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Abstract

The enhancement of scattered field from cylindrical structures in
the presence of surface plasmon polariton (SPP) waves is analyzed.
The SPP waves are excited using the Turbadar-Kretschmann-Raether
(TKR) configuration and a cylindrical wave approach (CWA) is im-
plemented to obtain the scattered field. Different arrangements
such as a corner reflector and a strip are simulated by means of mul-
tiple metallic circular scatterers. It is noted that the back-scattered
field from the strip is very strong and can be one of the main chal-
lenges in plasmonic communication. Moreover, the simulations
give the idea that what combination of structure size and distance
from the interface does not produce significant scattering for both
the strip and corner reflector. To better understand the phenomenon,
and to provide a good insight, two-dimensional near zone field
maps are generated to observe field in the vicinity of the object.
In the presence of SPP waves, simulations show strong field near
the edges like dipole field which is contrary to usual scattering in
the absence of SPP waves for a plane wave illumination.

In a second problem, scattering of SPP waves excited by a sinu-
soidal grating from a metallic circular scatterer is described. The
extended boundary condition method (EBCM) is utilized to derive
the reflectance and transmittance. The angles of exciting SPP (θSPP)

are measured by analyzing the behavior of reflectance.

Numerical results are reported for different values of the size and
distance of scatterer from the grating. It has been observed that
the scattered field increases as the size of the scatterer increases.
Additionally, the scattered field intensity is much higher when the



angle of the incident is equal to the angle of SPP wave excitation
(θi = θSPP) than when the angle of the incident is not θSPP.

The scattered field reduces as the distance of the scatterer from the
grating increases, which shows that the effect of SPP waves near
the interface is much stronger than away from the interface. Ad-
ditionally, the effect of the period and height of the grating on the
scattered field are also analyzed. By increasing the period from 900
nm to 1700 nm, the position and the width of the peaks change. It
has been noticed that the scattered field increases with an increase
in the height of the grating.

From the above analysis, it is evident that the signal propagation
will be interrupted by the presence of a strong scattered field. In-
terference of SPP wave propagation with scattered fields is quite
obvious. Moreover, the reception of SPP scattering at the receiver is
another factor that will distort the information sent to the receiver.
The simulated scenarios help in determining the combination of
size and distance which does not distort the signal propagation due
to scattering effects. This simulation gives an idea of how far an
object should be in order to avoid scattering effects in plasmonic
communication. It can be deduced that the scattering effect can be
neglected for the SPP wave propagation when the distance of the
object is h = 100 nm with size R = 5 nm.
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Chapter 1

Introduction

Communication relies heavily on electronics which makes it possible to achieve
miniaturization and device integration. Power efficiency and information pro-
cessing speed are the other attractive features. The desired high data rate re-
quires high frequency pulse propagation. Consequently, high thermal noise
becomes a challenging issue as described by Plank’s law. Moreover, the dis-
tortion in pulse shape and power loss in interconnects between electronic chip
components are other factors that make the scenario worse during signal trans-
mission. It is a fact that electronics have reached the lower bound on size im-
posed by the diffraction limit and further miniaturization is not possible. Also,
a further high data rate cannot be achieved. Miniaturization causes an increase
in resistance (R) while the capacitance (c) remains almost the same [1]. This in-
crease results in high RC delay.

Photonics seems promising in terms of the high data rate utilizing the op-
tical fiber with negligibly small scattering and dissipative losses. It is easy to
achieve integration with existing on-chip electrical communication systems.
However, optical devices are not small enough on a wavelength scale. More-
over, the compact integration of many functions in a single device, like an elec-
tronic analog is difficult to realize. Optical fibers are substantially larger than
the nano-electronic devices of today, with sizes in the hundreds of nanometer
range. Both electronics and photonics are facing limitations in the growing ef-
forts to transfer massive amounts of data at high speeds while trying to achieve
miniaturization in size. Because of their disparate capacities and sizes, it is
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Introduction

challenging to integrate them to achieve a high bit rate and downsizing. The
difficulty in confining light into small dimensions (diffraction limit) compared
to the wavelength is the main factor for this bottleneck [2].

The critical dimensions of different chip-scale device technologies and op-
erating speeds are given in figure (1.1). Modern electronics works very well in
miniaturization. The critical dimensions of the devices can be downsized be-
low 10 nm and they can be large up to 1 um. The maximum speed that can be
achieved is GHz and cannot be exceeded due to the RC delay issue. To over-
come these issues, photonics are introduced. The maximum speed is raised
to THz. Miniaturization is not possible below 1 um which is the critical limit
of photonic devices and also called the diffraction limit. The limitations being
faced by electronics and photonics can be addressed by plasmonics. Plasmon-
ics can operate at a THz speed similar to that of photonics and can be miniatur-
ized at the nanoscale similar to electronics. Due to these qualities, plasmonics
seems very promising in future communication.

Figure 1.1: Relation between dimensions and data speed for the operating
regimes of different available communication technologies.
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1.1 Plasmonic communication

Plasmonics can do miracles in designing a communication device with a limit
less than the limit of diffraction imposed by nature. The next breakthrough in
telecommunications, computing, imaging, etc., can only emerge with advances
in plasmonics. The merging of electronics and photonics can be achieved by
using plasmonics. The future of wave communication is believed to be plas-
monics. One of the main merits of plasmonics in communication is the con-
finement of light waves on metal dimensions below the diffraction limit. A
plasmon is the quantum of the plasma oscillation. Plasmonics is the analysis
of the electron cloud oscillation in metals and semiconductors in response to
irradiated light [3]. Plasmonics finds wide-ranging applications in various do-
mains, including devices for clocking [4, 5], spectroscopy [6, 7], cancer therapy
[8], and nanosensing [9–11].

Plasmonics can be characterized by two main components: surface plas-
mon polaritons (SPPs) and localized surface plasmons (LSPs) [12]. SPP is as-
sociated with surface charge oscillation. Surface plasmon expresses a charge
motion in the metal, while polaritons describe electromagnetic waves in a di-
electric medium. SPPs are the surface waves that propagate along the metal
dielectric interfaces. These waves are formed by coupling photons with the
collective oscillations of free electrons at the metal surface. They are envi-
sioned as one of the most combative prospects for next-generation informa-
tion carriers because of their tight spatial confinements and strong local field
intensities. These characteristics of SPPs make them particularly attractive for
next-generation information carriers.

On-chip optical communications and computation represent a highly an-
ticipated future for ultra-fast communication and high-speed data processing
[13]. This technology holds substantial promise for addressing the limitations
encountered in traditional electronic systems. Therefore, SPPs have already
attracted a lot of research attention in the last couple of decades, and a variety
of structures have been designed and proposed to guide and regulate them
[14–22]. SPPs have garnered significant research attention over the past few
decades, leading to the design and proposal of various structures intended to
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guide, manipulate, and control their behavior. A multitude of structures and
methodologies have been developed to regulate SPPs. As a result, the creation
of novel optical technologies for communication is improving, and academics
are becoming increasingly interested in this sector. The field of optical com-
munication technologies is evolving rapidly, and numerous advancements are
being made, resulting in growing attention and enthusiasm among academia.

SPP waves have a number of applications, including solar photovoltaics
[23–25], on-chip optical computing [26], communications [27–29], and optical
sensing [30–32]. SPP pulse can be sent and received with less energy required
than a metallic wire. Because of these special characteristics, plasmons can
travel at a high bit rate across nanoscale interconnects (wires) that carry in-
formation in microprocessors. Plasmonic interconnects [33] play a key role in
chip design because they facilitate the rapid development of smaller and faster
transistors, which in turn speed up data transfer throughout the device. More-
over, a waveguide based on plasmon not only guides the light at nanoscales
but also works as a path to integrate the devices on a chip [34].

Scientists are interested in the application of plasmonics in communication.
The main objective is to develop novel optical systems and components that
are comparable in size to the tiniest integrated circuits and components. Af-
terward, plasmonic data creation, transport, and detection are future tasks by
integrating the components into an electronic chip. It is possible to build plas-
mon generators [35], detectors [36], cables [37], splitters [38], and even plas-
monsters [39]. The primary focus of applications is on managing the expenses
and losses associated with nanofabrication processes. A pure plasmonic circuit
for communication consists of a light source, a collimator [40], a waveguide
[41–44], and switches [45, 46].

Zhang et al. [47] proposed a nano-scale laser that consists of a wire made
of cadmium sulphide. It is placed on a silver surface with an insulating gap
of 5 nm. It has been coated with magnesium fluoride. The wire’s length
and width are in micrometers and nanometers, respectively. A light having
a wavelength of 405 nm is targeted on the nanowire. A photon is emitted
from the wire causing SPPs, which bounce back and forth between its ends.
These plasmons excite atoms in cadmium sulphide to emit laser light of a
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wavelength of 489 nm. For a similar wavelength, the diameter is about 245
nm less than that of a conventional laser. Plasmonic collimation gives an effi-
cient coupling between laser and waveguide. The high-directional emission
from sub-wavelength apertures encircled by surface wrinkles serves as the
basis for the plasmonic collimator. A lot of interest is being shown in plas-
monic waveguides that operate across the spectrum, ranging from visible to
the far infrared. For plasmonics waveguides, a number of metrics have been
proposed and examined, including propagation distance, confinement mode,
quality factor, group velocity, and distance from the light line. A plasmonic cir-
cuit requires plasmonic switches. In the literature, various types of plasmonic
switches are discussed. Recent technological developments have made it pos-
sible the plasmonic nanocircuits which leads to data generation, transmission,
and detection at the plasmonic level [48–52]. Plasmonic nanocircuits are engi-
neered structures that leverage the unique properties of plasmonic waves for
manipulating and transmitting data at the nanoscale. At frequencies of order
tens of GHz, usual cables suffer from ohmic losses, while plasmonic transmis-
sion losses are small. Thus, long-distance communications using plasmonic
transmission is achieved [53].

In addition to many advantages, a few challenges require attention. SPP
wave applications in on-chip communications may suffer from scattering losses
during signal transmission, resulting in power loss and pulse shape distortion.
These losses can lead to adverse effects such as power reduction and distortion
of the pulse shape, impacting the overall integrity and strength of the trans-
mitted signals. In order to build plasmonic communication applications, it is
critical to first understand the scattering mechanisms and properties [54]. This
knowledge is essential for comprehending how SPPs interact with structures,
materials, and imperfections, affecting their behavior during communication.
This thesis focuses on investigating the scattering of SPP waves from multi-
ple canonical objects such as strip, ring, and corner reflector which are made
of metallic circular scatterers, and their effects on plasmonics communication
and SPP wave propagation. The analysis of the scattered field is done both
in the presence and absence of SPP waves. The analysis of the scattered field
in both the presence and absence of SPP waves is a critical approach for un-
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derstanding the behavior and characteristics of these waves when interacting
with various structures or objects.

To the best of our knowledge, scattering of SPP waves from cylindrical
structures simulated by multiple cylinders has not been reported. The simu-
lation of SPP wave scattering from cylindrical structures using multiple cylin-
ders remains insufficiently explored or documented in the existing literature.
This indicates a potential research gap or an area that isn’t extensively explored
or addressed within the context of SPP wave simulations. The absence of doc-
umented studies exploring the scattering of SPP waves from cylindrical struc-
tures simulated by multiple metallic circular scatterers could present an op-
portunity for future research and investigation in the field of plasmonics and
nanophotonics.

