
studied plasmonic-related phenomena in all directions including the ultimate theoret-
ical understanding from classical theory (e.g., Mie theory [22–26]) to quantum theory
[27–29] aiming at providing a solid theoretical background to the main experimental
and technological applications.

It is known that many factors, such as the material, size, shape, and dielectric
environment, play important roles in determining the LSPR [30]. Among these fac-
tors, the geometry [31–37] of the plasmonic nanostructure provides the largest free-
dom and a straightforward way to tune the plasmonic resonance condition. Therefore,
in this chapter, we focus on different geometries of plasmonic structures starting from
introducing mathematical solutions for a single metal sphere representing a monomer
system and two coupled metal spheres representing a dimer system. Then, we give a
review on theoretical approaches that have been used in two powerful analytical
techniques: SERS and TERS. Both experiment and simulation provide solid input to
the understanding of the mechanisms and the principles of the techniques.

2. Theory on monomer and dimer systems

2.1 Single metal sphere: monomer systems

We refer to monomer systems when considering a single plasmonic nanostructure.
Practically, for each system, in which metal nanoparticles are sparsely distributed in a
dielectric environment, the interaction between the individual nanostructures can
often be neglected so that each nanostructure can be considered as a monomer. Here,
we address the equations for a single metal sphere regarding the light-matter interac-
tion in detail [38–40], while the solution for further arbitrarily shaped single ele-
ments, which may appear more frequently in reality, is not derived, but related
theoretical work can be found in refs. [41–46].

In the quasistatic approximation, light scattering by a spherical particle, the radius
of which is a a≪ λð Þ, in a uniformly distributed electric field of E ¼ E0r cos θ
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(as shown in Figure 1 [40]) is described by the Laplace equations for the scalar
electric potential [38].

Ein ¼ �∇Φin (1)

Eout ¼ �∇Φout (2)

∇2ϕin ¼ 0 r< að Þ (3)

∇2ϕout ¼ 0 r> að Þ (4)

with the continuous boundary conditions

ϕin ¼ ϕout, εm
∂ϕin

∂r
¼ εd

∂ϕout

∂r
r ¼ að Þ (5)

Ein and Eout indicate the electric fields inside and outside the metal particle with
their electrical potential written as ϕⅈn r, θð Þ and ϕout r, θð Þ. εm and εd are the dielectric
functions of the metal sphere and the dielectric environment, respectively. If we
consider that the electric field at infinite distance is not disturbed by the metal sphere,
the solution of Eqs. (1)–(4) can be written as [38].

ϕin ¼
�3εd

εm þ 2εd
E0rcosθ (6)

ϕout ¼ �E0rcosθ þ a3E0
εm � εd
εm þ 2εd

cos θ
r2

(7)

Eq. (7) indicates that the potential outside the sphere can be considered as an
addition of the incident field �E0rcosθ and a dipole with its dipole moment defined
according to Eq. (8) [38],

p ¼ 4πa3ε0εm
εm � εd
εm þ 2εd

E0 (8)

with its polarizability α of [38]:

α ¼ 4πa3
εm � εd
εm þ 2εd

(9)

Figure 1.
Schematic sketch of a metal nanosphere in an electric field [38].
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This is to say that we can consider a metal sphere, the dimension of which is much
smaller than the wavelength of the incident light, as a simple dipole. Its polarizability
is a function of the dielectric constant and size of the metal sphere.

Further derivation shows the cross sections for scattering and absorption are
obtained from the scattered field radiated by this induced dipole interacting with the
incident plane wave. They can be written as [38]:

Cscattering ¼ k4

6π
αj j2 ¼ 8

3
k4πa6∣

εm � εd
εm þ 2εd

j2 (10)

Cabsorption ¼ kIm αf g ¼ 4kπa3Im
εm � εd
εm þ 2εd

� �
(11)

where k is the wave vector of the incident light.
For a specific metal in a specific environment where εd and εm are defined and

fixed, the absorption coefficient is proportional to the third power of the radius of the
particle, while the scattering cross section is proportional to the sixth power of this
radius. The efficiency of absorption dominates over the scattering efficiency when the
particle size decreases.

Additionally, one can also notice a resonant enhancement for scattering and absorption
when the condition Re εm þ 2εdð Þ ¼ 0 is satisfied, which is called Fröhlich condition [30].
This resonance is due to resonant excitation of the dipole surface plasmon. With the
Drudemodel of the dielectric function, the frequency of the dipole surface plasmon can be
written as ωsp≈ωp=

ffiffiffi
3

p
with ωp corresponding to the plasma frequency of the bulk metal.

The theory mentioned above can only be applied to particles that are much smaller
than the excitation wavelength so that we can consider the electromagnetic field
uniformly distributed across the entire metal particle. For particles with dimensions
comparable to the excitation wavelength, in which the electrical field can no longer be
considered uniform across the particle, a modified long wavelength approximation
(MLWA) based on perturbative corrections has to be used [47–49].

The localized surface plasmon resonances (LSPRs) of noble metal particles with sizes
of >10 nm were characterized well experimentally [50–53]. However, the characteriza-
tion and understanding for sizes smaller than 10 nm is still poor and challenging from
both experimental and theoretical points of view [54, 55]. This is mainly due to the fact
that both quantum effects and surface interactions become important as the electrons
interact more strongly with the surface including the spill-over of conduction electrons
at the particle surface, which complicates geometrical analysis [56]; these effects cannot
be described directly and solely by electrodynamics, and they require detailed calcula-
tions of the electronic structure for the actual atomic arrangements in the nanostructure
of interest. In what concerns the experiments, the optical detection in the far field
becomes difficult for small particles due to the size-dependent reduction in scattering
intensity. In what concerns theory, time-dependent density functional theory-based
methods are in general limited at present to particles with the sizes below 1–2 nm
[57–59]. This mismatch between what can be achieved experimentally and what can be
addressed theoretically make it difficult to benchmark both approaches.

2.2 Coupled elements: dimer systems

When we bring two or more single elements together, a new system is formed due
to the interaction among those single elements and their light-matter interaction can
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consequently be quite different. Here, we address a dimer system, which is composed
of two metal spheres with a sufficiently small gap distance in the range of a few
nanometers. These spheres are normally but not necessarily identical with respect to
their size, geometry, and material.

A widely accepted and discussed theory stems from Nordlander [60], who gave an
intuitive explanation to define the extinction cross section of dimer systems based on
the gap distance between the nanoparticles. The dimer plasmons can be considered as
a combination of bonding and antibonding states derived from the individual
nanosphere plasmons. In this theory [61], the conduction electrons are considered as a
charged and incompressible liquid sitting on top of rigid, positively charged ion cores.
Ion cores are treated within the jellium approximation and the positive charge n0 is
uniformly distributed within the particle boundaries [62]. The plasmon modes are
considered as self-sustained deformations of the electron liquid. Only the surface
charges are responsible for such deformation since the liquid is incompressible.
Therefore, the surface charge for a single solid metal sphere can be written as [61]:

σ Ω, tð Þ ¼ n0e
X
l,m

ffiffiffiffiffi
l
R3

r
Slm tð ÞYlm Ωð Þ (12)

where Ylm Ωð Þ indicates the spherical harmonic of the solid angle Ω, R is the radius
of sphere, Slm represent the new degrees of freedom, and l is the angular momentum
of a nanosphere. When the polar axis is chosen along the dimer axis, for a real
representation that is adopted for the spherical harmonics, the interaction is diagonal
in azimuthal quantum number m.

Therefore, the dynamics of the deformation is described by [61]:

Ls ¼ n0me

2

X
_S
2
lm � ω2

S,lS
2
lm

h i
(13)

where ωS,l ¼ ωB

ffiffiffiffiffiffiffi
l

2lþ1

q
represents the solid sphere plasmon resonance and

ωB ¼
ffiffiffiffiffiffiffi
e2n0
meε0

q
, represents the bulk plasmon frequency, _Slm represents the time derivative

of the term Slm. For the dimer system, when the distance between the centres of the
two spheres is smaller than λB=4, retardation effects can be neglected and the dynam-
ics of the plasmons is defined by the instantaneous Coulomb interaction between the
surface charges as [61]:

V Dð Þ ¼
ð
R1

2dΩ1

ð
R2

2dΩ2
σ1 Ω1ð Þσ2 Ω2ð Þ

r1!� r2!
�� �� (14)

where D is the separation between the centres of the two spheres in a dimer
system.

The left panel in Figure 2a shows the dimer plasmon energies as a function of
dimer separation for plasmon polarizations along the dimer axis (m ¼ 0). At large
separation, the interaction of plasmons on different nanoparticles is weak and the
dimer plasmons are essentially bonding and antibonding combinations of plasmons of
the same angular momentum l belonging to the nanoparticle.

When the separation is relatively large (�35 nm), the splitting of the bonding and
antibonding dimer plasmons is symmetric. The splitting increases as their interaction
increases. The bonding/antibonding configuration corresponds to the two dipole
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moments moving in phase/out of phase (positive/negative parity of dipole moments
or symmetric/asymmetric fields). For identical spheres, the net dipole moment of the
negative parity plasmon (asymmetric field) is zero and they can hardly be excited by
light, and they are therefore considered as dark plasmons, while the positive parity
(symmetric field) plasmons are referred to as bright or luminous plasmons.

As the separation decreases, the splitting of l ¼ 1 plasmon becomes asymmetric.
Since the lower energy plasmon branch shifts faster than the higher energy plasmon
branch, the overall non-dipole-like red shift effect is caused by the interaction of the
l ¼ 1 nanosphere plasmons with the higher l plasmons of the other nanosphere.

For the plasmons corresponding to m ¼ �1 (polarization-oriented perpendicular
to the dimer axis shown in Figure 2 left panel (b)), the overall phenomena are similar.
Note that the assignment for the bright/dark plasmons is reversed in this case because
the perpendicular polarization coupling has opposite signs.

The right panel of Figure 2 depicts the dimer plasmon for a heterodimer as a
function of dimer separation. The behavior with the separation is different compared
with results shown in the left panel of Figure 2. As the parity of the dimer is broken,
the lines representing the dimer plasmon energies exhibit avoided crossings in the
figure. All dimer plasmons with mj j≤ 1 are bright.

As the separation decreases, the interactions get particularly strong when anti-
bonding plasmons approach the bonding dimer plasmons of higher l manifolds,
meaning that the higher l dimer plasmon also carries a finite dipole moment and
becomes dipole active. Therefore, multiple peaks in the absorption spectra or a broad
absorption region in the case of overlapping resonances are expected.

Figure 2.
Calculated plasmon energies of a nanosphere dimer with identical sphere radii of 10 nm as a function of
interparticle separation (left); calculated plasmon energies of a heterodimer as a function of interparticle
separation (right) with two spheres that have different radii of 10 nm and 5 nm. Panels (a) is for the azimuthal
quantum number m ¼ 0 and panels (b) for m ¼ 1. The curves represent the bonding and antibonding dimer
plasmons derived from the individual nanosphere plasmons with increasing angular momentum l. The arrows
indicate the orientation of their dipole moments, see ref. [61].
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The result from the plasmon hybridization method is further compared with the
finite difference time domain method (FDTD). And the results agree well with each
other [63]. Figure 3 from ref. [64] shows the scattering cross section of a nanosphere
dimer system with radii of 40 nm and a separation distance varying from 0.5 to
200 nm compared with that of a monomer with a diameter of 80 nm. When the
separation of the dimer is large, for example, 200 nm, the dimer system behaves the
same as the monomer system, while decreasing the gap distance induces a shift
toward higher energy and creating additional modes when the gap reaches 4 nm or
even smaller distances.

Besides the above-mentioned hybridization method, another practical approach,
which is used to describe coupled plasmon resonances in the so-called capacitive and
conductive coupling regimes using an equivalent circuit model, was put forward by
Benz et al. [65]. They claimed that such model can be used to calculate analytically the
resonance wavelengths for different gap sizes, nanoparticle sizes, refractive indices,
and linker conductivities.

To understand the dimer system further, different dimer systems are developed
for fundamental studies. For example, Jeong et al. used an approach to fabricate
plasmonic dimers in a very large scale with precise control of size, nanogap, material,
and orientation [66]. They found that the optical response of each dimer is found to be
identical with a highly uniform gap maintained across the array over centimeter
distances. The existence of the transverse dipole mode and/or the longitudinal coupled
resonance mode is highly dependent on the polarization of the incident light with
respect to the dimer axis. A red shift can be observed with increasing gold nanoparti-
cle size. Arbuz et al. recently studied the influence of the interparticle gap in dimers of
gold nanoparticles on gold (Au), aluminum (Al), silver (Ag) films, and silicon (Si)
wafers as substrates [67]. They claimed that the influence of the substrate vanishes
when the dimer gap becomes larger than 2 nm. Nevertheless, the relation between the
gap and the SERS intensity and enhancement factor is still under debate [68–71]. Also,
Song et al. designed an experiment using an electromechanical method to tune the
distance in the nm range between two Au nanoclusters as a strongly coupled
plasmonic dimer, right before detrimental quantum effects set in. Different plasmon
modes followed different trends as the bonding dipole (BDP) mode, a small blue shift

Figure 3.
FDTD simulation results for the scattering cross section of a nanosphere dimer system with radii of 40 nm and a
separation distance varying from 0.5 to 200 nm compared with that of a monomer [64].
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of the anti-bonding dipole (ADP) mode, and a negligible shift of anti-bonding vertical
quadrupole (AVQP) mode with decreasing gap of the nanodisk dimer [72].

Dimer systems, as a basic metal nanostructure coupled system, provides a simple
but very practical approximation for many application situations, especially in the two
techniques, that is, SERS and TERS, that are discussed in the following sections.

2.3 Simulation on SERS and TERS

In the technical application of plasmonics, commonly used experimental configu-
rations for SERS and TERS are shown in Figure 4. It is not only convenient but also
reasonable to simplify the experimental configurations to simple spheres thus reduc-
ing a lot the computational cost in simulations. These schematic sketches of typical
configurations include SERS in colloidal solution, SERS with a solid substrate, gap-
mode SERS, TERS [73] and shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS) [74–77].

To understand the impact of the geometry of plasmonic structures, simulations
have an unbeatable advantage of freedom when designing the geometries. Besides
straightforward experimental research, numerical simulations are gradually changing
their role from a supporting approach to interpret the experimental results to a
convenient and solid tool to investigate the mechanisms of plasmonic structures.

Various methods such as T-matrix [78–81], discrete dipole approximation (DDA)
[82, 83], finite element method (FEM) [84, 85], and finite difference time domain
(FDTD) [63, 64, 86] are used to address plasmonic systems. We can directly get the
electric field distribution and use it for qualitative and even quantitative comparison
with experiments. Classical theory based on solving Maxwell equations builds the
backbone of many commonly used simulation tools while ab initio calculations may
produce understanding beyond the knowledge obtained from classical theory. For a
long time, we have tried to understand the mechanisms of light-matter interaction on
metal nanoparticles. With the help of the fast development in the field of electronic
and computer science, many computational methods were implemented to solve and

Figure 4.
Schematic presentations of different configurations of plasmon enhanced Raman spectroscopy. a) a plasmonic
colloidal solution as a substrate for SERS. b) A plasmonic solid substrate for SERS, comprising a glass or silicon
support and plasmonic metal nanoparticles. c) Gap-mode SERS. d) Shell-isolated nanoparticle-enhanced Raman
spectroscopy (SHINERS) uses nanoparticles coated with a layer of a dielectric material. e) TERS, the
nanoparticles are replaced by a single metallic scanning probe microscope (SPM) tip [73].
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visualize this problem. As solving the Maxwell equations is the core mission in this
field, solvers for a particular design have been developed in the form of either integral
or differential equations [87, 88].

Table 1 [89] provides a comparison of the most used simulation tools for
plasmonic structures.

Method Computation Time for Au
sphere with radius < < λ

Advantages Disadvantages

Mie
Theory

Rapid—a few milliseconds per
individual frequency

• Rapid computation time. • Applicable only to spherically
symmetric particles.

• Can also be used to
compute the optical
response of coated spheres.

• Not possible to include a
substrate interaction, therefore
difficult to replicate many
experiments.

T-
Matrix

Rapid—a few milliseconds—
per individual frequency.

• Rapid computation time. • Computations are numerically
unstable for elongated or
flattened objects (the matrices
are truncated during
computation—rounding errors
become significant and
accumulate rapidly)

• Wide range of geometries
supported.

• Also possible to include a
substrate interaction

DDA Moderate—depends on number
of dipoles, and separation.
Typically 50s per individual
frequency.

• Can be used to evaluate
any arbitrary-shaped
particle by specifying a
tabulated list of dipole
locations

• Convergence criterion:

|n|kd < 1

n = complex refractive index

k = wavevector

d = inter-dipole separation (Not
possible to solve for high aspect
ratio / elongated particles, or
those having a large refractive
index)

FEM Lengthy—typically 150 s per
individual frequency when
using an element length of
3 nm. A compromise is made
between the computation time
and element length.

• Can be used to evaluate the
scattered field distribution
of any arbitrary-shaped
particle.

• Computation time is lengthy.

• The use of a non-regular
tetrahedral adaptive mesh
for the FEM simulation
allows for a more accurate
approximation of curved
surfaces.

FDTD Lengthy—a broadband
response is computed across a
wide frequency range,
typically taking ≈ 3 hours to
cover visible frequencies. A
compromise made between the
computation lime and element
length.

• Can be used to evaluate
scattering parameters from
any arbitrary-shaped
panicle.

• Computation time is lengthy.

• Permittivity values have to be
specified over much wider
frequency range than just the
range of interest. The Drude-
Lorentz model may not be an
accurate representation of
experimental data.

Table 1.
Comparison on computation time, advantages, and disadvantages of different computational techniques [89].
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Among above-mentioned simulation methods, the finite element method (FEM)
and the finite difference time domain (FDTD) method are the most commonly and
widely used methods commercially available nowadays. In brief, FEM reduces the
complex partial differential equations to simple algebraic equations. This method
gives the approximate results at each discrete number of points over the domain. To
solve the problem, it divides the whole problem into various numbers of discrete units
generally termed as mesh elements. FEM can be applied to various physical problems
such as structural analysis, fluid flow, electromagnetic potential, and mass transport
[90]. FDTD, on the other hand, is usually suitable to solve transient change processes
of a field under external excitation. If a pulsed excitation source is used, a single
solution can yield a response over a wide-frequency band. Time domain methods have
reliable accuracy and faster computational speed, and can truly reflect the nature of
electromagnetic phenomena, especially in research areas requiring time domain mea-
surements [91]. FDTD is more useful for nonlinear materials with offering a large
range of wavelength-dependent dielectric constants and broadband simulations espe-
cially for the transient studies, while FEM benefits from unstructured gridding and is
therefore more promising for higher-order curved elements with the advanced FEM
codes [89, 92].

