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Abstract

The study of optical phenomena related to the strong electromagnetic response of
noble metals (silver (Ag) and gold (Au) being most popular) over the last couple of
decades has led to the emergence of a fast growing research area called plasmonics
� named after `surface plasmons' which are electron density waves that propagate
along the interface of a metal and a dielectric medium. Surface plasmons are formed
by the coupling of light to the electrons on the metal surface subject to the ful-
�llment of certain physical conditions and they are bound to the metal surface.
Depending on whether the metallic medium is a continuous �lm or a structure
having dimensions less than or comparable to the wavelength of the exciting light,
propagating or localized surface plasmons can be excited. The structure can be
either a hole or an arbitrary pattern in a metal �lm, or a metallic particle. An
array of subwavelength structures can behave as an e�ective homogeneous medium
to incident light and this is the basis of a new class of media known as metamateri-
als. Metallic metamaterials enable one to engineer the electromagnetic response to
incident light and provide unconventional optical properties like negative refractive
index as one prominent example. Metamaterials exhibiting negative index (also
called negative index materials (NIMs)) open the door for super resolution imag-
ing and development of invisibility cloaks. However, the only problem a�ecting
the utilization of plasmonic media to their fullest potential is the intrinsic loss of
the metal, and it becomes a major issue especially at visible-near infrared (NIR)
frequencies.

The frequency of the surface plasmon is the same as that of the exciting light
but its wavelength could be as short as that of X-rays. This property allows light
of a given optical frequency to be con�ned into very small volumes via subwave-
length metallic structures, that can be used to develop e�cient sensors, solar cells,
antennas and ultrasensitive molecular detectors to name a few applications. Also,
interaction of surface plasmons excited in two or more metallic subwavelength struc-
tures in close proximity in�uences the far-�eld optical properties of the overall cou-
pled system. Some e�ects of plasmonic interaction in certain coupled particles in-
clude polarization conversion, optical activity and transmission spectra mimicking
electromagnetically-induced transparency (EIT) as observed in gas based atomic
systems.

In this thesis, we mainly focus on the optical properties of square arrays of
certain plasmonic structures popularly researched in the last decade. The struc-
tures considered are as follows: (1) subwavelength holes of a composite hole-shape
providing superior near-�eld enhancement such as two intersecting circles (called
`double hole') in an optically thick Au/Ag �lm, (2) double layer �shnets, (3) sub-
wavelength U-shaped particles and (4) rectangular bars. The entire work is based
on electromagnetic simulations using time and frequency domain methods.

Au/Ag �lms with periodic subwavelength holes provide extraordinarily high
transmission of light at certain wavelengths much larger than the dimension of the
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perforations or holes. The spectral positions of the maxima depend on the shape
of the hole and the intra-hole medium, thereby making such �lms function as a
refractive index sensor in the transmission mode. The sensing performance of the
double-hole geometry is analyzed in detail and compared to rectangular holes.

Fishnet metamaterials are highly preferred when it comes to constructing a NIM
at optical frequencies. A �shnet design that theoretically o�ers a negative refractive
index with least losses at telecommunication wavelengths (1.4 � 1.5 microns) is
presented.

U-shaped subwavelength metallic particles, in particular single-slit split-ring res-
onators (SSRRs), provide a large negative response to the magnetic �eld of light
at a speci�c resonance frequency. The spectral positions of the structural reso-
nances of the U-shaped particle can be found from its array far-�eld transmission
spectrum at normal incidence. An e�ort is made to clarify our understanding of
these resonances with the help of localized surface plasmon modes excited in the
overall particle. From an application point of view, it is found that a planar square
array of SSRRs e�ectively functions as an optical half-wave waveplate at the main
resonance frequency by creating a polarization in transmission that is orthogonal
to that of incident light. A similar waveplate e�ect can be obtained purely by ex-
ploiting the near-�eld interaction of di�erently oriented neighbouring SSRRs. The
physical reasons behind polarization conversion in di�erent SSRR-array systems
are discussed.

A rectangular metallic bar having its dipolar resonance in the visible-NIR is
called a nanoantenna, owing to its physical length in the order of nanometers. The
excitation of localized surface plasmons, metal dispersion and the geometry of the
rectangular nanoantenna make an analytical estimation of the physical length of the
antenna from the desired dipolar resonance di�cult. A practical map of simulated
resonance values corresponding to a variation in geometrical parameters of Au bar
is presented. A square array of a coupled plasmonic system comprising of three
nanoantennas provides a net transmission response that mimicks the EIT e�ect.
The high transmission spectral window possesses a peculiar dispersion pro�le that
enables light with frequencies in that region to be slowed down. Two popular designs
of such plasmonic EIT systems are numerically characterized and compared.

Keywords: suface plasmons, extraordinary transmission, metamaterials, �sh-
nets, split-ring resonators, plasmon-induced EIT, optical antennas, plasmonics.
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Chapter 1

Introduction

Over the past several centuries, mankind has been fascinated by optical phe-
nomena like interference, di�raction, scattering to name a few, and it has been
treated to a multitude of groundbreaking theories that attempted to clarify what
light really is [1]. As the answer to this question slowly started getting clear with
the birth of quantum mechanics and the principle of wave-particle duality, another
major issue still remains to be addressed. That issue is to totally understand the
mechanism of interaction between light and matter. The �nal goal is to manipulate
this interaction as it would lead to exciting applications in a wide range of science
and technology.

Light, in the classical sense, is comprised of two mutually perpendicular oscil-
lating components while propagating in free space. The two components are the
electric (E) and magnetic (H) �elds, and they are both vector quantities interde-
pendent of each other. The behavior of light in a general medium and at interfaces
between two media is governed by Maxwell's equations of electromagnetism using
the appropriate boundary conditions [1, 2]. The study of optical phenomena related
to the strong electromagnetic response of noble metals (e.g., silver (Ag) and gold
(Au) being most common) over the last couple of decades has led to the emergence
of a fast growing research area plasmonics [3�6] � named after �surface plasmons�
which are electron density waves on the interface of a metal and a dielectric. These
electron density waves propagate on the metal surface just like ripples do on a water
surface after throwing a stone into water. They are primarily excited by the cou-
pling of energy from the incident light (or photons) to the quasi-free electron plasma
on the metal surface subject to the ful�llment of certain physical conditions. The
original term is �surface plasmon polaritons�, where polaritons refer to the coupling
between photons and the free electrons, but it is avoided for the sake of convenience.
Surface plasmons (SPs) can also be visualized as an electromagnetic wave trapped
on a metal surface. SP-based metallic circuits thereby show a promising future of
integrating photonics and electronics at a nanoscale level (dimensions on the order
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2 CHAPTER 1. INTRODUCTION

of 10−9 m) on a single chip [7].
The history of surface plasmons dates back to 1902, whenWood [8] �rst observed

narrow dark bands in the spectrum of di�racted light on illuminating a metallic
di�raction grating with polychromatic light. He subsequently reported these bands
as `anomalies' as they could not be explained by the di�raction theory prevailing
at that time. Lord Rayleigh suggested a physical explanation for the phenomenon
[9] by relating it to the redistribution of energy among other di�racted orders,
but nevertheless it was Fano [10] who �rst associated these anomalies with the
excitation of electromagnetic surface waves on the di�raction grating. In 1957,
Ritchie introduced the concept of surface plasmons in the context of electron energy
loss in thin metallic �lms post bombardment with an electron beam [11] which was
later veri�ed by Powell and Swan [12, 13] through a series of similar experiments.
Since then, considerable amount of progress has been achieved on the theoretical
and experimental fronts that made surface plasmons vital in understanding and
characterizing some fundamental properties of solids. Some examples include the
nature of Van der Waals forces [14, 15], surface energies [16] and the damping
of surface vibrational modes [17, 18]. Surface plasmons have also been utilized
in a range of studies dealing with electrochemistry [19], biosensing [20] and high
resolution imaging [21, 22].

In the last couple of decades, research interest in SPs has surged to unprece-
dented levels due to great advances in nanofabrication technologies that made the
investigation of optical properties of metallic nanostructures possible [3]. Nano-
structures is a general term for objects, particles or patterns that have nanometric
dimensions and they are `subwavelength' if the exciting light has a wavelength (λ)
larger than the physical dimensions of the nanostructures. SPs enable concentra-
tion of light within subwavelength nanometric volumes[23, 24] thereby beating the
conventional di�raction limit of light where light con�nement is practically im-
possible within dimensions less than ∼ λ/2 using lenses [25, 26]. This property
drives the prospect of using plasmonic nanostructures for cancer treatment [27],
e�cient solar cells [28], ultrasensitive molecular detectors [29], data storage [30],
miniature antennas [31] and optical data processing [32]. Similarly, interaction of
surface plasmons excited in two or more metallic nanoparticles in close proximity
can provide chirality [33, 34], polarization conversion [35] and scattering e�ects
mimicking electromagnetically-induced transparency (EIT) as observed in atomic
systems [36, 37].

A periodic arrangement of subwavelength nanostructures, in particular, nano-
holes drilled in a metallic �lm displays interesting optical properties. In 1998,
Ebbesen and co-workers [38, 39] reported extraordinary transmission at certain
wavelengths on passing light through a square array of subwavelength cylindrical
holes drilled in optically thick Au and Ag �lms. The incident wavelengths were in
the visible-near infrared (NIR) range and much larger than the hole dimensions.
The e�ect was attributed to SPs and their work stimulated a lot of interest because
the SP-induced transmission was indeed enhanced � more than twice as much light
is transmitted than what impinges directly on the holes. The transmission at max-
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ima (wavelengths where high transmission is observed) could be further increased
and improved in terms of directionality by carving grating-like patterns on the
metallic area surrounding the holes [40�42]. Also, the maxima can be spectrally
tuned by varying the geometrical parameters of the holes [43�46]. These perforated
metallic �lms could be prospectively used in place of standard metallic contacts to
extract more light from light emitting devices, SP- based nanolithography, sensing
of organic matter and quantum optics [47].

Metamaterials(MMs) are another research topic within plasmonics that have
been immensely popular for the last 15 years [48]. Here, the main objective is not
to excite SPs per se but to engineer the electromagnetic response of a medium to
the incoming radiation. The Greek word `meta' means `beyond', and metamaterials
refer to `beyond conventional materials'. In most conventional naturally occuring
materials, the interaction of light with the atoms is virtually limited to the E �eld
of light as their coupling to the H �eld is weaker by almost four orders of mag-
nitude [49]. All the magnetism one can �nd in nature occurs at low frequencies
and there is a serious lack of magnetic materials at optical frequencies. MMs are
arti�cially constructed materials made by periodically arranging two kinds of fun-
damental subwavelength components (called meta-atoms) that interact with both
E and H �elds of light, respectively. These meta-atoms can be tailored in size and
shape depending on the wavelength of incident light at which the MM is desired to
be operated. They are therefore much bigger in size than the atoms or molecules
of the natural base material, but measure within the same order of the exciting
wavelength. This opens a new approach towards achieving exotic electromagnetic
properties and functionality that cannot be attained from naturally occurring ma-
terials.