1.2 Two-dimensional scattering

Scattering is a phenomenon where a portion of the power of a propagating
electromagnetic (EM) wave is redirected as secondary EM waves in different
directions, deviating from the original direction of propagation. There are sev-
eral scattering processes, which are usually classified in terms of the size of the
scattering particles in relation to the wavelength of the scattered light, such as
Rayleigh scattering, Mie scattering, and Raman scattering, etc.

In Rayleigh scattering [55], the size of the scattering particles or the scale
of inhomogeneities in a medium is much smaller than the wavelength of light
approximately λ/10. In response to incident light the dielectric particles be-
come polarized. The field induces dipole oscillations in the particle, leading to
the emission of EM waves in multiple directions. The intensity of the scattered
light is I ∝ 1/λ4. It can be deduced that a short wavelength will scatter more
than a large wavelength. The scattering of blue light with a 0.4 µm wavelength
is 16 times greater than that of red light with a 0.8 µm wavelength.

When the dimensions of the scatterers are comparable to or greater than the
wavelength of the incident light, it is unequivocally described by Mie theory
or Mie scattering [56]. Rayleigh scattering occurs in all directions, while Mie
scattering is most prominent in the forward direction. The scattering depends
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on the relationship between the size of the scattering particle and the wave-
length of light, favoring scattering in a forward direction. The dependency
of the wavelength is less pronounced in comparison to Rayleigh scattering.
Mie scattering creates a whitish glare around the sun in the presence of a high
amount of particulate matter in the air. It also gives white light from the mist
and fog.

Similarly, when a photon is incident on the molecules the energy is either
gained or lost, and the frequency of the scattered photon is shifted, such in-
elastic scattering is called Raman scattering [57]. The photon emitted from the
laser excites the atoms in molecules. These excited electrons are in a virtual
state. In this state, electrons are not stable so they fall to the ground state im-
mediately. As a result, photons are emitted. There are three different scenarios
of how light can be remitted after energy has been absorbed by an electron,
i.e., Rayleigh scattering, Stokes Raman scattering, and anti-Stokes Raman scat-
tering. If the energy of the scattered photon is the same as that of the inci-
dent photon, this is called Rayleigh scattering. In addition, when the scattered
photon has less energy than the incident photon is known as Stokes Raman
scattering. Similarly, Anti-Stokes Raman scattering occurs when the scattered
photon has energy higher than the incident photon.

A signal may deteriorate during propagation due to dispersion, absorp-
tion, and scattering losses in the presence of impurities and obstacles. Scat-
tering occurs due to the roughness of interfaces and the curviness of objects.
The phenomenon can be categorized into scattering from objects and scattering
from rough interfaces. Moreover, surfaces can be characterized as flat surface,
slightly rough surface and rough surface. Reflection and transmission by a flat
surface in specular direction can be found in many textbooks [58, 59]. Exten-
sion to this problem has been done to design waveguides [60], fiber optics [61],
binoculars [62] etc. Scattering from a slightly rough surface is widely discussed
in the literature. Generally, perturbation theory (PT) is used to study scattering
from slightly rough surface having small height as well as small slope [63, 64].
A detailed study on the validity of the PT is presented by Crespo et al. [65].
Guo et al. [66] discussed the scattering from conducting rough surface using
high order small perturbation method with tapered incidence field. Bi-static
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scattering from dielectric structures with two rough boundaries using the per-
turbation theory (PT) is presented in [67]. PT was also used to study a perfect
electromagnetic conductor (PEMC) rough surface [68, 69].

In addition to the slightly rough surface, large roughness is widely dis-
cussed in the literature. An extended form of SPM is the extended boundary
condition method (EBCM) which is applied to periodic surfaces by many au-
thors. Waterman [70] used it to study scattering from sinusoidal surface. Com-
parison of EBCM with other methods such as a method of moments (MOM),
and modified physical Optics (MPO) is reported by Chuang, et al. [71]. Results
show good agreements with experimental data obtained at optical frequencies
when the complex permittivity of the metal grating is considered. Guidance
by dielectric waveguide with periodic surfaces is studied in [72]. Compari-
son of results with experimental data is done for metallic gratings with surface
plasmon excitations. Tsang, et al. [73] provided complete details for EBCM.
It is well known fact that matrix ill-conditions are observed when the surface
groove is deep or when the ratio of corrugations depth and surface period is
large. A solution is reported in [74].

The EBCM uses algebraic equations in matrix form to calculate the am-
plitudes of scattered fields related to the amplitude of the incident field [70].
According to this method, the radiated field from the induced currents on the
surface should cancel the incident field everywhere below the surface, which is
derived from Green’s theorem. Applying to the dielectric surface the tangen-
tial fields above the dielectric surface produce a field that can exactly cancel
the incident field at any point below the surface, while a reflected field exists
in the region above the surface. Through boundary conditions, the tangential
field component below is related to the field above the surface. This leads to
the transmitted field and is a result of Huygens’ principle. Similarly, the dipole
field generated in a dielectric medium can be represented as a combination of
two waves, explained by the extinction theorem [75, 76]. One of these waves
nullifies the incident wave entirely, while the other wave travels through the
dielectric medium. The method’s simplicity allows it to tackle more challeng-
ing problems, such as conical diffraction [77] and the scattering of acoustic
waves from a periodic surface that is either fluid or solid [78].
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1.2.1 Cylindrical wave approach (CWA)

The second category involves scattering from objects either metallic or dielec-
tric. The investigation of plane wave scattering in the literature is a well-
studied and extensive subject, with various researchers employing diverse
techniques to understand and analyze this phenomenon. Scattering from a
metallic object has widely been investigated in literature considering the shape
either spherical or cylindrical [79]. The object of an arbitrary cross section is
also studied [80]. Solution to the problem is more advantageous when the ob-
ject placed near an interface is assumed. It can solved by applying Green’s
method [81]. An iterative method based on calculating successive reflections
from the interface using a spectral representation of the field is applied to vi-
sualize the scattering properties. Full wave solution incorporating all the mul-
tiple interactions is also formulated which is known as the cylindrical wave
approach (CWA). The CWA is one of the methods used to investigate the scat-
tering from the cylindrical objects [82–85]. This method is utilized to study
and analyze the scattering of electromagnetic waves from cylindrical objects.
This approach permits an understanding of how cylindrical structures interact
with incident waves and how the scattered waves propagate.

The CWA is an effective method in the spectral domain for obtaining a de-
tailed solution to 2-D scattering problems [82]. In [83] a technique has been de-
veloped to numerically evaluate 2-D diffraction integrals that involve a generic
function modulated by a highly oscillating kernel. This approach involves
working on the plane wave spectra, considering the multiple interactions of
these waves with the interface. It accounts for phenomena such as multiple
reflection, transmission, and scattering. The CWA technique is used in [84, 85]
for examining the diffraction of a plane wave incident on a metallic cylinder
above and below the interface.

One of the notable advantages of this technique is its applicability to arbi-
trary values of permittivity, size, and location of targets, as well as arbitrary
values of the permittivity of the host media, whether lossy or lossless. Scat-
tering from buried targets using CWA is rigorously discussed in the literature
[86–89]. The implementation in the spectral domain allows for easy modeling
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of dispersive mediums. General-shaped targets can be effectively simulated
by approximating them with a suitable set of small circular cylinders. More-
over, this method can be extended to study the propagation of incident pulsed
waves with a general shape in the time domain [90, 91].

Scattering from buried objects in a layered medium is addressed in [92–94].
Similarly, the CWA is utilized to observe the scattering of the targets behind a
wall [95, 96]. Additionally, a version of CWA has been formulated to account
for roughness in the air-soil interface [97, 98].

In the above described scenarios plane wave scattering has been observed.
In addition, SPP waves also exhibit scattering from the interfaces. An incident
of a single plane wave on the interface between two isotropic media having
distinct refractive indices excites two plane waves. One is a reflected wave,
while the other is a transmitted wave. In contrast to plane waves, a single SPP
wave incident at the interface between two media with different refractive in-
dices, induces a set of scattered plane waves, in addition to reflected and trans-
mitted waves. SPP wave scattering and reflection by surface defects have been
analyzed theoretically by many researchers [99–103]. A point-dipole approxi-
mation for SPP wave scattering and its limitations are studied for a spherical
particle in [104]. It is based on the assumption that the field is constant inside
the scatterer. Due to this, the excitation of high order multipole components
can be neglected. It has been observed that the differential cross section for
SPP-to-SPP scattering is strong in the direction of the SPP wave incident and
decreasing with the increase in the distance of particles from the surface. The
applicability of this method is discussed in [105]. The scattering properties of
particles depend on the shape of the particles [106–108]. SPP wave scattering
by a small ellipsoid is described using a point-dipole approximation in [109].

Scattering, reflectivity, and transmission of SPP wave incident on a single
and multiple dielectric metallic surfaces are presented in [110]. A surface plas-
mon distributed Bragg reflector (DBR) model is reported and it may reflect 80%
and 90% incident power. A number of surface optical elements such as waveg-
uides, lenses, and reflectors are also designed [111–115]. The performance of
these devices is strongly affected by parasitic scattering of SPPs. At a single
interface 10% —30% of SPP energy typically scatters into the free space [110].
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This phenomenon severely impedes the performance of the surface optical ele-
ments and effectively precludes the realization of the 2-D optic paradigm with
existing isotropic materials. An anisotropic metamaterial is used to completely
eliminate the parasitic scattering [116]. A pathway to plasmonics optics is illus-
trated by decoupling the response of plasmonic circuits to varying polarization
of electromagnetic radiation. Silicon-based plasmonics can shrink the size of
the photonic components into sub-wavelength scale [117]. Enhanced detection
and emission of optical signals can also be achieved. In this thesis, we apply
CWA to study plane wave and SPP wave scattering from a strip and corner
reflector. Two configurations known as prism and grating coupled are utilized
to excite the SPP waves.

1.3 Objectives and organization of the thesis

The main objective of this dissertation is to study the stimulation of SPP waves.
The scattered SPP field is calculated using CWA and their scattering from
metallic objects. The dissertation describes how different circular structures
scatter SPP waves for experimental purposes. Additionally, it examines how
various structural scatterers impact plasmonic communication. How do the
different sizes of scatter affect plasmonic communication? Besides, how far an
object may be placed in the chip design to avoid the scattering effect. More-
over, how do the period and height of the sinusoidal grating affect the scatter-
ing of SPP waves?
In chapter 2, two methods for exciting surface plasmon-polariton (SPP) waves
are presented. These methods include prism-coupled and grating-coupled
configurations. The chapter also discusses the formulation and numerical re-
sults for the Turbadar- Kretschmann- Raether (TKR) configuration. Addition-
ally, it provides the formulation and numerical results for exciting SPP waves
through a sinusoidal grating coated with different metals, such as silver, alu-
minum, and gold.
In chapter 3, the scattering of SPP waves using TKR configuration is presented.
We observe the scattering from different structures made from small metallic
circular scatterers in the presence and absence of SPP waves. The analytical
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formulation and numerical results are reported for various structures made of
small circular scatterers, such as corner reflector, strip, etc.
Finally, chapter 4 describes the scattering of SPP waves excited by a sinusoidal
grating coupled configuration. The theoretical formulation is presented for a
metallic circular scatter. The numerical results have been reported for objects
of different sizes, along with the distance of the objects from the grating, the
period, and the height of the grating. In conclusion, interference introduced
by SPP scattering and signal distortion at the receiver is highlighted.
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Chapter 2

Excitation of SPP waves

A photon must have sufficient frequency and momentum to excite a SPP wave.
However, a photon in free space at a specific frequency has less momentum
than an SPP wave due to the difference in wave vectors described by disper-
sion relations. This mismatch in momentum is one of the major reasons why
photons in free space can’t directly couple to the SPP wave.