One of the most used simulation tools based on the FEM method is COMSOL
Multiphysics [93]. This software includes various working packages for a variety of
applications, among which the Wave Optics module is the one specifically used for
plasmonic studies, because it enables to handle objects, the dimensions of which are
comparable or smaller than the probing wavelength [94]. All modeling formulations
are based on Maxwell’s equations together with material laws for propagation in
various media. The modeling capabilities are accessed via predefined physics inter-
faces, which allow the user to set up and solve the electromagnetic models in two- and
three-dimensional spaces. The modeling of electromagnetic fields and waves can be
performed in the frequency domain, time domain, eigenfrequency, and mode analy-
sis. The modeling typically follows the sequence: definition of the geometry, selection
of materials, selection of a suitable Wave Optics interface, definition of boundaries
and initial conditions, definition of the finite element mesh, selection of a solver, and
visualization of the results [94]. Most of the simulations presented in both SERS and
TERS sections were performed with this tool.

2.3.1 SERS

In the typical SERS configuration shown in Figure 4a, computer simulations
showed that spherical Au and Ag NPs as monomers cannot generate a strong localized
electric field on their surface [95], and nevertheless, they carry on being most widely
used options in SERS and TERS experiments, where high-quality signals can be
obtained from different analytes, due to their easy and fast synthesis. Since a main
task in SERS and TERS research is to increase the sensitivity of the plasmonic systems,
other alternative geometric structures have been investigated, in which the aspect
ratio of the spheroid structures is investigated: particles with prolate or oblate spher-
oid geometries [96]. A practical approximation in ref. [97] shows the possibility to use
a Taylor expansion to numerically predict the extinction spectra of metallic spheroidal
particles for a wide range of the geometric aspect ratios.

For configurations as shown in Figure 4b and c, classical electrodynamics provides
a good description down to gap distances of the order of >1 nm, after which quantum
and non-local theory approaches have to be used [98–100]. The EM enhancement
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continues until the distance between two metal surfaces becomes so small that elec-
tron spill-out and non-local effects become important, eventually leading to electronic
tunneling and electrical shortcut [101]. Such phenomena are observed by simply
bringing two or more spherical NPs close enough experimentally [102–104].

It is worth to mention that besides the spherical nanostructures in Figure 4 other
nanostructures, such as mesoporous gold particles [105], nanostars/flowers [106–113]
or spiky structures/superstructures [114, 115], nanoshells [116], nanocubes [117–122],
and hollow-structured particles [109, 112], have been considered. For those as SERS
substrates, their edges work as hotspots concentrating the electromagnetic field of the
probing light into small volumes. This enhances the local electromagnetic (EM) field
near the edges of these metal nanostructures. The “hotspot” areas utilize the field
enhancement properties of the metal nanostructures to amplify the usually weak
Raman scattering signals.

Another way to boost the hotspots is to bring two or more particles in close
vicinity. Therefore, many agglomerated structures are practically used to increase the
SERS enhancement employing the interaction among the single monomers to fulfill
the “dimer” condition, such as clusters [123], trimers [67, 124–128], tetramers
[125, 129, 130], chains [131, 132], and arrays [133–137]. Detailed studies to understand
such agglomerates were performed by several groups. Sergiienko et al. investigated
the influence of NP agglomeration on the SERS signal [127]. The study was carried out
on monomers, dimers, and trimers. In comparison with a single NP, the plasmonic
absorption for dimers exhibits a new band at longer wavelength (red shift) due to the
interparticle plasmonic coupling. Theoretically, the interparticle plasmonic coupling
leads to more enhancement and red shifts the plasmonic absorption band with
increasing degree of aggregation. When the nanoparticles in a chain are brought closer
to each other (gaps decreasing from 2.5 to 0.5 nm), the maximum field enhancement
at the gap becomes nearly 10 times larger and aggregation causes a large red shift of
more than 200 nm. Overall, the SERS enhancement factor (EF) increases by 43% in
average upon dimerization and 96% upon trimerization for both AuNPs and AgNPs.
However, the maximum ratio of EFs for some dimers to the mean EF of monomers
can be as high as 5.5 for AgNPs on gold substrates. For dimerization and trimerization
of gold and silver NPs on silicon, the mean EF increases by 1–2 orders of magnitude
relative to the mean EF of single NPs. Therefore, the hotspots in the interparticle gap
between gold nanoparticles rather than hotspots between Au nanoparticles and sub-
strate dominate the SERS enhancement for dimers and trimers on a silicon substrate.
Raman-labeled noble metal nanoparticles on plasmonic metal films generate on aver-
age SERS enhancement of the same order of magnitude for both types of hotspot
zones (i.e., NP/NP and NP/metal film). A summary of these results is presented in
Figure 5. More details about this work can be found in ref. [124]

A SERS substrate can be composed of both monomer and dimer metal structures
placed on metal/non-metal substrates. Arrays, as one of the important configurations,
have been utilized in many fields [66, 138–140]. The fabrication of plasmonic arrays is
also versatile including both top-down and bottom-up methods as described, for
example, in ref. [138] and for instance, nanogap arrays using photolithography for
nanogap arrays with swelling-induced nano-cracking [141], superimposition metal
sputtering [135], and direct writing [142].

Among such methods, the so-called nanosphere lithography (NSL) using self-
assembled nanospheres as a shadow mask for metal deposition is a typical cost-
efficient and fast technique [143, 144]. NSL details are reviewed elsewhere [145].
Various metals can be used, such as silver, gold, copper, and aluminum. SEM images
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of such typical structures are shown in Figure 6. Tuning the plasmon resonance
frequency of such structure can be performed in the range from the near infrared to
the blue spectral using different metals and by annealing them at different tempera-
tures [146]. This tuning is simply based on the change of the shape of each metal
nanotriangle (NT) from triangular to roundish for the case of Au and Ag. For Cu and

Figure 5.
Raman and SERS spectra of analytes adsorbed on 60 nm Au NPs on an Au film: (A) 4-aminothiophenol,
1—Raman, 2—SERS, (B) 4-nitrobenzenethiol, 1—Raman, 2—SERS, (C) 2-methoxythiophenol, 1—Raman,
2—SERS, (D) SERS spectra of 2-methoxythiophenol (monomer, dimer, and trimer) [127].

Figure 6.
SEM images of the nanostructures prepared by nanosphere lithography. Top row shows the structures as deposited
and the bottom row after annealing at 500°C. The scale bar is 500 nm in all images [146].
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Al, the change in shape is not so dramatic as they form a dense oxide layer via
annealing thus preventing further shape changes (see Figure 6).

FEM simulations were performed using COMSOL 5.6 Wave Optic module [94].
The results are shown in Figure 7. There clearly is a blue shift of the resonant
wavelength with increasing annealing temperature, that is, change of the shape for
Ag, Au, and Cu arrays (Figure 7a–c), which is the main reason for the variation of the
plasmonic resonance in this scenario. Additionally, the simulation for the Cu arrays is
performed by adding a copper monoxide layer with the different thicknesses shown in
Figure 7c. The results on the LSPR position support the hypothesis derived from the
experimental results that annealing above 400°C produces thicker layers of copper
oxide [146]. The electric field distribution (Figure 7e) reveals the position of the
highest local enhancement for different copper oxide layer thicknesses.

The optical behavior of the metal NTs as a function of different annealing temper-
atures is a straightforward example of the flexibility in tuning the LSPR. Nanosphere
lithography also allows other array structures to be fabricated, such as nanovoids
[147] and “hedgehog-like” nanosphere arrays [148].

The metal nanotriangle structures have widely been used to study 2D materials,
such as indium selenide (InSe) as shown in Figure 8 [149]. One up to seven layers of
InSe were deposited on arrays of plasmonic NTs composed of different metals. To

Figure 7.
Simulated transmission spectra and the electric field enhancement distribution at the LSPR position using
geometries corresponding to as prepared and annealed Ag NPs (a) and Au NPs (b). Simulated LSPR positions vs.
geometry change in a Cu array by changing the radius of the edge of the Cu triangles shown in the inset as a sketch
mimicking the change of the geometry at the lower annealing temperature shown in (c) and the electric field
enhancement distribution for Cu arrays at LSPR conditions shown in (d); (e) simulated LSPR for further increase
of the oxide thickness mimicking the situation as annealing temperature further increases [146].
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study the enhancement behavior, simulations were performed using the same condi-
tions as in the experiment. The enhancement factor, M, is defined as the square of the
local electric field strength enhancement. We can see dramatic enhancement for gold
and silver nanotriangles (NTs) with excitation energy of 1.58 eV and a relatively large
enhancement at 1.94 eV.

2.3.2 TERS

TERS is another important experimental technique based on plasmonic enhance-
ment. In a typical TERS configuration, there is a metal tip that is used for scanning a
substrate usually decorated with the analytes, for example, molecules or
nanostructures. If the substrate is a metal, then such a configuration is called gap-
mode TERS. One of the critical targets in this technique is to maximize the TERS
signal enhancement and achieve very good spatial resolution in the nanometer range,
well below the diffraction limit of light. Here, gold and silver are the two preferred
materials for the plasmonic tips. For both materials, their LSPRs locate in the near
infrared to visible range, where laser wavelengths are available to match the LSPR.
Therefore, most of the experimental and simulation studies are performed using these
two materials. Additionally, Au is normally the first choice because it is more chemi-
cally stable when exposed to air, enabling its use for longer periods of time, while Ag
tends to form sulfides when exposed to air deteriorating the TERS performance [150].

2.4 Tip effects

A “sharp” metallic tip promises good spatial resolution. Therefore, as the most
critical component in TERS, the tip is considered as a sharp “corner” of a metal rod. In
the macroscopic world, a spark would form at the end of a long metal rod due to
lightning bolt during a thunderstorm, and similarly in the nano-world, this effect also
plays a vital role and contributes to the TERS signal enhancement. This was first
explained in 1980 by Gersten and Nitzan [151] and then in 1982 by Wokaun [152]
using the formulation of depolarization factors.

Figure 8.
FEM simulation of plasmonic coupling between InSe and metal nanotriangles (MNTs). (a) Sketch of the model
used in the FEM simulation of InSe/metal NTs. (b) Simulated electric field intensity M distribution at two
different wavelengths for Ag and Al NTs. (c) Absolute value of calculated maximum M at three different
excitations. A similar plasmonic behavior is expected for Ag and Au NTs on InSe for three selected wavelengths,
while InSe with Al NTs shows a maximum at 1.94-eV excitation. (d) Raman spectra of 7 L InSe with Al NTs
acquired under three different wavelengths [149].
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Considering a metallic ellipsoid with the major axis a and minor axis b with
a,b≪ λ, so that the electrostatic approximation can be utilized. A uniform electric field
EL is applied along the major axis, and this leads to a uniform polarization density
within such an ellipsoid [152].

P ¼ 1
4π

εellip � 1
1þ εellip � 1

� �
Aa

EL (15)

Then, the field at the tip of the ellipsoid can be written as:

Etip ¼
1� Aað Þ εellip � 1

� �

1þ εellip � 1
� �

Aa
EL þ EL (16)

where εellip is the dielectric constant of the ellipsoid material and the Aa is the
depolarization factor defined as:

Aa ¼ ab2

2

ð∞
0

ⅆs
sþ α2ð ÞR α ¼ a, bð Þ (17)

with R2 ¼ sþ a2ð Þ sþ b2
� �2

. For a sphere, Aa ¼ 1
3 and for a prolate ellipsoid with

ratio a : b ¼ 3 : 1, Aa ¼ 0:1087. The prominent effect that the depolarization factor
gives is the shift of the plasmon resonance frequency, that is, when the denominators
in Eq. (15) and Eq. (16) approach zero at a specific wavelength [152].

Now, we consider the nanoparticle dipole moment μ obtained by integrating
Eq. (15) over the whole volume of the nanoparticle. This leads to μ ¼ 4πab2P=3 [152].

The field of the nanoparticle is determined by the simple dipolar field of μ when at
large distance. However, the situation changes when we look at the tip of the ellipsoid
particle. A factor γ must be considered since the specific shape concentrates the field
on the narrower parts of the structure. This phenomenon is called the lightning rod
effect. We can then rewrite the Eq. (16) in a form of dipolar field Edipolar ¼ 2μ=a3 and
the new Etip is written as [152].

Etip ¼ γEdipolar þ EL where γ ¼ 3
2

a
b

� �2
1� Aað Þ (18)

We can see that for a sphere, γ ¼ 1 with a ¼ b and therefore, Aa ¼ 1
3. For a prolate

where a : b ¼ 3 : 1, γ ¼ 12. In the more extreme situation with a needle-like ellipsoid,
we have Aa≈0 and γ≈ 3

2
a
b

� �2.
To calculate the total Raman enhancement, that is, an analyte molecule, for

instance, is beneath the TERS tip, we consider the large Raman molecular moment
that is induced by the intense local field at the ellipsoid and then the polarization of
the ellipsoid induced by the molecular field. For simplicity, we can treat both the
molecule and the ellipsoid as point dipoles. The molecular dipole field in turn polarizes
the ellipsoid, giving an ellipsoid dipole at the Stokes frequency ωs. This added-up
molecular dipole is larger than the usual Raman molecular dipole by a factor of [152].

f ¼ 4
9

ε ωsð Þ � 1
ε ωsð Þ � 1½ �Aa þ 1

� ε ωð Þ � 1
1þ ε ωð Þ � 1½ �Aa

b2

a2

 !2

(19)
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The Raman intensity enhancement is then given by fj j2. Note that the depolariza-
tion factor Aa can be approximately written as follows when a=b is very large [152].

Aa � b
a

� �2

ln
a
b

� �
(20)

The lightning rod effect can be critical when simulating the electric field enhance-
ment using geometrical simplifications. Therefore, for a tip geometry that is consid-
ered as a single sphere, the contribution to the signal enhancement due to the
lightning rod effect is neglected.

The two most important aspects in TERS are the TERS enhancement factor (EF)

and the spatial resolution. The TERS EF scales with Eloc
Einc

� �4
, where Eloc is the local

electric field and Einc is the incident electric field. The following classical theory pro-
vides a straightforward understanding [153]. To define the spatial resolution, the
authors built a straightforward model for the TERS tip as shown in Figure 9. Here, the
geometry of the tip can be approximated as a metal sphere, for which the solution was
introduced in the previous section. The full-width at half maximum (FWHM) of the
field distribution (mind that the real TERS spatial resolution is actually derived from
the fourth power of the local electric field distribution) along the horizontal direction
under the tip apex at a specific distance d from the tip apex [153]:

FWHM ¼ 1:346 Rþ dð Þ (21)

The derived term indicates a supreme confined region of the local field, which is
limited by the radius of the metal sphere or the curvature radius of a tip [154].

Simulations for an Ag tip with varying geometrical parameters were performed
using COMSOL in ref. [155]. In this systematic simulation work, the simulated tip
length, the tip radius, and the conical tip angle are varied [155]. As can be seen in
Figure 10, there is a dramatic difference of the field enhancements between short and
long tips, while a short, truncated tip can produce a better enhancement than a long
one because of the excitation of the localized plasmon resonance. Regarding the tip
radius, there is a significant improvement of the field enhancement observed when r
decreases from 20 to 10 nm. Finally, the setting of the cone angle indeed influences
the results but not as dramatic as the other two factors. Unfortunately, a direct proof
of the spatial resolution derived in Eq. (20) cannot be found in the literature to our
best knowledge.

Figure 9.
Sketch of the geometric structure and local field distribution of a metal tip and its approximation as a single
sphere [153].
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Due to the significance of the TERS tips, their fabrication became an important
branch in the field of plasmonic [156, 157]. Different methods have been developed to
produce metal TERS tips, such as electrochemical etching [158–160], electrodeposi-
tion [161, 162], and tip tailoring [163, 164]. Recently, Zhang developed an approach
by concentrating the light via a waveguide and thus producing a low background
hotspot at the tip apex [165].

Scanning electron microscope (SEM) images of commonly used tip geometries,
namely of a) a sharp Au AFM tip, b) Au-coated spherical AFM tip and c) electro-
chemically deposited Au nanoparticle on a Pt AFM tip, are shown in Figure 11 [166].
The related simulation work (shown in Figure 12) explained the experimental results.

Figures 11 and 12 show an example from tip fabrication to characterization and
finally simulation. Here, the importance of the simulation is emphasized, and it not
only helps to understand the optical response of the tip but can also help to design tips
for specific resonance requirement. Thus, the simulation nowadays allows us from
finding suitable experimental analytes to fulfilling instrument requirements and
designing suitable experimental instruments for specific purposes.

2.5 Tip-substrate systems

Previously, it was demonstrated that a single metal tip alone can already enhance
the electric field intensity in the vicinity of the tip apex due to its plasmonic resonance
and the geometrical lightning rod effect. In a real TERS experiment, a metal substrate

Figure 10.
a) Local electric field enhancement spectra for conical tips with different tip lengths l with the tip radius r = 20 nm
and the tip cone angle α = 15°; b) local electric field enhancement spectra at the tip apex for different tip radii, and
the tip length is kept as infinite and tip angle = 15°; c) local electric field enhancement spectra at the tip apex for
different tip angles. The tip length is infinite and the tip radius r = 20 nm. Inset indicates the simulated tip
geometry [155].

Figure 11.
SEM images of a) a sharp gold AFM tip; b) gold-coated spherical AFM tip, and c) electrochemically deposited
gold nanoparticles on platinum AFM tip [166].
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is usually present to further boost the signal. This type of configuration is called
gap-mode TERS.

As shown in Figure 13, a gap-mode tip-substrate system can be considered as a
dimer system composed of a metal sphere and its image dipole that is created in the
metal film substrate [167]. Xu et al. gave a simple geometrical argument to estimate
the local electric field in the gap of such dimer systems taking into consideration the
drop in potential for the incident field Eloc [168].

The drop in potential between the two spheres shown in Figure 13 (dashed circles)
can be expressed as ΔV ¼ Elocj jd, while the potential difference between these two
sites in the absence of two metal spheres can be expressed as [153]:

ΔV ¼ Eincj j 2Rþ dð Þ (22)

Since the two spheres can be considered as equipotential bodies, we can write

ΔV ¼ Eincj j 2Rþ dð Þ ¼ Elocj jd (23)

In a specific geometry, where the radius of the sphere R and distance right beneath
the tip apex d are fixed, the lateral offset of electric field from the center can be
written as

Figure 13.
Schematic presentation of metal tip-substrate structure and its approximation as a metal-sphere dimer [153].

Figure 12.
a) Numerically simulated near-field spectra of spherical Au and AuNP-on-Pt tips with (b), (c) near-field maps
of the main resonance as highlighted by circles in (a). Simulated tips have 300 nm spherical radii, 120 nm neck
widths, 20° opening angles, and 1.88 μm lengths to best match the typical experimental tip geometries and avoid
truncation artifacts. Tips are illuminated by plane waves oriented along the tip axis. (d) Interpolated field
enhancement map with superimposed resonant wavelengths, as the neck width varies from a spherical to a sharp
tip. Tips have a 250 nm apex diameter, 1.88 μm length, and 10° opening angle [166].
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Eloc xð Þj j ¼ ΔV

2Rþ d� 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � x2

p (24)

Therefore, the FWHM of the local field is given by FWHMEloc ¼ 2
ffiffiffiffiffiffi
Rd

p
[153].