One important application of MMs is to develop hybrid materials possessing
negative refractive index called negative index materials (NIMs). Refractive index
(n) is a material parameter most basic to the science of bulk media optics. Negative
n (i.e., n < 0) is a perfectly valid physical possibility when both the electric and
magnetic response of a medium to incident light (described by permittivity ε and
permeability µ respectively) are negative [50]. When µ < 0 or has values other
than 1, it in�uences Snell's law, the Doppler e�ect, Fresnel equations and Fermat's
principle that eventually govern the propagation of electromagnetic waves in the
medium. In a NIM, one fundamental property is that direction of the Poynting
vector of light is opposite to its phase velocity. MMs act as an e�ective homogeneous
medium to the incident light if the size of the meta-atoms is ideally below λ/4
[51, 52]. A negative ε can be naturally obtained by metals for all frequencies below
the bulk plasma frequency. Negative µ can be achieved from metallic meta-atoms
like coupled pairs of long strips [53�55], split-ring resonators (SRRs) and swiss rolls
[56, 57] that can all provide resonant arti�cial magnetism but only within a narrow
frequency range and a speci�c excitation con�guration (Fig. 1.1). NIMs like �shnets
[54, 58] and arrays of SRRs [59, 60] can be fabricated using the printed circuit
board technology, or nanofabrication techniques like electron beam lithography or
focused ion-beam milling, depending on their unit cell sizes. A �shnet can be simply
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Figure 1.1: Magnetic meta-atoms like the split-ring resonator (SRR)
and the swiss roll structure can provide a resonant negative magnetic
response if the applied magnetic �eld is along z and x axis, respec-
tively. The labeled geometric dimensions are all subwavelength.

visualized as two (or multiple) layers of thin metallic �lms separated by a dielectric
layer(or layers) with holes or voids etched throughout the cross-section. This is the
most preferred NIM design at optical frequencies due to the ease of fabrication and
excitation mechanism to achieve a negative n. A lens built with a relatively loss-free
NIM could be used to image minute structures much smaller than the wavelength
of incident light [61].

The main hurdle in the path of plasmonics to achieve its fullest potential is the
intrinsic losses of the metal. Noble metals like Ag and Au have lower absorption and
scattering losses as compared to other metals [62], and they allow the best possible
propagation lengths for surface plasmons of upto a few hundreds of micrometers [63].
Thus, Au and Ag are also the metals with good `plasmonic' properties at optical
frequencies. But at visible-NIR frequencies, dissipative ohmic losses in Ag/Au
become substantial severely a�ecting their commercial viability. NIMs, for instance,
work fantastically well at microwave and terahertz (THz) frequencies where metals
function close to perfect electrical conductors but not so at visible frequencies where
there is a tremendous loss in transmission. Also, the re�ection is high due to the
impedence mismatch arising from the low values of negative µ obtained at visible
frequencies and a relatively higher value of negative ε. One possible strategy to
compensate the losses is to include gain media in the otherwise passive metal-
dielectric structures and considerable e�ort is currently underway in this direction
[48, 64�68].



1.1. MOTIVATION AND OVERVIEW OF THE ORIGINAL WORK 5

1.1 Motivation and overview of the original work

Plasmonics as a research topic o�ers rich stimulating physics and several potential
high impact applications as mentioned above. The work in this thesis is mainly
based on numerical simulations employing rigorous electromagnetic analysis, in
accordance with Maxwell's equations, of certain Au or Ag subwavelength nanos-
tructures popularly investigated in the last decade. In particular, the connection
between SPs excited in the nanostructures (in the near �eld) and their correspond-
ing far-�eld properties is studied and explored in great detail.

(i) A 100 nm thick Au or Ag �lm, for example, is virtually opaque and allows a
negligible amount of light to pass through it. However, when the same �lm is
perforated with nanometric holes of subwavelength periodicity, extraordinar-
ily high transmission (maxima) is observed at certain visible-NIR wavelengths
much larger than the size of the holes [38]. Although there is no single uni-
versally accepted reason behind these maxima in the transmission spectrum,
a substantial amount of theoretical and experimental work in the recent past
suggests that SPs excited on the metal surface de�nitely play a major role
in the phenomenon [69, 70]. The spectral position of the dominant transmis-
sion maximum depends on the geometry of the holes and optical properties
of the intra-hole medium, and it is called as the hole-shape resonance. The
hole-shape resonance is sensitive to small changes in the n of the hole, and
thus a perforated metallic �lm can be used as a robust refractive-index sensor
in the transmission mode. A double hole is a composite geometry produced
by overlapping two circles by a small distance. It can produce a large �eld
enhancement near its sharp apexes [24]. We examine SP modes in the double-
hole cavity at the hole-shape resonance condition, characterize the refractive
index sensing performance of double holes in di�erent situations and environ-
ments, and provide a detailed comparative analysis in Paper I.

(ii) Fishnet MMs are preferred NIMs at optical wavelengths [48], especially in
the telecommunication window of wavelengths (1.3 � 1.5 micrometers) where
optical components (e.g., lenses) built with NIMs can be put to practical use
in �ber optical systems. A NIM ideally needs to provide a negative index
over a wide bandwidth of wavelengths and very low losses from an application
point of view. The performance of a NIM is thereby judged by the parameter
called �gure of merit (FOM) which is the ratio of the real and imaginary parts
of refractive index, i.e., FOM = |Re(n)/Im(n)|. FOM should be as large as
possible for a given NIM. The best experimentally demonstrated FOM value
of a single functional layer of �shnet MM (Ag layer- dielectric- Ag layer) at
1.4 microns is ∼ 3 [71, 72]. It is also found that the in�uence of the shape
of the voids and the dielectric spacer thickness is critical to the design of
�shnets in the telecommunication window, and rectangular voids generally
provide a higher FOM than square and circular voids[73]. However, not much
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attention was paid to the metal layer thickness and its e�ects on the overall
NIM properties. Paper II considers this particular issue and suggests an
optimized design that provides the best FOM one can possibly achieve from
a single functional layer of the �shnet MM within the telecommunication
window.

(iii) The problem of low coupling of natural materials to the H �eld of incident
light can be overcome using metallic MMs that can mimic magnetism at arbi-
trary wavelengths. A SRR[56], originally developed in the microwave regime,
is one type of meta-atom that can not only provide an enhanced response to
the H �eld but also negative µ at the main structural resonance wavelength.
Negative µ is obtained only when there is a component of the incident H �eld
perpendicular to the plane of SRRs. Single-slit split-ring resonators (SSRRs)
and other U-shaped metallic structures are merely downscaled simpler vari-
ations of the original SRR design suited to provide arti�cial magnetism at
optical wavelengths[74, 75]. The di�erent structural resonances of a SSRR
can also be probed electrically: by recording the positions of minima in the
far-�eld transmission spectrum of a planar square array of SSRRs excited at
normal incidence [74, 76, 77]. The connection between the minima and the
SP modes excited on the front surface of SSRRs was �rst reported by Rock-
stuhl and co-workers [78] in 2006. We further their study in Paper III to
investigate modes on other surfaces and improve our understanding of reso-
nance conditions of SSRRs, and other U-shaped structures like crescents, at
visible-NIR wavelengths.

(iv) SSRRs act as pure resonant absorbers, for light polarized along its lateral
dimensions, when a square planar array of SSRRs is illuminated at normal
incidence [74, 76]. However, as the array period is decreased to very low val-
ues, the near �elds of neighbouring SSRR elements begin to interact with each
other and by changing the physical orientation of certain closely located SS-
RRs, one can manipulate the e�ective optical response of the overall structure.
Decker and co-workers demonstrated a waveplate-like polarization conversion
e�ect at optical wavelengths for certain polarizations exploiting the aforemen-
tioned near-�eld interaction [35]. We discovered that a conventional square
array of SSRRs, both in the interacting and non-interacting regimes, is also
able to provide a polarization conversion but for incident polarizations di�er-
ent from the former case. The analysis and performance comparison of three
possible SSRR-based designs functioning as optical waveplates are the main
subject matter of Paper IV.

(v) According to classical antenna theory, the length of an ideal dipole antenna is
λ/2 if it is designed for a wavelength λ [79]. A dipole antenna functional at
optical wavelengths is typically made of two subwavelength metallic rods or
bars of nanometric dimensions separated by a small gap [80]. The rods or bars
are thereby called `nanoantennas'. Interestingly, the actual physical length of
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a nanoantenna is found to be much smaller than λd/2, if λd is its dipolar
resonance wavelength and in addition, the length varies nonlinearly with λd
[80�82]. The reason for that are SPs with a much shorter e�ective wavelength
excited on the nanoantenna surfaces. We consider rectangular nanoantennas
(or nanobars) in speci�c, whose analytical solution is hard to obtain, and map
the trend in their λd values by varying the di�erent geometrical parameters.
Paper V contains the map of λd and an intuitive way to understand the
dipolar resonance condition of a nanoantenna with the help of SPs excited on
its di�erent surfaces.

(vi) The interaction between SPs excited in a coupled system of two or three sub-
wavelength metallic rectangular nanoantennas arranged in a particular fashion
results in interesting light scattering e�ects where a spectral window of very
low extinction (or high transmission) is obtained [36, 37, 83] that mimicks the
EIT phenomenon observed in atomic systems [84, 85]. Hence, a square array
of such triple-nanoantenna systems can give us a MM that provides a spectral
window of high transmission.The MM in this particular context is merely a
novel medium consisting of periodic subwavelength meta-atoms that can yield
unconventional optical properties but not a NIM-like response. Light having a
frequency falling within the high transmission spectral window can be slowed
down owing to the peculiar dispersion pro�le of the MM. But, which kind of a
triple-nanoantenna MM o�ers the best performance in terms of slowing light
and transmission bandwidth? Paper VI addresses this particular aspect.

1.2 Outline of the thesis

The following part of thesis is organized as follows: Chapter 2 contains information
related to numerical modeling of electromagnetic phenomena in subwavelength Au
or Ag nanostructures at optical frequencies. Chapter 3 is a background chapter
that describes di�erent types of SPs excited in continuous metallic �lms and sub-
wavelength structures. It also discusses the respective SP excitation mechanisms.
Chapter 4 deals with extraordinary transmission of light through perforated metal-
lic �lms (progress since `the Ebbesen experiment' [38]) and the theories behind it.
A prospective application of such planar holey �lms as a refractive index sensor in
the transmission mode is discussed. A double-hole geometry, which is a composite
hole shape with reduced symmetry and superior �eld enhancement properties, is
explored in this regard. Chapter 5 discusses the evolution of �shnet MMs and the
application of their single functional layer as a NIM at optical wavelengths. Chap-
ter 6 is dedicated to U-shaped metallic SRRs with a special emphasis on SSRRs.
The physical reason behind the occurrence of resonances (minima) in the far-�eld
transmission spectrum of a square array of SSRRs at normal incidence is discussed.
Also, a similar study of crescent shaped nanostructures is done and a comparison is
made with SSRRs. Some SSRR-based periodic systems e�ectively behaving as an
optical half-wave waveplate are analyzed in detail. Chapter 7 focuses on rectangu-
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lar nanoantennas and the scattering e�ect of plasmonic electromagnetically-induced
transparency. The chapter begins with understanding the dipolar resonance of a
rectangular nanoantenna and then explains hybrid resonance conditions due to the
interaction of SPs in coupled nanoantennas. A characterization of two di�erent MM
designs, with three coupled nanoantennas as a meta-atom, capable of slowing down
light is included. Conclusions and future work are presented in Chapter 8. A brief
description of the original work with results and appended publications conclude
the thesis.



Chapter 2

Numerical modeling

The work in this thesis is entirely based on three-dimensional numerical modeling
of electromagnetic phenomena concerning Au/Ag nanostructures using commer-
cial software tools COMSOL Multiphysics and CST Microwave Studio. Both tools
provide a rigorous solution of Maxwell's equations over the entire simulation do-
main. COMSOL is based on �nite element method (FEM) [86]. CST Microwave
Studio provides a transient solver based on �nite integration time domain (FITD)
approach [87, 88]. But before getting into explaining the two methods, let us �rst
consider how to model the optical response of metals.

2.1 Dielectric response of metals at optical frequencies

Metals are highly dispersive in nature, i.e., the optical response of metals depends
on frequency ω of incident light. The main parameter that describes the optical
response of bulk metals is usually the relative electrical permittivity εm. It is
commonly estimated by the Drude model for a free electron gas [1, 89],

εm(ω) = 1−
ω2
p

ω2 + iγω
, (2.1)

in which ωp is the bulk or volume plasma frequency and γ is related to the damping
rate due to electron-electron and electron-phonon scattering. ωp depends on the
electron density and e�ective mass of the electron in the metal. The value of ωp lies
in the ultraviolet frequency region for most metals and it marks a fundamental shift
in the dielectric response of a given metal. If we neglect γ for the time being, for
ω > ωp the metal behaves like a transparent dielectric as εm > 0. But for ω < ωp,
one gets εm < 0 thereby making the metal's refractive index nm imaginary (since
nm =

√
εm). This implies that an electromagnetic wave cannot propagate inside the

medium. However, the Drude model becomes inaccurate at visible frequencies for

9
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metals as it fails to account for interband transitions where higher-energy photons
can also promote bound electrons from lower-lying bands into the conduction band.
This is precisely the reason why metals like Au, Ag and copper have di�erent
colours. To correct this problem, additional weighted Lorentzian oscillators need
to be included in the above Drude model for analytically describing the dielectric
response of metals at visible frequencies. Alternatively, experimental nm data of
metals like Au and Ag (metals considered in the thesis) can also be directly used
[90, 91].