SPP waves are considered one of the most historical and theoretically an-
alyzed waves among electromagnetic waves [118–120]. The theoretical foun-
dations of SPP waves date back more than a century when Zenneck [121] pro-
posed that electromagnetic waves can propagate along the air-ground inter-
face in the microwave region. Sommerfeld presented a rigorous mathematical
analysis of what is termed the Zenneck wave [122]. It is further investigated
in several works [123, 124]. Ritchie and Eldridge proposed the concept of Zen-
neck wave almost 60 years later in the form of SPP wave [125]. It has been
analyzed that real components of two different homogeneous dielectric and
isotropic materials have opposite signs of relative permittivity [126, 127]. In
addition, metal has real negative permittivity [128], while a few other materials
are also suitable [129, 130]. Over the years, the theory has evolved to provide
further understanding of the interfacing of metal with other complex materials
including absorbing crystals [131], semiconductors [132], and anisotropic me-
dia [133–137]. The impact of an isotropic and homogeneous dielectric material
on the excitation and propagation of SPP waves has been studied. Addition to
single mode SPP wave propagation, multi mode SPP wave propagation is also
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discussed in [138]. A planar metal interface and a chiral sculptured (STF) thin
film has been used. Several studies have been conducted to take into consid-
eration continuously changing materials such as layered structures [139–143]
and cholestatic liquid crystals [144, 145]. A commonly used detection tech-
nique for biochemical and chemical substances is used based on the polariza-
tion of various dielectric materials when electromagnetic field interaction takes
place [146, 147].

The canonical boundary-valued problems show that a single SPP wave can
propagate if the associated material is homogeneous, isotropic, or dielectric,
[126, 127] and [147]. They also reveal which polarization can excite the SPP
waves. The same is the case when the interface is made of an anisotropic ma-
terial. However, the canonical problem reveals that numerous SPP waves with
distinct attenuation rates and several phase velocities exist if the related mate-
rial is dielectric, periodically anisotropic, and homogeneous [148]. The exper-
imental studies on this theoretical concept validate the prediction [149, 150].
In addition, a few studies have also revealed that theoretically and experimen-
tally, s-polarized surface waves can be directed at multilayered dielectric ma-
terial interfaces with metal [151, 152].

In this chapter, two configurations for exciting SPP waves are discussed.
One is the prism-coupled configuration discussed in section (2.1) while the
other approach is the grating-coupled configuration in section (2.3). The prism-
coupled configuration also known as TKR configuration is based on attenuated
total reflection (ATR). The formulation and numerical results are provided in
section (2.2) for various values of wavelength and refractive index to calcu-
late the excitation angle of the SPP wave. The grating coupled configuration is
based on specular and non-specular reflection from sinusoidal grating coated
with a metallic layer. Silver (Al), aluminum (Ag), and gold (Au) have been uti-
lized for coating. The formulation and numerical results for different coated
sinusoidal profiles are given to observe the angle of excitation of SPP waves in
section (2.4).
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2.1 Prism-coupled configuration

The most widely used configuration for exciting the SPP wave uses coupling
to the prism through attenuated total reflection (ATR). Figure (2.1a) demon-
strates the TKR configuration [153], in which a prism with a high refractive
index is coupled to a sufficiently thick dielectric material through a thin metal-
lic layer. In addition, an oil with a refractive index equal to the index of the
prism is inserted between the metal and the prism. The oil is used to mitigate
air bubbles when light is incident on metal film. A part of the incident light is
reflected towards the prism and a part is refracted in the metal surface.

It is worth noting that refracting waves into metal exponentially decays
perpendicular to the metal/prism surface. However, if the metallic interface is
thin, the wave penetrates from the metal and it further couples to the SPP wave
in the metal interface. At a specific angle of incidence to the metal interface
and prism, boundary conditions are satisfied to excite the SPP wave at the
dielectric and metal interface. A new configuration, termed the Turbadar-Otto
(TO) configuration [154] is formed by interchanging metal films and dielectric
in the TKR configuration. Figure (2.1b) shows the TO configuration in which
the incident field on the prism-dielectric interface is transmitted at an angle
greater than the critical angle. In the case that the dielectric film is thin, the
phase velocity of an evanescent wave propagating parallel to the interface and
the SPP wave propagating along the metallic-dielectric interface are equal.

Note that TKR configuration can only be used to excite SPP waves while TO
configuration can also be used to generate Tamm waves or Dyakonov waves in
addition to SPP waves if the metal film is regularly changed with an isotropic
or anisotropic material that is non-homogeneous. Both the above mentioned
prism-coupled configurations are used for stimulating SPP waves with the re-
quired polarization state and are easy to implement. However, it is crucial
to differentiate between the SPP waves transmitted along the metal-dielectric
interface and the waveguide modes propagating within the bulk of the corre-
sponding dielectric material with finite thickness.
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(a) TKR configuration (b) TO configurations

Figure 2.1: Schematic of TKR and TO configurations to excite the SPP waves
using prism coupled configuration

2.2 SPP waves excitation using TKR configuration

The geometry of the problem is shown in figure (2.2) similar to the TKR config-
uration. Medium 1 is considered a high refractive index medium to work as a
prism to excite SPP waves, with permittivity of ϵ1 = ϵoϵr1, while medium 2 is
a metallic layer with permittivity of ϵ2 = ϵoϵr2. The medium 3 has the permit-
tivity of ϵ3 = ϵo. An e−jωt time convention is assumed and suppressed in the
formulations, while all the media are considered non-magnetic, homogenous,
linear, and isotropic. However most electrical engineering textbooks reference
the conventional time-harmonic e+jωt, but we adopt the unconventional time-
harmonic e−jωt throughout this thesis. A transverse magnetic polarized wave
ψ(ξ, ζ)= Hy is incident and it may be written as

ψi(ξ, ζ) = ψ0ejn1(ni
⊥ξ+ni

∥ζ), ξ < 0 (2.1)

The field reflected due to the incident field is

ψr(ξ, ζ) = ψ0Γ12(ni
∥)e

jn1(−ni
⊥ξ+ni

∥ζ), ξ < 0 (2.2)
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Figure 2.2: Description of field components in prism, metallic layer, and di-
electric material for TKR configuration.

The transmitted and reflected fields into the metallic layer are written as

ψt2(ξ, ζ) = ψ0T12(ni
∥)e

jn2(nt2
⊥(ξ−Λ)+nt2

∥ ζ), 0 < ξ < Λ (2.3)

ψr2(ξ, ζ) = ψ0T12(ni
∥)Γ23(ni

∥)e
jn2(−nt2

⊥(ξ−Λ)+nt2
∥ ζ), 0 < ξ < Λ (2.4)

The transmitted field can be described as

ψt3(ξ, ζ) = ψ0T12(ni
∥)T23(ni

∥)e
jn3(−nt3

⊥(ξ−Λ)+nt3
∥ ζ), ξ > Λ (2.5)

The corresponding Ey can be computed using Maxwell’s equation. Applying
the boundary condition at ξ = 0, we get.

ψ0ejn1ni
∥ζ
+ ψ0Γ12(ni

∥)e
jn1ni

∥ζ
= ψ0T12(ni

∥)e
jn2(nt2

⊥(−Λ)+nt2
∥ ζ)

+ψ0T12(ni
∥)Γ23(ni

∥)e
jn2(−nt2

⊥(−Λ)+nt2
∥ ζ) (2.6)

jn1ni
⊥(ψ0ejn1ni

∥ζ
+ ψ0Γ12(ni

∥)e
jn1ni

∥ζ
) = jn2nt1

⊥(ψ0T12(ni
∥)

ejn2(nt2
⊥(−Λ)+nt2

∥ ζ)
+ ψ0T12(ni

∥)Γ23(ni
∥)e

jn2(−nt2
⊥(−Λ)+nt2

∥ ζ)
) (2.7)
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and at ξ = Λ

ψ0T12(ni
∥)e

jn2nt2
∥ ζ

+ ψ0T12(ni
∥)Γ23(ni

∥)e
jn2nt2

∥ ζ
=

ψ0T12(ni
∥)T23(ni

∥)e
jn3nt3

∥ ζ (2.8)

jn2nt2
∥ (ψ0T12(ni

∥)e
jn2nt2

∥ ζ
+ ψ0T12(ni

∥)Γ23(ni
∥)e

jn2nt2
∥ ζ
) =

jn3nt3
∥ (ψ0T12(ni

∥)T23(ni
∥)e

jn3nt3
∥ ζ
) (2.9)

After some algebraic manipulation, reflection and transmission coefficients
can be obtained as [155].

Γ12 =

e−jn2nt2
⊥Λ

(
1 + n3nt3

⊥
n2nt2

⊥

)(
1 − n2nt2

⊥
n1ni

⊥

)
− ejn2nt2

⊥Λ
(

1 − n3nt3
⊥

n2nt2
⊥

)(
1 + n2nt2

⊥
n1ni

⊥

)
e−jn2nt2

⊥Λ
(

1 + n3nt3
⊥

n2nt2
⊥

)(
1 + n2nt2

⊥
n1ni

⊥

)
+ ejn2nt2

⊥Λ
(

1 − n3nt3
⊥

n2nt2
⊥

)(
1 − n2nt2

⊥
n1ni

⊥

)
(2.10)

and

T12 =

2
(

1 + n3nt3
⊥

n2nt2
⊥

)
e−jn2nt2

⊥Λ
(

1 + n3nt3
⊥

n2nt2
⊥

)(
1 + n2nt2

⊥
n1ni

⊥

)
+ ejn2nt2

⊥Λ
(

1 − n3nt3
⊥

n2nt2
⊥

)(
1 − n2nt2

⊥
n1ni

⊥

)
(2.11)

.