Considering the TERS intensity, which is proportional to the fourth power of the local
electric field [169], we get

Eloc xð Þj j4 ¼ ΔV4

2Rþ d� 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � x2

p� �4 (25)

For a very small d, we can obtain the FWHM of the TERS intensity distribution as
[170]:

FWHMTERS ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
24

p
� 1

� �
Rd

� �r
≈0:87

ffiffiffiffiffiffi
Rd

p
(26)

Many studies considered the easiest case of a substrate composed of a flat surface
of a bulk material. The geometric parameters of the metal tip and the metal substrate
with specific excitation wavelength using side illumination were evaluated numeri-
cally in ref. [169]. The study was performed using three-dimensional finite-difference
time domain simulation (FDTD) and the effect of the presence of a substrate is
demonstrated in Figure 14. Without a substrate, the electric field is enhanced by a
factor M ¼ 20 (see Figure 14, left), while it reaches M ¼ 189 (see Figure 14, right)
when there is a metal substrate.

Our own FEM simulation results on tip-substrate systems with various tip radii
using the wave optics module in COMSOL 5.4 [93] are shown in Figure 15. To save
the computational time, a two-dimensional model was built with a non-uniform mesh
that guaranteed a very fine mesh grid element (less than 1 nm) in the region of the gap
between the tip apex and the substrate [170].

To study the spectral dependence of each geometrical setting of various tip apex
radii, a spectral sweep is performed from 500 nm to 800 nm. The results shown in

Figure 14.
FDTD simulations of the electric field distribution for a single Au tip (a), and a gold tip held at distance d = 2 nm
from a gold substrate surface. The electric field E and wave vector k of the incoming light are displayed in the
figures. M stands for the maximum enhancement [169].
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Figure 15 demonstrate a strong relation between the tip diameter and TERS enhance-
ment factor with high spatial resolution, which is represented by the FWHM of the
fourth power of the local field distribution beneath the tip apex. As the tip diameter
increases from 30 nm to 160 nm, the increasing scattering cross section and the
increasing radiative damping [171–173] both affect the enhancement factor, which
increases and finally shows a saturation tendency.

Figure 16.
a) Scheme of the TERS experiment. b) A magnified SEM image of a TERS tip revealing the formation of Au
nanoclusters at and around the tip. C) A representative TERS spectrum of a MoS2 monolayer on an Au
nanocluster array in comparison with the spectrum excited by 785.3 nm light; d) Gaussian fit of an intensity
profile obtained for a scan across the rim of a nanodisk. The spatial resolution of the TERS image is equal to the full
width at half maximum (FWHM) of the fit (2.3 nm). Reproduced from ref. [174] with permission from the
Royal Society of Chemistry.

Figure 15.
Simulation results of (a) the spectral dependence of the TERS EF as a function of tip diameter, (b) max. TERS EF,
and (c) FWHM of the local TERS profile in the gap-mode TERS geometry as shown in the inset of Figure 15b. The
simulated FWHM as a function of the tip diameter is compared with the FWHM profile derived from Eq. (26)
(red asterisks in Figure 15c). The blue-shaded area presents the error bar of the FWHM [170].
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Utilizing gap-mode TERS, Rahaman et al. performed TERS studies of MoS2 layers
on gold nanodisk arrays under the ambient conditions. They used a side illuminated
AFM-TERS (Figure 16a) experimental configuration with a gold-coated Si AFM tip.
The SEM image of the tip apex is shown in Figure 16b. The TERS enhancement factor
was calculated using the A1g mode of MoS2 and it reached 5:6� 108 (Figure 16c),
while a spatial resolution of 2.3 nm was achieved (Figure 16d) [174].

STM-based TERS, on the other hand, can produce even better spatial resolution
due to the sharpness of the STM tips and the controlled experimental environment.
Liao used a STM-TERS system as sketched in Figure 17a on a carbon nanotube placed
on an Ag (111) substrate. A STM topography image can be seen in Figure 17b [175].
They claimed a spatial resolution of 0.7 nm (Figure 17c) with a TERS EF of
approximately 108.

3. Conclusions

The geometry of plasmonic structures plays a key role and is an essential property
of a plasmonic system. For SERS systems composed of metal nanoparticles without a
supporting substrate or on a non-metal substrate, a single particle may not create
significant enhancement, while their agglomeration demonstrates a much more
enhanced signal both theoretically and experimentally. This is due to the existence of
the hotspots that are created in small gap between the single elements. For a gap-mode
SERS system, a good overall enhancement factor can be expected as the hotspots are
created between the particle and the substrate, and/or between the plasmonic parti-
cles themselves. Finally, metal nanostructure arrays provide a versatile tool in the
SERS catalog. Their optical resonance behavior can be tuned via changing their shapes
using different approaches. For TERS systems, the lightening rod effect, which is
induced by any geometric anisotropy, and the LSPR, which is influenced by the tip
geometry and material, are the two most critical experimental and theoretical param-
eters, while the real experiment is usually performed in the so-called gap-mode TERS
using metal substrates with metal tips. Despite the flexibility of the simulation tools
addressing TERS experiments, the modeling of such experiments is still challenging
due to the difficulties providing different and precise dimensions of active tips and

Figure 17.
a) Schematic illustration of the STM-TERS experiments. b) STM topography of an isolated CNT on Ag (111)
(1 V, 10 pA). Inset: Line profile of the CNT along the blue arrow line. c) Apparent height profile and TERS
intensity profiles along the long end of a carbon nanotube [175].
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substrates. Nevertheless, the support of experimental results by the simulations or the
planning of any SERS or TERS experiment using simulation tools is of major impor-
tance toward the understanding of the physics of plasmonic systems and in providing
a better control over the measurement itself.
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Chapter 2

Types of Nonlinear Interactions
between Plasmonic-Excitonic
Hybrids
Kaweri Gambhir and Agnikumar G. Vedeshwar

Abstract

The unique ability of plasmonic structures to concentrate and manipulate photonic
signals in deep sub-wavelength domain provides new efficient pathways to generate,
guide, modulate and detect light. Due to collective oscillations exhibited by the
conducting electrons of metallic nanoparticles, their local fields can be greatly
enhanced at the localized surface plasmon resonance (LSPR). Hence, they offer a
versatile platform, where localized surface plasmons can be tuned over a broad range
of wavelengths by controlling their shape, size and material properties. It has been
realized that plasmonic excitations can strengthen nonlinear optical effects in three
ways. First, the coupling between the incident beam of light and surface plasmons
results in a strong local confinement of the electromagnetic fields, which in turn
enhances the optical response. Second, the sensitivity of plasmonic excitations toward
the dielectric properties of the metal and the surrounding medium forms the basis for
label-free plasmonic sensors. Finally, the excitation and relaxation dynamics of
plasmonic nanostructures responds to a timescale of femtoseconds regime, thus
allowing ultrafast processing of the incident optical signals. This chapter aims to
discuss all the aforementioned interactions of plasmons and their excitonic hybrids in
detail and also represent a glimpse of their experimental realizations.

Keywords: plasmon, exciton, nonlinear interactions, resonant interactions,
nonresonant interactions

1. Introduction

The basic requirement for the realization of ultrafast photonic switches, optical
limiters and modulators is substantial third-order optical nonlinearity of materials at
low light powers [1–3]. However, most of the natural materials possess insignificant
nonlinearity in the low light regime [4]. Therefore, design and fabrication of
nanoengineered hybrid materials with tunable absorption/emission spectra and con-
siderable third-order optical nonlinearity are a topic of global research [3, 5–7].

It has been realized that plasmonic oscillations can enhance nonlinear optical
(NLO) effects majorly in three ways.

First, the coupling between the incident beam and surface plasmons results in a
strong local confinement of the electromagnetic fields which in turn enhances the
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optical response [8, 9]. This phenomenon forms the basis of surface-enhanced Raman
scattering (SERS), where plasmonic excitations arising from metal nanosurfaces are
used to boost otherwise weak Raman process by several orders of magnitude [10, 11].

Second, the sensitivity of plasmonic excitations towards the dielectric properties of
the metal and the surrounding medium forms the basis for label-free plasmonic
sensors. Even the slightest alterations in the refractive index of the environment
surrounding the metal surface leads to considerable modifications in the resonance of
the plasmonic nanostructures [12, 13]. In nonlinear optical phenomena, this extraor-
dinary sensitivity may be effectively used to control photon-photon interaction.
Where, the control beam may be used to modify the dielectric properties of the
medium, which in turn would change the plasmonic resonances of the propagating
signal beam [14].

Finally, the excitation and relaxation dynamics of plasmonic nanostructures
responds to a timescale of femtoseconds regime, thus allowing ultrafast processing of
the incident optical signals [15, 16]. This property of plasmonic nanostructures may be
conveniently exploited to attain an ultrahigh switching contrast in All Optical
Switching applications.

Thus, the confinement of surface plasmons in the nanoscale regime not only pro-
vides a flexible means of tailoring the optical properties of plasmonic nanostructures
but also allows hybridization of metal nanostructures with other molecules such as
semiconductors, organic molecules, inorganic molecules [17, 18]. Exclusively,
plasmonic-organic hybrids have gathered a lot of attention due to their flexible and
versatile interaction mechanisms which can be further fine-tuned to achieve the
desired photonic characteristics. Plasmon coupled organic molecules have led to sub-
stantial progress in high-throughput DNA detection [19, 20], bio-imaging [21], drug
delivery [22], photovoltaic [23] and light-emitting diodes [24], surface-enhanced
Raman spectroscopy [11], nanoscale lasers [25], ultrasensitive chemical and biological
sensors [26].

2. Nonlinear light-matter interactions

The interaction of light with matter can be broadly classified in two categories (a)
linear interaction (weak light regime) and (b) nonlinear interaction (intense light
regime). When the intensity of the incident beam is so high that it is nearly equal to
the internal electric field of the atom then the absorption coefficient and the real and
imaginary part of the nonlinear refractive index (n) and absorption coefficient (β) of
the material become a function of the incident intensity or electric field [27]. Such
that, polarization of the materials tends to behave nonlinearly with the incident
electric field (Eq. (1)).

Pi ¼ ε0χ
1ð Þ
ijk Ej þ ε0χ

2ð Þ
ijk EjEk þ ε0χ

3ð Þ
ijk EjEkEl þ … (1)

where, ε0 denotes permittivity of free space, P is electric polarization, χ symbolizes

electric susceptibility tensor, ε0χ
1ð Þ
ijk Ej is the linear polarization, ε0χ

2ð Þ
ijk EjEk depicts

second order nonlinearity, ε0χ
3ð Þ
ijk EjEkEl is the third order nonlinearity and so on.

Hence, in comparison with the linear interaction, during nonlinear interaction
superposition principle gets violated, light can alter its frequency as it passes through a
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NLO material and photons start interacting with each other within the confines of a
NLO medium [27, 28]. The nonlinear interactions of light are further classified as
resonant and nonresonant interactions (Figure 1).

The nonresonant or elastic interactions are the ones in which the incident light is
not absorbed by the material (sample). Therefore, these interactions can be described
using nonlinear polarization in terms of the Maxwell equations, whereas, in case of
resonant interactions or coherent interactions emission/absorption of light inside the
material takes place. The density matrix formalism is hence used to evaluate such
interactions as discrete structure of the energy levels inside matter and their phase
dependent occupation during the light wave period are important to be considered in
these interactions [27, 28].

When high intensity light is incident on a medium, based on its inherent response
scattering, refraction or absorption takes place. This in turn alters the transmittance of
the medium as a function of the input light intensity and is termed as nonlinear light
absorption or nonlinear light transmission. However, at very high intensities, the
probability of the medium absorbing more than one photon before relaxing to the
ground state becomes prominent.

A few phenomena that control nonlinear light transmission are listed below.

2.1 Saturable absorption

Saturable absorption (SA) is the mechanism in which the absorption of light is
inversely proportional to light intensity. That is at sufficiently high intensities of the
incident beam, if the rate of excitation of atoms is greater than their decay rate then
the ground state gets depleted resulting in a saturable absorption. Further, this phe-
nomenon critically depends on the absorption range of the material, its dynamic
response and saturation intensity.

The steady state rate equation for saturable absorption is denoted by Eq. (2).

dN
dt

¼ σI
hν

Ng �N
� ��N

τ
(2)

Figure 1.
Schematic representation of nonlinear interaction of light with matter [27].
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where, N is the number of excited state molecules, Ng is the undepleted ground
state concentration, σ is termed as absorption cross section, hν is the photon energy,
and τ is the lifetime of the excited state population.

Assuming that the absorption coefficient and α is proportional to the ground state
population. Saturable absorption finds application in passive mode locking and
Q-switching of lasers and optical signal processing [27, 28].

2.2 Two-photon absorption

When simultaneous absorption of two photons from an incident beam causes a
transition of atoms/molecules of a material from ground state to a higher energy level,
this phenomenon is termed as two-photon absorption (TPA). The intermediate level
in this case is a virtual energy level therefore; two photons should be simultaneously
absorbed for this process to occur. Also TPA is directly proportional to the square of
the input fluence. The propagation of laser light through the system describing the
TPA is given by Eq. (3).

dI
dZ

¼ �αI � βI2 (3)

where, α is the linear absorption coefficient and β is the two-photon absorption
coefficient and σ is the individual molecular two-photon absorption cross section, also

σ ¼ ωβh
2πN

(4)

where N is the number of the molecules in the system and ω is the incident
radiation frequency. It is the imaginary part of the third-order nonlinear susceptibility
of the system that determines the strength of the two-photon absorption. The relation
between the TPA coefficient and the third-order susceptibility of a centrosymmetric
system for linearly polarized incident light is given as,

β ¼ 3π
ϵ0n2cλ

Im χ3xxx �ω;ω,ω,�ωð Þ� �
(5)

here, c is the speed of light, λ is the wavelength of the incident beam and n is the
linear refractive index [27].

2.3 Three-photon absorption

The transition of a ground state molecule to higher excited state by simultaneous
absorption of three photons from the incident radiation is termed as three-photon
absorption (3PA) [28]. It is a fifth-order nonlinear process, and the propagation
equation for a medium having significant three-photon absorption is given as,

dI
dZ

¼ �αI � γI3 (6)

where, α is the linear absorption coefficient and γ is the 3PA coefficient. For
acentrosymmetric system and linearly polarized light, γ is related to the imaginary
part of the fifth-order susceptibility through the following equation,
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γ ¼ 5π
ϵ02n3c2λ

Im χ5xxxxx �ω;ω,ω,ω,�ω,�ωð Þ� �
(7)

2.4 Reverse saturable absorption

Reverse saturable absorption (RSA) is the property of materials where the absorp-
tion of light increases with increasing incident light intensity. It is basically a two-step,
sequential single-photon absorption process where, the excited atoms/molecules make
a subsequent transition to higher energy levels by absorbing another single photon
[28]. For steady-state condition, the intensity change of the laser beam in the
nonlinear medium along its propagation direction for RSA can be expressed as,

dI
dz

¼ �σ12 N1 �N2ð ÞI � σ23N2I (8)

where, σ12 is the transition crossection from the ground state to first excited state,
N1 is the no. of molecules in the first excited state, N2 is the no. of molecules in the
second excited state and σ23 is the transition crossection from first excited state to
second excited state.

3. Types of plasmon-exciton interaction

Based on the spectral overlap between the plasmonic modes and optical exciton of
the organic molecules their mutual interaction mechanism is broadly classified into
nonresonant and resonant interactions.

3.1 Nonresonant interaction

These types of interactions are further classified into refractive index-dependent
interaction and plasmon enhanced fluorescence.

3.1.1 Refractive index dependent

The type of interaction between plasmonic-organic hybrids where the electronic
absorption band of the organic molecule and the plasmonic resonances are far away
from each other and the refractive index of the organic molecule is nearly wavelength
independent (Figure 2A). The adsorption of organic molecules merely increases the
refractive index or the dielectric constant of the nanoenvironment surrounding metal
nanocrystals. Therefore, as the induced polarization charges increase, a more
pronounce screening of the Columbic restoring effect leading to a red shift in the
resonance band of the plasmonic nanostructures [7, 29]. A prime example of such a
plasmon molecule interaction is refractive index-based sensors where, the adsorption
of such organic molecules enhances the refractive index of the environment around
the plasmonic nanostructures [30].

3.1.2 Plasmon enhanced fluorescence

The organic molecules which demonstrate both absorption and fluorescence emis-
sion, tend to drastically alter their fluorescence rate when hybridized with metal
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nanostructures [29, 31]. Primarily, the enhancement in the fluorescence of the organic
molecule may be due to an increase in the excitation rate of the electrons from ground
state to the excited state which happens due to the strengthening of the local electric
field in the vicinity of the metal nanosurfaces. On the contrary fluorescence enhance-
ment may also be attributed to the increase in electronic radiative emission from the
excited states to the ground state owing to aggregation of photonic states around the
metal nanostructures [7, 32]. In both these phenomena, the distance between the
fluorophore and the plasmonic structure plays a key role. Novotny et al. demonstrated
that organic fluorophores when conjugated with metal nanoparticles displaying
intense local field enhancements then the radiative decay rate dominates the
nonradiative decay rate and fluorescence enhancement takes place which further
reduces the average lifetime of the organic molecule [33]. Moreover, due to the
coupling with the plasmon resonance, the emission direction as well as the spectral
shape of fluorophores can also be modified [34–36]. All of these open up new
approaches for manipulating light at the nanoscale.

3.2 Resonant interactions between plasmons and excitons

Resonant coupling takes place if the absorption band of the organic molecules and
the LSPR frequency of the metal nanoparticles overlap with each other. Plasmons
when resonantly excited, amplify the local electric multiple times in magnitude. In
such a case the coupling between the plasmonic resonances and the degenerate energy
levels of the organic molecule leads to hybridized molecular states [7, 29, 31]. Based on
the perturbations in the wave functions of the plasmons and, the interaction between
them can be classified into weak, strong and extreme coupling [1, 37, 38]. If the wave

Figure 2.
Schematic diagram illustrating three types of plasmon-molecule interactions. (A) Plasmon shift due to
adsorption; (B) resonance coupling between metal nanocrystals and adsorbed molecules with strong absorption
and (C) fluorescence enhancement when fluorophores are adjacent to metal nanocrystals [29].
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functions remain unaltered it is called weak coupling, origination of new dispersion
relations due to the formation of hybrid states is referred to as strong coupling regime
whereas, in the extreme coupling the resonance exchange energy oscillates between
the upper and lower energy levels leading to a split in the absorption band [1, 39].