2.2 Finite element vs �nite integration methods

FEM is a volume discretization approach based in the frequency domain. It solves
partial di�erential equations (PDEs) for the entire complex geometry (and simula-
tion domain) by approximating them to a set of linear algebraic equations. FEM is
popularly used in mechanical and civil engineering simulations. In electromagnet-
ics, the di�erential forms of Maxwell's equations are the PDEs, harmonic behavior
is assumed and they are computed for one frequency at a time. The set of linear
equations are solved in the form of a matrix calculation. The main bene�t of FEM
is the �exibility of discretization, i.e., size and shape of the unit elements (called
mesh elements) can be varied across the whole volume of simulation domain. Tetra-
hedral mesh elements are mostly selected as they can cover any arbitrary complex
geometry with high de�nition and accuracy. E- and H-�eld values are calculated at
the edges or nodes of each mesh element. A large number of mesh elements means
a larger memory requirement, and thus an optimal mesh setting needs to be found
depending on the computer memory and complexity of the structure.

In the �nite integration technique (FIT), both time-domain and frequency-
domain approaches are possible. We concentrate on FITD where both volume
and time are discretized. The main input in time-domain based methods is a
band-limited pulse, often a Gaussian one, which is made to propagate through the
structure we wish to simulate. Here, Maxwell's equations are applied in the integral
form to a set of dual interlaced grids on whose nodes E and H �elds are solved
respectively. Every E(H) component is surrounded by four corresponding H(E)
components. Only cubic mesh elements are available in the `transient solver' of
CST Microwave studio for three-dimensional modeling but their sizes can be varied
arbitrarily in the areas of near �eld. Time stepping is achieved by leapfrog process:
in one time step the E components are computed using the previous step's sur-
rounding H-�eld values and vice versa. The advantage of time-domain methods is
that no matrix calculation is necessary as in the case of FEM, because every element
only interacts with neighbouring mesh elements. Results corresponding to a set of
frequencies (e.g., transmission or re�ection spectrum) can be directly obtained by
taking the Fourier transform of the output pulse. In �nite integration frequency-
domain (FIFD) approach, Maxwell's equations are solved in the integral form but
in the frequency domain, considering a harmonic dependence of the electromagnetic
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�elds as in the case of FEM. So in FIFD, matrix calculation is necessary for the
entire simulation domain.

2.3 Practical modeling details

In both software tools, the meshing in the metallic subdomains is kept dense and
the maximum size of the mesh element is equal to 15 nm, as the plasmonic skin
depth δ of Au/Ag is ∼ 20−30 nm. All other non-metallic subdomains are meshed at
(λ/n)/10, where n is the refractive index of the subdomain. For a particular elec-
tromagnetic phenomenon, the results provided by both tools must be consistent
before accepting the result from a numerical simulation. The softwares also pro-
vide color- coded near-�eld vector plots that are essential to observe and analyze
plasmonic modes. A major emphasis is given on studying far-�eld transmission
properties of square arrays of subwavelength Au/Ag nanostructures. The elec-
tromagnetic response from a bi-periodic square array can be easily modeled using
periodic boundary conditions (PBCs) at the respective surfaces of the unit cell. For
modeling the scattering of light from a single nanostructure, special subdomains
called perfectly matched layers (PMLs) are used to limit the re�ections to very low
values and provide almost complete absorption of light incident on them. PMLs
are often used as terminating subdomains covering the main simulation region.





Chapter 3

Surface plasmons: a background

A plasmon is basically a quantization of oscillating electron plasma (or electron
gas) in metals, analogous to a photon which is the quantum of light. SPs are charge
density oscillations that are con�ned to the interface of a metal and a dielectric
medium [62, 63, 68]. These charge oscillations occur due to the coupling of photons
(incident light) to electrons on the metal surface. For sustained oscillations, the
electric �eld normal to the surface (Ez) must change signs across the interface and
exponentially decay on both sides (Fig. 3.1).

Figure 3.1: A graphical depiction of surface plasmons on a metal-dielectric
interface. The electric �eld normal to the surface (Ez) exponentially decays on
both sides of the interface.

The displacement �eld normal to the surface (Dz) has to conserved, and Dz and
Ez are related by Dz = εEz. Since relative permittivity of a dielectric material (εd)
is always real and positive, the relative permittivity of the metal (εm) must have
a negative real part for a given metal-dielectric interface to support SPs. These
conditions are largely ful�lled for several metals at optical frequencies.

13
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Ag and Au are among the most preferred metals for SP-based applications due to
lower losses and their large negative Re(εm). They are also called good `plasmonic'
metals for the same reason. For example, Au has εm = −29+2.1i at a wavelength of
830 nm [91]. Im(εm) is associated with absorption and scattering losses in the metal
[63]. If the interface is a semi-in�nite or in�nite plane, the SPs being bound modes
propagate along the interface and are referred to as `propagating surface plasmons'
(PSPs). On the other hand, to describe SPs excited in structures with dimensions
smaller than or comparable to the value of the free space incident wavelength, the
term `localized surface plasmons' (LSPs) is used as the structure size and geometry
inhibits the propagation of SPs [3, 92].

3.1 Propagating surface plasmons on metallic �lms

PSPs are bound, non-radiative surface modes that propagate strictly along the
metal-dielectric interface. This gives PSPs a unique propagation constant kPSP,
akin to a particular guided mode in a normal waveguide [93], that is di�erent from
k0 which is the wavenumber of incident light in free space. Also, kPSP > k0 as
the momentum of a plasmon is larger than the momentum of a photon at a given
frequency [62]. This tells us that even if the incident frequency is in the visible-NIR
regime, the wavelength of the PSPs can be much shorter.

The basic dispersion equation of PSPs for a general metal-dielectric interface is
obtained by looking for surface solutions of Maxwell's equations under appropriate
boundary conditions [94]. The obtained expression is as follows:

kPSP =

√
εmεd
εm + εd

. (3.1)

To excite PSPs, incident light with a TM-polarization (or p-polarization) compo-
nent is required in order to create the charge oscillation by polarizing charges on the
metal surface. In addition, momentum di�erence between the PSP and the incident
photon also needs to be overcome for e�cient coupling. This can be done using
prism coupling techniques, gratings [95, 96] or via scattering from subwavelength
elements [97] in the vicinity of the metallic �lm/surface. The following is a short
summary of widely used methods to excite SPs.

Prism coupling techniques

The two common prism based SP-coupling approaches, Kretschmann [98]) and Otto
[99] con�guration, are as illustrated in Fig. 3.2.
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Figure 3.2: The two possible prism coupling techniques, Kretschmann and Otto con-
�gurations, for the generation of surface plasmons on metallic surfaces. One of the main
requirements is that the incident light must have a p-polarization component.

Let the prism be of dielectric material D1 with a refractive index nD1. The other
dielectric layer/substrate D2 (of refractive index nD2) is chosen so that nD2 < nD1.
The incoming light beam makes an angle θ at the base of the prism so that condition
of total internal re�ection (TIR) is ful�lled and the refracted light is evanescent.
Some portion of decaying evanescent �eld comes in contact with the metal (M)-D2

interface if the latter is only a small distance (< λ) away. The wavenumber (k) of
the incident light is nD1k0 after light enters the prism. The horizontal component
of the photon along the interface is nD1k0 sin θ. By adjusting θ in both cases, one
can excite PSPs e�ciently provided the necessary condition kPSP = nD1k0 sin θ
that de�nes the PSP resonance is satis�ed. In the Otto con�guration, PSPs are
generated directly on the metal surface via the evanescent �eld in D2/air gap.
At PSP resonance, a sharp drop in the intensity of re�ected light is observed.
By inserting another dielectric layer D3 under the prism base in Kretschmann
con�guration maintaining TIR (i.e., by choosing nD3 < nD1), excitation of two
separate PSP modes corresponding to M -D3 and M -D2 interfaces respectively
becomes possible, at two di�erent values of θ, provided the two modes are non-
interacting. For thin metallic �lms (thickness . 60 nm for Ag/Au �lms), the PSP
modes on both metal surfaces are coupled to each other yielding symmetric and anti-
symmetric PSP modes [100, 101]. It is possible to achieve an e�cient transmission
�lter that is frequency selective using such coupled PSPs in thin metallic �lms [102].

Grating couplers

Metallic gratings with a subwavelength periodicity a can also be used to bridge the
momentum gap between plasmons and photons. The excitation scheme is as shown
in Fig. 3.3. The momentum matching condition that needs to be satis�ed to excite
PSPs is given by

kPSP = k0 sin θ x̂+ kG, (3.2)
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where kG is the Bragg vector of the grating, and kG = ±2mπ/a, where m is a
positive integer. At normal incidence, θ = 0◦ and kPSP = kG.

Figure 3.3: The smooth metal-air interface is replaced by one di-
mensional periodic grating of period a engraved on the metal surface.
Bragg scattering by the grating provides for the mismatch between the
propagating surface plasmon wave vector (kPSP) and the x component
of the wavenumber of incident light (k0 sin θ), thus establishing phase
matching at a certain angle of incidence θ. kG is the grating Bragg
vector.

If the grating is two dimensional, for instance a square array of subwavelength
holes or bumps with periodicity a, the grating PSP condition at normal incidence
is given by[38]

kPSP = kG = 2m
π

a
x̂+ 2n

π

a
ŷ, (3.3)

wherem and n are the scattering orders of the two dimensional grating that assume
integer values. The above relation means that PSPs are excited only at speci�c
incident frequencies depending on the array period in x and y directions and the
optical constants of the metal and dielectric involved.

Wood-Rayleigh anomaly

Consider normally incident light on a one-dimensional metallic grating and a par-
ticular di�racted order (Fig. 3.4). An increase in incident wavelength λ causes an
increase in the angle of di�raction θd. The condition when the di�racted order is
tangential to the grating (i.e., when θd = 90◦) is called the Wood-Rayleigh (WR)
anomaly. One can observe a sudden change in the re�ected (or transmitted) inten-
sity that occurs due to the redistribution of energy in the various di�raction orders
whenever one of the orders becomes tangential to the grating [8, 9]. At the WR
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condition, k0 = kG and λ = a/m (where m is a positive integer). As λ > a, the
di�racted order becomes evanescent but is still capable of exciting PSPs. This may
also cause rapid variation in di�raction intensity and it is another type of Wood
anomaly [103].

Figure 3.4: As the wavelength λ increases, the angle of di�raction θd
also increases. At some values of λ, the di�racted order (dashed arrow)
can become tangential to the grating thereby making k0 = ±mkG,
where m = 1, 2, 3.. This is the condition of Wood-Rayleigh(WR)
anomaly.

3.2 Localized surface plasmons

LSPs in subwavelength metallic particles can be qualitatively understood with the
help of a simple harmonic oscillator model (Fig. 3.5). An external oscillating electric
�eld drives the free electrons in the metal particle away from their equilibrium
positions and displaces them with respect to the �xed ionic core.The displacement
sets up a restoring force that is in a direction opposite to it. When the frequency of
the applied electric �eld is equal to the natural frequency of the system, resonant
oscillation of the charge density takes place. This condition is called localized
surface plasmon resonance (LSPR). The LSPR wavelength depends on the particle
geometry, size, permittivity and surrounding dielectric environment [23, 104].