2.2.1 Results and discussion

The reflectance and transmittance as a function of the incident angle shown in
figure (2.3) are reproduced [54] to determine the excitation angle of SPP wave
(θSPP). The upper layer is a prism having refractive index n1 = 2.6 and the
metallic layer is aluminum having refractive index n2 =

√
−54 + 21j while

the lower layer is air/dielectric having n3 = 1. The thickness of the metallic
layer is L = 15 nm, and the wavelength of the incident wave is λ = 633 nm.
Additionally, for further confirmation, there is a 2-D map in figure (2.4) where
the field intensity is stronger at the interface and decreases away from it. The
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SPP wavevector for a thick metallic film can be expressed as [27]

kSP = ko

√
ϵ2ϵ3

ϵ2 + ϵ3
(2.12)

where ϵ2 and ϵ3 are the metal and dielectric permittivities respectively while
ko is the wave number of the free space. A transverse magnetic (TM) polarized
plane wave incident on a metallic interface from the prism having a wavevec-
tor parallel to the interface is [27]

kx = ko
√

ϵ1 sin(θi) (2.13)

where ϵ1 is the permittivity of the prism and θi is the angle of the incident
wave. By matching the wavevectors in equations (2.12) and (2.13), we can
calculate the angle θSPR, known as the surface plasmon resonance angle, which
excites SPP waves (θinc = θSPP),

θSPP = sin−1
(

1√
ϵ1

√
ϵ2ϵ3

ϵ2+ϵ3

)
(2.14)

Using equation (2.14) the angle of excitation of SPP wave is obtained as 22.8140◦

which is very close to 22.9◦ and can be observed in figure (2.3).
In figure (2.5) reflectance as a function of incident angle is plotted for dif-

ferent values of wavelength and refractive index. This figure is dedicated to
excite the SPP waves at different angles. From figure (2.5a) it can be observed
that excitation occurs at θssp = 23.07◦ for wavelength λ = 800 nm, n1 = 2.6,
n2 =

√
−54 + 21j, n3 = 1, and L = 15 nm. The angle of excitation changes to

θssp = 23.35◦ for wavelength λ = 700 nm, n1 = 2.6, n2 =
√
−34 + 13j, n3 = 1,

and L = 15 nm as presented in figure (2.5b).
It is evident that the angle of excitation can be selected by the wavelength

and refractive index of metal. This dependency is further analyzed in figure
(2.6) where the angle of excitation of the SPP wave changes from θspp = 25.5◦

to θspp = 24.2◦ as the refractive index and wavelength change. In figure (2.6a),
n1 = 2.6, n2 =

√
−10 + 13j, n3 = 1, L = 15 nm and λ = 500 nm while in figure

(2.6b), n1 = 2.6, n2 =
√
−17 + 12j, n3 = 1, L = 15 nm and λ = 633 nm are
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used.

Figure 2.3: Reflectance and transmittance as a function of incident angle, where
n1 = 2.6, n2 =

√
−54 + 21j and n3 = 1 and L=15 nm while λ = 633 nm. The

dip at angle 22.9◦ shows the excitation of the SPP wave.

Figure 2.4: 2-D map depicting the variation of field intensity of SPP wave at
θi = θSPP = 22.9◦, where n1 = 2.6, n2 =

√
−54 + 21j and n3 = 1 and L=15 nm

and λ = 633 nm.
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(a) n2 =
√
−54 + 21j, λ = 800

nm, θssp = 23.07◦

(b) n2 =
√
−34 + 13j, λ = 700 nm,

θssp = 23.35◦

Figure 2.5: Reflectance is plotted as a function of the incident angle for different
wavelengths and refractive indexes. The simulation parameters are n1 = 2.6,
n3 = 1 and L=15 nm.
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(a) n2 =
√
−10 + 13j, λ = 500

nm, θssp = 25.5◦

(b) n2 =
√
−17 + 12j, λ = 633

nm, θssp = 24.2◦

Figure 2.6: Reflectance as a function of incident angle. The parameters used
are n1 = 2.6, n3 = 1, and L=15 nm.
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2.3 Grating-coupled configuration

Grating-coupled configuration is another alternative to the TKR configura-
tion, as shown in figure (2.7). Grating-coupled configuration is usually used
to excite SPP waves. However, the configuration can also excite Tamm and
Dyakonov-Tamm waves. To excite SPP waves, it is essential to illuminate
periodic corrugations of metal. Moreover, the fields of partnering materials
should be represented as Floquet harmonics. In case that the component of
wave vector Floquet harmonics is identical to the SPP wave component, Flo-
quet harmonics can be coupled with SPP waves. Note that the grating-coupled
configuration also permits the inverse process of coupling a non-radiating SPP
wave with light [156, 157]. This option offers a significant advantage over the
TKR configuration as it offers better integration with the chemical sensor (SPP
based) [158] into integrated circuits [159]. The grating-coupled configuration
is also beneficial if it is needed to excite multiple SPP waves at the same time
through a finite light source.

Figure 2.7: Grating-coupled configuration
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2.4 SPP waves excitation using sinusoidal grating

coupled configuration

Now, to excite the SPP wave using a sinusoidal grating, the geometry of the
problem is depicted in figure (2.8). The parameters used in the figure are de-
scribed in Table 2.1. A linearly polarized plane wave is incident on region 0
and its expression is given by

Figure 2.8: Geometry of the sinusoidal grating coupled approach to excite the
SPP waves

Vi = V0ej(ki
xx−ki

0yy) (2.15)

By Huygens principle and Green’s identity, the total fields for region 0 are
given by [73].

Vi(r)−
∫

p
dσ′{G0p(r, r′)n̂.∇′V0(r

′
)− V0(r′)n̂.∇′G0p(r, r′)} = V0(r), y > f (x)

(2.16)
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Table 2.1: Description of parameters used in the geometry

Parameters Descriptions
ϵ0, µ0 Permittivity and permeability of free space
ϵ1, µ1 Permittivity and permeability of region 1
φi, φr, φt Angle of incidence, reflection and transmission, respectively
f(x) grating profile
Ps Period of the grating
h Root mean square height grating

Use of the extinction theorem gives

Vi(r)−
∫

p
dσ′{G0p(r, r′)n̂.∇′V0(r

′
)− V0(r′)n̂.∇′G0p(r, r′)} = 0, y < f (x)

(2.17)
for region 1

∫
p

dσ′{G1p(r, r′)n̂.∇′V1(r′)− V1(r′)n̂.∇′G1p(r, r′)} =

V1(r) y < f (x)

0 y > f (x)
(2.18)

where GtPs(r, r′) is periodic Green’s function defined as

GtPs(r, r′) = − 1
2jPs

∑
n

1
k tyn

exp(jkxn(x − x′) + jktyn | y − y′ |) (2.19)

In the above equation, kxn = ki
x +

2nπ
Ps

and ktyn =
√

k2
t − k2

xn . Substituting the
value of Green functions in equations (2.16), (2.17) and (2.18), we get

V0(r) = Vi(r) +
∞

∑
n=−∞

γ01n
ej(k0nxx + k0nyy)√

k0ny
y > f(max) (2.20)

0 = Vi(r)−
∞

∑
n=−∞

a0n
ej(k0nxx − k0nyy)√

k0ny
y < f(max) (2.21)
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and

V1(r) =
∞

∑
n=−∞

τ01n
ej(k1nxx − k1nyy)√

k1ny

y > f(max) (2.22)

0 = −
∞

∑
n=−∞

a1n
ej(k1nxx + k1nyy)√

k1ny

y < f(max) (2.23)

where

γ01n =
1

2jkPs

∫
Ps

dσ′
{

e−jk+0nr(x′)
√

k0n
n̂′.∇′V0(r′)− V0(r′)n̂′.∇′ e

−jk+0nr(x′)
√

k0n

}
(2.24)

τ01n =
−1

2jk1Ps

∫
Ps

dσ′
{

e−jk−1nr(x′)
√

k1n
n̂′.∇′V1(r′)− V1(r′)n̂′.∇′ e

−jk−1nr(x′)
√

k1n

}
(2.25)

a0n =
−1

2jkPs

∫
Ps

dσ′
{

e−jk−0nr(x′)
√

k0n
n̂′.∇′V0(r′)− V0(r′)n̂′.∇′ e

−jk−0nr(x′)
√

k0n

}
(2.26)

a1n =
1

2jk1Ps

∫
Ps

dσ′
{

e−jk+1nr(x′)
√

k1n
n̂′.∇′V1(r′)− V1(r′)n̂′.∇′ e

−jk+1nr(x′)
√

k1n

}
(2.27)

The boundary conditions can be written in terms of unit vector normal to the
surface n̂ and they are given by

V0 = V1 (2.28)

n̂.∇′V0 = n̂.∇′V1 (2.29)

Expansion of the surface fields is used in EBCM. Here we use the following
Fourier series expansion [160]

V1 = ∑
n

2wn exp(ikxnx) (2.30)

dσn̂.∇′V1 = jk1dx ∑
n

2qn exp(jkxnx) (2.31)

where wn and qn are unknown coefficients. Putting the fields V1 and n̂.∇′V1 in
boundary conditions and after some algebra, the following matrix equations
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are obtained

[
a
0

]
=

[
S−

N c2
k1
k R−

D
S+

N1 R+
D1

] [
w
q

]
(2.32)[

γ01

τ01

]
=

[
−S+

N −c2
k1
k R+

D
S−

N1 R−
D1

] [
w
q

]
(2.33)

being

[
R±

D
]

mn = ± 1
Ps

∫
Ps

dx
e−jkm

±ρ(x)√
k0ym

exp(jkxnx) (2.34)

[
S±

N
]

mn = ± 1
jPs

∫
Ps

{
dσ.∇ e−jkm

±ρ(x)√
k0ym

}
exp(jkxnx) (2.35)

[
R±

D1
]

mn = ± 1
Ps

∫
Ps

dx
e−jk1m

±ρ(x)√
k1ym

exp(jkxnx) (2.36)

[
S±

N1
]

mn = ± 1
jPs

∫
Ps

 dσ.∇ e−jk±1mρ(x)√
k1ym

 exp(jkxnx) (2.37)

and

c2 =


ϵ1
ϵ0

k2

k2
1

TM case

ϵ0
ϵ1

k2
1

k2 TE case
(2.38)

for a sinusoidal grating/surface, f (x)=−h cos(2π/Psx) the elements of matri-
ces are given by

[
R±

D
]

mn =
−1√
k0ym

(±j)|m−n| J|m−n|(k0ymh) (2.39)

[
S±

N
]

mn =
−k2

o + k0xmk0xn

±k0ym

[
R±

D
]

mn (2.40)
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[
R±

D1

]
mn

=
−1√
k1ym

(±j)|m−n| J|m−n|(k1ymh) (2.41)

[
S±

N1
]

mn =
−k2

1 + k1xmk1xn

±k1ym

[
R±

D1

]
mn

(2.42)

2.4.1 Results and discussion

To verify the numerical implementation, diffraction efficiency |γ01(−1)|2 of or-
der -1 and total power |γ01n|2 are evaluated in figure (2.9) [72]. The parameters
used to obtain the results are period Ps = 1205 nm, height of the surface h = 100
nm, and wavelength λ = 476 nm. The sinusoidal profile is coated with silver
having permittivity ϵ1 = (−7.0410 + 0.2781j)ϵ0. The dips in the total reflected
efficiencies shows the excitation of SPP waves. The SPP waves are excited at
angles −18.5◦, 18.5◦, and 45.8◦.

The dispersion relation for the grating is given [72]

sin(θi) + n
λ

Ps
=

√
ϵ′1

ϵ′1 + ϵ0
(2.43)

In the equation (2.43), where n is an integer. This equation is an approxima-
tion and does not account for the surface height. The angles, 16.8◦ and 43.19◦,
are determined using the aforementioned formula at which SPP waves excite.
These angles closely align with those depicted in the figure (2.9).

The excitation angle can be shifted by varying the material’s wavelength
and permittivity. It can be noticed in figure (2.10b) that the excitation angles
shifted to −30.8◦ and 30.8◦ where wavelength λ = 647 nm and its correspond-
ing permittivity is ϵ1 = (−17.4091 + 0.5792j)ϵ0 by Drude model. The curves
corresponding to positive and negative orders exhibit a high degree of similar-
ity, differing only in the reversal of the sign of the angle of incidence.