Pockrand et al. and Glass et al. in 1980 first demonstrated the resonance coupling
effect between plasmons and excitons both theoretically and experimentally [40, 41].
Later, it was realized that the ultraviolet and visible light could switch the resonant
coupling between the dye molecules and excitons this led to efficient switching with
power density �6.0 mW/cm2 and switching power 0.72 nW/device [42]. Since then,
efforts to decipher interaction mechanisms between strongly coupled plasmons and
excitons have gained a lot of interest amongst researchers. Wiederrecht et al. first
reported literature on coherent coupling between a J-aggregated molecular dye and
noble metallic nanospheres (Figure 3) [43].

They demonstrated that the interaction between plasmons and excitons is strongly
dependent on the properties of the metal nanostructure. The J-aggregated dye when
hybridized with Ag nanocrystals lead to an increased absorption whereas the absorp-
tion decreased when integrated with Au nanocrystals [43]. Further, Fofang et al.
investigated wavelength-dependent coupling between the J-aggregates of dye 2,20-
dimethyl-8-phenyl-5,6,50,60-dibenzothiacarbocyanine chloride. Their study claims
that the plasmonic resonances can be tuned over a wide spectral range when strongly
coupled with a metal nanostructure. In fact, the coupling energy diagram of 2,2-
dimethyl-8-phenyl-5,6,5,6-dibenzothiacarbocyanine chloride and Au nanoshells
hybrids depicted both asymmetric energy splitting and an anticrossing behavior [1].
The anticrossing behavior amongst resonantly coupled hybrids of Au nanorods and
various other organic dyes have also been reported [44–47]. One of the major appli-
cations demonstrated by resonantly coupled plasmons and organic dyes is
ultrasensitive detection of analytes. Where, resonant binding amongst Ag
nanoparticles, camphor and cytochrome P450cam protein (CYP101) demonstrated a
plasmon shift of up to 104 nm [48, 49]. Therefore, a complete understanding of the
resonance coupling effects between plasmonic nanostructures and excitonic

Figure 3.
Schematic diagram of optical transitions in metal-J aggregate hybrid nanostructures.
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molecules is of utmost importance for realizing active photonic devices such as optical
switches, lasers and energy transfer-based sensors [50].

Since, these interactions between plasmons and excitons cannot be explained by
the dielectric function therefore, it was realized that energy transfer plays a vital role
in delineating the characteristics of the hybrid states.

3.2.1 Exciton-plasmon resonant energy transfer mechanisms

An optically excited excitonic molecule placed in the vicinity of a plasmonic nano-
structure may result in an energy transfer via radiative or nonradiative channel.

Owing to the physical and chemical conditions the probabilistic resonant interac-
tions between the plasmonic-organic hybrids can be due to Dexter energy transfer
(DET), exciton plasmon resonance energy transfer (EPRET), Foster resonance energy
transfer (FRET), nanometal surface energy transfer (NSET), metal enhanced fluores-
cence (MEF), enhancement of absorption cross section (lightening rod effect),
enhanced photostability, and the increase of excitation rate [51].

The origin of metal enhanced fluorescence is understood in terms of the increase in
optical density of states of the emitter when placed near a metal nanosurface, due to
the local confinement of the incident electric field [52, 53]. This in accordance with
Purcell effect which leads to an increase in the radiative decay rate of the organic
molecule due to a decrease in the volume of the cavity [54].

Further, MEF is extremely sensitive to the orientation of the exciton and nanopar-
ticle (Figure 4).

Both experimental and theoretical studies infer that it is the orientation of the
exciton and plasmonic dipoles in MEF due to which the net luminance of the hybrid
quenches or strengthens.

A radiation less energy transfer from excited state donor to ground state acceptor
via long range dipole-dipole interactions is termed as FRET [55, 56].

The efficiency of this energy transfer critically depends on various factors such as
the distance of separation between the acceptor and donor molecule, their spectral
overlap and their emission quantum yield (QY) [57, 58]. Figure 5 illustrates the
Jablonski Diagram of this mechanism.

FRET plays an important role in the determination of sub-microscopic separations
amongst interactive molecules [59, 60]. The dipole-dipole interaction between the

Figure 4.
(a) Parallel (tangential) and (b) perpendicular (radial) orientation of chromophore dipole moment to the
surface of spherical nanoparticles leading to the suppression or enhancement of the radiative decay rate of the
exciton, respectively [51].
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excited donor molecule (D) and the ground state acceptor molecule (A) results in a
nonradiative energy exchange between them in this occurrence. Because the energy
transfer efficiency is inversely related to the sixth power of the distance between the
donor and acceptor molecules, the length scale of nanoscopic FRET is limited to 8 nm
beyond which it is too weak to be used [60]. Further, a long-range dipole-surface
contact mechanism based on NSET has recently been developed, with energy transfer
range twice that of FRET (Figure 6) [19, 29]. In metal nanoparticles, the rate of
energy transfer from the oscillating dipole to the continuum of electron-hole pair
excitations is inversely proportional to the fourth power of the donor to acceptor
distance [61, 62].

Figure 5.
Jablonski diagram illustrating FRET [59].

Figure 6.
Comparison of energy transfer efficiency between FRET and NSET [19].
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In the linear regime, both FRET and NSET have been extensively recognized as an
efficient tool for the determination of the distance between the sub-microscopic
particles and in predicting the dynamics of a coupled hybrid [29, 63, 64].

EPRET, on the other hand, is a nonradiative dipole-dipole resonant interaction
discovered by Forster. The various parameters on which EPRET critically depends are
inter-particle distance between the donor and the acceptor, spectral overlap between
the excitonic emission band and their plasmonic absorption band, relative orientation
of the dipole moments of the organic molecule with respect to the plasmonic modes,
strength of transition dipole moment, the morphology of plasmonic nanostructures
and concentration and molar extinction coefficient of the plasmonic and organic
molecules [51, 65]. A significant contrast between FRET and EPRET is in terms of
relative orientation amongst dipoles of the donor and acceptor pair. FRET is forbidden
when the dipoles are perpendicular to each other while it is maximum in case of
parallel dipoles whereas, for EPRET, the probability of energy transfer is minimum
when the relative orientation of the dipoles of the donor acceptor pair is perpendicular
to each other, but it is never zero [51].

When the plasmon and exciton are placed very close to each other (5–10 nm) it is
found that DET dominates the interaction. This type of energy transfer occurs due to
hoping of electrons between the overlapping wave functions of the donor and accep-
tor molecule [66]. Photo-stability occurs when the short-lived excited states reduce
the potential of photo-bleaching and other interactions that would otherwise destroy
the chromophores’ fluorescent nature, resulting in an increase in their photo-stability
[51]. Furthermore, because more excited molecules are now pushed down to the
ground state and ready to absorb and participate in the emission process, this impact
raises the molecules excitation rate, resulting in an increase in the overall emission
rate [67]. Another effect which is in closely related is the lightning rod effect and it
takes place when the absorption band of the chromophore overlaps with the plasmon
band of the nanoparticle. In this phenomenon, the plasmon band of the nanoparticle
acts as a receiver nanoantenna and confines the electromagnetic field, and this signif-
icantly strengthens the excitation rate of the chromophore and thus enhances the total
emission rate [51].

4. Experimental realizations

With an aim to circumvent the material bottleneck limitations hindering the real-
ization of an on chip all optical switch, our experimental work presents a detailed
insight into the morphology directed third order NLO properties of four distinct gold
nanoshapes and their hybrids with an organic fluorescent dye Eosin Yellow (EY). The
ultrafast structural dynamics of the gold nanoshapes and their hybrids has been
delineated in terms of their spectral and temporal modulations to deconvolute the
excited state dynamics responsible for the coupling between the transient states of
gold nanoshapes and various intermediate states of the Eosin Yellow photocycle.
Finally, the work is concluded with a mechanistic interpretation of the observed
phenomenon in terms of the energy transfer within the hybrids.

In our investigations, colloidal gold nanoshapes were synthesized using chemical
reduction method (Figure 7) while, the DC sputtering technique has been employed
for fabricating the gold nanoislands film [67, 68].

Apart from this, films of Eosin Yellow having different concentrations were spin
coated on a glass substrate. The shape and lattice parameters of colloidal gold
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nanostructures were estimated using high resolution transmission electron micros-
copy (HRTEM) and X-ray diffraction (XRD) respectively. Atomic force microscopy
(AFM), field-emission scanning electron Microscopy (FESEM) and near field scan-
ning optical microscopy (NSOM) were employed to examine the morphology of the
epitaxial gold film and its interaction with the organic counterpart respectively
Figures 8–10 [67, 68].

Further, various standard spectroscopic characterizations namely absorption
spectroscopy (UV-Vis), surface enhanced Raman spectroscopy (SERS), third order

Figure 7.
TEM micrographs (a) GNP (gold nanopebbles); (b) GNF (gold nanoflowers) and (c) GNS (gold nanospheres).
While, the insets represents the HR-TEM image of the corresponding nanoparticles [67].
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Figure 8.
FESEM image of (a) gold Nanoislands film at high magnification (inset represents the particle size distribution)
and (b) EY-gold nanoislands hybrid [68].

Figure 9.
(a) Powder X-ray diffraction pattern and (b) selected area electron diffraction pattern of Au colloids
demonstrating FCC structure [67].

Figure 10.
(a, b) AFM representation of bare Au-islands and EY-Au islands hybrid, respectively and (c, d) 2-D NSOM
image of the raw gold nanoislands and EY-Gold nanoislands film, respectively (inset represents the intensity of
field in terms of oscillation with maxima and minima in the x–z plane) [68].
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nonlinear spectroscopy (Z-Scan), photoluminance spectroscopy (PL) and ultrafast
time resolved pump probe spectroscopy (UTRPPS) have been used to unveil the
steady state as well as the excited state dynamics of all four distinct gold nanoshapes
and their hybrids with EY (Figures 11–14). For a detailed explanation regarding the
synthesis, experimental setups employed and the experimental results the
corresponding papers may be referred [67–69].

5. Conclusions of the experimental analysis

The linear absorbance, nonlinear absorption coefficient and nonlinear refractive
index measurements of the four distinct plasmonic shapes, namely colloidal gold
nanoflowers, colloidal gold nanopebbles colloidal gold nanospheres and gold
nanoislands film confirmed that not only size but the geometry of the plasmonic
structures plays a vital role in determining their linear as well as nonlinear optical

Figure 11.
Normalized extinction spectra of free Eosin Yellow (EY) and its hybrid with (a) GNP; (b) GNF and (c) GNS.
The insets represent peak extinction maxima (normalized w.r.t 1:1 (v/v) gold nanoparticles-EY ratio) of the
hybrid structures [67].
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coefficients. A strong mutual interaction between the organic dye Eosin Yellow and
plasmonic structures has been inferred from the Raman spectroscopic analysis. Fur-
ther, the observed results deduce that the nanostructures with sharp edges, offering
plenty of hotspots, may be competitive candidates for highly sensitive SERS probes.
Nonlinear transmission measurements of colloidal plasmonic shapes, organic
fluorophore EY and their colloidal plasmonic organic hybrids show that they possess
excellent saturable absorption properties at 532 nm wavelength. Further, the Two
Photon Absorption coefficients reported for colloidal plasmonic organic hybrids
reveal that the enhancement induced by the plasmonic structures in the in the third
order nonlinearity of the organic dye Eosin Yellow critically depends on the morphol-
ogy of the plasmonic structures. Further, the results based on the spectral and tempo-
ral modulations of EY hybrids in solution and film demonstrated that the excitonic
states of molecular hybrids tend to modify drastically due to strong coupling between
molecular excitons and plasmons. The energy transfer mechanism delineated for all
the four EY-gold nanoshapes hybrids depicts that Forster resonance energy transfer

Figure 12.
(a) Raman spectra of Eosin Yellow dye and its hybrids illustrating morphology directed SERS effect [68].

Figure 13.
Z-scan representation of Eosin Yellow dye (a) open aperture and (b) closed aperture scan [67].
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(FRET) took place between EY-GNS, EY-GNP and EY-Au islands while nanometal
surface energy transfer (NSET) existed between EY-GNF.

These findings may find importance in fabrication of energy transfer based active
photonic devices.

6. Summary

The work reported herein, presents a significant enhancement in the third-order
nonlinearity of a technologically promising organic dye Eosin yellow (EY) when
hybridized with three distinct colloidal gold nanoshapes, namely, gold nanospheres
(GNS), gold nanopebbles (GNP) and gold nanoflowers (GNF) and a gold nanoislands
film (Au islands). Indeed, up to 400% increase in the NLO response of EY when
hybridized with Au islands was demonstrated when excited with a 532 nm, 20 ps laser.
Further, a 50% reduction in the response time been attained. Herein, the role of
resonant interactions within the hybrids especially in terms of nonradiative energy in
altering the steady state as well as excited state dynamics due to the spectral overlap
between the extinction spectra of the gold nanoshapes and the emission spectra of the
dye has been emphasized. Finally, a descriptive uncertainty budget for the precise
measurement of the third order NLO coefficients has been documented.

Based on the hypothesis that the nonradiative energy transfer has the ability to
significantly alter steady state as well as excited state dynamics of plasmonic organic

Figure 14.
Transient absorption spectra at various time delays measured for EY when hybridized with (a) colloidal gold
nanospheres; (b) colloidal gold nanopebbles; (c) colloidal gold nanoflowers and (d) nanoislands film pumped at
visible wavelength (420 nm, power = 1.5 mW) [69].
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hybrids and a unique relationship exists between the efficiency of energy transfer and
the enhancement in the third order NLO coefficients, this study may be safely
extended to a wide range of energy transfer-based plasmonic-organic hybrids.
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Chapter 3

Infrared Nano-Focusing by a Novel
Plasmonic Bundt Optenna
Ehab Awad

Abstract

Infrared optical detection devices such as photodetectors, solar cells, cameras, and
microbolometers are becoming smaller in size with a tiny active area in the range of a
few micrometers or even nanometers. That comes at the expense of a smaller aperture
area of the device, and in turn inefficient collection of infrared energy. Therefore,
infrared plasmonic optical antennas are becoming essential to efficiently collect opti-
cal energy from free space and concentrate it down to the device’s tiny area. However,
it is desirable to develop plasmonic antennas with a broad bandwidth, polarization
insensitivity, wide field-of-view, and reasonable plasmonic losses. That ensures col-
lection of most incident infrared radiation and enhancement of power absorption
efficiency. In this chapter, some types of plasmonic antennas are explored with an
emphasis on innovative type of optical antenna called Bundt Optenna. We investigate
Bundt Optenna design and optimization. This antenna has a novel shape that looks
like a Bundt baking pan and it is made of gold. Several Bundt unit cells can be
arranged in a periodic array that is placed on top of a thin-film infrared absorbing
layer. The Bundt Optenna utilizes surface plasmons to squeeze both electric and
magnetic fields of infrared radiation down to a 50 nm wide area, thus enhancing
absorption efficiency within an underneath thin-film layer. The Optenna demon-
strates polarization insensitivity and ultra-broad bandwidth with a large fractional
bandwidth within the near, short-wave, and mid-wave infrared bands. It also shows a
remarkable enhanced power absorption efficiency and a wide field-of-view.

Keywords: nanophotonics, optical antenna, surface plasmonics, infrared detection,
infrared absorption enhancement

1. Introduction

Infrared detectors have many types, which can be classified based on their
applications and physical response to infrared radiation. Some of them are sensitive to
temperature changes due to the thermal effects of infrared radiation, others absorb
infrared photons and generate free carriers. Examples of infrared detectors are
microbolometers, pyroelectric detectors, cameras, photodetectors, and solar cells [1].

Infrared detectors are becoming ultra-compact in size with tiny active areas in the
range of a few micrometers or nanometers. That enhances as well as yields novel
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detection characteristics and properties [2]. The tiny size has several advantages. It
allows for efficient cooling of the detector, thus reducing thermal noise and allowing
good performance at high temperatures. It reduces device capacitance and thus allows
for ultrafast optical switching and manipulation of high bitrates data. Also, it permits
the collection of almost all photogenerated carriers due to their short path to elec-
trodes, and thus high quantum efficiency. In cameras and sensors, tiny size means
aggregating a lot of small-size pixels in a small area, and thus high spatial resolution
imaging and the possibility of ultra-dense integration.

Downsizing the detection devices area comes at the expense of the smaller aper-
ture area, and in turn inefficient collection of infrared radiation energy. The solution
to such a problem is to utilize infrared plasmonic optical antennas in front of the
detectors. The optical antennas can collect optical energy efficiently from free space to
focus it on small size devices [3–8]. The plasmonic focusing of electric fields into
sub-wavelength nano hot spots increases the atoms absorption cross-section areas
within detection material (e.g. thin-film) and in turn the materials absorption
coefficient [8–19].

The optical antenna design should have some characteristics for getting the best
performance. In other words, it should have a special shape, different stages, and
optimum dimensions. The shape should be selected to have a large aperture that
collects infrared energy from all over the free space and focuses it down to a sub-
wavelength nanoscale area. One aspect of that is to minimize the back-reflections of
optical energy at the antenna input. That can be done by matching the antenna input
optical impedance to that of free-space, in addition to optical impedances among
different stages of the antenna. That of course imposes a lot of constraints on antenna
dimensions. Talking about optical impedance, we mean the wave nature of light that
allows us to treat light as an electromagnetic wave with ultra-high frequency traveling
in a medium with impedance.

The antenna should also have a special shape that allows it to be polarization-
insensitive. In that way, it can collect infrared energy from different incident polari-
zations, which is useful, especially for solar cells and energy harvesting applications.
However, it is worth mentioning that in some other applications like infrared cameras,
for example, polarization-dependent (i.e. polarimetric) detection can be useful to
distinguish between different features in a scene [20].

In addition, the plasmonic antenna should have an overall small size to minimize
ohmic power losses associated with surface plasmon polaritons (SPP) traveling waves
on antenna metal surfaces [21]. Moreover, the optical antenna should have a broad
bandwidth. Thus, it can collect as much energy as possible within a specific wave-
length band, and in turn, its average response over such particular bandwidth is
maximized. Also, the optical antenna should have a wide field of view to collect as
much radiation as possible from all angles of view.

It is worth mentioning that optical antennas are not solely useful in infrared
detection applications. Optical nanoantennas can be also useful in detection applica-
tions within the visible range. For example, it can be used in energy harvesting and
solar cells [22–24].