Due to the relatively small size of the metal particle with respect to the incident
wavelength and its closed geometry, the LSPs cannot propagate anywhere and
hence, no momentum matching is needed for photon-plasmon coupling. Also, no
speci�c polarization component (i.e., TM or p polarization) is required to excite
LSPs as in the case of PSPs. The coupling of photons to plasmons here is implicit,
and only dependent on the wavelength of incident light and the resonance condition.
Once LSPs are excited, light can be con�ned to subwavelength volumes and a
huge enhancement in the near electric �eld is exhibited especially at LSPR. LSPs
can decay either radiatively or non-radiatively. Radiative decay results in the re-
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Figure 3.5: An oscillating external electric �eld Eext exciting localized
surface plasmons (LSPs) in a metal (M) subwavelength sphere.

emission of photons, i.e., scattering of light in di�erent directions, and the non-
radiative decay manifests itself as absorption where energy received from photons
is dissipated as heat within the metallic particle. The contribution and interplay of
these two mechanisms at LSPR wavelength completely depend on the particle size
and intrinsic optical properties of the metal [1, 105, 106]. For Au and Ag particles
much smaller than wavelengths in the visible frequency range (sizes below 100 nm),
absorption is more dominant than scattering. But as the size becomes larger, the
latter slowly starts dominating. However, both e�ects lead to damping of the charge
oscillation. Damping results in broadening and attenuation of the resonance. It is
to be noted that the strongest absorption of light is observed at the dipolar LSPR
condition of a given metallic particle [106, 107].

3.3 Surface plasmons on metallic �lms at lower frequencies

At optical frequencies, there is a short penetration of the incident E �eld into both
the metal and the dielectric, thus allowing one to have a strongly localized surface
mode (not to confused with LSPs) and in�uence the power �ow across the inter-
face. The evanescent �eld exponentially decays on both sides of the interface, more
rapidly inside the metal. However, at microwave frequencies for instance, met-
als have a very large conductivity (close to being a perfectly conducting medium)
thereby almost entirely excluding the �elds from the metal. This makes surface
plasmons at lower excitation frequencies nothing more than a loosely bound sur-
face current as the localization of light at the interface becomes very weak. However,
even a perfectly conducting metal, perforated with an array of subwavelength holes,
can support strongly localized SP-like waves [108]. The holes in the metal have a
speci�c cuto� frequency below which no propagating mode is allowed. Below the
cuto�, only evanescent �elds exist on the metallic side of the interface, and it is
exactly this �eld characteristic that is required for a surface mode. Such types of
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bound electromagnetic surface modes formed solely due to subwavelength structur-
ing of a metallic surface are called spoof surface plasmons.





Chapter 4

Extraordinary transmission of light

through perforated metallic �lms

A �at metallic �lm is more or less opaque to incident light if the �lm thickness
t is large enough (e.g., t & 80 nm for Au and Ag). So, if such a �lm has a sub-
wavelength sized hole, transmission of light, if observed, has to happen through
the hole or aperture only. According to the Bethe's theory [109, 110], for light
normally incident on a very small single circular hole of diameter d (where d� λ)
in a perfectly conducting in�nitely thin metal �lm (electrical conductivity σ and
εm → ∞, and skin depth δm → 0), the transmission of light through the hole is
proportional to (d/λ)4. So it is evident from the expression that as the incident
wavelength λ increases, the transmission decreases with a nonlinear slope �nally
reaching very low values.

However, just a little more than a decade ago, Ebbesen and co-workers per-
formed a similar transmission experiment in the visible-NIR frequency range on
a Ag �lm with a planar square array of subwavelength circular holes drilled in it
[38, 39]. A very interesting phenomenon was observed for certain wavelengths much
larger than the hole dimension � one could observe extraordinarily high transmis-
sion per hole that is several orders higher than what Bethe's calculations predict.
But, this comparison is not scienti�cally fair as the sample and experimental condi-
tions in the Ebbesen experiment [38] are markedly di�erent from those considered
in Bethe's theory. Metals like Au/Ag are very dispersive at visible-NIR frequencies
and their optical constants εm, δm and σ are �nite. Also, the physical dimensions
of the subwavelength holes in the Ebbesen case are comparable to λ (much larger
than Bethe's approximation), and t is �nite and well de�ned. Therefore, it is more
practical to compare the transmission through a single isolated hole in a Au/Ag
�lm in the visible-NIR range (keeping d and t constant) for two cases: when the
metal is modeled according to experimental data of nm [90] and when the metal
is considered as a perfect electrical conductor. The fact, after careful study [111],
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is that the actual transmission is alteast one order higher than that obtained by
considering the metal as a perfect conductor. However for metallic �lms with hole
arrays, the total photon �ux emerging from one hole in the square array at certain
wavelengths is much higher than what is incident on it. This proves that light
incident on the area surrounding the hole somehow ends up getting funneled into
the hole. The following sections deal with single isolated holes and holes in a planar
square array in slightly more detail.

4.1 Single subwavelength hole in metallic �lms

Let us consider, for simplicity, the case of a single circular hole (d < λ) in a
metallic �lm of �nite t and let nd be the refractive index of the medium inside
the hole. The hole acts as a cylindrical waveguide, and if t � d and the metal
is a perfect conductor, the largest cuto� wavelength (λc) given by conventional
waveguide theory is 1.7ndd. For λ > λc, the hole is able to support only evanescent
modes and the transmission in the long waveguide decays exponentially. In reality,
the metal is not a perfect conductor in the visible-NIR wavelengths; Re(εm) is �nite
and negative, δm is non-zero (20-30 nm in visible-NIR frequencies for Au/Ag), t
and d are �nite with comparable dimensions. These conditions enforce some special
e�ects: (1) transmission for λ > λc does not decay as rapidly as predicted by
ideal waveguide theory which treats metals as perfect conductors [112] and, (2)
the generation of SPs (having the same frequency as the incident light but a much
smaller wavelength) becomes possible owing to the large negative values of Re(εm)
and non-zero δm of the metal. From rigorous investigation [112, 113], the actual
λc for realistic metals is larger than the λc of a conventional waveguide by almost

Figure 4.1: Normalized transmission spectrum of a single circular hole of diameter
200 nm in a 100 nm thick metal �lm, treating the metal as Au (solid) and as a perfect
electrical conductor (red dash) (reproduced from [111]). The propagation direction
of the incident plane wave is along z axis.



4.2. TWO DIMENSIONAL ARRAY OF HOLES IN METALLIC FILMS 23

a factor of 2 and the transmission is also higher by an order of magnitude at some
wavelengths (Fig. 4.1). Light incident on the hole in a metallic �lm can generate
LSPs on the edge or rim of the hole by exciting current loops (or oscillating magnetic
dipoles) [111, 114�116]. If the t is small (t < 300 nm [115]), the evanescent �eld
associated with the LSPs can reach the other side of the hole (exit) and excite
a similar LSP on the exit hole rim. The hole can be viewed as a Fabry-Perot
cavity [117, 118] that can resonantly excite the LSPs on the exit side of the hole
which can then couple to the far-�eld radiation giving rise to a broad resonant
peak in transmission. The same e�ect could also be explained by the excitation
of resonant SP modes supported by the internal surface of the hole at a certain
value of λ > λc [112, 113], and an eventual coupling to the far-�eld radiation. The
resonance wavelength of such SP modes depends on the hole size and shape [43�
46], and can therefore be tuned. The corresponding far-�eld transmission peaks are
also called hole-shape resonances or resonant localized waveguide (RLW) modes
as in Paper I. The transmission spectrum depends on the incident polarization
for rectangular and elliptical holes, and for maximum transmission at resonances,
the polarization needs to be along the shorter dimension [47]. The transmittance
is highly dependent on aspect ratio of the holes [45]. However for circular holes,
there is no such polarization dependence and the transmission is relatively lower in
magnitude as compared to rectangular and elliptical holes.

4.2 Two dimensional array of holes in metallic �lms

The overall pro�le of the transmission spectrum of light (for λ > λc) normally
incident on a perforated Au/Ag �lm on a dielectric substrate consisting of a square
array of subwavelength holes is similar to that of a Au/Ag �lm with a single hole
with identical geometrical parameters. However, the spectrum of the former can
contain additional maxima (peaks) and minima (dips) superposed on the hole-shape
resonance [111] depending on the array characteristics, hole shape design and other
material constants (Fig. 4.2). At all the maxima, the transmittance per hole in a
square array of n× n holes (n� 1) exceeds unity [119] and is up to two orders of
magnitude higher than the transmission through a single hole. The contributing
factors for the maxima in the array transmission spectrum could be zeroed down to
the discrete grating PSP modes corresponding to the two metal-dielectric interfaces
(i.e., metal-air and metal-substrate) and RLW SP modes of the holes. The minima
can be explained by WR anomaly conditions [39]. The transmission pro�le strongly
depends on the incident angle for p-polarized light but not for s polarization [39].
All these �ndings would make one believe that SPs are totally behind extraordinary
transmission through such metallic �lms with holes, and the main function of the
array is to supply the missing momentum for momentum matching.

However, there are certain key experimental and theoretical observations that
make some question this all SP based interpretation. Weaker but signi�cant maxima-
minima features are observed in perforated �lms of chromium, tungsten, nickel (es-
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Figure 4.2: Normalized transmission spectrum of a single circular hole (red dash)
and a square array of circular holes (solid) of diameter 200 nm in a 100 nm thick
gold �lm. The periodicity a of the square array is 600 nm. Reproduced from [111].

sentially non-plasmonic metals in visible-NIR) [120�124] as well as amorphous sili-
con which is not a metal [125]. Maxima could be recorded even in frequency regimes
where SPs do not exist, i.e., where metals are perfect conductors [111, 117, 121].
Minima occurring at λ = a/m (where m is a positive integer) can be explained
by WR anomaly but not those occurring at λ > a (as seen in [38] and Fig. 4.2).
Enhanced transmission also occurs in samples having arrays that lack strict trans-
lational symmetry[124, 126] and even for completely random holes [127]. These
critical results prove that the SP based argument is not foolproof in explaining
transmission of light through any general perforated �lm, and there are some ef-
fects other than SPs that exist. But it cannot be denied that in plasmonic metals,
the SP e�ect is accentuated giving rise to larger transmission through the holes.

At present, the following dynamic di�raction-interference based reasoning [70,
122, 123, 125, 128�131] seems to explain extraordinary transmission through sub-
wavelength holes in cases where the SP based explanation does not �t. When light
is normally incident on each hole of the array, some of it is re�ected and the rest
is scattered giving rise to a composite of several evanescent surface waves propa-
gating away from the hole along the front metal surface. SPs are just one of those
surface waves which may dominate if the metal is plasmonic like Au/Ag. When the
composite wave arrives at the neighbouring hole, it interferes with light directly
incident on it. The amount of light that is di�racted into the hole depends on
whether the interference was constructive or destructive. Light reaches the exit
side of the hole and scatters into a composite wave that in turn interferes with the
light coming out of the neighbouring holes. Depending on the relative phase of
interfering waves, one can get maxima or minima in the far-�eld transmission. The
above model accounts for the fact that maximas could as well occur with a local
short-range order. However, this interference based explanation also lacks complete
clarity as many claims are yet to be justi�ed [69].
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On the whole, a universal consensus is emerging to accept that both SPs and
di�raction-interference e�ects play a role together to provide maxima-minima fea-
tures in the transmission of light through hole arrays. The work in this thesis
focuses on one signi�cant practical application of perforated metallic �lms rather
than the actual physics of light transmission through them.

4.3 Application as refractive-index sensor

The spectral position of the hole-shape resonance not only depends on the size
and shape of the hole, but also on then of the medium in the hole. If n is varied,
the spectral position of hole-shape resonance also changes thereby making such
perforated metallic �lms a robust and e�cient refractive-index sensor in the normal
transmission mode. The operating range of wavelengths for such a sensor can
be tuned by varying the size of the holes. Some experimental results exploiting
nanometric holes (or nanoholes) in sensing biological and organic molecules in the
transmission mode at visible-NIR wavelengths have been reported [132, 133]. But
which hole shape provides the best sensitivity to the hole intra-cavity medium?
The sensitivity here is de�ned as the spectral shift in the hole-shape resonance
wavelength for a small change in the n of holes. The value of this small change
in refractive index is arbitrarily chosen as 0.05. In Paper I, we make a detailed
analysis of the sensing performance of Au/Ag �lms with a square array of holes
of a conventional rectangular hole shape, and a modi�ed hole shape with reduced
symmetry such as a double-nanohole (DNH) (Fig. 4.3).