Now we consider the sinusoidal profile coated with aluminum having per-
mittivity ϵ1 = (−20.5703 + 5.096j)ϵ0, at λ = 476 nm. The simulation results
are given in figure (2.11b). The SSP waves excite at angles −14.8◦, 14.8◦ and
40.4◦. These angles are changed to −37.1◦, −10◦, 9.8◦ and 37.1◦ when λ = 521
nm with ϵ1 = (−24.7236 + 6.8130j)ϵ0 as depicted in figure (2.12b).
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Finally, a profile coated with gold characterized with permittivities ϵ1 =

(−11.9914 + 1.3346j)ϵ0 at λ = 476 nm is assumed in figure (2.13). The SPP
waves are excited at different angles than those observed for silver and alu-
minum. Figure (2.14) shows the result for λ = 568 nm with ϵ1 = (−6.5972 +

1.5537j)ϵ0. The angles of excitation are significantly changed.
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(a)

(b)

Figure 2.9: (a) The diffraction efficiency |γ01(−1)|2 of order -1, and (b) total
power |γ01n|2. The profile is coated with silver while the simulation parame-
ters are λ=476 nm, Ps=1205 nm, h= 100 nm, and ϵ1 = (−7.0410 + 0.2781j)ϵ0.
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(a)

(b)

Figure 2.10: (a) The diffraction efficiency |γ01(−1)|2 of order -1, and (b) total
power |γ01n|2 are plotted as a function of incident angle. The profile is coated
with silver while the simulation parameters are λ=647 nm, Ps=1205 nm, h= 100
nm, and ϵ1 = (−17.4091 + 0.5792j)ϵ0.
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(a)

(b)

Figure 2.11: Results for a profile coated with aluminum for ϵ1 = (−20.5703 +
5.096j)ϵ0, λ=476 nm, Ps=1205 nm, h= 100 nm.
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(a)

(b)

Figure 2.12: Same as figure 2.11 except ϵ1 = (−24.7236 + 6.8130j)ϵ0, λ = 521
nm.
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(a)

(b)

Figure 2.13: Diffraction efficiency for a profile coated with gold having ϵ1 =
(−11.9914 + 1.3346j)ϵ0, λ = 476 nm, Ps=1205 nm and h= 100 nm.
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(a)

(b)

Figure 2.14: Same as figure 2.13 except ϵ1 = (−6.5972 + 1.5537j)ϵ0, λ = 568
nm.
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Chapter 3

Enhanced scattering in the presence
of SPP waves excited by TKR
configuration

In this chapter, a formulation based on cylindrical wave approach has been ap-
plied to study the SPP wave scattering form different structures made from N
metallic circular scatterers. A TKR configuration involving a dielectric/metallic
interface is used to excite the SPP waves. The cylindrical wave functions are
used as the basis function for the representation of scattered fields. The analyt-
ical formulation is reported in section (3.1) while numerical results are given
in section (3.2).

3.1 Analytical formulation

The schematic to excite the SPP wave at ξ = Λ is shown in figure (3.1). A con-
figuration is made to excite the SSP wave similar to TKR [153, 154]. Medium
1 is considered a high refractive index medium to work as a prism to excite
SPP waves, with permittivity of ϵ1 = ϵoϵr1, while medium 2 is a metallic layer
with permittivity of ϵ2 = ϵoϵr2. The medium 3 has a permittivity of ϵ3 = ϵo.
Throughout the chapter, an e−jωt time convention is assumed and suppressed
in the formulations, while all the media are considered non-magnetic, homoge-
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Figure 3.1: Schematic to the excite SPP wave at interface ξ = Λ, where normal-
ized co-ordinates ξ = k1x and ζ = k1z are utilized.

nous, linear, and isotropic. The field components are defined in Table 3.1. To
find the angle of excitation of the SPP wave, first reflection and transmission
coefficients are found for plane wave incident upon the interface at ξ = 0. The
coefficients such as Γ12(ni

∥), T12(ni
∥), Γ23(ni

∥) and T23(ni
∥) are described in Table

3.2 and their expressions can be found in [155].

Table 3.1: The involved fields in each medium to excitation of SPP waves.

Field components Descriptions
ψi(ξ, ζ) Incident plane wave at ξ < 0
ψr(ξ, ζ) Reflected plane wave at ξ < 0
ψt2(ξ, ζ) Transmitted plane wave at 0 < ξ < Λ
ψr2(ξ, ζ) Reflected plane wave at 0 < ξ < Λ
ψt3(ξ, ζ) Transmitted plane wave at ξ > Λ

Now we consider the schematic shown in figure (3.2) to study the effect
of SPP waves on scattering from a corner reflector and a strip. Figure (3.3)
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Table 3.2: Reflection and transmission coefficients to calculate re-
flectance/transmittance and angle of SPP wave excitation.

Coefficients Descriptions
Γ12 Reflection coefficient for the interface between medium 1 and medium 2.
T12 Transmission coefficient for the interface between medium 1 and medium 2.
Γ23 Reflection coefficient for the interface between medium 2 and medium 3.
T23 Transmission coefficient for the interface between medium 2 and medium 3.

Figure 3.2: A scenario to study the SPP wave scattering from different cylindri-
cal structures such as corner reflector, strip, etc, where the involved geometri-
cal and physical parameters are reported inside the geometry.

depicts the arrangement of small metallic circular scatterers to simulate the
structures. The same area rule is used to determine the size of small circular
scatterers [161]. We assume the main reference frame (MRF) (O, ξ, ζ) described
by normalized coordinates ξ = k1x, ζ = k1z and the reference frames RFp

centered on the axis of the p-th scatterer (p = 1, 2, . . . , N). The other involved
geometrical parameters are also described. According to cylindrical scattering
problems, the convention for polarizations such as TE/TM is used when the
electric/magnetic field is transverse to the axis of the scatterer as

ψ(ξ, ζ) = Ey(ξ, ζ), TM-Polarization

ψ(ξ, ζ) = Hy(ξ, ζ), TE-Polarization

The ψ(ξ, ζ) function represents the multiple field contributions in each medium
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Figure 3.3: Simulation of different shapes by the arrangement of circular scat-
terers such as corner reflector, strip, etc, to observe the effect of SPP waves
excitation on scattering.

due to the incident field. In Table 3.3 the field components are defined when
the scatter is present. The transmitted field into medium 3 will incident on the
object.

Table 3.3: Description of scattered field components in the presence of scatter-
ers.

Field components Descriptions
ψ1

st(ξ, ζ) Scattered transmitted field through the interface at ξ = 0
ψ2

sr(ξ, ζ) Scattered reflected field from the interface at ξ = 0
ψ2

st(ξ, ζ) Scattered transmitted field through the interface at ξ = Λ
ψs(ξ, ζ) Scattered field from the cylindrical objects
ψsr(ξ, ζ) Scattered reflected field from the interface at ξ = Λ

In order to take into account the circular geometry of scatterers, the transmitted
field (2.5) will be transformed into the polar coordinate system centered on the
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pth scatterer can be written as [161]

ψt3(ξ, ζ) = ψ0T12(ni
∥)T23(ni

∥)e
jn3(nt3

⊥(χp−Λ)+nt3
∥ ηp)

∞

∑
ℓ=−∞

jℓ Jℓ(n3ρ)ejℓθp ejℓθt3 (3.1)

where nt3
⊥ and nt3

∥ are the orthogonal and parallel components of the wave
vector [161]. Resulting of the incident field, the scattered field may be written
as

ψs(ξ, ζ) = ψ0

N

∑
q=1

∞

∑
m=−∞

cqmCWm(n3ξq, n3ζq), ξ > Λ (3.2)

where CWm(ξq, ζq) = H(1)
m (ρq)ejmθq is a cylindrical function in terms of the first

kind of Hankel function of order m. The plane wave spectrum of CWm is

CWm(n3ξq, n3ζq) =
1

2π

∫ ∞

−∞
Fm(ξ, n∥)e

jn∥ζq dn∥ (3.3)

where Fourier spectrum is:

Fm(ξ, n∥) =
2ej|ζ|

√
1 − n2

∥

1 − n2
∥

e−jm arccos n∥ , ξ ≤ 0,

ejm arccos n∥ , ξ ≥ Λ,
(3.4)

with the use of the addition theorem of Hankel function equation (3.2) may be
written as [161]

ψs(ξ, ζ) = ψ0

∞

∑
ℓ=−∞

Jℓ(n3ρp)ejℓθp
N

∑
q=1

∞

∑
m=−∞

cqm

×
[

CWm−ℓ(n3ξqp, n3ζqp)(1 − δqp) +
H(1)
ℓ (n3ρp)

Jℓ(n3ρp)
δqpδℓm

]
(3.5)

Expressing the scattered reflected field at the secondary reference frame cen-
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tered on the qth scatterer is given as

ψsr(ξq, ζq) = ψ0

∞

∑
ℓ=−∞

Jℓ(n3ρp)ejℓθp
N

∑
q=1

∞

∑
m=−∞

cqm

×RWm+ℓ[−n3(χq + χp − 2Λ), n3(ηq − ηp)], ξ > Λ (3.6)

where
RWm(ξ, ζ) =

1
2π

∫ ∞

−∞
Γ32(n∥)Fm[n3(ξ − Λ), n∥]e

jn2n∥ζdn∥ (3.7)

We observe the scattered field that is transmitted through the interface at ξ = 0
and it is described as

ψ1
st(ξ, ζ) = ψ0

N

∑
q=1

∞

∑
m=−∞

cqmTW1
m(ξ, ζ; χq), ξ < 0, (3.8)

where

TW1
m(ξp, ζp; χp) =

1
2π

∫ ∞

−∞
T21(n∥)T32(n∥)Fm[−n3(χq − Λ), n∥]

×e−j
√

1−(n3n∥)
2
ξejn3n∥(ζ−ηq)dn∥ (3.9)

Applying the boundary condition at ρp = k1αp on the surface of the scatterer
for both polarizations we get

ψt3 + ψs + ψsr |ρp=k1αp= 0 TM - polarization

∂

∂ρp
(ψt3 + ψs + ψsr) |ρp=k1αp= 0 TE - polarization

(3.10)

By putting equations (3.1), (3.2) and (3.6) in equation (3.10) and rearranging
we get [161]

N

∑
q=1

∞

∑
m=−∞

Aqp(TM,TE)
mℓ cqm = Bp(TM,TE)

ℓ ,

ℓ = 0,±1,±2..... ± ∞

p = 1, .........N
(3.11)
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where

Aqp(TM,TE)
mℓ = j−ℓG(TM,TE)

ℓ ×

{CWm−ℓ(n3ξqp, n3ζqp)(1 − δqp) +
δqpδℓm

G(TM,TE)
ℓ (n3ρp)

+RWm+ℓ

[
−n3(χp + χp − 2Λ), n3(ηp − ηq)

]
} (3.12)

and

Bp(TM,TE)
ℓ = −G(TM,TE)

ℓ

{
T21(ni

∥)T32(ni
∥)e

jn3[nt3
⊥(χp−Λ)+nt3

∥ ηp]e−jℓθt3
}

(3.13)

while δqp and δlm are Kronecker delta functions and

G(TM)
ℓ =

Jℓ(x)

H(1)
ℓ (x)

(3.14)

G(TE)
ℓ =

J′ℓ(x)

H′(1)
ℓ (x)

(3.15)

3.2 Numerical results

The linear system in equation (3.11) is numerically solved by taking the trun-
cation index to M = 3n2a [161]. The scattering properties are studied by exci-
tation of the SPP waves using the Turbadar–Kretschmann–Raether (TKR) con-
figuration. The refractive index of the prism is n1 = 2.6 and the operating
wavelength is 633 nm. We have assumed an aluminum and air interface with
n2 =

√
−54 + 21j, n3 = 1 at L= 15 nm, respectively, along which the SPP wave

propagates. Moreover, the excitation angle is θi = θSPP = 22.9◦ can be found
by computing the reflectance as a function of incidence angle θi. In the sub-
sequent discussion, we have considered multiple structures such as corner re-
flector, strip, etc., simulated by circular scatterers and observed the scattering
properties. First, we validate the implementation by reproducing the figure
(3.4) in the presence and absence of the SPP waves. The reader is referred to
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figures (6) and (7) of [54] for more details. The simulation parameters remain
the same in further simulations.