In the following sections, some examples of optical infrared antennas will be
presented. In Section 2, a brief overview of some optical antenna examples will be
discussed. In Section 3, a novel design of a plasmonic Bundt optical antenna will be
presented and discussed. In Section 4, the performance of the Bundt optical antenna
will be evaluated. Finally, a conclusion section will summarize the important points
discussed in this chapter.
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2. Examples of optical infrared antennas

There are various types of optical antennas that have been known so far. To name
some, a half-wave dipole optical antenna can concentrate infrared onto nanometer
germanium photodiode. This optical antenna is polarization sensitive. It covers a
bandwidth of 1.34 to 1.48 μm and it shows a factor of 20 enhancement in detector
response [8]. Another example is a silicon plasmonic horn that has periodic grooves on
its surface. It has a short length and gives a maximum coupling efficiency of 27%
within the wavelength range of 1538 to 1562 nm [9]. A silver nano-array of coaxial
rings shows extraordinary transmission with almost a factor of 4 enhancement in
transmitted optical intensity [10]. A hybrid silicon-gold nano-particles optical
antenna is also demonstrated with multipole resonance. It covers all the visible
wavelength range and can enhance optical absorption by a factor of 2.5 [11]. A
plasmonic spiral ring grating could be coupled to a vertical nano-optical antenna to
enhance optical field intensity by up to 7 orders of magnitude. The simulated
collection efficiency can reach up to 68% [12]. A dielectric silicon nanoantenna is
demonstrated with an ultra-low optical power loss and heating conversion. It
covers the near-infrared band and can enhance surface fluorescence by about
3 orders of magnitude [13]. A trench thin metal polarization-insensitive antenna
is demonstrated. It is polarization insensitive with high responsivity at tele-
communication infrared wavelengths [14]. A nanoantenna sandwiched between
two graphene monolayers photo-detector is demonstrated. It covers both visible and
infrared bands with 8 times enhancement in detection response and up to 20%
internal quantum efficiency [15].

Figure 1.
The checkerboard optical antenna detection device. (a) the SEM image of the fabricated checkerboard device
sample (30 x 30 μm2). (b) Magnified SEM image of four cross-oriented unit cells, L = 1049 nm, D = 530 nm,
W = 510 nm. (c) a schematic cross-section in detection device, L = 1000 nm, W = 500 nm, D = 500 nm,T1
(gold) = 50 nm,T2 (titanium) = 10 nm,T3 (Si3N4) = 400 nm [16].

63

Infrared Nano-Focusing by a Novel Plasmonic Bundt Optenna
DOI: http://dx.doi.org/10.5772/intechopen.104695



In the following subsections, structures of some types of optical antennas are
explored and examined in detail.

2.1 Checkerboard optical antenna

The gold checkerboard antenna consists of nanoscale dipole antennas [16, 17].
Figure 1a and b show scanning electron microscope (SEM) images of such
checkerboard structure. It consists of subwavelength gold stripes arranged in
cross-oriented unit cells. The stripes are separated by subwavelength gaps. Each stripe
acts like a dipole antenna that can receive long infrared radiation (8-12 μm). The
gold stripes interact with incident light electromagnetic waves resulting in collective
electrons oscillations (plasmons) in direction of light polarization (i.e. forming
dipoles). The oscillating electrons accumulate at the stripes’ edges resulting in a very
high electric field with spatial nano-resolution [21]. These localized surface plasmons
are coupled together within the gaps among stripes, thus creating what is called hot
spots. These hot spots have very high concentrated infrared optical intensities. Thus, it
can increase the optical absorption within the underneath absorbing layer of silicon

Figure 2.
(a) The SNOM image of the scattered electric field (E), in arbitrary units, from the checkerboard sample (rotated)
at a 10.19 μm wavelength. (b) the FDTD simulation of scattered electric field magnitude under the same SNOM
measurement conditions in part (a). (c) a comparison of the SNOM scattered electric field magnitudes with/
without checkerboard on the same sample at 10.6 μm wavelength [16].
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nitride (Si3N4) and in turn the detection efficiency. The detection device layers
structure is shown in Figure 1c.

Figure 2a and c show images of scattered electric fields from the checkerboard
antenna taken by scanning near-field optical microscope (SNOM) at a wavelength of
10.19 μm. Figure 2b shows a corresponding image to that of Figure 2a, simulated
using a three-dimensional finite-difference time-domain (FDTD) method. As seen in
Figure 2c, there is a dark area underneath the checkerboard structure. This darkness
indicates enhanced absorption within the silicon nitride thin-film layer.

The tested checkerboard antenna shows broadband and polarization-independent
average absorption enhancement of 63.2% over the wavelength range 8–12 μm. Also,
it shows a maximum absorption enhancement of 107% at 8 μm wavelength and a
minimum enhancement of 24.8% at 12 μm wavelength.

2.2 Dipole nanoantenna coupled to plasmonic slot waveguide

Another example of optical antennas is the dipole coupled to a plasmonic slot
waveguide [18]. The dipole antenna is made of gold and has a bottom and side reflectors
that can increase its coupling efficiency up to 26% at a wavelength of 1550 nm. The
coupling efficiency is defined as the ratio of power delivered to the waveguide to
incident power on the dipole antenna. In this configuration the dipole antenna is
irradiated by a vertical optical fiber terminated by a focusing lens, see Figure 3a.

Figure 3.
(a) Antenna working in vertical coupling configuration. The beam from the fiber excites slot plasmons. Instant
images of the simulated electric field (E) in arbitrary units at ?=1.55 μmwhen coupling to (b) waveguide only, (c)
single antenna, (d) antenna with side and bottom reflectors, (e) serial, and (f) parallel antenna array. The color
scale is equal for (b) through (f). Reprinted with permission from [ref 18] © the Optical Society.
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The antenna collects fiber radiation and launches it inside an impedance-matched slot
waveguide. The dipole antenna length is adjusted to be an integer number of half-
wavelengths. Also, the side and bottom reflectors are positioned such that it forms a
maximum of standing wave reflections at the antenna position. Figure 3 shows differ-
ent configurations of the tested system together with images of simulated electric fields.
As seen, the coupled electric field magnitudes increase from Figure 3a–d here the
coupling efficiency becomes maximum. The system is also tested with serial and parallel
dipole arrays as shown in Figure 3e and f, respectively. However, these two configura-
tions give the same performance as a single dipole antenna with side and bottom
reflectors.

This dipole nanoantenna shows 185 times enhancement in coupling efficiency
when compared to a bare waveguide. It can be utilized as an interface coupler between
an optical fiber and a plasmonic slot waveguide.

2.3 Horn optical nanoantenna

An additional example of optical antennas is a two-dimensional plasmonic horn
nanoantenna made of silver. This antenna is impedance matched to a plasmonic slot
feeding transmission line [19]. It has a broad bandwidth (1260–1675 nm) for applica-
tions in wireless on-chip communications. It is investigated by FDTD simulations as
shown in Figure 4. In Figure 4a, d and g, the horn length and its flare angle should be

Figure 4.
Near-field profiles and far-field radiation patterns of a bare waveguide and horn nanoantennas with different
flare angles. (a–c) Bare waveguide case. The amplitude (a), phase (b) of electric field distribution, and radiation
pattern (c) of a bare waveguide. (d–f) a horn nanoantenna with a length (La) of 3.5μm and flare angle (θ) of
10°. The amplitude (d), phase (e) of electric field distribution, and radiation pattern (f). (g–i) a horn
nanoantenna with La = 3.5 μm and θ = 25°. The amplitude (g), phase (h) of electric field distribution, and
radiation pattern (i) [19].
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carefully designed to minimize back reflections at the horn input. The corresponding
wavefront phase distributions are shown in Figure 4b, e, and h. In Figure 4c, f, and i,
the far-field radiation patterns are shown for each case. The best design is found to be
the case in Figure 4d–f, where the back-reflected field magnitude is minimized, the
phase front looks like a plane-wave, and thus it is matched to that of free-space
radiation, in addition, the radiation pattern is highly directional. This optical antenna
can give a superior performance with almost 100-fold enhancement in power transfer
when compared to conventional dipole nanoantennas.

It is worth mentioning that an optical antenna design should take into consider-
ation some points that allow it to have better performance characteristics when
compared to the previous designs. For example, it should have a special shape with a
large aperture to collect infrared energy from all free-space and focuses it on a
nanoscale area. Also, back-reflections of antenna optical energy should be
minimized by matching antenna input optical impedance to that of free-space. That
of course imposes a lot of design constraints on the optical antenna dimensions. It is
also better to have a polarization-insensitive antenna to collect all infrared energy at
different polarizations. In addition, a plasmonic optical antenna should be small
enough to minimize the surface plasmon polaritons’ ohmic power losses. It is also
desirable to have a broadband antenna optical response. Moreover, an optical
antenna should have a wide field of view to collect optical energy from all over free-
space angles.

In the following sections, we will explore in detail a novel optical antenna called
Bundt Optenna that realizes these design constraints and thus possess several advan-
tages.

3. Bundt plasmonic antenna

Now we are going to examine a novel optical antenna design that is called
Bundt Optenna [25, 26]. Here, the optical antenna is abbreviated as “Optenna”
and has a unique shape that looks like a Bundt baking pan. The Bundt Optenna has
been featured by scientific media as promising for nanoscale infrared detection
devices such as solar cells, telecommunications photodetectors, shortwave cameras,
and mid-wave microbolometers [27]. In addition, it can keep plasmonic losses to
a minimum while focusing infrared radiation to nanoscale size, thus doing the
trick [28].

This Bundt Optenna has many desirable advantages. It has an ultra-broadband
optical response covering the near, shortwave, and mid-wave infrared bands with
high fractional bandwidth up to 42%. It is polarization insensitive with a wide field of
view. It can squeeze both electric and magnetic fields down to 50 nm spot area to
enhance optical absorption efficiency within a thin-film detection layer. The power
absorption enhancement can reach up to 8 orders of magnitude (i.e. 80 dB). More-
over, it has a compact size with potential applications in energy harvesting, optical
communications, and biomedical technology.

Figure 5 shows a schematic diagram of the Bundt Optenna structure with different
cross-sections. It has a gold concentric structure that is filled with air as a dielectric
material. The Optenna is built on top of a semiconductor thin-film detection layer
above a thick bulk substrate. Figure 5a shows a two-dimensional periodic array of the
Bundt unit-cells with a periodic separation of “L”. A vertical cross-section in a single
unit cell is shown in Figure 5b. It shows three stages. The first stage consists of a
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coaxial (concentric) conical horn and a middle post. The conical concentric shape
allows the Optenna to easily impedance match surrounding free-space, and collect
most of the incident radiation due to its relatively large input aperture. In addition,
this shape allows for polarization-insensitive operation because of its symmetry
around the central axis. The second stage is an annular gold waveguide that matches
the optical impedance between the first stage and the third stage. The third stage is a
conical gold wedge extending through the thin-film detection layer. It allows the
excited SPP to penetrate deep inside the absorbing layer thus increasing the overall
absorption area inside the thin-film. Figure 5c labels different dimensions on the
cross-section of a single unit cell.

The incident free-space infrared radiation is collected by the Bundt array’s large
aperture. The coaxial horn and post with air-filling dielectric act like a metal–insula-
tor–metal (MIM) waveguide that has a conical flare. This waveguide is end-fire
excited by incident free-space radiation and generates SPP on the antenna gold sur-
faces forming a TE11 mode [29] that propagates along the MIM waveguide. Both the
plasmonic electric and magnetic fields are squeezed gradually during propagation
until they reach a sub-wavelength nano wide (F = 50 nm) annular area at the first
stage output. This area can be found by the following equation:

Area ¼ π � B
2
þ F

� �2
" #

� B
2

� �2:

(1)

The “A”, “B”, “C”, and “E” are the dimensions of Bundt’s first stage. They are
optimized to allow optical-impedance matching between free-space and Bundt coaxial
horn. This means the optical bac-reflections are minimized, and in turn forward
propagating transmitted signals are maximized. An annular waveguide with a width
“F” and length “G” that is filled with air is used as an intermediate second stage.
Which matches the optical impedance between the antenna’s first stage and third
stage (absorbing thin-film). The annular waveguide is an extension of the flared
coaxial horn with TE11 propagating squeezed mode. The annular waveguide has mul-
tiple reflections between its input and output like a Fabry-Perot resonator. Therefore,

Figure 5.
The schematic diagram of the proposed infrared detection device with Bundt Optenna. (a) a perspective view of 2D
periodic Bundt array, (b) a vertical cross-section of unit-cell indicating different stages and the underneath
semiconductor layers, (c) a vertical cross-section of unit-cell indicating different dimensions [25].
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the waveguide length “G” is chosen to make the round-trip phase-shift (Δφ) equal to
“mπ”. This condition can be written as:

Δφ ¼ 2� G� K þ δφ ¼ m� π (2)

The “δφ” is the reflections phase-shift at waveguide input and output, “k” is the
propagation constant, and “m” is an integer number. This condition results in con-
structive interference at waveguide output, and destructive interference of back-
reflected waves at waveguide input.

The third stage of the Bundt Optenna is a conical gold wedge of length “H”, besides
the Bundt base on top of the thin-film layer. The third stage acts like a flared MIM
waveguide that is excited by the SPP out of the annular waveguide. This SPP spreads
inside the absorbing thin-film layer. Therefore, the third stage allows excited SPP to
penetrate and spread deep inside the thin-film, thus increasing the overall absorption
area of the absorbing layer.

The Bundt Optenna array was designed and simulated over different infrared
bands. That includes near-infrared (NIR), short-wave infrared (SWIR), and mid-wave
infrared (MWIR) wavelengths bands. The dimensions of different Bundt stages are
optimized during numerical simulations to get the best optical impedance matching.
That means minimizing back reflections and maximizing transmission to obtain an
almost flat response. We obtain four designs of the Bundt Optenna. Each design has
specific dimensions. Table 1 summarizes the dimensions of each design. It is found
that there are some rules which should be satisfied in all these designs. The coaxial horn
length “E” should be greater than the maximum wavelength of each design range. That
is to ensure having one electric-field cycle along the horn length. Also, the inner
perimeter of the annular waveguide (i.e. π � B) should be greater or equal to the
maximum wavelength of the corresponding range. That ensures the magnetic field one
period around the waveguide perimeter is not smaller than the maximum wavelength
of TE11 mode. To minimize ohmic loss of SPP, the “E” dimension and (π � B) are
selected to be equal to the maximum wavelength. The dimension “A” is chosen to
maintain a symmetric coaxial horn. The dimensions “C”, “D”, “G”, and “L” are chosen
by numerical iterations to minimize back-reflections. The largest Bundt unit-cell
3.25x3.25x6.8 μm3 is for the MWIR design. While the largest unit-cell aspect ratio 3.6:1
is for the NIR design. The Bundt has an overall compact size with a reasonable aspect
ratio. The Optenna designs “1”, “2”, “3”, and “4” are useful in applications such as solar
cells, optical communications photodetectors, SWIR sensors/ cameras, and MWIR
thermal detection/ imaging with microbolometers, respectively.

Band Range (μm) Design A B C D E G L

NIR 0.74–1 1 0.6 0.32 0.05 0.125 1 0.5 0.625

SWIR 1 – 2 2 1.4 0.7 0.05 0.25 2 1 1.425

2 – 3 3 2 1 0.1 0.35 3 0.5 2.025

MWIR 3 – 5 4 3.2 1.6 0.2 0.55 5 1 3.25

The assigned dimensions’ are already indicated in Figure 1, and they are measured in “μm”. The dimensions H = 0.7 μm
and F = 50 nm are fixed for all the designs [25].

Table 1.
The four designs of Bundt Optenna that can cover the three infrared bands.
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4. Bundt plasmonic Optenna performance

The Bundt Optenna performance is evaluated using three-dimensional FDTD. The
thin-film layer is selected to be silicon nitride as an example, with a silicon substrate.
Figure 6 shows the normalized magnitudes of the electric (magnetic) fields of one
unit cell. The wavelength is selected here to be 2.3 μm with TM linear polarization
along the x-direction. Figure 6a shows a vertical cross-section of a unit-cell (X-Y
plane) at Z = 0. As shown, the SPP electric-fields inside the concentric horn are
concentrated around the post as it has a small apex angle. The highest electric-field
intensity is found to be within the 50 nm wide annular waveguide. Inside the thin-film
layer, the high-intensity field propagates and spreads with more SPP concentration
around the wedge and Bundt base. This high-intensity field is absorbed and exponen-
tially attenuated within the thin-film layer. It almost vanishes within the underneath
silicon substrate. The back-reflected electric-field is very small. A supplementary
Video 1 (https://bit.ly/3t8Bundt) illustrates the electric-field propagating at 2.3 μm
wavelength inside the Bundt Optenna.

Figure 6b–d illustrate the electric-field at cross-sections X-Z at Bundt annular
waveguide input and output, respectively. They show the TE11 squeezing down to
50 nm wide annular area at the thin-film layer. Figure 6–b shows the TE11 mode
normalized electric-filed at concentric horn input. Figure 6c shows the squeezed TE11

plasmonic electric-field at the annular waveguide input. The maximum normalized
electric-field is 8 at the annular waveguide. Which is almost eight times enhancement
in the field strength (i.e. 18 dB). Figure 6e illustrates the squeezed magnetic TE11

Figure 6.
The three-dimensional FDTD simulations fields (normalized) within a unit-cell of infrared detection device at a
wavelength of 2.3 μm, and TM incident polarization. The normalized electric-field magnitude (E/Eo): (a) a
vertical cross-section in a unit-cell, (b) a horizontal cross-section at the input of concentric horn, (c) a horizontal
cross-section at the input of annular waveguide, (d) a horizontal cross-section just outside the annular waveguide
(i.e. at the entrance of the thin-film layer. The normalized magnetic-field magnitude (H/Ho): (e) a horizontal
cross-section at the input of the annular waveguide [25].
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plasmonic -field magnitude at the annular waveguide input. It has a maximum of 4,
which indicates ffi12 dB improvement in the field strength. Figure 6d shows the nano-
focused electric-field at the entrance of the thin-film layer, where the electric-field
strength starts to attenuate by optical absorption.

Figure 7 illustrates the coupling ratio (CR) of TM-polarization in each Bundt
Optenna stage versus wavelength. Figures (a), (b), (c), and (d) correspond to designs
“1”, “2”, “3”, and “4”, respectively. The CR is defined as the ratio of transmitted
power at each stage to input power. The CR into stage “1” is considerably high for all
designs. However, it does not reach zero dB due to small back-reflections into free-
space. The back-reflections are estimated to be less than �7 dB. The CR within the
third stage shows a high collection efficiency of the Optenna. The CR of the second
and third stages is less than the first stage due to SPP ohmic power loss on gold
surfaces. The 3 dB bandwidth (BW) of Bundt Optenna is measured at Optenna third
stage because it is the transferred power by the optenna to thin-film layer. The small
ripples on curves are due to the Fabry-Perot effect at different interfaces of Optenna
stages. Table 2 shows the bandwidth for each Bundt design together with its center-
wavelength (λo) and calculated optical fractional bandwidth (O-FBW). The O-FBW is
the ratio of bandwidth to center-wavelength (i.e. BW/λo). The table shows a broad-
band optical response with a high optical fractional bandwidth ffi 35% up to 42%.