Figure 4.3: A typical square array of double nanoholes (DNHs) in a metal �lm
and the corresponding unit cell. The array period is a and the polarization of
the incident wave is along the sharp apexes as shown.

The DNH geometry, due to the presence of sharp apexes, is able to con�ne light
better and can achieve a �eld enhancement that is larger than that of circular,
rectangular or elliptical holes by upto four orders of magnitude [24]. The distance
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between the two apexes (controlled by the overlapping distance of the two circular
holes forming the DNH) decides the transmittance at resonance and sensitivity to
the index of the hole. A smaller distance provides a higher transmission peak (i.e.,
magnitude) and greater sensitivity to the intra-cavity medium. It is observed that
for a refractive index sensor using arrays of optimized DNHs on a Au/Ag �lm, the
sensitivity is ∼ 20 nm, whereas for rectangular/circular hole arrays with comparable
hole areas, it is only 8 nm. The sensing performance for DNH arrays is better than
that of conventional holes by a factor of 2.



Chapter 5

Fishnet metamaterials

According to Veselago's seminal work [50], a medium possesses a negative value of
refractive index n if its permittivity ε and permeability µ are both simultaneously
negative. A NIM is a general term for describing a medium that exhibits a negative
n. Optical constants like n, ε and µ are all complex quantities, and negative index
practically means Re(n) < 0. Re(n) corresponds to the phase velocity of light
and Im(n) to the dissipative losses. To achieve Re(n) < 0, the basic condition
that needs to be ful�lled is that the phase velocity of light and the power �ow (or
Poynting vector) should be in opposite directions. This is met for a non-negative
value of either Re(ε) or Re(µ), and the fundamental condition that needs to be
satis�ed to achieve Re(n) < 0 is Re(ε) |µ|+Re(µ) |ε| < 0 [134, 135]. If both, Re(ε)
and Re(µ) are negative, the NIM obtained is a double-negative NIM, and if only
one among Re(µ) or Re(ε) is negative, then the NIM is a single-negative NIM. The
performance of light propagation in a NIM is judged on the basis of �gure of merit
(FOM) which is given by |Re(n)/Im(n)|. FOM is ideally desired to be as large as
possible. In a NIM, the E −H − k vectors of light form a left-handed triad and
henceforth, NIMs are also called left-handed media. For unguided propagation of
light in free space and in natural conventional media, the E−H− k vectors form
a right-handed triad.

Usually, when light propagates through a natural medium, one only considers
the response to its E �eld which is described by ε of the medium. The reason for
that is that the response of an atom of the given medium to the H �eld of light,
described by µ, is negligibly small in almost all natural materials, especially at
optical frequencies. However, if we are able to construct an arti�cial medium using
arrays of components that are essentially subwavelength, the incident light `sees'
the overall structure as an e�ective homogeneous medium. By adjusting the size,
orientation and shape of these subwavelength components, it is possible to explicitly
control the electromagnetic response of such arti�cial materials which are termed
as metamaterials (MMs) [48]. For the estimation of core e�ective MM parameters
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like refractive index neff and impedance Zeff , a parameter retrieval procedure is
employed that requires transmitted and re�ected �elds (complex quantities owing
to their amplitude and phase) obtained from the MM slab as input [136, 137].
The MM permittivity εeff and permeability µeff can be subsequently obtained by
relations: εeff = neff/Zeff and µeff = neffZeff . MMs can thereby function as a
double-negative NIM by carefully engineering the e�ective parameters, Re(εeff)
and Re(µeff), to provide negative values. The following sections consider some
MM-based NIMs that can deliver a negative Re(neff) at normal incidence. Also,
the notation of Re(neff) and Im(neff) is changed to n1 and n2 respectively, for the
sake of convenience. Therefore, neff = n1 + n2i.

5.1 Coupled rod metamaterials

A coupled pair of metal rods (size < λ, distance l between the rods � λ) supports
anti-parallel currents in the two rods if the incident H �eld is perpendicular to
the plane of the rods (Fig. 5.1). It exhibits a paramagnetic response (i.e., induced

Figure 5.1: An array of coupled pair of rods acts as a negative index
metamaterial (NIM) for λ < 0.6 microns due to its negative electric and
magnetic dipole moments. Reprinted with permission from [64].

magnetic response is in the same direction as the incidentH �eld) [138] for λ > λmr,
where λmr is the magnetic resonance wavelength. λmr depends critically on l. For
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λ < λmr, the response becomes diamagnetic (i.e., induced H �eld opposes the
incident H �eld) as analytically studied [53, 139]. The incident E �eld polarized
along the length of the rods would induce parallel currents that are either in phase
(for λ > λer) or out of phase (for λ < λer) in the two rods depending on the value of
λ. The dipolar electric resonance wavelength (λer) depends mainly on the the length
of the rods. So, it can be seen that one can get negative n due to a double negative
optical response when λ < λmr, λer. However, on the experimental front, an array
of coupled Au nanorods gives n1 = −0.3 with a low FOM of 0.1 at a wavelength of
1.5 microns [140]. As the electric resonator (individual nanorod) and the magnetic
resonator (coupled pair of nanorods) in this particular case are inter-dependent, it
is very di�cult to achieve the same resonance wavelength for both (i.e., λer 6= λmr)
[139]. The coupled rod MM practically does not yield negative values for both,
Re(ε) and Re(µ) in the narrow wavelength range, e�ectively making it a single-
negative NIM. The negative n1 near λmr is predominantly due to a substantial
contribution of Im(µeff) and Re(µeff) > 0 [48]. This particular combination ends
up increasing n2 that does not allow a large FOM. Only double-negative NIMs can
exhibit larger FOMs and this led to the investigation of �shnet structures where
one could achieve a resonant negative magnetic response in a background of non-
resonant negative electric response.

5.2 Fishnet metamaterials as negative index materials

A double-layer �shnet structure [54, 58] is the complementary geometry of an array
of coupled pair of rods. By Babinet's principle, the resonance positions in com-
plementary structures are similar, provided the orientation of E and H �elds are
interchanged [64, 141]. A double-layer �shnet MM is easier to fabricate experi-
mentally than an array of coupled pair of rods. They can be easily constructed by
drilling an array of subwavelength holes in continuous metallic �lms separated by
a dielectric layer. The holes are etched throughout the whole cross-section.

Let us consider the case of a rectangular �shnet (Fig. 5.2) and its building blocks,
namely, electric and magnetic resonators or `atoms'. A one-dimensional array of
thin long wires (oriented along the polarization of the incident E �eld) forms the
electric atoms. By adjusting the wire parameters and period, it is possible to
dilute the metal by bringing down the plasma frequency to a desired value and
thereby tune the value of εeff [142]. Similarly, another array of a pair of long metal
strips (oriented along the incident H �eld) with dielectric in between forms the
magnetic atoms capable of providing a diamagnetic response, whose manifestation
is a negative Re(µeff) [54, 64]. The magnetic atom can be seen as a simple LC
circuit whose resonance condition (i.e., magnetic dipole resonance) depends on the
dimensions of the metal strips (that de�ne inductance L) and the dielectric layer
(capacitance C).
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Figure 5.2: A double-layer rectangular �shnet metamaterial with its constituent
electric and magnetic atoms (in principle, meta-atoms). The magnetic atom is
reprinted with permission from [64].

Figure of merit (FOM) of �shnet metamaterials

Various hole shapes have been utilized in the context of �shnet NIMs operating at
optical frequencies: circular [143], square, rectangular [54, 71] and elliptical [144].
The e�ect of hole shape on the FOM is a rather important one along with the
intrinsic losses in the metal. The hole shape in�uences the coupling conditions
of the electric-magnetic atoms of the �shnet structure, and thereby n1 and FOM.
Rectangular and elliptical holes are able to provide a much higher FOM (upto a
factor of 2.5 theoretically) and n1 at NIR frequencies, than square and circular
holes as per numerical simulations [73]. On the experimental side, for a Au �shnet
MM designed to function as a NIM at 2 microns: FOM (circular holes) = 0.5 [143]
and FOM (elliptical holes) = 2 [144]. At the same wavelength, the FOM given by
rectangular holes is almost equal to elliptical holes and its value is 2.1. The values
of n1 at λ = 2 microns were ∼ −4 (elliptical and rectangular holes) and ∼ −1
(circular holes). Dolling and co-workers fabricated a rectangular �shnet MM using
Ag �lms that could provide n1 = −1 and FOM = 3 at 1.4 microns [71]. By using
pulsed interferometry technique, they were able to measure both the group and
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phase velocities of light in their sample, and con�rm their value of n1 = −1 [72].
This is the best possible FOM achieved experimentally to date from a double-layer
�shnet at telecommunication wavelengths (1.4 � 1.5 microns). However, by opti-
mizing the metal layer thickness in addition to the hole dimensions and dielectric
layer, it is possible to further increase the FOM to ∼ 5 (without comprimizing on
n1) for rectangular holes within the same wavelength range [145]. The FOM im-
provement here could be attributed to the modi�cation of hole-waveguide resonance
(by adjusting hole parameters) and interplay of SP modes in the middle dielectric
layer [146], but the exact physics of it still appears unclear. The best FOM that
one can theoretically achieve for telecommunication wavelengths is ∼ 6 for elliptical
holes in a Ag double-layer �shnet structure (as explained in paper II). Also, within
this particular range of λs, elliptical holes provide an average transmission that is
10% higher than for rectangular holes. It is to be noted that as the metallic layer
thickness is increased, the overall transmission decreases proportionally. At visible
frequencies where the intrinsic dissipative losses in metals are high, the FOM and
n1 given by rectangular and elliptical holes are almost equal and relatively low: for
instance, n1 ∼ −0.6 with a FOM ∼ 0.5 at 780 nm [147].

By stacking several double-layer �shnets on top of each other along the direction
of propagation, a three-dimensional NIM can be built. A double-layer �shnet is
thus a single functional layer of such a stacked �shnet MM. One can truly observe
the NIM-speci�c e�ect of `negative refraction' arising from the reversal of Snell's
law in such stacked �shnets [148, 149]. In the case of negative refraction, light
incident from air refracts on the same side of the normal after entering into the
NIM. It is also found that the losses, surprisingly, are not as large as one would
normally expect from additional metallic layers in stacked �shnets. The reduction
in losses is mainly due to the destructive interference of anti-symmetric currents in
the middle metallic layers that signi�cantly cancel out current �ow in the center
of the MM cross-section [150]. However, all NIMs built with metallic components
have an unavoidable problem of intrinsic dissipative losses in the metal, and this
becomes a major impediment in achieving high values of FOM especially at optical
wavelengths.





Chapter 6

U-shaped split-ring resonators

Combining arrays of thin metallic wires and U-shaped metallic SRRs is another
possible approach to obtain a NIM [59, 60]. The thin wires act as electric meta-
atoms and SRRs perform as magnetic meta-atoms [56]. Similarly, single U-shaped
rings with rectangular sharp edges, also known as SSRRs [74], are capable of pro-
viding negative Re(µeff) at IR [77] and visible-NIR frequencies [76]. The idea of
the SSRR shape gradually evolved from the original design of SRRs proposed by
J. Pendry [56] in the pursuit of miniaturization of meta-atoms (Fig. 6.1). The in-

Figure 6.1: The metallic split-ring resonator (SRR) was originally developed
to provide a negative magnetic response at microwave wavelengths. The same
e�ect can be obtained by a single slit split-ring resonator (SSRR) designed at
optical wavelengths.

ner ring is dropped due to its negligible e�ect on the overall SRR performance at
optical wavelengths [75]. The SSRR is electrically analogous to an LC oscillator
� the metallic part of the U acts a single winding of inductance L and the gap is
regarded as a capacitance C [74, 76]. The LC resonance of the SSRR can be tuned
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by scaling the size and modi�cations in its geometry. However, the scaling rule hits
a road block at the visible-NIR wavelengths (at λ ∼ 850 nm [74]) when the LC
resonance begins to saturate. This is so because, as the SSRR reaches very small
dimensions (few tens of nanometers), the �nite electron kinetic energy needed to
set the charges in motion becomes more dominant than the magnetic energy in the
loop and it recasts itself as an additional inductance.