(a) R = 10 nm, θi = θSPP = 22.9◦ (b) R = 10 nm, θi = 12.9◦

(c) h = 100 nm, θi = θSPP = 22.9◦ (d) h = 100 nm, θi = 12.9◦

Figure 3.4: Effect of SPP waves on the scattered field for a single scatterer.
Comparison is done with the scattered field in the absence of SPP waves.

To examine the scattering properties of SPP waves from an object, the backward-
scattered fields in medium 1 are computed at x = −0.5 nm for both the inci-
dence angle that excites the SPP waves, figure (3.4) (a) and (c), and the inci-
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dence angle when the SPP waves are not excited; see figure (3.4) (b) and (d).
Analysis is done on the impact of the size of the scatterer and its distance from
the metal/medium 3 interface. An object close to the interface must scatter
more than the one farther away since the SPP wave is localized to the inter-
face. It is evident from the figure that when the SPP wave is excited compared
to when it is not, the scattered field is far more prominent. The scattering
enhancement is clearly noticed when the SPP waves propagate along the in-
terface. The enhancement is at least of one order of magnitude. In the absence
of the SPP wave the scattering amplitude is low. This simulation gives the
idea of how far an object should be in order to avoid scattering effects in plas-
monic communication. It can be deduced that the scattering effect can be ne-
glected for the SPP wave propagation when the distance of the object with size
R = 5 nm is h = 100 nm. For a large object having R = 20 nm, the scattering
enhancement is large enough to be ignored.

The back scattered fields in figures (3.5) are computed for a corner reflec-
tor made of small circular scatterers to provide a better understanding of how
SPP waves affect the scattered field, where the incidence angles are as indi-
cated, θi = θSPP = 22.9◦ and θi = 12.9◦. Analysis is done on the impact of the
corner reflector size and its distance from the metal/medium 3 interface. Com-
paring the figures 3.5 (a), and (b) reveals that for the identical values of L1 = L2

and h, the backward-scattered field is ten times stronger when the SPP wave is
present. From figures 3.5 (a) and (b), when h = 30 nm, the maximum value are
0.015 and 3× 10−3 approximately. Comparing these values 0.015/3× 10−3≈ 5
times being less than one order of magnitude. This observation is also noted
while we compare figure (3.5) (c) and (d). From figures (3.5) (c) and (d) when
h = 100 nm the maximum value are 0.025 and 0.014 approximately. Compar-
ing these values 0.025/0.014 ≈ 2 times being less than one order of magni-
tude. Since multiple objects are present, the scattering enhancement is larger
than that was noticed for a single object. Multiple scattering occurs when a
wave interacts with multiple objects, and the scattered waves interfere with
each other. In general, the scattering enhancement due to multiple scattering
is larger than that due to a single object. Once again low scattering can be
seen when the SPP wave does not exist. This simulation helps in getting the
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idea that how far a corner reflector can be placed to avoid scattering effects in
plasmonic communication. For large object with L1 = L2 = 30, 40 nm, the
scattering enhancement is observed to be very large.

(a) L1 = L2 = 10 nm, θi = θSPP = 22.9◦ (b) L1 = L2 = 10 nm, θi = 12.9◦

(c) h = 100 nm, θi = θSPP = 22.9◦ (d) h = 100 nm, θi = 12.9◦

Figure 3.5: Enhancement in the scattered field due to SPP waves for a corner
reflector, where N1 = N2 = 4 are the number of scatterers used to simulate a
structure.
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The simulation is done in figure (3.6) for a circular arrangement of small
scatterers which mimics the metallic object of the circular cross section. Same
area rule [161] is followed in these arrangements. For identical values of R
and h, the scattered field is around 10 times stronger than when SPP wave
is absent. Additionally, the scattered field becomes smaller as the size of the
scatterer decreases or as it is moves away from the interface.

(a) R = 10 nm, θi = θSPP = 22.9◦ (b) R = 10 nm, θi = 12.9◦

(c) h = 100 nm, θi = θSPP = 22.9◦ (d) h = 100 nm, θi = 12.9◦

Figure 3.6: Effect of SPP waves on the scattered field of a circular object simu-
lated by means of eight scatterers, N=8.
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Now, we simulate a strip and the scattering behavior is shown in figure (3.7)
for both scenarios when SPP wave excites and when it does not. A change in
length L has a more substantial impact on the scattered field, than a change
in the depth of the structure. As the length increases, its scattering surface ex-
pands which results in increasing the energy of the excitations of the scatterer.
The placement of a strip in the system for plasmonic communication is more
affected by the scattering enhancement due to SPP waves.

(a) L = 10 nm, θi = θSPP = 22.9◦ (b) L = 10 nm, θi = 12.9◦

(c) h = 100 nm, θi = θSPP = 22.9◦ (d) h = 100 nm, θi = 12.9◦

Figure 3.7: Intensified scattered field in the presence of SPP waves for a strip
simulated by the placement of small scatterers, where N = 4.
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In addition to the backward scattered fields, two-dimensional field maps
are more helpful to analyze the field in the vicinity of the object as demon-
strated in figure (3.8). Unlike usual scattering for a plane wave incidence from
medium 1, the amplitude on both sides of the scatterer is high in the pres-
ence of the SPP waves rather than on the upper side from which the object is
illuminated. Effectively, when a surface plasmon is excited on the interface be-
tween a metal and a dielectric, the electric field amplitude at the interface can
be significantly enhanced. The enhancement of the electric field amplitude is
due to the coupling between the surface plasmon and the incident electromag-
netic wave and being high in medium 3 where the wave has large penetration
length. Backscattered field is very low compared to field on both edges of
the object. The scattering of SPPs due to interaction with a corner reflector
depends on the angle of incidence and the shape of the reflector. For this con-
figuration, when the angle of incidence is small, the scattering from the apex
of a corner reflector is stronger than that from the edge. A dipole like field is
present at the edges of the corner reflector as presented in figure (3.8a), and also
at the edges of the strip in figure (3.8b). The dipole-like distribution is due to
the interference between the scattered waves from adjacent spheres, where the
interference leads to constructive and destructive interference patterns, which
result in the dipole-like distribution of the electric field. The near zone scat-
tered field is shown when scatterers are arranged in a circular form in figure
(3.8c). Once again it is evident that the field strength is strong on the right and
left sides of the object rather than back/forward scattering due to SPP wave
excitation.

From the simulated results, it can be anticipated that SPP scattering can
interfere destructively with direct SPP wave transmission and this can cause
a strong interruption at the receiver. In addition, SPP wave scattering will
definitely reach the receiver as it is very strong when the scatterer is placed
near the interface.
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Enhanced scattering in the presence of SPP waves excited by TKR
configuration

(a) L1 = L2 = 20 nm, h = 32 nm (b) L = 20 nm, h = 20 nm,

(c) R = 5 nm, h = 27 nm

Figure 3.8: (a) Two-dimensional maps of intensified scattered fields of a corner
reflector, (b) scatterers arranged in a strip form, and (c) a circular arrangement
of small scatterers which mimics the perfectly conducting object, where θi =
θspp = 22.9◦, and angle of corner reflector is 30◦.
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Chapter 4

Scattering of SPP waves excited by
grating coupled configuration

This chapter analyzes the scattering of SPP waves excited by using the grating
coupled configuration. The reflection and transmission coefficients of a grat-
ing can be obtained using EBCM [162] discussed in chapter 2. The metallic
circular scatterer is considered. The grating formulation is combined with the
CWA approach to analyze the SPP wave scattering and signal distortion. In
section (4.1) problem description and formulation are given, while in section
(4.2) numerical results are reported.

4.1 Problem description and formulation

The geometry of the problem is shown in figure (4.1). The permittivity and
permeability of free space are ϵo and µo, respectively, while ϵ1 and µ1 are the
permittivity and permeability of the host medium, respectively. Two reference
frames are introduced. The main reference frame (MRF) (0, ξ, ζ) with normal-
ized coordinates ξ = kox, ζ = ko z, and the reference frame centered on the
scatterer (RFq) (ξq, ζq) with normalized coordinates ξq = ξ − χq, ζq = ξ − ηq

are assumed. The scatterer has a normalized size αq = koa and is placed at
MRF i.e., (χq = ko d, ηq), where χq is the normalized distance of the metallic
scatterer from the interface and ko is the wave number of free space. The time
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Scattering of SPP waves excited by grating coupled configuration

Figure 4.1: Geometry of the problem

dependency e−jwt is considered.

Table 4.1: The involved fields in each medium.

Field components Descriptions
Vi(ξ, ζ) Incident plane wave at region 0
Vr(ξ, ζ) Reflected plane wave at region 0
Vt(ξ, ζ) Transmitted plane wave to region 1
Vs(ξ, ζ) Scattered field from metallic circular scatterer
Vsr(ξ, ζ) Scattered reflected field from scatterer and grating
Vst(ξ, ζ) Scattered transmitted field into region 0

According to cylindrical scattering problems, the convention for polariza-
tions such as TE/TM is used when the electric/magnetic field is transverse to
the axis of the scatterer as

V(ξ, ζ) = Ey(ξ, ζ), TM-Polarization

V(ξ, ζ) = Hy(ξ, ζ), TE-Polarization
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Scattering of SPP waves excited by grating coupled configuration

The V(ξ, ζ) function represents the multiple field contributions in each medium
due to the incident field. The primary reflection from the grating can be written
as [97]

Vr(ξ, ζ) = V0
1

2π

∫ ∞

−∞
γ01s(n∥)e

j(−n⊥ξ+n∥ζ)dn∥ (4.1)

Here, γ01s(n∥) is the reflection coefficient that represents the field from the flat
interface and grating contributions. For flat γ01s(n∥), s=0, while for grating
contribution, s = ±1,±2 and so on. The field penetrated into region 1 is de-
scribed as [97]

Vt(ξ, ζ) = V0
1

2π

∫ ∞

−∞
τ01s(n∥)e

jn1(n⊥χq+n∥ηq)ejn1(n⊥ξq+n∥ζq)dn∥ (4.2)

The transmitted field will be incident upon a metallic circular object. In a polar
coordinate system, it can be written as

Vt(ξq, ζq) = V0

∞

∑
ℓ=−∞

jℓ Jℓ(n1ρq)ejℓθq ×△B (4.3)

where

△B =
1

2π

∫ ∞

−∞
τ01s(n∥)e

jn1(n⊥χq+n∥ηq)e−jℓtan−1(
n∥
n⊥

)dn∥ (4.4)

The scattered field can be represented as a sum of cylindrical functions
CWm(n1ξq, n1ζq)= H1

m(n1ρq)ejmθq , where H1
m is a first-kind Hankel function of

order m. Therefore, we have

Vs(ξ, ζ) = V0

∞

∑
m=−∞

jmcqmCWm(n1ξq, n1ζq)e−jmθt (4.5)

where

CWm(ξ, ζ) =
1

2π

∫ ∞

−∞
Fm(ξ, n∥)e

jn∥ζdn∥ (4.6)
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The Fourier spectrum of Fm(ξ, n∥) may be written as [163]