It is worth noting the following issues regarding the Bundt Optenna performance.
The field squeezing results in a dramatic reduction in its cross-section area, which

Figure 7.
The coupling ratio estimated in decibels of TM-polarized infrared radiation at successive stages of Bundt Optenna:
(a) design “1”, (b) design “2”, (c) design “3”, (d) design “4” [25].
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means a high gain in optical intensity despite power attenuation by SPP ohmic losses.
The intensity is defined as the optical power divided by area. The nano-focused fields’
intensity increases the effective absorption cross-section area of material atoms, and
thus the materials absorption coefficient. Therefore, the thin-film absorption effi-
ciency is expected to increase because of Bundt’s high intensity that reaches, for
example, 12.4 dB at the wavelength of 3.3 μm. The average ohmic losses on gold
surfaces due to SPP are found to be almost -3 dB, which is considered reasonable. The
different Bundt designs are found to be polarization insensitive over different tested
bands. That is due to the two-dimensional symmetry of the Bundt structure. There-
fore, the Bundt optical response is always the same for all types of incident polariza-
tions. That is advantageous as Optenna can collect most of the incident radiation
power regardless of its polarization. Moreover, the Bundt field of view is measured by
varying radiation incidence angles while monitoring the output intensity. For all the
designs, the maximum incidence angle is found to be ffi40°, indicating a Bundt
Optenna field-of-view ffi 2 � 40° ffi 80°.

Figure 8 illustrates the absorption enhancement factor (EF) inside the thin-film
layer. It is defined as the ratio between thin-film absorbed power in the case with and
without Bundt Optenna. It is measured in linear scale and decibels as well. The
absorption EF is high and reaches a maximum of ffi8.5, 29, 80, and 15 dB for designs
“1”, “2”, “3”, and “4”, respectively. The smallest EF is ffi2 dB at the band edges. The
high EF of designs “2” and “3” are because of the very small attenuation coefficients of
a silicon nitride material. Thus, the power absorption EF becomes significant due to
Optenna. It can reach as high as ffi80 dB at a wavelength of ffi2.2 μm. The ripples on
some curves are because of the Fabry-Perot effect due to residual multiple reflections
among Optenna different stages. The enhanced absorption efficiency of the thin film
layer is mainly due to the improved material absorption coefficient as the incident
optical field intensities become much higher.

5. Conclusions

In this chapter, we have explored some types of plasmonic optical antennas that
can focus optical infrared radiation to very small spot areas beyond the light diffrac-
tion limit. These antennas are essential for infrared optical detection devices that have
tiny active areas in the range of a few micrometers or even nanometers. In addition,
we have focused on one innovative type of optical antenna called Bundt Optenna. We
investigated its design and optimization. The Bundt Optenna bandwidth covers the
near-infrared, short-wave, and mid-wave infrared bands. The Bundt has a wide

Band Design Wavelength (μm) BW (μm) λo (μm) O-FBW (%)

NIR 1 0.71–1.01 0.3 0.86 34.9

SWIR 2 1.43–2.06 0.63 1.75 36

3 2.03–3.12 1.1 2.58 42.6

MWIR 4 3.25–4.86 1.61 4.06 39.7

In addition to the percentages of optical fractional bandwidth (O-FBW) [25].

Table 2.
The wavelength range, bandwidth (BW), and center-wavelength (λo) of different Bundt designs, measured in
micrometer (μm).
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field-of-view equal to 80°. It has an ultra-broadband optical response and fractional
bandwidth of up to 42%. It can nano-focus electric and magnetic fields to a 50 nm-
wide area, and thus enhance the optical absorption efficiency of the thin-film detec-
tion layer. The fields’ intensity gain can reach up to 12.4 dB. The power absorption
enhancement can be 8 orders of magnitude (i.e. 80 dB). The average ohmic power loss
in Bundt Optenna is as low as�3 dB. The Optenna is polarization-insensitive and has a
relatively compact size. The Bundt Optenna can be used in different nanoscale detec-
tion devices such as photodetectors, solar cells, cameras, and microbolometers, with
potential applications in optical communications, imaging, energy harvesting, optical
sensors, and biomedical technology.

Video materials

Video 1 available from https://bit.ly/3t8Bundt
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Figure 8.
The Bundt Optenna absorption enhancement factor inside the thin-film layer indicated in linear scale on the left
axis, and in decibels on the right axis: (a) design “1”, (b) design “2”, (c) design “3”, (d) design “4” [25].
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Abstract

The recent global pandemic caused by Covid-19 enforced the urgent need for 
accessible, reliable, and accurate point-of-care rapid diagnostics based on plasmonic 
nanostructures. This is because fast and reliable testing was the key driver in curbing 
the spread of Covid-19. The traditional methods of diagnostics and biosensors often 
require expensive infrastructure and highly qualified and trained personnel, which 
limits their accessibility. These limitations perpetuated the impact of Covid-19 in 
most countries because of the lack of easily accessible point-of-care rapid diagnostic 
kits. This review revealed that portable and reliable point-of-care diagnostic kits are 
very crucial in reaching large populations, especially in underdeveloped and develop-
ing countries. This gives perspective to novel point-of-care applications. Furthermore, 
water quality is a very crucial part of food safety, especially in developing countries 
faced with water contamination. In this chapter, we explored the various challenges 
and recent developments in the use of plasmonic nanostructures for application in 
molecular diagnostics and biosensing for the detection of infectious diseases and 
common environmental pathogens.

Keywords: plasmon, molecular diagnostic, surface plasmon resonance (SPR), 
nanostructures, infectious diseases, water pathogens, machine learning, SERS

1. Introduction

Traditional gold-standard diagnostic techniques combined with advances in 
nucleic acid-based assays, enzyme-linked immunoassays, and rapid diagnostic assays 
are widely used for the detection of diseases. Despite the advances presented by these 
techniques several hurdles such as false positives/negatives, expensive infrastructure 
or equipment, non-specificity, complicated sample preparation, and assay result 
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analysis limit their use. This is evidenced by the continued world health organization 
cases reported from low-resource regions. The need for affordable, specific, simple, 
user-friendly, rapid, and sensitive, diagnostics remains.

Plasmonic-based diagnostics or biosensors offer an attractive solution in the detec-
tion and management of diseases. They can achieve enhanced sensitivity, rapidity, 
real-time and label-free detection of pathogenic biomarkers [1, 2]. The plasmonic 
phenomenon yields various techniques: Surface Plasmon Resonance (SPR), Localized 
Surface Plasmon Resonance (LSPR), colorimetric Plasmonic assays, Surface-
Enhanced Raman spectroscopy (SERS) and its variants. Benefiting the diagnostic 
fraternity, Plasmonic-based assays are merited with a multiplexing potential and 
smartphone integration [1]. The Plasmonic based sensing platform extends to envi-
ronmental sensing. Water contamination due to pathogens and biological molecules 
such as Covid-19 benefits from Plasmonic sensors. In addition to detection, the 
plasmonic sensors can quantify the pathogens in the drinking waters to inform water 
treatment measures to be taken.

SPR biosensing is based on the excitation of the free electrons by a polarized light 
on a metal film which onsets the electrons’ collective oscillation [1–3]. A plasmonic 
surface is immobilized with biomarker receptors, which bind the analyte and induce 
a change in the local refractive index. The change is perceived through changes in the 
incident light used for the excitation of the free electrons to the SPR state [1]. This 
principle has resulted in paradigms for different diseases: malaria [4–6], tuberculosis 
[7–9], HIV [10, 11], and Covid-19 [12].

The LSPR is based on the confined oscillation of electrons at the metallic surface and 
the localized SPR distinguishes LSPR from the propagating SPR biosensor. Interaction 
of the receptor with an analyte in LSPR biosensing induces changes that prompt a 
wavelength shift in the excitation spectrum. The LSPR-based sensors are excellent for 
both the detection and quantification of biomolecules/diseases [1, 3]. The potential for 
LSPR biosensing has been tested on Covid-19 [13], glucose [14], and cancer cells [15].

Colorimetric Plasmonic assays are driven by LSPR of metallic nanostructures such 
as gold (Au) and silver (Ag) that yield enhanced magnetic fields in the visible/NIR 
range. This phenomenon yields color changes observed by the naked eye. The color 
changes merit colorimetric plasmonic assays for point-of-care testing [1, 16].

SERS principle uses the plasmonic effect of the metallic substrates to enhance 
weak traditional Raman signals. Raman spectroscopy is a fingerprinting tool that 
is used to study characteristic peaks of molecules. However, its sensitivity is com-
promised for some molecules especially biomolecules limiting its use in diagnostics. 
SERS alleviates the low signal challenge by amplifying the weaker signals and availing 
the technique for biosensing. It is used as either label-free for Raman active analytes 
or labeled for non-Raman active molecules. Zhou et al. developed an AgNPs based 
sensor for the detection of bacteria from drinking water. The SERS substrate, AgNPs 
coats on the cell wall of the bacteria and enhances the Raman signal of the analyte 
by 30-folds compared to a non-coating AgNPs colloids. The chapter examines the 
potential for plasmonic-based assays in the detection of diseases and common water 
pathogens. It compares literature and prototypes in the field and future expectations.

2. Plasmonic nanostructures in biosensing

Biosensors are significant in a variety of scientific domains, including clinical 
diagnostics, medical diagnostics, illicit drug detection, food quality and safety, and 
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environmental evaluation [17]. Biosensor is an analytical device, which consists of 
two basic components: the recognition unit employed to capture the specific target 
and the transducer that converts the biomolecule interaction into an electrical, chemi-
cal, or optical signal. The types of biosensor depend on the types of output signal 
measured and quantified in real-time [18]. As depicted in Figure 1, the identification 
of stimulus is released after the interaction of the sensing surface with the analyte and 
converts it into a detectable signal.

2.1 Types of biosensors

Biosensors can be classified according to the output as shown in Figure 2. In addi-
tion, all these types share a common working principle. Furthermore, electrochemical 
biosensors are sub-classified into impedimetric, voltammetric, potentiometric, and 
amperometric. Among these, bio-sensing types, electrochemical sensor is consid-
ered as conventional sensor and has been under an extensive search for years. It has 
attracted interest in several fields such as health, food, and agriculture [3]. However, 
plasmonic biosensing possesses many advantages over traditional (electrochemical) 
sensors due to their (i) label-free detection, (ii) real-time, (iii) short response time, 
and (iv) simple sample preparation.

2.2 Plasmonic bio-sensing mechanism and sensing principle

2.2.1 Surface plasmon resonance (SPR)

Surface plasmon resonance (SPR) biosensor (Figure 3) is one of the important 
tools for examining the kinetics of biomolecular interaction with the surface and 
they offer a unique real-time and label-free measurements, non-invasive nature with 
high detection sensitivity [21]. SPR is a frequently used optical technique for tracking 
changes in a sensor layer’s refractive index (RI) after interaction with a target mol-
ecule [3]. SPR has been widely used in various detection of biological and chemical 
analytes, for environmental and agricultural monitoring [22]. It is a metal-based film 

Figure 1. 
General schematic for biosensor as adopted from literature [19].
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sensor, made of gold (Au), which is used to characterize biomolecular interactions 
[23]. SPR systems are based on an optical phenomena pioneered by Wood in the 
1980s, which is a gold standard method. The most successful plasmonic up to date, 
based on optical label-free sensing technology. Wang et al. used hepatitis B surface 
(HBs) antigen as the target molecule and gold nanorods (AuNRs) to realize LSPR 
for an HBV sensor [3]. Ever since, there has been ongoing research on developments 
of label-free, real-time, and ultra-sensitive SPR for the sensing of small and large 
biomolecules which is based on monitoring of refractive index (RI) changes in the 
surrounding environment (surface chip sensor) caused by biomolecular interaction 
around sensing area [24]. These technologies have been widely used in drug screening 

Figure 2. 
Types of biosensor based on their transducer identity [18].

Figure 3. 
Schematic of SPR biosensor experimental set up (a) [20], adopted from literature [10] copyrights, SPR (a) and 
LSPR (b) sensing mechanism (c).
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and in other biomedical disciplines. Bai and co-workers presented an SPR-based 
biosensor for the detection of the avian influenza virus (AIV) H5N1. Employing a 
chosen aptamer as the recognition element [3].

Figure 3(a) and (b) depicts the SPR sensing mechanism, it can be observed as 
electromagnetic surface waves that are solution of Max equation. SPR occurs at the 
interface of the bulk materials with positive dielectric constant and of a negative 
dielectric constant of the metals (precious metals: Au, Ag) [25]. The electron clouds 
propagate horizontal (x-y) plane to hundreds of micrometers along the metal-dielec-
tric interface and their lateral extensions and eventually decay exponentially away 
into both sides of the interface in z-axis [3].

In contrast to SPR, LSPR sensing mechanism (Figure 3(c)), the electromagnetic 
waves are confined and no-propagating surface plasmon at the surface of an isolated 
metallic nanostructure. As the curve metallic surface of nanoparticle, the interaction 
between electromagnetic waves applies the restoring force to oscillating electron 
cloud and amplifies the electromagnetic resonance (EM) field of the metal interface 
due to resonance. In addition, the light-matter interaction is where LSPR originates 
[26]. When it comes to plasmonic nanostructures, surface plasmons are restricted to a 
narrow area near the nanostructures and sensitive to RI changes.

The EM field enhancement can scrutinized and quantified on the metallic surface 
may be explained using Mie Theory (Eq. (1)), which is frequently used for electro-
magnetic simulations.

Mie theory;

 π ∈−∈
∂ =

∈+ ∈
34

2
mr
m

 (1)

where R and ∂ is a permeability and the radius of the metal nanoparticles. The EM 
field is sensitive to the changes of RI of the dielectric layer, which has a potential to be 
used as sensing layer for SPR based sensor realization. Kretschmann and Reather pio-
neered the creation of SPR-based sensors in 1968 by introducing the traditional prism-
based structure, while Liedberg et al. reported the first experimental demonstration of 
exploiting the phenomenon for sensing. Plenty of companies to manufacture point-of-
cars (POCs) facilities have utilized these technologies (SPR) sensor mechanism.

2.2.2 Localized surface plasmon resonance biosensors (LSPR)

The bioanalytical community has been interested in localized surface plasmon 
resonance (LSPR) phenomenon. LSPR has many of the same benefits as traditional 
propagating SPR, but with a few key differences. In comparison to SPR, LSPR has 
the following benefits: a high aspect ratio that allows for a larger interaction surface 
area for immobilizing the sensing elements; a miniature probe to produce com-
pact devices; and broad applicability and compatibility with several phenomena, 
including fluorescence, Raman, and IR spectroscopy. In LSPR, the interaction of 
the electromagnetic waves and sub-wave metal NPs gives a rise to non-propagating 
oscillations of the collected electron conducted cloud against metal positive core, this 
phenomenon is localized surface Plasmon [27]. LSPR operates with the same merits 
as traditional propagating SPR, however with additional crucial advantages. One of 
the examples, they are more suitable to microchip integration, faster response time 
and have much better spatial resolution [28]. Moreover, LSPR has high aspect ratio, 
thus allowing more interaction surface area for immobilizing the sensing elements to 
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obtain compact devices and wide stability, compatibility, and applicability towards 
phenomenon such fluorescence, and Raman and IR spectroscopy to name the few. 
Researchers have devoted efforts in contribution to the development of noble metal-
based LSPR on a planer surface [28]. However, so far, the development of LSPR is 
restricted at the laboratory scale due to the fundamental limits of noble metals such as 
their high price and their high production cost [26].

2.2.3 Plasmonic nanostructures in biosensing

Nanostructures offer a wide range of potential uses in biosensors because of their 
distinctive size-tuneable and shape-dependent physicochemical features. The field 
of optical biosensors enters a new age with the incorporation of nanostructures and 
useful biological molecules (such as antibodies, nucleic acids, and peptides) [22]. 
Loideau et al. have reported the Ag and Ag@Au NPs based LSPR for application in 
naked-eye biosensing, utilizing color change from cyan to green [28]. In the last two 
decades, Plasmon resonance in gold nanoparticles (Au NPs) has been the subject of 
intense research efforts. However, the inflated cost for precious metal such as Ag and 
Au has been a great concern.

Recently, due to the inflated cost, production cost of noble metals, research-
ers have paid a considerable attention to the development of non-noble metal and 
semiconductor materials. As potential replacements for plasmonic noble metals, 
low-cost and resource-rich non-noble metal plasmonic materials have drawn sig-
nificant interest [29]. The commonly used non-noble plasmonic material reports are 
copper-based, Aluminum, semiconductor, and graphene-based LSPR. Non-noble 
metal like bismuth (Bi) have similar plasmonic properties as precious metal. Chen 
et al. have reported the synthesis of non-noble (Bi/BiVO4) as photoanode sensing 
materials for application in detection of H2O2 [30]. Zhu et al. reported sponge-like 
surface-enhanced scattering (SERS) substrate in which reduced graphene oxide used 
to wrap the Ag nanotube for detection of dithiocarbomates pesticide [31]. Among 
the support surface for LSPR, glass substrates have been the most popular and been 
attracted considerable attention for LSPR sensor platform. The LSRP sensing mecha-
nism has been recently been utilized in sensing the eloba virus by Tsang et al. and the 
nanoparticle have been able to sense the virus at lowest LOD level. While and Li et al. 
reported the detection of SARS-COV-2 (COVID-19) [29].

2.2.4 Bottom-up fabrication methods developments of plasmonic biosensors

Among the fabrication approaches for plasmon biosensors, bottom-up approach 
has attracted prodigious interest due to control over the structure, shape, and size 
as compared to top-down approach. Top-down approach uses lithographic etching, 
which is associated with undesirable structures. The unique and extremely sensitive 
nanostructures of SPR and LSPR properties, together with generality of fabrication 
method used obviate the undesirable optical and structural effect associated litho-
graphical prepared nanostructures for sensing applications. The size and shape of the 
nanostructures are of great interest, due to their huge influences in fine-tuning the 
sensitivity due to an enhanced interaction surface area and electric properties com-
pared to the bulk material counterparts. A novel way to get around the constraints of 
a traditional SPR biosensor’s detection limit, sensitivity, selectivity, and throughput 
provided by recent developments in nanofabrication techniques and nanoparticle 
syntheses.
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Before every step in plasmonic nanostructures developments is the fabrication 
approach. The fabrication method influences the physical and chemical identity/
nature of plasmonic materials, which is the size, and structural morphology to 
name few. These properties turn to determine the plasmonic biosensor activity. 
Nanotechnology and nanostructures have shown a great interest in contributing 
towards the nanoplasmonic materials, which entails biosensing and biological 
application, through manipulating the sensitivity [32]. Nanostructures as the driving 
force of nanotechnology, hold the futuristic technological developments of portable 
devices, and drive the next technology generation such as the fourth industrial 
revolution (4IR) and machine learning [33, 34].

The recent progress in the fabrication of advanced smart nanostructures find a 
widely application in the environmental and biological disciplines. In addition, the 
effort to fabricate nanoplasmonic biosensors based on LSPR mostly noble metal 
(Au or Ag), to reduce cost, expensive equipment, and these materials exhibited 
unmatched characteristic features that can be utilized [35]. In this regard, the optical 
characteristics of metallic nanostructures such as Au and Ag nanoparticles (NPs) 
have been developed and utilized to create simple, fast-responding, and low-cost 
nanodiagnostic and nanotherapeutic smart systems due to their chemical stability 
and biocompatibility [36]. In fact, due to their intense interactions with light, AuNPs 
and AgNPs are specifically studied for their optical features [37].