In order to achieve a pure magnetic response, the incident H �eld needs to be
perpendicular to the plane of SSRRs (i.e., z axis) and k should be along the x
axis [151]. However, this particular excitation con�guration is a challenge from an
experimental point of view at visible-NIR frequencies due to the nanometric size of
SSRRs (see [152] for an alternative approach). A higher-order magnetic response,
in addition to the LC resonance, can be obtained at oblique angles of incidence
when the two symmetric sides of the SSRR get excited with di�erent phases of
incident plane wave [76]. The SSRR dimension along the x axis is referred to as
horizontal arm and the two sides along the y axis as vertical arms (Fig. 6.1).

6.1 Transmission resonances of single-slit split-ring
resonators (SSRRs)

The LC resonance can also be excited electrically at normal incidence (i.e., k is
along z axis) with the incident polarization along the horizontal arm. As the SSRR
shape is asymmetric with respect to x-polarized light, it is possible to generate a
circular loop current via the displacement current in the gap by E-�eld coupling at
the LC resonance [153]. A large magnetic dipole moment oriented along z axis is
obtained in the void enclosed by the SSRR when this resonance is excited. Along
with the LC resonance, several other relatively weaker resonances are obtained
in the transmission/re�ection spectrum of an SSRR array at normal incidence.
Figure 6.2 illustrates the transmission spectrum of a typical Au/Ag SSRR array
on a silica substrate (n = 1.5) at normal incidence for x- and y-polarized incident
light. Apart from the LC resonance that is excited at 1500 nm for x-polarized light,
all other resonances were earlier associated with the plasmonic resonances (or Mie
resonances [76]) of a particular section of the U [77]. For instance, the minima at 930
nm (X) and ∼ 600 nm for x-polarized light correspond to the plasmon resonances
of the length of the horizontal arm and the width of the vertical arm, respectively.
Similarly for y-polarized light, the minima at 950 nm and ∼ 600 nm correspond
to the plasmon resonances of the length of the vertical arms and the width of the
horizontal arm, respectively. However, a red shift in the dip X is observed when the
gap width is decreased keeping the geometrical parameters of the horizontal arm
constant [154]. This cannot be explained by merely relating X to the length of the
horizontal arm. It could then be appreciated that these high-frequency resonances
are associated to plasmon resonances of the entire U-shaped structure and not just
with a particular section of the U.
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Figure 6.2: Normal transmission and re�ection spectra of a square array of
SSRRs for x and y polarizations of incident light that propagates along z axis.
The thickness of SSRRs is 30 nm. Reprinted with permission from [76]

Rockstuhl and co-workers [78] explored the near-�eld connection to the far-�eld
resonance phenomenon. They studied the near-�eld distribution, very close to the
front surface of the SSRR, at the spectral positions corresponding to the di�erent
far-�eld minima and concluded that all the minima can be explained by the forma-
tion of plasmonic eigen modes of various orders along the U depending upon the
incident polarization. The plasmonic modes here imply LSP modes that describe
the distribution of the E-�eld component perpendicular to the surface. The LC
resonance, being the far-�eld transmission minimum occurring at the lowest fre-
quency (or highest wavelength), corresponds to the fundamental dipolar plasmonic
eigen mode for x polarization. The higher frequency minima represent plasmonic
modes of increasing order. The mode order is even (odd) for x(y)-polarized light
on account of the geometrical asymmetry (symmetry) of the SSRR with respect
to incident polarization. The order of the eigen modes could be easily found by
inspecting the near Ez �eld, i.e., electric �eld component perpendicular to the front
interface of SSRRs [78].

Since an SSRR is a three-dimensional metallic particle of subwavelength size,
it is essential to study the plasmonic mode distributions on all the surfaces to
characterize any far-�eld minimum completely. The component of E �eld that is
responsible to excite plasmons at the respective surfaces are as follows: front/rear
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surfaces (Ez), lateral surfaces (Ex) and top/bottom surfaces (Ey). For x-polarized
incident light, the �eld components Ey and Ez are generated due to the scattering
of light from the SSRR particle. The value of thickness t of the SSRR is usually
close or comparable to δm of bulk Au/Ag at optical frequencies, and for t . 50 nm,
the plasmonic modes at the front/rear surface can couple to each other through
the metal. It is observed that speci�c plasmonic modes appear on the lateral sides
only at spectral positions of minima, and they disappear at other wavelengths.
The modes on the front/rear surface and top/bottom surface are generated no
matter what the incident wavelength is, but their order depends on the incident
wavelength. The mode plots are shown and discussed in Paper III. In the case of
the SSRR, the mode character (or order) is always equal at front and rear surfaces
but antisymmetric to each other. Exciting plasmonic modes on all the surfaces
is a necessary condition to observe far-�eld transmission minima in any U-shaped
metallic structure.

6.2 Crescent-shaped structures

Crescent-shaped metallic nanostructures have been extensively studied in the re-
cent past owing to superior �eld enhancement near the sharp tips and thereby
prospective sensing applications [155�158]. The geometry under study, namely
a nanocrescent with rectangular inner edges (NCR), is a type of crescent struc-
ture which, along with SSRR, happens to be a geometrical shape variation of U
(Fig. 6.3(a)). These subwavelength NCRs when arranged as a square array on a
dielectric substrate would normally be expected to provide far-�eld properties sim-
ilar to SSRRs. However, the far-�eld calculations by both FITD method and FEM
reveal that an extra minimum emerges in the transmission spectrum of the NCRs
in comparison to SSRRs for x polarization (Fig. 6.3(b)). This new minimum (mode
`2') is tunable, with respect to magnitude and wavelength, by varying the gap depth
dr of the NCR.

A near-Ez �eld inspection is carried out on planes, very close to its front and
rear surfaces, to characterize the various transmission minima. It is observed that
unequal plasmonic mode orders are excited on the two surfaces at the spectral
position of the new minimum. The front surface supports a dipolar mode and
the rear surface supports a quadrupolar mode at mode 2. The usual SSRR-like
dipolar and quadrupolar plasmonic modes are observed at 870 nm (mode `3') and
580 nm (mode `1') respectively. Also, it is speculated from the SSRR resonance
plots that these modes are somehow coupled to each other at minima conditions
(see Paper III). This shows that the speci�c shape of the U is a crucial factor
in determining mode character at the front and rear surface, which may end up
providing new resonances in the far-�eld transmission/re�ection spectra. Thus, for
a general U-shaped metallic subwavelength particle, plasmonic eigen modes need
to be formed on all the surfaces to produce a resonance condition. Also, every
resonance condition enforces a unique direction of current �ow in the overall U.
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Figure 6.3: (a) Unit cells of the planar square array of SSRRs and NCRs, and
(b) a comparison between their transmission spectra at normal incidence. The
geometrical dimensions in (a) are as follows: a = 240 nm, lx = 110 nm, ly = 95
nm, dr = 45 nm and t = 45 nm for both SSRR and NCR.

6.3 SSRRs as optical waveplates

Let us again consider the transmission spectrum of light through a planar square
array of SSRRs on a glass substrate at normal incidence (Fig. 6.4). The geometrical
parameters can be found in paper IV. When the light is linearly polarized along
x axis, we are able to excite the LC resonance (at ∼ 338 THz) and one higher-
order electric resonance of the SSRR in the given wavelength range. On the other
hand, when the light is y polarized, only one broad resonance corresponding to the
length of the vertical arms of the SSRR is excited. SSRRs act as nothing more
than resonant absorbers for x- and y-polarized light. The light emerging out of the
sample in transmission with a polarization orthogonal to the incident polarization
is negligibly low (∼ 0). However, for 45◦ incident polarization, signi�cant amount



38 CHAPTER 6. U-SHAPED SPLIT-RING RESONATORS

Figure 6.4: The transmission spectra for parallel [T‖] (solid) and per-
pendicular [T⊥] (dotted) polarizations emerging out of the SSRR array at
normal incidence (i.e., k is along z axis). The color code represents polariza-
tions of incident light along x (black), y (blue), and 45◦ (red), respectively.

of light polarized along −45◦ emerges out in transmission (and vice versa) at the
LC-resonance wavelength of the SSRR thereby making the SSRR array behave
as an optical half-wave waveplate. The waveplate e�ciency, which is the far-�eld
transmittance T⊥ of light polarized in the direction orthogonal to that of the inci-
dent light, has a maximum value of almost 16% (or T⊥ ∼ 0.16) for a closely packed
array. T‖ is the transmittance of light polarized along the same direction as the in-
cident light. For the SSRR array whose transmission spectra are shown in Fig. 6.4,
the e�ciency is ∼ 13% and it linearly decreases by gradually increasing the unit
cell period. By varying the size and other geometrical parameters of the SSRRs,
one can e�ectively design a waveplate to operate at any wavelength of interest.

But, what is the physical reason behind such a signi�cant polarization conversion
(also called linear birefringence in recent literature [33, 34]) of the SSRR at 45◦

polarization? When light is x polarized, a circular loop current is generated in the
SSRR at the LC-resonance wavelength. Hence, the net in-plane charge oscillation
is very close to zero. However, the LC resonance of the SSRR can also be excited
for 45◦ polarization as it has an E-�eld component in the x direction containing half
the incident energy. This x component tries to drive the loop current in the SSRR.
The y component of the 45◦ polarization (containing the other half of the energy),
on the other hand, excites parallel currents in the vertical arms. The net e�ect are
anti-parallel currents in one vertical arm and a boost to the current in the other
vertical arm. This gives rise to a signi�cant in-plane charge oscillation contrary
to the case when the incident light is x polarized (detailed plots in paper IV).
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Oscillating charges in the horizontal arm and one vertical arm can radiate along all
polarizations in the xy plane in the forward direction as per Hertz dipole principle,
thereby explaining the waveplate e�ect.

Waveplates employing coupled SSRR sytems

A similar waveplate e�ect can also be obtained by making the near electromagnetic
�elds of two or more di�erently oriented SSRRs interact with each other, within
a unit cell of a metamaterial [35]. Here, we compare the electromagnetic response
of two kinds of coupled SSRR systems, namely in-plane coupled SSRRs (A) and
two-layer twisted pairs of SSRRs (B) [unit cells and transmission curves are shown
in Fig. 6.5].

Figure 6.5: Unit cells of inter-SSRR coupled systems A and B with coupling
distance c, and their corresponding transmission spectra (T‖ and T⊥). The color
code represents polarizations of incident light along x (black), y (blue), 45◦ (red
solid), and −45◦ (red dots), respectively. The transmission spectrum for A is
only calculated for x and 45◦ polarizations. Points `1', `2' and `3' are resonance
positions for the y, ±45◦ and x polarizations respectively for B.

These systems have been considered in [35] and [33, 159], respectively. In fact, A
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could also be seen as a special case of in-plane inter-SSRR coupling in which the
polarization conversion (or intrinsic linear birefringence of SSRR) can be annulled
for 45◦ polarization at the LC resonance (∼ 338 THz), thereby changing the eigen
polarization direction of the overall metamaterial to 45◦. In B, the two SSRRs
in the twisted pair, separated by coupling length c, are physically oriented at 90◦

with respect to each other and the overall structure lacks rotational symmetry.
This con�guration usually provides strong optical activity (i.e., rotation of incident
linear polarization) as well as linear birefringence for all incident polarizations over
a range of wavelengths [33, 34]. However, by carefully adjusting c and unit cell
period in B, one can destroy the linear birefringence (i.e., make T⊥ ∼ 0) for x- and
y-polarized light and obtain an optimum non-zero T⊥ only for 45◦ polarization. The
eigen polarizations of a such a twisted-SSRR pair waveplate are therefore along the
arms of SSRR (x and y). The maximum waveplate e�ciency of A is ∼ 1.5% and
B is ∼ 14%. The e�ciency of B is almost equal to that of a conventional SSRR
array, but the bandwidth over which T⊥ > 0.1 in B (∼ 50 THz) is double that of
the latter (∼ 25 THz).