Fm(ξ, n∥) =
2ej|ζ|

√
1 − n2

∥

1 − n2
∥

e−jm arccos n∥ , ξ ≤ 0,

ejm arccos n∥ , ξ ≥ 0,
(4.7)

The scattered-reflected field comprises all field configurations resulting from
the reflection of each cylindrical wave from a grating. The scattered-reflected
field is [97]

Vsr(ξ, ζ) = V0

∞

∑
m=−∞

jme−jmθt cqmRWm[n1(−ξq − 2χq), n1ζq, χq] (4.8)

where RWm is the reflected cylindrical function of order m can be written as

RWm(ξ, ζ, χ) = RW0
m(ξ, ζ) + RWs

m(ξ, ζ, χ) (4.9)

where the expressions of RW0
m and RWs

m are given as

RW0
m(ξ, ζ) =

1
2π

∫ ∞

−∞
γ10s(n∥)Fm(ξ, n∥)e

jn∥dn∥ (4.10)

RWs
s (ξ, ζ, χ) =

1
(2π)2

∫ ∞

−∞

∫ ∞

−∞
γ10s(n′

∥, n∥)

×Fm(−n1χ, n∥)e
j(n′

⊥ξ+n′
∥ζ)dn∥dn′

∥ (4.11)

Equations (4.10) and (4.11) use reflection coefficients γ10s(n∥) and γ10s(n′
∥, n∥),

which are similar to equation (4.1), but with a reversed propagation from medium
1 to medium 0 taken into account. It is worth noting that in equation (4.10), the
reflection coefficient represents the zeroth order and s = 0. On the other hand,
in equation (4.11), s = ±1,±2, and so on, representing the grating components.
Starting from equation (4.8), making use of (4.7) in (4.10) and (4.11), and of the
expansion of a plane wave into the Bessel functions, the following expression

53



Scattering of SPP waves excited by grating coupled configuration

of the field Vsr(ξ, ζ) is obtained

Vsr(ξ, ζ) = V0

∞

∑
ℓ=−∞

Jℓ(n1ρq)ejℓθq
∞

∑
m=−∞

jme−jmθt ×

cqm[RW0
m+ℓ(−2n1χq, 0) + RWs

m,ℓ(−n1χq, 0, χq)] (4.12)

The expressions of RW0
m(−2n1χq, 0) and RWs

m(−n1χq, 0, χq) are given as

RW0
m+ℓ(−2n1χq, 0) =

1
2π

∫ ∞

−∞
γ10s(n∥)Fm(−2n1χq, n∥)e

jn∥dn∥ (4.13)

RWs
m,ℓ(−n1χq, 0, χq) =

1
(2π)2

∫ ∞

−∞

∫ ∞

−∞
γ10s(n′

∥, n∥)

×Fm(−n1χq, n∥)e
−jn′

⊥χq e−jℓθsr dn∥dn′
∥ (4.14)

The scattered transmitted field, expressed in terms of the transmitted cylindri-
cal wave function TWm(ξ, ζ, χ), can be written as:

Vst(ξ, ζ) = V0

∞

∑
m=−∞

jme−jmθt cqmTWm(ξ − χq, ζ − ηq, χq) (4.15)

where
TWm(ξ, ζ, χ) = TW0

m(ξ, ζ, χ) + TWs
m(ξ, ζ, χ) (4.16)

The explicit expressions of TW0
m(ξ, ζ, χ) and TWs

m(ξ, ζ, χ) are given

TW0
m(ξ, ζ, χ) =

1
2π

∫ ∞

−∞
τ10s(n∥)

×Fm(−n1χ, n∥)e
−j
√

1−(n⊥n∥)2(ξ+χ)ejn⊥n∥ζdn∥ (4.17)

TWs
m(ξ, ζ, χ) =

1
(2π)2

∫ ∞

−∞

∫ ∞

−∞

×τ10s(n′
∥, n∥)Fm(−n1χ, n∥)e

−j
√

1−(n1n′
∥)

2(ξ+χ)
ejn1n′

∥ζdn∥dn′
∥ (4.18)

The transmission coefficients from medium 1 to medium 0 are represented by
τ10s(n∥) and τ10s(n′

∥, n∥). In equation (4.17), s = 0, while in equation (4.18), s =
±1,±2, and so on. Applying the boundary condition at ρp = αp on the surface
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of the scatterer for both polarizations, we get

Vt + Vs + Vsr |ρp=αp= 0 TM - polarization
∂

∂ρp
(Vt + Vs + Vsr) |ρ‘p=αp= 0 TE - polarization

(4.19)

By putting the equations (4.3), (4.5) and (4.12) in equation (4.19) we get [97]

∞

∑
m=−∞

Aqp(TM,TE)
mℓ cqm = Bp(TM,TE)

ℓ ,
{
ℓ = 0,±1,±2..... ± ∞ (4.20)

Aqp(TM,TE)
ℓm = jm−ℓe−jmθt [RW0

m+ℓ(−2n1χq, 0) + RWs
m,ℓ(−n1χq, 0)]

×G(TM,TE)
ℓ (n1αq) + δmℓ (4.21)

and

Bp(TM,TE)
ℓ = −G(TM,TE)

ℓ (n1αp)
{

τ01p(ni
∥)e

j(nt
⊥χq+nt

∥ηq)e−jℓθt1 +△B
}

(4.22)

where δml is the Kronecker delta function and

G(TM)
ℓ =

Jℓ(x)

H(1)
ℓ (x)

(4.23)

G(TE)
ℓ =

J′ℓ(x)

H′(1)
ℓ (x)

(4.24)

4.2 Results and discussion

First, we compare the formulation with results obtained by CWA [97] shown
in figure (4.2). The scattering cross section σ[dB] is plotted with respect to the
scattered angle. The simulation parameters used to obtain the result are h =
0.0064 λ0, ϵ1 = 4ϵ0, Ps = 0.8π, χq=2.6 π, αq = 0.32π, θi = 30◦, and ηq = 0.

The effect of SPP waves on the scattering for a metallic circular scatterer for
different values of size is reported in figure (4.3). The simulation parameters
are ϵ1 = −7.0410 + 0.2781j, λ = 633 nm, Ps = 1100 nm, and h = 100 nm. The
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grating is coated with silver. It is evident from the figures that the scattered
field increases with increasing size of the scatterer. Additionally, the scattered
field intensity is much higher when the incident angle is equal to θSPP than
when the incident angle is not an SPP.

In figure (4.4) the scattered field is observed when the scattered is placed
at different distance values from the grating. The simulation parameters are
ϵ1 = −7.0410 + 0.2781j, λ = 633 nm, Ps = 1100 nm and h = 100 nm. It has
been observed that the scattered field reduces as the object moves away from
the grating. It highlights that the presence of SPP waves near the interface is
much stronger than away from the interface. The amplitude of the scattered
field is higher when the incident angle is θSPP than when it is not.

In figure (4.5) the effect of the period on the scattered field is analyzed. The
simulation parameters used to obtain the results are ϵ1 = −7.0410 + 0.2781j, a
= 20 nm, d = 26 nm, λ = 633 nm, and h = 100 nm. The side and main lobes
change by increasing the period from 900 nm to 1700 nm. Moreover, the side
lobe (peaks) is stronger than the central lobe. The same pattern is observed
with the use of incident angle θi = θSPP = 25.5◦, 46.7◦ and once again the field
intensity is higher than the intensity when the angle of incident is not an θSPP.

In the end, the scattered field for different values of the grating height is
plotted with respect to the scattered angle in figure (4.6). The ϵ1 = −7.0410 +

0.2781j, a = 20 nm, d = 26 nm, λ = 633 nm, and Ps = 1200 nm are the simulation
parameters. The scattered field increases with an increase in the height of the
grating. Moreover, the scattered field is small when the angle of the incident is
not equal to θSPP.

From the above analysis, it is evident that the signal propagation will be in-
terrupted by the presence of a strong scattered field. Interference of SPP wave
propagation with scattered fields is quite obvious. Moreover, the reception of
SPP scattering at the receiver is another factor that will distort the information
sent to the receiver. The simulated scenarios help in determining the combina-
tion of size and distance which does not distort the signal propagation due to
scattering effects. This simulation gives an idea of how far an object should be
in order to avoid scattering effects in plasmonic communication.
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Figure 4.2: The scattering cross section σ is plotted as a function of scattered
angle. The simulation parameters are h = 0.0064 λ0, n1 = 2, Ps = 0.8π, χq=2.6
π, αq = 0.32π, θi = 30◦, and ηq = 0.
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(a) d = 26 nm, θi = θSPP = 33o (b) d = 26 nm, θi = 43o

(c) d = 26 nm, θi = θSPP = −33o (d) d = 26 nm, θi = −23o

Figure 4.3: Effect of SPP waves on the scattered field for a metallic circular
scatterer. The parameters are ϵ1 = −7.0410 + 0.2781j, λ = 633 nm, Ps = 1100
nm and h = 100 nm. The grating is coated with silver.
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(a) a = 20 nm, θi = θSPP = 33o (b) a = 20 nm, θi = 43o

(c) a = 20 nm, θi = θSPP = −33o (d) a = 20 nm, θi = −23o

Figure 4.4: Scattered field for different values of distance of scatterer from the
grating. The parameters are ϵ1 = −7.0410 + 0.2781j, λ = 633 nm, Ps = 1100
nm and h = 100 nm.
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(a) Ps = 900 nm, θi = θSPP = 25.5o (b) Ps = 900 nm, θi = 35.5o

(c) Ps = 1700 nm, θi = θSPP = 46.7o (d) Ps = 1700 nm, θi = 56.7o

Figure 4.5: The effect of the period on the scattered field in the presence and
absence of SPP wave, where the simulation parameters are ϵ1 = −7.0410 +
0.2781j, a = 20 nm, d = 26 nm, λ = 633 nm, and h = 100 nm.
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(a) h = 70 nm, θi = θSPP = 34.6o (b) h = 70 nm, θi = 44.6o

(c) h = 120 nm, θi = θSPP = 37.3o (d) h = 120 nm, θi = 47.3o

Figure 4.6: Variation of the scattered field by changing the height of the grating
in the presence and absence of SPP wave. The parameters are ϵ1 = −7.0410 +
0.2781j, a = 20 nm, d = 26 nm, λ = 633 nm, and Ps = 1200 nm.
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Chapter 5

Conclusions

Effect of SPP waves on scattering phenomenon from cylindrical structures
such as a corner reflector and a strip is analyzed using the cylindrical wave
approach. A comparison is presented between scattered field when the SPP
waves are excited and when the SPP waves are not excited. Different arrange-
ments are simulated by means of multiple metallic circular scatterers. It is
noted that the scattered field from the strip is very strong and can be one of the
major challenges in plasmonic communication due to strong scattering losses.
The enhancement of the electric field amplitude is due to the coupling between
the surface plasmon and the incident electromagnetic wave. Moreover, the
simulations give the idea that what structure size and distance from the inter-
face do not produce significant scattering. The backward-scattered field by a
corner reflector is ten times stronger when the SPP wave is present.