Masterson et al. reported the bottom-up synthesis of AuNPs, AuNRs [38]. There 
are many methods used to fabricate plasmon nanostructures with various morpholo-
gies, that is, nanoplates, nanorods, nanosphere, nanoarrays, etc. [39] as shown in 
Table 1. Kim and co-workers reported the nanoarrays using electron beam lithogra-
phy, for detection of avian DNA-Influenza utilizing the SPR [45]. In 2018, Liu et al. 
reported the Au nanoplates using the hydrothermal synthesis for the sensing of, [46].

2.2.5 The limitation of plasmonic biosensors

The inability to consistently detect minor changes in refractive index brought on 
by substances in low concentration at the sensor surface is one of the primary issues 
preventing the further development of SPR applications. The expense of noble metals 
used in plasmonic biosensors. In addition, there are still many obstacles to overcome, 
both now and in the future, despite the recent boom in the development of nanoma-
terial-based plastic sensors for POC facilities applications. Among the technology 
bottleneck, researcher mostly discuss the plasmonic biosensors that are urgent which 
limits the development of biosensors. The first one is the Covid-19 global pandemic, 

Fabrication method Materials Application Ref

Template method Au nano slit [40]

Chemical reduction Ag nanoparticles [41]

Seed-mediated growth Au nanorod Detection of 
tuberculosis

[42]

Electrodeposition Au, Ag, Cu Antigen-antibody 
detection

[43]

Hydrothermal/solvothermal Au nanoplates SERS enhancement [44]

Table 1. 
Summarized list of methods for the synthesis of various nanostructures morphology and their applications.
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which requires rapid, POC diagnostic facility to urgent identify contraction of the 
(SARS-COv-2) virus. Another challenge I to quickly develop the accurate, reliable 
plasmonic biosensor that is flexible in realization of 4IR and machine-learning tool 
that can easily use to predict the sensing properties of the nanoparticles [44].

3. Biosensing for environmental monitoring

The increased industrial and agricultural activities have increased the levels of 
chemical and biological substances being release into the environment. Thus, envi-
ronmental monitoring is mandatory. This drives the need for real-life detection with 
rapid measurements that allows environmental monitoring in various real-life situa-
tions. Plasmonic biosensors have shown the potential to detect pollutants directly and 
reliably in the environment. The most common analytes detected by biosensors for 
environmental monitoring include heavy metals in water, pesticides, and potentially 
toxic and dangerous chemicals such as explosives [19, 23, 47–49]. Conventional sens-
ing substrates have been improved with plasmonic materials for enhanced perfor-
mance. The design of specific plasmonic structures made it possible for easy binding 
of analytes, bringing the pollutants close to the surface of the plasmonic sites [47].

3.1 Heavy metals

Heavy metals such as Cu, Hg, Pb, and Cd are among the harmful inorganic pollut-
ants released into the environment from industrial and agricultural activities [50–52]. 
They do not decompose naturally and thus become persistent in water streams and 
agricultural land. Since their presence is regulated, their detection is mandatory to 
prevent diseases, protect the environment and strategize viable treatment plans to 
meet regulation requirements [53].

One of the most common plasmonic biosensors are colorimetric sensors. They 
offer convenient, rapid in field pollutant response that can be observed with the 
naked eye. This type of sensing is possible because the local surface Plasmon reso-
nance peaks of the biosensors fall within the visible spectrum and the aggregation 
that occurs in the presence of the pollutant/analytes cause changes in color [47]. For 
instance, detection of Hg2+ ions were demonstrated using mercaptopropionic acid 
(MPA) capped Au NPs, where Hg ions complexed with carboxylic acid groups of MPA 
revealing a color change from red to colorless. The selectivity of Hg2+ ions among 
other metals was improved in the presence of 2.6-pyridinedicarboxylic acid (PDCA) 
due to increased complexation coefficient. As a result, a quantitative detection range 
of 250–500 nM with a limit of detection of 100 nM was established [54].

In another development, a rapid color change from blue to red was observed in 
the detection of Pb2+ions with DNA zyme assembly of Au NPs (Figure 4) [55]. The 
DNA zyme assembly forms a hybrid with Au NPs, which resulted in aggregation. 
Furthermore, the presence of lead catalyzes the hydrolytic cleavage, which dissembles 
the hybrid into dispersed Au NPs bringing the color, back to red (Figure 4) [55].

3.2 Pesticide and explosives

The release of organic pollutants such as pesticides (used in agriculture) and poly-
cyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls, phenol, dioxins 
(by-products of combustion, incineration, and chemical manufacturing processes) 
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into the environment presents a concern for environmental protection. For example, 
pesticides and PAHs can accumulate in soil and water and they pose endocrine-
disrupting activity, which can be a threat to human health and local ecosystems 
[56, 57]. Many SPR-based immunosensors have shown potential in the detection of 
these environmental pollutants such as atrazine, Dichloro-Diphenyl Trichloroethane 
(DDT), 2,3,7,8-tetrachlorodibenzo-p-dioxin, carbaryl, 2,4-D, benzo[a]pyrene 
(BaP), biphenyl derivatives, and trinitrotoluene (TNT) [22, 58, 59]. Recently, signal 
amplification for the detection of TNT was demonstrated using LSPR-based AuNPs. 
TNT detection occurred through the formation of a Meisenheimer complex with 

Figure 4. 
DNA zyme-directed assembly formation and cleavage of Au NPs during Pb2+ ion colorimetric sensing. Reprinted 
with permission from Reference [55].

Figure 5. 
The formation of Meisenheimer complex between L-cysteine capped Au NPs and TNT. Reprinted with 
permission from Reference [60].
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L-Cysteine capped AuNPs (Figure 5). The electrostatic attraction between the TNT 
and L-cysteine capped Au NPs resulted in aggregation of the NPs. The material could 
detect TNT in shampoo solution demonstrating good selectivity [61]. SERS substrates 
based on AuNRs were applied for the detection of low levels of three dithiocarbamate 
fungicides. Their interaction between the pesticides and the Au-NRs resulted in the 
formation of Au-S covalent bonds on the surface between the pesticides and the 
Au-NRs. Detection limits of 34, 26, and 13 nM were discovered for thiram, firbam, 
zeram, respectively [60].

4. Plasmonic nanostructures in diagnostics

4.1 Molecular diagnostics assays

Historically, molecular diagnostics assays polymerase chain reaction (PCR) have 
played a key role in society in curbing the spread and effects of various infectious 
diseases through early detection [36, 62]. Even though, this technology provides fast 
and reliable results and do not require any post processing, its limitations are still the 
expensive machinery, lengthy assay times and sophisticated operational processes 
that often require a trained personnel [63, 64]. The fast development of nanotechnol-
ogy and their use in biotechnology has shone a new light towards the use of molecular 
diagnostics. Specifically, the use of plasmonic nanoparticles has had a significant 
impact on the clinical and life science [65]. Plasmonic optical properties make them 
ideal for use in molecular diagnostics because they improve sensitivity, selectivity, 
efficiency in drug delivery and specificity [66, 67]. K. Jiang et al. reported the use 
plasmonic magnetic nanoparticles covered with silica core shell for the detection of 
DNA ranging from 0.5 ng μL−1 to 3 fg μL−1 within 20 minutes using cPCR [62, 67]. 
This study shows the importance of using plasmonic nanoparticles for the detection 
of diseases in real time that is acquit of traditional molecular diagnosis limitations 
such as lengthy assay times. In this study, the plasmonic magnetic nanoparticles were 
used for their dual function of thermal cycling and magnetic separation and detect-
able color change [62].

4.2 Surface-enhanced Raman scattering immunoassays

SERS-based immunoassays are a promising tool and integral for the identifica-
tion of biological threats through early detection of biomarkers, which is crucial for 
disease control [68]. The SERS technology the plasmonic nanoparticles are function-
alized with Raman reporters, which are attached to protein binding membranes. The 
binding membrane facilitates the detection of diseases and shows high sensitivity 
[69]. Gold, silver, copper, and platinum nanoparticles have been used to improve sen-
sitivity and enhancement factor of the SERS substrate [70]. The schematic illustration 
of a typical SERS immunoassay is shown in Figure 6.

However, in recent years the SERS technology has been moving away from the 
use of pristine spherical nanoparticles and moving towards the different morpholo-
gies and composites. The reason for the observed shifts is due to the realization that 
plasmonic using pristine spherical nanoparticles does not realize the full potential of 
SERS in point of care tests. S. Nyembe et al. performed a comparison study of gold 
nanowires (diameter of 10 nm) with various gold nanoparticles (14, 30 and 40 nm) 
and the results showed that gold nanowires had a better enhancement factor than 
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the spherical gold nanoparticles [72]. The higher enhancement factor was due to 
better adsorption capacity due to higher surface area and from entrapment caused by 
interstices formed by their network as shown in Figure 7 [72].

Figure 6. 
Schematic illustration of a typical SERS sandwich immunoassay for biomarker detection [71].

Figure 7. 
TEM image of gold nanowires [72].
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5.  Prospects of molecular diagnostics and biosensing using plasmonic 
nanostructures

5.1 Gold standard methods

Covid-19 is an acute respiratory disease that has infected over 500 million people 
worldwide and has taken lives of over 6 million people (as of November 2021). During 
the pandemic, governments offered tests sights in various locations to test as many 
people as possible using traditional testing methods. However, long queues, register-
ing procedures and traveling proved to be major challenges. To curb the spread of this 
virus government required diagnostic sensors that are timely, portable, and accurate 
POC so that more people could be tested [44].

There are diagnostic methods that are regarded as gold standards for detection of 
infectious diseases such as detection of TB and HIV using immunoassay and Covid-
19 via PCR [73]. These diagnostic standards are regarded as low cost, extremely 
sensitive and easy to operate with low limit of detection [74]. However, the recent 
2020 worldwide Covid-19 pandemic forced a divergence use of the traditional 
gold standards methods. The gold standards methods often requires a well-trained 
physicians and it is time consuming. The alternative testing such as lateral flow 
immunoassay and other plasmonic nano sensors significantly reduces the time for 
results down to 15 minutes with an added advantage of portability. Even though 
the detection limit of the gold standard methods is superior to the plasmonic nano 
sensors, there is a consensus prospects that these diagnostic nano sensors based on 
plasmonic nanoparticles would be use more in the future to reach masses for screen-
ing of infectious diseases [44].

5.2 Miniaturization

The optical biosensors often require a reliable light source and an optical read out 
instrument. The optical biosensors mostly relies on the natural sun light as the source 
of light and the human eye as the photo-detector in the visible wavelength. A good 
example of these optical biosensors are the colorimetric pregnancy tests [44]. Where 
the nanoparticles such as gold produces LSPR that induces light absorption change 
detectable by the naked eye. The future of this technology heavily depends on the 
development of semiconductor technology to produce extremely sensitive, reliable 
and enhance resolution results. The fast growing semiconductor technology in the cell 
phone industry means that cell phones are now equipped with powerful computing 
power and high resolution cameras. These cell phone capabilities means that in the 
future, the light emitted diode (LED) from cell phones, could be used as a light source 
with accurately controlled wavelength and intensity. The high-resolution camera of 
a cell phone could be used as sensitive photo-detectors for the sensing. Hence, in the 
future, cell phones would be used to provide real-time diagnostic results via analysis 
of optical signal analyzed with complex algorithms [44].

5.3 Theranostics

Theranostics is a nanomedicine that comprises of both diagnosis and therapies 
of illnesses achieved by using a biomaterial based nanoplatform. This nanomedicine 
technology uses nanostructures within the 1 to 100 nm range that are functionalised 
with organic or inorganic materials and often with an engineered compound such 
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as phthalocyanine that could disrupt the functionality of the cells of the infectious 
disease [75]. The functional groups on the surface of the nanoparticles usually directs 
them to the desired location of the infectious disease that could be detected using 
ultrasound, MRI, or CT scans (diagnosis). Once at the target site, the engineered 
compounds are activated by energy source such as laser (phototherapy), causing 
them to release energy causing a cell destruction (therapy) such as stubborn cancer 
cells. The advantages of theranostics technology that would make this the technology 
of choice in the future are; improved targeting effect, reduced systematic toxicity and 
enhanced solubilizing potential to hydrophobic drugs [76]. Figure 8 shows a sche-
matic of the dual effects of theranostic approaches.

Even though application of plasmonic materials in bio-molecular sensing has seen 
great leaps in the past couple of decades and has circumvented multiple challenges. 
The areas that are leading the path into the future for the biosensing technologies is 
machine learning and artificial intelligence.

5.4 Machine learning

Plasmonic biosensors uses plasmonic nanoparticles to enhance the surface 
Plasmon effect, which highly depends on the morphology of the nanoparticles. 
The different morphology of these nanoparticles offer difference optical proper-
ties. Hence, it is crucial to design the plasmonic nanoparticles to suit its application 
[77, 78]. Difference morphology are often required for the detection of different 
infectious diseases such as human immunodeficiency virus (HIV), tuberculosis (TB), 
hepatitis B virus (HBV) with varying limits of detection. The various morphology of 
plasmonic nanoparticles is shown in Table 1.

Figure 8. 
Various therapies and diagnostic approaches used for the theranostic concept [75].
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The prospects of using plasmonic nanoparticles would depend on better under-
standing and accurate prediction of the plasmonic properties of the nanoparticles. 
Often optical properties of nanoparticles are computed using molecular modeling. 
However, it is challenging to predict with a high degree of accuracy the perfect 
nanoparticle morphology with the required optical properties. Furthermore, 
molecular modeling is time consuming [79, 80]. The recent developments of machine 
learning and artificial intelligence are the answer for this challenge and holds hope 
for future applications. Machine learning is more accurate in predicting the required 
properties for the application. Furthermore, machine learning has the capabilities to 
optimize the design parameters of the plasmonic nanoparticles to achieve the required 
optical properties [81]. Hence, machine learning serves as the powerful tool that can 
be used extensively in various plasmonic image analysis for better understanding 
their optical properties.

6. Conclusion

Plasmonic nanostructures with various morphologies have sparked interest for 
use in biomarker sensing and rapid diagnostics. Spherical plasmonic nanoparticles 
such as gold and silver have played an integral part of these technologies, however, 
in recent years other morphologies such as rods and nanowires have been of interest 
due to their high aspect ratios and high surface area. In this chapter, the fundamental 
plasmon properties were explored for various diagnostic and biosensing applications 
in infectious diseases and common water pathogens. We also explored the prospects 
for rapid diagnostics and biomarker technologies in a world that requires test results 
efficiently, reliably, and quickly. The fate of traditional diagnostic technologies was 
also discussed with some new developments that would help this technology soon.
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Chapter 5

Plasmonic Optical Nano-Antenna 
for Biomedical Applications
Rasha H. Mahdi and Hussein A. Jawad

Abstract

Plasmonics attract significant attention of the researchers due to Plasmon’s 
surpassing ability to match free space electromagnetic (EM) excitation into the 
nano-scale size and conduct the light-tissue interaction in this scale. Plasmonic 
nano-antennas (PNAs) is a coupling of EM waves into Localized Surface Plasmon 
Resonance (LSPR) which is considered as an interesting subject for theoretical and 
experimental study. This presents a new concept of the confinement of light in 
subwavelength scales with huge local fields which can generate very high near field 
intensities because of their LSPR. The generated field is invested in various applica-
tions that are depending on near field enhancement produced by plasmonic optical 
nano-antennas (PONAs) such as Surface-Enhanced Raman Spectroscopy (SERS), 
biosensing, spectral imaging and cancer treatment. Bowtie shape PNAs (PBNAs) 
can transfer the light field efficiently by converting the light from external space into 
a subwavelength spectral region with the improvement at an optical wavelength in 
a tiny area between its antenna arms. The local EM field production in a gap area is 
the main reason to suggest PBNAs shape if the frequency of the incident EM waves 
coincide the structural resonance peak so it is acting as a tunable hot spot.

Keywords: plasmonics, laser cancer treatment, biomedical applications

1. Introduction

The back bone of numerous applications in the recent years is the plasmonic  
nano-antennas especially in the optical spectral regions due to their unique properties, 
as high enhancement and subwavelength confinement of the electrical field. One of 
the attractive application is the treatment of the cancer cells where the diffusion of heat 
could be controlled via plasmonic nano-antennas and hence the temperature is confined 
in the diseased tissue. Nano-antennas are consisting of adjacent metallic nano-particles 
with nano-scales gaps (in particular the bowtie shape) which have excessively strong 
field confinement and enhancement in the gap region. The generated field is invested in 
various applications that are depending on near field enhancement produced by plas-
monic optical nano-antennas (PONAs) such as cancer treatment. The heat produced 
and the thermal diffusion in the plasmonic structure are not richly investigated might 
be due to the shortage in the experiments. Vigorous potentials are conducted into the 
development of new techniques for the controlled temperature at the nano-scale and the 
destroying cell by the temperature rise due to the converting heat is also included.
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In this chapter we try to high light on the important aspects of the interaction of 
laser light with proposed cancer cells. A case study was designed and studied repre-
sented by a plasmonic bowtie nano-antenna. First of all, we have to design a suitable 
cell of nano-antenna considering the dimensions in nano scale. The second step is 
to select the shape because it represents the enhanced field source in addition to an 
appropriate noble metal due to the application of plasmonic bow-tie nano- anten-
nas is conducted inside the human body. The wavelength of the laser used should be 
selected depending on the resonance frequency because the absorption is regarded 
the first step of the plasmonic generation. The field distribution is quite important to 
kill the diseased cells so, the angle of laser incidence and the distance to the tissue play 
the essential role in the effective process. The virtual tissue is irradiated by two laser 
wavelengths (532, 1064) nm through a single bowtie nano-antenna, The absorption of 
EM field that is transferred to heat in the human body depending on the incident EM 
power density is measured via SAR. It is written as Eq. (1) [1].

 ( )2 /2 /wSAR E Kgσ ρ=  (1)

Where:
σ = conductivity of the tissue-simulating material (S/m).
E = total Root Mean Square (RMS) field strength (V/m).
ρ = mass density of tissue-simulating material (kg/m3).
From the thermal energy deposited on the proposed tissue, the temperature eleva-

tion could be estimated as the following equation:

 ρ=dQ V C dT  (2)

Where:
Q = the thermal energy (J).
V = the volume (m3).
C = the specific heat (J /K. kg).
T = the temperature in Kelvin (K).
Both sides in the equation could be divided by (ρ V dt), then the terms are rear-

ranged, so the following equation could be written as:

 ( ) ρ =/ / . /dQ dt V C dT dt  (3)

The specific absorption rate and the temperature elevation detection via the time 
period calculation are the main considered parameters. Finally, the main conclusions 
are extracted from the obtained results of the case study.

2. Plasmonics nano-antenna

The optical field could be transformed into localized energy via a structure 
called optical nano-antennas (ONAs). Their structures have an ability to control and 
manipulate the optical field at subwavelength scales [2].