In the case of A with no near-�eld interaction of neighbouring SSRRs, loop
currents are expected to be excited in only two out of the four SSRRs in the unit cell
at the LC resonance wavelength for x- and y-polarized incident light. That is due
to the physical orientations of the individual SSRRs. However, in the interacting
case, one can note some interesting observations. Depending on the phase of E �eld
in the incident light, the interaction between neighbouring SSRRs change. The case
of x-polarized incident light is presented here (Fig. 6.6). For starting phase angles
of 0◦ and 180◦, loop currents are excited in all four SSRRs of the unit cell (as
deduced from the near-Hz plots using the right-hand thumb rule of a current and
magnetic �eld). This makes the net in-plane charge oscillation close to zero, thus
no T⊥. But, for 90◦ and 270◦, loop currents are excited in only two out of the
four SSRRs. The near �elds of excited SSRRs induce a weak but signi�cant charge
oscillation in the horizontal arm of the other two non-excited SSRRs that can in
turn radiate in forward direction as y-polarized light. For ±45◦ polarizations, loop
currents are excited in all four SSRRs making the net in-plane charge oscillation
vanishingly small (thus negligible T⊥ as reported in [35]).

In the case of B, by carefully adjusting the coupling distance between the SSRRs
in the twisted pair, one can achieve a strong interaction of the near �elds only for
incident polarizations of ±45◦ and a quasi-isolation situation for x and y (plots in
paper IV). It can be seen from Fig. 6.5 that no T⊥ exists at wavelengths `1' (for x
polarization) and `3' (for y polarization), as only one SSRR is excited in the pair.
But for ±45◦ polarizations, antiparallel loop currents are excited in the twisted pair
giving rise to a signi�cant in-plane charge oscillation along the x and y directions
manifesting as a non-zero T⊥. Two e�ects are responsible for the signi�cant T⊥ of a
broader spectral bandwidth: intrinsic linear birefringence of the individual SSRRs
at ±45◦ polarization and near-�eld coupling between the SSRRs in the twisted
pair. As the coupling here is in the direction of wave propagation, the mechanism
of T⊥ generation can also be attributed to the optical activity of the arti�cial chiral
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structure [33, 159] in B.

Figure 6.6: Hz-�eld plots very close to the front surface of the SSRRs
at the LC-resonance frequency corresponding to starting phases, 0◦ and
90◦, of incident E �eld. A weak charge oscillation (short arrows) can be
induced in the horizontal arm of the non-excited SSRRs along a direction
orthogonal to the incident polarization.





Chapter 7

Rectangular plasmonic nanoantennas

Metal nanoparticles (NPs) play a pivotal role in nano-optics today due to their
ability to con�ne considerable electromagnetic energy within dimensions that are
way below the di�raction limit of classical optics [3, 23, 92]. At visible-NIR frequen-
cies, light can be squeezed into nanometric volumes producing a �eld enhancement
of several orders of magnitude that can further be used to control light-matter
interactions at the nanoscale [5, 28, 160]. Metal NPs are also called optical nanoan-
tennas as they can be used to convert freely propagating radiation into localized
energy and vice versa [31]. The light con�nement property in optical antennas
is attributed to the generation of LSPs. The most intense resonance (maximum
near-�eld strength) that is also of practical relevance occurs at the dipolar LSPR
condition [92, 104].

7.1 Dipolar resonance of rectangular nanoantennas

The total length of the dipole metallic antenna is ∼ λ/2 if one wants to operate it
at a wavelength λ, as per classical antenna theory [79]. So, for antennas to function
at optical wavelengths, especially in the visible-NIR range, their length should be
on the order of nanometers. Hence, they are subsequently called nanoantennas. A
dipole nanoantenna consists of two smaller monopole nanoantennas separated by a
small gap within which a very large �eld can be con�ned [80, 92]. Recent studies
have shown that the resonant length of dipole nanoantennas is considerably shorter
than λ/2 [80, 161, 162]. Also, the length of the monopole nanoantenna is much
smaller than λd/2, where λd is the dipolar LSPR wavelength of the individual
nanoantenna [81, 82]. The reason for that is that metals like Au/Ag no longer
act as pure conductors, and the incident electromagnetic �eld is able to penetrate
through the metal surface giving rise to SPs. In addition, the plasmonic skin depth
δm (∼ 20− 30 nm) becomes a non-negligible fraction of the dimensions of the rod
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(50 � 500 nm). The physical length of the nanoantenna could reach values close to
∼ λd/10 depending on the metal dispersion. The expression for the physical length
of the nanoantenna (Lrod) is as follows [81]:

2Lrod = na + nb
λd
λp
, (7.1)

where na and nb are constants that depend mainly on the geometry and dielectric
properties of the metallic nanoantenna and surrounding media, and λp is the metal
plasma wavelength.

Nanoantennas can, in principle, be of many shapes but we focus on rectangular
nanoantennas (or bar-shaped metallic NPs) in this thesis. They can be used for
high-resolution spectroscopy [163, 164], single molecule detection [22] and slowing
down light [36], just to cite a few important applications. The dipolar resonance
of a rectangular nanoantenna is characterized by plasmonic eigenmodes formed on
the surfaces of the three-dimensional metallic bar, similar to the U-shaped particle
discussed in chapter 6. Distinct plasmonic modes are formed at all the surfaces
at the main dipolar resonance wavelength, and not at other wavelengths. The
mode plots and a detailed map of the dipolar plasmonic resonances corresponding
to geometrical variations in each of three directions, at visible-NIR wavelengths, is
given in Paper V.

7.2 Coupled nanoantennas

Bright and Dark modes

Dipolar LSPR is excited very e�ciently by free-space radiation, and it is known that
oscillating dipoles have a strong radiative character. Thus, dipolar LSPRs are also
called `bright' modes with a broad Lorentzian lineshape [36, 92]. The interaction
between light and NPs is mainly limited to inducing electric dipole moments in
the deep subwavelength regime (size of NPs � λ). The bright mode corresponds
to the lowest energy level of all valid NP resonances. In addition to the bright
mode, higher-order resonances (LSPR states of higher energies) or `dark modes'
can also be excited using free space radiation, but only when retardation e�ects
begin to dominate, i.e., when NP dimensions are on the same order of the incident
wavelength and the quasi-static approximation is no longer valid.

Coupled metallic NPs, for example dimers (i.e., two NPs in close proximity),
can support a range of dark modes. The nature of the dark modes in dimers can be
understood with the help of the plasmon hybridization model proposed by Prodan
and co-workers [165]. They explain just as how new energy states result from the
overlapping of individual atomic orbitals in the case of a molecule formed from
several atoms, a coupled NP system possesses hybrid LSPR states (or frequencies)
which are di�erent from the LSPR states of its constituent NPs. In the deep
subwavelength regime, energy states of the coupled NP system can be understood
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by the electrostatic interaction between charges induced in the individual NPs.
The lowest energy state (bright dipolar mode) corresponds to the situation when
the distance between the opposite charges is maximum (or large electrical dipole
moment), and it is strongly excited by incident light. The other energy states (dark
multipolar modes) are weakly excited depending on their net dipole moment [92].
Dark modes can be e�ciently probed using electron energy loss spectroscopy [166].

Interaction of bright and dark modes in coupled nanoantennas

Interesting scattering properties arise when NPs supporting a broad bright mode
are placed in the vicinity of NPs supporting spectrally narrow dark modes within
the spectral bandwidth of the bright mode. Let us consider a square array of
coupled NP systems A and B (Fig. 7.1) consisting of two fundamental components
� horizontal nanoantenna (bright atom) in the vicinity of a vertical nanoantenna
pair (dark atom). For the shown excitation scheme, the bright atom supports a

Figure 7.1: Unit cells of two recently investigated metamaterials consist-
ing of a coupled system of three rectangular nanoantennas. The interaction
between the LSPs of the horizontally arranged nanoantenna (bright atom)
and that of the pair of vertically oriented nanoantennas (dark atom) is ei-
ther in-plane (A) or in the direction of propagation of light (B). c is the
separation between the bright-dark atoms.

broad dipolar mode, i.e., its transmission spectrum consists of a minimum (or dip)
having a symmetric Lorentzian pro�le. The dark atom can support a quadrupolar
dark mode for the same incident polarization, but only at oblique angles when
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excited separately. The dark mode is a minimum in transmission with a narrow
asymmetric lineshape whose bandwidth strongly depends on the absorption of the
metal [37].

Paper VI highlights the practical di�culty in optically probing the exact spec-
tral location of quadrupolar mode of the the dark atom when studied individually
using numerical tools. However, the same quadrupolar dark mode can be excited
at normal incidence in a coupled NP system (A and B), if the overall structure is
asymmetric with respect to the incident polarization [37, 92]. Here, the dark mode
is not excited directly but by the light scattered from the bright atom. It is well
known that an interaction of a broad continuum resonance and a narrow discrete
resonance provides asymmetric spectral features in scattered far-�eld light that are
called Fano resonances [167, 168]. Fano resonances can be understood classically
by studying the dynamic response of a system of coupled damped harmonic oscil-
lators driven by a force applied to one of the oscillators [169, 170]. In the case of
coupled systems A and B, an interaction of the bright dipolar mode and the dark
quadrupolar mode takes place via near-�eld coupling between the two plasmonic
atoms. The consequence of the interaction is a similar Fano-like resonance which
evolves into a sharp absorption dip (or a transmission peak within an otherwise
strong absorption region), making the whole coupled NP system `transparent' to
incident light within a speci�c wavelength window. This phenomenon was named
`plasmon-induced EIT' [36], an e�ect that is analogous to EIT in atomic physics
[84, 85].

For symmetric con�gurations (As and Bs in Fig. 7.2), the transmission pro�le
of the coupled triple nanoantenna system is identical to that of the individual hori-
zontal bar (bright atom). More speci�cally, it has one broad symmetric Lorentzian
resonance (minimum) and there is no plasmon-induced EIT. One can thereby very

Figure 7.2: Symmetric case of the physical arrangement of three nanoan-
tennas in A and (B (Fig. 7.1) with respect to the incident polarization at
normal incidence.

easily assume that the dark atom has no in�uence on the bright atom in such cases.
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But, it is surprisingly found that the above resonance frequency varies when the
separation between the bright-dark atoms c is changed slightly (details and plots
in Paper VI). Thus, there is certainly an in�uence of the dark atom on the overall
transmission, even for a symmetric arrangement of nanoantennas with respect to
the incident polarization.

Group index of coupled nanoantenna metamaterials

Just like vapor-based atomic media exhibiting EIT, the plasmon-induced EIT sys-
tem also possesses a steep dispersion pro�le in the spectral window of transparency.
A large slope in the dispersion causes a reduction in the group velocity of light
that have frequencies within that speci�c spectral window. This optical property
can thereby be exploited in slowing light. A smaller spatial separation between
the bright-dark atoms (stronger interaction) in a plasmonic EIT metamaterial in-
creases the bandwidth of EIT region but decreases the overall group refractive
index (ng) obtained [36, 171]. Hence, there is a tradeo� between achieving a large
Re(ng) [or reduced group velocity] and a large bandwidth. Also, the overall loss
in the plasmon-induced EIT MM (given by Im(ng)) increases with a larger spatial
separation between the bright-dark atoms.

Let us consider coupled Au nanoantenna MMs, with unit cell designs based on
A and B (Fig. 7.1), of subwavelength array periodicity a designed to provide an
EIT region at some speci�c IR frequencies (geometrical parameters in Paper VI).
A is a planar MM and B is a stacked MM, and they are excited at normal incidence
and their transmission plots are displayed (Fig. 7.3(a)).