To observe the field in the vicinity of the object, two-dimensional near zone
field maps are presented which show dipole-like scattering due to SPP wave
excitation unlike usual scattering for a plane wave excitation. The placement
of a strip near another configuration/element in an on-chip plasmonic com-
munication system can be a major challenge as the scattering field is strong on
both edges. This issue also arises for a corner reflector with a strong field near
the corner and edges. The application of SPPs in on-chip communications en-
counters challenges due to scattering losses during signal transmission. These
losses can lead to adverse effects such as power reduction and distortion of the
pulse shape, impacting the overall integrity and strength of the transmitted
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signals. In order to build plasmonic communication applications, it is critical
to first understand the scattering mechanisms and properties.

In a second problem, the scattering of SPP waves excited by grating from
a metallic circular scatterer is described. The extended boundary condition
method (EBCM) is utilized to derive the reflection and transmission coeffi-
cients. In the first step, the angles of exciting SPP (θSPP) are measured by
plotting the reflection coefficient square (|γ01n|2).

The numerical results are reported for different values of the sizes and dis-
tances of the scatterer from the grating. It has been observed that the scattered
field increases as the size of the scatter increases. Additionally, the scattered
field intensity is much higher when the angle of incident is equal to the angle
of excitation of SPP than when the angle of incident is not SPP.

The scattered field reduces with increase in the distance of the scatterer
from the grating which shows that the effect of SPP waves near the interface
is much stronger than away from the interface. The amplitude of the scattered
field is higher when the incident angle is θSPP, than when it is not.

The effect of the period and height on the scattered field is also analyzed. It
has been noticed that the scattered field increases with an increase in the height
of the grating. The scattered field is smaller when the angle of the incident is
not θSPP.

From the simulated results, it can be anticipated that SPP scattering can
interfere destructively with direct SPP wave transmission and this can cause
a strong interruption at the receiver. In addition, SPP wave scattering will
definitely reach the receiver as it is very strong when the scatterer is placed
near the interface.
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[146] Jiřı́ Homola and Marek Piliarik. Surface plasmon resonance (SPR) sensors.
Springer, 2006.

[147] Ibrahim Abdulhalim, Mohammad Zourob, and Akhlesh Lakhtakia. Sur-
face plasmon resonance for biosensing: a mini-review. Electromagnetics,
28(3):214–242, 2008.

[148] Tom G Mackay and Akhlesh Lakhtakia. Modeling columnar thin films as
platforms for surface–plasmonic–polaritonic optical sensing. Photonics
and Nanostructures-Fundamentals and Applications, 8(3):140–149, 2010.

[149] DP Pulsifer, A Lakhtakia, et al. Multiple surface plasmon polariton
waves. Electronics letters, 45(22):1, 2009.

[150] Akhlesh Lakhtakia, Yi-Jun Jen, and Chia-Feng Lin. Multiple trains of
same-color surface plasmon-polaritons guided by the planar interface of
a metal and a sculptured nematic thin film. part iii: Experimental evi-
dence. Journal of Nanophotonics, 3(1):033506, 2009.

[151] WM Robertson and MS May. Surface electromagnetic wave excitation
on one-dimensional photonic band-gap arrays. Applied physics letters,
74(13):1800–1802, 1999.

79



BIBLIOGRAPHY

[152] Zdzislaw Salamon, H Angus Macleod, and Gordon Tollin. Coupled
plasmon-waveguide resonators: a new spectroscopic tool for probing
proteolipid film structure and properties. Biophysical Journal, 73(5):2791–
2797, 1997.

[153] Erwin Kretschmann and Heinz Raether. Radiative decay of non radia-
tive surface plasmons excited by light. Zeitschrift für Naturforschung A,
23(12):2135–2136, 1968.

[154] Andreas Otto. Excitation of nonradiative surface plasma waves in sil-
ver by the method of frustrated total reflection. Zeitschrift für Physik A
Hadrons and Nuclei, 216(4):398–410, 1968.

[155] Sophocles J Orfanidis. Electromagnetic waves and antennas. Rutgers Uni-
versity New Brunswick, NJ, 2002.

[156] John Moreland, Arnold Adams, and Paul K Hansma. Efficiency of light
emission from surface plasmons. Physical Review B, 25(4):2297, 1982.

[157] PT Worthing and William L Barnes. Efficient coupling of surface plas-
mon polaritons to radiation using a bi-grating. Applied Physics Letters,
79(19):3035–3037, 2001.

[158] William L Barnes, Alain Dereux, and Thomas W Ebbesen. Surface plas-
mon subwavelength optics. Nature, 424(6950):824–830, 2003.

[159] Paul V Lambeck. Integrated optical sensors for the chemical domain.
Measurement Science and Technology, 17(8):R93, 2006.

[160] Leung Tsang, Jin Au Kong, Kung-Hau Ding, and Chi On Ao. Scattering
of electromagnetic waves: numerical simulations. John Wiley & Sons, 2004.

[161] Cristina Ponti and Stefano Vellucci. Scattering by conducting cylinders
below a dielectric layer with a fast noniterative approach. IEEE Transac-
tions on Microwave Theory and Techniques, 63(1):30–39, 2014.

80



BIBLIOGRAPHY

[162] Ashfaq Ahmad and Muhammad Arshad Fiaz. Scattered field from a
pemc cylinder buried below rough interface using extended boundary
condition method. Optik, 193:162572, 2019.

[163] MA Fiaz, Fabrizio Frezza, Lara Pajewski, C Ponti, and G Schettini.
Asymptotic solution for a scattered field by cylindrical objects buried
beneath a slightly rough surface. Near Surface Geophysics, 11(2):177–184,
2013.

81



1

2

3

4

5

6

7

8

9

10

11

Turnitin Originality Report

Signal distortion and scattering losses in on-chip plasmonic communication  by Ashfaq
Ahmad .

From Quick Submit (Quick Submit)

Processed on 21-Aug-2024 13:56 PKT
ID: 2435450212
Word Count: 13615

 
Similarity Index
14%
Similarity by Source

Internet Sources:
4%

Publications:
12%

Student Papers:
2%

sources:

2% match (Faryad, Muhammad. "Propagation and excitation of multiple surface waves.",
Proquest, 2014.)
Faryad, Muhammad. "Propagation and excitation of multiple surface waves.", Proquest, 2014.

1% match (Internet from 25-Apr-2024)

https://arcadia.sba.uniroma3.it/bitstream/2307/4076/1/Electromagnetic%20scattering%20by%20cylindrical%20objects%20buried%20
infinite%20medium%20with%20a%20rough%20surface.pdf

1% match (student papers from 14-Feb-2020)
Submitted to Higher Education Commission Pakistan on 2020-02-14

1% match (Internet from 27-Feb-2022)
https://ebin.pub/optoelectronics-and-photonics-principles-and-practices-9780132151498-
0273774174-9780273774174-0132151499.html

1% match (M. Ahmed, M.A. Fiaz, M.A. Ashraf. "Investigation of RCS dependence on
chirality for a chiral cylinder buried below slightly rough surface", AEU - International Journal
of Electronics and Communications, 2016)

M. Ahmed, M.A. Fiaz, M.A. Ashraf. "Investigation of RCS dependence on chirality for a chiral cylinder
buried below slightly rough surface", AEU - International Journal of Electronics and Communications,
2016

1% match (Justin Elser, Viktor A. Podolskiy. "Scattering-Free Plasmonic Optics with
Anisotropic Metamaterials", Physical Review Letters, 2008)
Justin Elser, Viktor A. Podolskiy. "Scattering-Free Plasmonic Optics with Anisotropic

Metamaterials", Physical Review Letters, 2008

1% match (S. L. Chuang, J. A. Kong. "Wave scattering and guidance by dielectric
waveguides with periodic surfaces", Journal of the Optical Society of America, 1983)
S. L. Chuang, J. A. Kong. "Wave scattering and guidance by dielectric waveguides with

periodic surfaces", Journal of the Optical Society of America, 1983

1% match (Shun-Lien Chuang, Jin Au Kong. "Scattering of waves from periodic surfaces",
Proceedings of the IEEE, 1981)
Shun-Lien Chuang, Jin Au Kong. "Scattering of waves from periodic surfaces", Proceedings of

the IEEE, 1981

< 1% match (student papers from 27-Jun-2020)
Submitted to Higher Education Commission Pakistan on 2020-06-27

< 1% match (student papers from 03-Feb-2020)
Submitted to Higher Education Commission Pakistan on 2020-02-03

< 1% match (Internet from 30-Jun-2020)
http://docplayer.net/52453066-Plasmonics-the-future-wave-of-communication.html

http://gateway.proquest.com/openurl?res_dat=xri%3Apqm&rft_dat=xri%3Apqdiss%3A3584693&rft_val_fmt=info%3Aofi%2Ffmt%3Akev%3Amtx%3Adissertation&url_ver=Z39.88-2004
https://arcadia.sba.uniroma3.it/bitstream/2307/4076/1/Electromagnetic%20scattering%20by%20cylindrical%20objects%20buried%20in%20a%20semi-infinite%20medium%20with%20a%20rough%20surface.pdf
https://arcadia.sba.uniroma3.it/bitstream/2307/4076/1/Electromagnetic%20scattering%20by%20cylindrical%20objects%20buried%20in%20a%20semi-infinite%20medium%20with%20a%20rough%20surface.pdf
http://www.turnitin.com/paperInfo.asp?r=13.5525417080924&svr=6&lang=en_us&oid=oid:1:1692310917&n=1&perc=1
https://ebin.pub/optoelectronics-and-photonics-principles-and-practices-9780132151498-0273774174-9780273774174-0132151499.html
https://ebin.pub/optoelectronics-and-photonics-principles-and-practices-9780132151498-0273774174-9780273774174-0132151499.html
https://doi.org/10.1016/j.aeue.2016.01.023
https://doi.org/10.1016/j.aeue.2016.01.023
https://doi.org/10.1016/j.aeue.2016.01.023
https://doi.org/10.1103/PhysRevLett.100.066402
https://doi.org/10.1103/PhysRevLett.100.066402
https://doi.org/10.1364/JOSA.73.000669
https://doi.org/10.1364/JOSA.73.000669
https://doi.org/10.1109/PROC.1981.12128
https://doi.org/10.1109/PROC.1981.12128
http://www.turnitin.com/paperInfo.asp?r=13.5525417080924&svr=6&lang=en_us&oid=oid:1:1793559661&n=1&perc=0
http://www.turnitin.com/paperInfo.asp?r=13.5525417080924&svr=6&lang=en_us&oid=oid:1:1685623133&n=1&perc=0
http://docplayer.net/52453066-Plasmonics-the-future-wave-of-communication.html

	Contents
	List of Figures
	List of Tables
	1 Introduction
	1.1 Plasmonic communication
	1.2 Two-dimensional scattering
	1.2.1 Cylindrical wave approach (CWA) 

	1.3 Objectives and organization of the thesis

	2 Excitation of SPP waves
	2.1 Prism-coupled configuration
	2.2 SPP waves excitation using TKR configuration
	2.2.1 Results and discussion

	2.3 Grating-coupled configuration
	2.4 SPP waves excitation using sinusoidal grating coupled configuration
	2.4.1 Results and discussion


	3 Enhanced scattering in the presence of SPP waves excited by TKR configuration
	3.1 Analytical formulation
	3.2 Numerical results

	4 Scattering of SPP waves excited by grating coupled configuration
	4.1 Problem description and formulation
	4.2 Results and discussion

	5 Conclusions
	Bibliography