ONAs require engineering accuracies of the characteristic dimensions down 
to a few nano-meters while about to the wavelength scale in other antennas [3–6]. 
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However, this downscaling holds the technological challenges of nano-scale antenna 
engineering [6, 7]. The antenna performance can be strongly enhanced by plasmon 
resonances that lead to high and confined fields. The optical excitation of ONAs with 
a suitable wavelength can produce very high near-field because of their LSPR [4].

The interaction of an intense electromagnetic field with electrons ejected freely at 
the interface between dielectric/metal results in a quantum electromagnetic phenom-
enon called surface plasmon resonance (SPR). plasmonic is a field that deals with 
SPR. The interesting potential for engineering many devices and patterns involving 
nano-photonic devices are based on plasmonic nano-structures.

Plasmonic nano-antennas (PNAs), are able to controlling and confining EM field 
at the nano-scale. The performance evaluation of PNAs is depending on two impor-
tant parameters, the absorption of the light and field improvement locally. A wide 
research areas invest the high light absorption, such as thermal emitters, solar thermal 
applications, thermal photoluminescences, and sensors. The improved electric fields 
at resonance wavelength can modulate the optical properties in the vicinity of mol-
ecules, so that, enhancing their light-matter interactions [8–10].

The tuning of the plasmon resonance for both absorption and emission to the 
excitation or the emission of species is the interesting research recently. The exciting 
EM field is enhanced several order of magnitude due to the production of what so-
called hot spots when perfect nano-structures are designed. The structures working at 
plasmonic resonances open the ability to implement antennas working in the visible. 
The hot areas could be used to excite the effects at nonlinear regime so to match the 
EM field effectively. SERS and tip-enhanced Raman spectroscopy are the practical 
techniques that show the influence of such hot areas to observe the emitters with its 
sensitivity down to a single molecule [11].

The construction structure of PNAs is depending mainly on putting a gap at the 
sub-wavelength scale between two metallic areas, are gained distinguishable impor-
tance. This is mainly because of the hot spots in PNAs produce intensive EM field in 
nano-size overcoming the restriction of the diffraction. The confinement of the light 
field by BNAs is observed to be several order of magnitudes in the nano-scale smaller 
than the incident wavelength, as improved by the dimensions of the gap [12].

The resonance wavelength decisively depends on the shape, dimensions, and 
material of the antenna, a numerous variation of plasmonic antenna structures 
published proposed, such as bowties, nano-rings, nano-rod, and Yagi-Uda anten-
nae. The sharp resonance wavelengths with narrow-band spectra with sharp are a 
major challenge for applications that require devices operating over a wide range of 
frequencies. For example, antennas used to improve energy harvesting efficiency of 
photovoltaic devices. Broadband PNAs are also highly wanted for SERs, fluorescence 
enhancement, and higher harmonic generation, which are multi-wavelength and 
broadband in nature [13].

2.1 Metal nano-antennas

The intensity of the light, the dimensions of the components, and the material 
used are the essential parameters that produce plasmons excited by optical frequency. 
The suitable matters for this type of excitation are noble metals (i.e., gold (Au), silver 
(Ag), copper (Cu), and aluminum (Al)) so result in an important enhancement of the 
design and devices.

The nano-structures of metals with around area included in any design of 
optimized parameters need mainly the optical properties of PNAs especially in the 
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medical field. Among many metals, gold is a perfect metal against high-temperature 
oxidation with the best plasmonic characteristics and especially suitable for biocom-
patible applications.

Distinguished spectroscopic features (spatial, spectral) are observed in noble 
metal nano-antennas (MNAs) such as Au NPs and Ag NPs. MNAs have those features 
resulting from the oscillations of electrons collectively in the conduction band, which 
is LSPR [10].

MNAs can confine and improve near IR and visible field in superficially by the 
excitation of LSPR. The ‘EM hot region (spot)’ that could be created on the nano-
antennas has excessively utilized the absorption of light locally leading to an increase 
the weak intensity in the nonlinear optical process [14].

Au nano-particles (Au NPs) could effectively absorb IR and visible field energy in 
quite concentrated sizes, getting them properly controllable heat source in subwave-
length size. In addition to the great importance the mechanism of those phenomena to 
be investigated, the capability to generate point like heat nano-heat encourage a broad 
area of research in physics, chemistry, and biology. The aforementioned properties 
of Au NPs especially as a nano-sources are promising researchers in the catalysis at 
nano-size, photonics, and in the field of medicine for cancer cells destroying photo-
thermally [15].

3. Heat generation in nano-antenna

PNAs cause an exaggerated heat produced in the metal after the excitation of the 
external light source, producing a side hot areas—i.e., the elevation of the tempera-
ture in a restricted region which is a mainly undesirable effect in various research 
namely spectroscopy, sensing, and optical signal processing. Localized heat of PNAs, 
in another hand, is very useful in a group of applications such as nano-engineering, 
cancer treatment, nano-manipulation, hot vapor generation, and catalysis [14].

The local temperature elevation of MNAs is quite low thermal radiation in the 
mid-to-far IR wavelength spectral region. In addition, if (the mean free path) of 
the substrate materials is larger than the nano-antenna size, the heat converted the 
volume of metal volume may be reduced [16]. It is well known that the metals in 
nano-size create regional temperature gradients after external light exposure, quite 
enough to generate subwavelength areas of super-heated water surrounding the 
species [17].

Photo-induced heating of nano-antennas can vary their geometry because of 
the metal melting. The melting process can minimize the nano-range properties so, 
directly nano-antennas becomes nano-spheres if temperature increment is estab-
lished. The variation of the morphology may affect on the antennas’ spectral response 
and can decrease the near-field generation. The melting temperature of metal can 
take place at higher surface melting temperatures of nano-antennas [18, 19].

The pioneering author is previously shown that the structures of hybrid plas-
monic have good selectivity and huge improvement of the near-field intensity due 
to effective trapping with re-cycling of photons in near IR and visible in photonic 
modes [20–22].

The IR thermal radiation could be produced and enhanced by the selection of 
the optimum parameters of materials and the dimensions regarding the geometry 
on a range at or under the emitted thermal peak resonance wavelength [14]. The 
convective and radiative cooling represent other ways to diffuse heat intensity from 
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nano-sizes, where became effective if the thermal conductivity is disturbed because 
of the particles in the nano-size [23].

4. Specific absorption rate

The extension result of the EM field is the elevation temperature of the tissue in 
a limited region caused by the generated heat which could affect on the biological 
system. The heat diffusion and its influence on the tissue are specified by the Specific 
Absorption Rate (SAR). SAR magnitude can not increase above the level of irradia-
tion which becomes harmful. SAR magnitude is depending mainly on various factors 
such as the position of the antenna related the human tissue, the intensity field of the 
antenna, and the power.

The specific absorption rate (SAR) is an indication tool of absorption where the 
EM field exposure in the human body could be estimated. SAR is mainly used to 
measure the absorbed power in the tissues after irradiation by external field so that 
it gets the heat of tissue to be increased. The biological tissue heat could be checked 
via a safe method which is mainly depending on measuring the temperature elevation 
in tissues. It is mentioned that the temperature and SAR are evaluated in the human 
tissues so the precaution measures are verified. SAR is a function of many factors. 
Those factors affect on the absorption of EM field. SAR variations are depending 
on the properties of the wave, properties of the body and environment properties. 
Regarding the properties of the wave, the extent of SAR changes is depending directly 
on the features of the signal, such as frequency and polarization. In another side the 
dependence with the tissue human body, the SAR value depends on the type of tissue 
(e.g., geometry, size, age, and dielectric properties) and tissue orientation/exact 
location (e.g., the situation of the body; front or back incidence). SAR, in addition, 
depends on the exposure states, e.g., environmental exposure (indoor and outdoor) 
and influences of other objects in the field near the exposed body [24].

It is important to understand SAR calculation with respect to averaging design. 
There are two procedures to accomplish SAR calculations: first is point SAR, and sec-
ond is averaging SAR (i.e., mass or volume). Point SAR is the value regardless of the 
averaging of the mass and the maximum SAR of all the grid cells is provided. When 
the absorbed power in each grid divided by grid mass, the point SAR is evaluated. 
While in the averaged SAR, a cube of known mass, e.g., 1 or 10 g, is utilized for every 
point, then the loss of the power density is integrated on this region. Then, the power 
loss in the integral form is divided by the mass cube [1, 24].

Because the electric field is usually not spatially uniform, SAR is averaged over 
a volume of tissue regarding the type of the source. It is useful to mention that the 
electric field is not fixed in time, so that, the probe is used for short-term time-
averaging [1].

5. Time period estimation

The temperature is elevated in human tissues due to the absorption of power from 
EM fields. An irreversible damage of the tissue can take place due to the absorption of 
high power. The dielectric and thermal features of the proposed tissue model are used 
to evaluate the relationship between the temperature and the point SAR, it could be 
estimated considering the equation of heat (2) [25].
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The SAR value is represented in the left side, so that the thermal distribution in 
tissues for a period of (Δt) can be determined.

It can rewrite Eq. (4) as:

 F=P/A.  (4)

It is worth to mention that the short time period is quite important in the treat-
ment of the diseased tumor cells because of the generated heat does not dissipated 
to the surrounding healthy tissues, for this reason the calculated time period in this 
study does not possible unless using the laser either in pule mode or in chopped 
mode.

6. Design of nano-antenna

From the various type of optical nano-antenna, the bowtie shape is the preferred 
choice in this study, as compared with a dipole [26]. Plasmonic BNAs is usually 
designed due to the confinement of the electric field in the gap region, working at 
higher frequencies, and keeping the whole size much smaller (nano-meter) [9]. 
Regarding the sharp tips of the two arms of the bowtie antenna, the group and phase 
velocities of surface plasmonic waves decrease with the distance of propagation and 
finally become zero [27]. BNAs are expected to possess a relatively broad bandwidth 
because they represent the two-dimensional analogue of a biconical antenna [28]. 
The localized plasmonic near-field, which is highly sensitive to the refractive index 
of its surrounding medium can be tuned by adapting the nano-structure shape. 
Geometrical parameters such as size, gap distance, height, and bowtie apex angle have 
a direct effect in the LSPR [29].

7. Single unit plasmonic bowtie nano-antenna

Bowtie shape PNAs (PBNAs) can transfer the light field efficiently by converting 
the light from external space into a subwavelength spectral region with the improve-
ment at an optical wavelength in a tiny area between its antenna arms.

First of all, initial dimensions are selected to design primary bowtie shape nano-
antenna by sitting the length of nano-antenna is (L), the width is (W), the thickness 
is (T), the apex width is (A), the gap width is (G) and the bowtie apex angle is (Θo) 
[30], as shown in Figure 1a.

The bowtie structure is normally illuminated by linearly polarized waveguide 
excitation source along the x-axis (x-polarization). The surrounding environment of 
the design structure is assumed to be air. as shown in Figure 1b.

8. The proposed tumor tissue model

The proposed tumor represents cancer cells in the skin tissue located in the center 
of the skin structure as shown in Figure 2.

The thermal properties of the tissue are listed in Table 1. In addition, the 
dielectric properties of the tissue play an important role in the investigation of the 
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propagation characteristic of the plasmonic optical nano-antenna. These properties 
are mainly depending on tissue type and the wavelength of interest.

8.1 Exposing the tumor to the designed nano-antenna

The designed tissue is subjected to the plasmonic nano-antenna (single and an 
array) radiation at different distances, the resulted pattern is shown in Figure 3.

The designed structure was illuminated normally by a waveguide source linearly 
polarized along the x-axis as shown in Figure 3. The proposed tissue is located in the 
upper edge of the antenna and centered in front of the gap of the nano-antenna. The 
structure is surrounded by the air.

Figure 1. 
(a) Schematic diagram of single 3D plasmonic nano-antenna with dimensions of the length of nano-antenna is 
(L), the width is (W), the thickness is (T), the apex width is (A), the gap width is (G) for the gold and the length 
(l), width (w), thickness (t) for the SiO2, and (b) the direction of excitation.
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9. Specific absorption rate calculations

The estimation of the temperature distribution of any tumor embedded in a 
tissue exposed to a light source is quite complicated due to the nature and the 
location of tissues. In the present study, the time of reaching the temperature to 
be fair enough for destroying the diseased cells is estimated through the calcula-
tion of SAR.

9.1 Specific absorption rate at 532 nm for single nano-antenna

The optimized single NA working at resonance wavelength 532 nm is located at 
different distances from the tissue (100, 200, 300 and 400) nm to calculate the SAR 
for each as illustrated in Figure 4a–d. The point SAR inside the proposed tissue are 
(1.83 × 1011, 1.19 × 1011, 8.22 × 1010, and 4.72 × 1010) W/kg for distances (100, 
200, 300 and 400) nm respectively. It is observed clearly that the SAR reduces with 
increases the distance because the reduction of the strength of the receiving far-field. 
The field is concentrated in the center of the tumor which means that the surrounding 
tissues are not affected by the field.

The behavior of SAR related to the distance from the proposed tissue at the wave-
length of 532 nm for single NAs is shown in Figure 5. The SAR is increased with closer 
distance and the maximum value of SAR is detected for single unit.

Figure 2. 
3D schematic view of the tumor embedded in the skin tissue. The dimensions are (L = W = 600 nm and 
T = 300 nm).

Tissue Thermal conductivity K (W/m) Specific heat C (kJ/K/kg) Mass density ρ (kg/m3)

Skin 0.2 3.6 1200

Tumor 0.5 3.6 1050

Table 1. 
The properties of the tissues.
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9.2 Specific absorption rate calculations at 1064 nm single nano-antenna

Figure 6a–d shows the distribution of the field in the tissue after subjecting to 
single NA at 1064 nm for various distances (100, 200, 300 and 400) nm. The point 
SAR inside the proposed tissue could be calculated. The maximum values of SAR are 
(2.28 × 1011, 1.17 × 1011, 8.49 × 1010, and 8.11 × 1010) W/kg for distances (100, 200, 
300, and 400) nm respectively. It is noticed that the point SAR value is not varied 
clearly at this wavelength.

Figure 7 shows the behavior of SAR as a function of different distances at the 
wavelength of 1064 for single NAs. Similar behavior is detected for both wavelengths 
but it is noticed that sharp reduction from single to an array structures.

It is obvious that the distribution of the far-field in the tumor is varied for two reso-
nance wavelengths (532 and1064) nm where the field is appeared out the tumor in the 
case of 1064 nm. This distribution may affect on the healthy surrounding tissues which 
are not preferred in this type of application although the strength of the field is suit-
able. In addition, it is well observed that the SAR increases with the closest distance.

10. Time period estimation

The temperature elevation in the irradiated tissues could be estimated easily 
related to the SAR calculations owing to Eq. (1). It is noticed from this equation that 
the temperature elevation in the tissue is depending mainly on the time period of 
exposing to NAs for a certain SAR, so the time period should be selected carefully to 
verify the wanted temperature for tumor cells killing.

10.1 Time period estimation in tumor tissue at single nano-antenna

The main goal of the treatment of the tumors is the temperature rise over the 
normal level to cause cells damage which could be estimated by (60°C). Table 2 

Figure 3. 
The final pattern of bowtie nano-antenna in front of the designed tissue.
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Figure 4. 
The calculated SAR in the proposed tumor tissue exposed to a single NA at 532 nm for different distances. 
(a) 100 nm, (b) 200 nm, (c) 300 nm, and (d) 400 nm.

Figure 5. 
Specific absorption rate as a function of the distance from the tissue at single unit for 532 nm.
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represents the time period estimation to attain the required temperature in the pro-
posed tumor tissue for single NA at two wavelengths (532 and 1064) nm for different 
distances (100, 200, 300 and 400) nm from the tissue. It is clear that the time period 
is shorter for closer distance from the tissue for both wavelengths while it shortest for 

Figure 6. 
The calculated SAR in the proposed tumor tissue subjected to single NA at 1064 nm at different distances 
(a) 100 nm, (b) 200 nm, (c) 300 nm, and (d) 400 nm.

Figure 7. 
The specific absorption rate as a function of the distance from the proposed tissue at 1064 nm for single unit.
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longer wavelength (1064 nm). It is observed from the results that the time period is 
varied related to the field distribution in the tissue and how much regular and hence 
for SAR calculation.

It is worth to mention that the short time period is quite important in the treatment 
of the diseased tumor cells because of the generated heat does not dissipated to the 
surrounding healthy tissues, for this reason the calculated time period in this study 
does not possible unless using the laser either in pulse mode or in chopped mode.

The optical plasmonic nanoantenna proves high ability to destruct the tumor 
tissues especially the cancer cells due to those antennas are considered as a hot point 
source which means that the desired tissue could be destroyed without affecting the 
surrounding healthy tissues. Our purpose is to estimate the thermal distribution in 
the tissue at different distances from the nanoantenna. The bow tie shape of plas-
monic nanoantenna is selected because in the sharp tip the group and phase velocities 
of surface plasmonic waves decreases with the distance of propagation and finally 
become zero. The generated field could be enhanced several order of magnitude in 
the gap, so the gap width should be selected accurately. The calculated results of the 
SAR proved that the best value is the closest to the tissue which causes to the higher 
temperature generated in it, knowing that the resonance wavelength is varied related 
to every distance and does not represent the best.

The maximum temperature generated in the tissue under the influence of optical 
plasmonic bow tie nanoantenna is detected at a distance of 100 nm, which gives a 
clear indication that the distance from the tissue affects on the distribution field in the 
tissue and hence on the temperature elevation.

11. Conclusions

Plasmonic Bowtie nanoantennas are designed for single structure at two resonance 
wavelengths (532, 1064) nm then applied to a proposed skin tissue with a certain 
environment. The temperature elevation in the tissues is evaluated to estimate its 
ability to use it as an effective tool for destroying the cancer cells. From the extracted 
results, it could be concluded:

• The design parameters have a mutual effect on each other at various rates but the 
length of antennas seems the higher influence.

• Higher near field intensity is detected for single NA at 532 nm than for 1064 nm 
while the near-field is improved for the resonance wavelength 1064 nm.

Distance D (nm) Time period (μs)

532 nm 1064 nm

100 6.55 5.26

200 10.1 10.2

300 14.6 14.1

400 25.4 14.8

Table 2. 
The calculation of the time period in the proposed for distances (100, 200, 300 and 400) at two wavelengths 
(532 and 1064) nm for single nano-antenna.
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• The detected far-field intensity is higher for 532 nm in a single wavelength.

• The distribution of the intensity field in the skin tissues is directly influenced by 
the resonance wavelength and hence its strength.

• The closest distance of different structures to the treated tissue the better field 
distribution that raises the temperature.

• The SAR results are higher for short distance (100 nm) according to the field 
intensity distribution in the tissue.

• The required time period is depending on the SAR taken into account the 
required temperature for killing tumor cells.

• It is finally concluded that this technique is encouraged to be an effective therapy 
for destroying the cancer cells.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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