Figure 7.3: (a) Transmission at normal incidence for metamaterials A (black)
and B (blue) when a = 700 nm and bright-dark atom separation c = 30 nm.
(b) Their corresponding group refractive-index (Re(ng)) plots in the high trans-
mission spectral region.



48 CHAPTER 7. RECTANGULAR PLASMONIC NANOANTENNAS

The group index ng is obtained as follows:

ng = neff + f
dneff

df
, (7.2)

where f is the incident frequency and neff is the e�ective refractive index of the MM.
As usual, neff is calculated from complex transmitted and re�ected �elds from the
MM slab using the standard e�ective parameters extraction algorithm [137]. For
given �xed values of c and a, the EIT region provided by B has a much broader
bandwidth (∼1.5 times) as compared to A (Fig. 7.3(b)). But, A provides a value
of Re(ng) that is double of B. In the broad EIT region of very low loss, there
is high transmission barring the re�ection from the dielectric substrate for both
systems. The average ng in the high transmission region given by A is ∼ 35 and
that provided by B is ∼ 14 for the given IR range. These values correspond to
c = 30 nm, but the maximum average ng (∼ 57 for A and ∼ 26 for B) can be
obtained for a larger c (∼ 70 nm). This higher value of ng is at the expense of
loss in transmission and bandwidth. At visible-NIR frequencies, the average ng
is even smaller owing to higher dissipative losses in the metal. So, by and large,
the plasmonic EIT-system of three metallic nanoantennas is capable of providing a
practical slowdown factor in the range of 10 � 100 at optical frequencies.



Chapter 8

Conclusions and future work

The following is a brief summary of the conclusions of my work and some ideas to
proceed forward.

8.1 Conclusions

(i) A square array of subwavelength holes in a thin Au or Ag �lm can function as
a robust wavelength-tunable refractive-index sensor in the normal transmis-
sion mode. The hole-shape resonance is spectrally very sensitive to changes
in the refractive index n of intra-hole cavity. By introducing sharp apexes in
the form of composite hole shapes like the double-hole geometry (DNH), a
much larger �eld enhancement is possible at visible-NIR frequencies as com-
pared to conventional rectangular/elliptical/circular holes. This aspect helps
in improving the interaction of light with the intra-hole media. The spectral
sensitivity of the hole-shape resonance of DNH to changes in n of the hole
cavity is greater than that of conventional holes by at least a factor of 2.
Also, an extra far-�eld transmission peak related to the sharpness of apexes
is discovered.

(ii) The best experimentally achieved �gure of merit (FOM) value to date from
a single functional layer of a �shnet metamaterial (MM) is ∼ 3 [71, 72]. The
�shnet NIM fabricated in [71] consists of rectangular holes and it is designed to
operate at λ = 1.4 microns. However, we �nd that a much higher FOM could
be obtained at the same wavelength if the hole shape and metal layer thickness
are optimized carefully. Fishnet MMs with elliptical holes can provide a FOM
as large as ∼ 6 at telecommunication wavelengths (1.4 microns < λ < 1.5
microns). Also, elliptical holes provide an average transmission (∼ 70%) that
is 10% higher than that of rectangular holes in the particular wavelength
range.

49



50 CHAPTER 8. CONCLUSIONS AND FUTURE WORK

(iii) A detailed study of the near-�eld connection to the far-�eld transmission
resonances (minima) of a square array of U-shaped subwavelength metallic
nanostructures is done. It is concluded that for a `U' of arbitrary geome-
try, plasmonic eigen modes need to be formed on all of its surfaces to get a
resonance in the far �eld. The modes on the front and rear surface of the
U-shaped particle are most important, and they may or may not have the
same order. They also in turn decide the current directions in the arms of the
U and the overall combination of currents is unique for a given resonance. It
is speculated that the plasmonic modes on di�erent surfaces are coupled to
each other.

(iv) Arrays of subwavelength single-slit split-ring resonators (SSRRs) act as e�ec-
tive optical half-wave waveplates capable of providing orthogonal polarizations
for most incident linear polarizations except for the ones along the SSRR arms
(or sides). The e�ect is attributed to intrinsic linear birefringence of the U-
shaped geometry and the maximum theoretical waveplate e�ciency is ∼ 16%
at the LC frequency of the SSRR. The waveplate e�ciency is the transmit-
tance of light polarized along the direction orthogonal to incident polarization
expressed as a percentage. Similar waveplate-like e�ects are possible by ex-
ploiting the near-�eld electromagnetic coupling between SSRRs of di�erent
orientations placed in close proximity of each other.

(v) The geometrical dependence of dipolar plasmonic resonance of rectangular
nanoantennas in the subwavelength non-quasistatic regime is presented. Also,
a qualitative explanation based on the classical oscillator model is put forth
to explain the trend in the spectral shift of resonance when the geometry is
varied in speci�c directions. An intuitive way to understand dipolar resonance
conditions using plasmonic eigen modes formed on the surfaces of the three-
dimensional nanoantenna is also presented.

(vi) The plasmonic electromagnetically-induced transparency (EIT) exhibited by
recently investigated planar (A) and stacked (B) MMs is analyzed and nu-
merically characterized at optical frequencies. The unit cells of both MMs
basically contain a coupled system of three rectangular nanoantennas. When
the MMs are excited by light at normal incidence, the near �eld of the bright
atom (single nanoantenna) interacts with that of the dark atom (a coupled
pair of nanoantennas arranged perpendicular to the length of the bright atom)
to provide an EIT e�ect (which is a Fano resonance) in far-�eld transmission,
only if the overall coupled structure is asymmetric with respect to the inci-
dent polarization. Keeping all material and geometrical parameters constant
including the separation between the bright-dark atoms, it is found that A
can provide a larger group refractive index ng as compared to B for slowing
light applications. However, B o�ers a broader EIT bandwidth (∼ 1.5 times)
than A with negligible di�erence in losses. These plasmonic-EIT systems can
practically provide a light slow-down factor of 10 � 100 at optical frequen-
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cies. For the symmetric con�guration of the triple nanoantenna system, even
though there is no plasmon-induced EIT as con�rmed by recent literature,
the dark atom does not stop in�uencing the bright atom when placed in close
proximity. I have also tried to highlight the practical di�culty in probing the
exact spectral location of the dark mode (i.e., quadrupolar resonance) when
the dark atom is considered individually using numerical simulation tools. It
is only possible to estimate the frequency range over which the dark mode
induces the EIT.

8.2 Some open questions and future work

In the context of light transmission through arrays of di�erent kinds of subwave-
length holes, it is practically di�cult to design an array for an optimum value of the
main maximum. The behaviour of the maxima are a function of array period, hole
geometry and properties of the metal. The maxima are formed by the interplay
of surface plasmons (SPs) formed on the two-dimensional surface grating (on both
sides of the metallic �lm) and the SPs within the hole. The understanding of the
exact physics of the interplay is not complete. The spectral positions of minima can
be plausibly explained by Wood-Rayleigh anomalies corresponding to the air-metal
and substrate-metal interfaces. Also, the transmission pro�le rapidly changes from
a minima to maxima forming a Fano resonance.

A Fano resonance has its origins in the interference e�ects observed in quan-
tum mechanical atomic systems. It is thereby unclear how to apply this picture
for hole-array transmission and unambiguously distinguish the relevant interfering
excitation pathways as in the case of atomic systems. A logical continuation of my
work on DNH arrays is to fabricate a sample based on the designs provided and test
the sensing of several organic �uids experimentally. One possible method to further
enhance the sensing performance of DNHs is to �rst inject some gain media in the
form of dye molecules inside the hole cavity and then �ll it up with the desired �uid
to be sensed. The dye molecules can be optically pumped from the bottom using a
cheaper light source like a lamp.

It would also be interesting to fabricate a �shnet NIM with optimized elliptical
holes as shown in Paper II to operate at telecommunication wavelengths and
experimentally verify the improved FOM. Also, additional in-depth investigation is
required to clarify the physics of SP modes within the hole and interaction between
SPs on the two metallic surfaces occurring within the dielectric gap. This is very
vital to completely understand the variation of FOM as a function of �shnet hole
shape and metal layer thickness.

E�orts are also currently underway to fabricate NCR arrays (Paper III) using
electron beam lithography and test its transmission spectrum.
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PAPER I: �Impact of apexes on the resonance shift in
double hole nanocavities�

The extraordinary transmission of light through Au and Ag �lms with periodic sub-
wavelength DNHs is studied. The spectral shift of the DNH hole-shape resonance
resulting from a variation of the hole refractive index is analyzed and compared
with that of rectangular holes. Speci�cally, the role of �eld enhancement near the
sharp apexes of the DNH in the sensing of media within the hole cavity is elabo-
rated. The impact of imperfections in the apexes on the overall sensitivity is also
characterized. The mere presence of apexes signi�cantly improves the resonance
spectral sensitivity by at least a factor of two as compared to conventional holes
(rectangular, circular and elliptical) of comparable area.

Author contribution: Idea behind the paper, numerical modeling on COM-
SOL, data analysis and all of the writing.

PAPER II: �Loss optimization in double �shnet
metamaterials at telecommunication wavelengths�

A hole-shape optimization study is made for a �shnet MM that is capable of pro-
viding negative index of refraction within the telecommunication window of 1.4 �
1.5 microns. The goal of the optimization is to estimate the best possible value of
FOM that can be achieved from a single functional layer (metal-dielectric-metal)
of �shnet NIMs. It is found that elliptical holes o�er the best NIM performance
at the above wavelengths giving a FOM as large as ∼ 6. This is a much improved
design as compared to the one that provides the best experimentally achieved FOM
of 3 [71, 72].

Author contribution: Idea behind the paper, numerical modeling on CST
Microwave studio, data analysis and all of the writing.
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PAPER III: �Transmission resonances in periodic U-shaped
metallic nanostructures �

The far-�eld transmission spectra of a square array of subwavelength U-shaped
SRRs, like SSRRs and crescents, at normal incidence are studied. In particular,
the interpretation of the far-�eld resonances of nanostructures in terms of their near
�eld is revisited. The main aim of the manuscript is to understand the physical
reason behind the occurence of various resonances in the transmission spectrum of
a U-shaped particle. It is proposed that for a U of arbitrary geometry, plasmonic
eigen modes need to be formed on all of its surfaces to get a resonance condition.
The modes in turn decide the current directions in the arms of the U and the overall
combination of currents is unique for a given resonance. We also speculate that the
plasmonic modes on di�erent surfaces are coupled to each other.

Author contribution: Idea behind the paper, numerical modeling on COM-
SOL , data analysis and all of the writing.

PAPER IV: �Linear birefringence in split-ring resonators�

In this work, it is found for the �rst time that a planar square array of subwavelength
SSRRs e�ectively acts as a half-wave waveplate for certain polarizations of incident
light. The polarization conversion e�ciency attains a maximum value of ∼ 16% for
a closely packed array. The e�ect is an intrinsic property of the individual SSRR
elements and it is attributed to the asymmetric U-shaped structure. A comparison
is made with two types of recently investigated SSRR-based systems exhibiting
similar properties due to the inter-SSRR plasmonic coupling.

Author contribution: Idea behind the paper, numerical modeling on COM-
SOL and CST Microwave Studio, data analysis and all of the writing.

PAPER V: �Interpreting the dipolar plasmon resonance of
rectangular metallic nanoantennas�

The dipolar resonance of rectangular bars of nanometric lengths (or nanoanten-
nas) and SPs excited on them are studied using numerical simulations. A general
practical map of the dipolar resonance corresponding to di�erent dimensions of
Au nanoantennas is provided in the visible-NIR regime. Also, physical reasons
explaining the spectral shift of resonance with respect to geometrical variation in
di�erent directions are put forth. An intuitive way to understand resonance condi-
tions using plasmonic eigen modes formed on the surfaces of the three-dimensional
subwavelength structure is also presented.

Author contribution: Idea behind the paper, numerical modeling on COM-
SOL and CST Microwave Studio, data analysis and most of the writing.
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PAPER VI: �E�ective tunability and estimation of group
index in plasmonic metamaterials exhibiting
electromagnetically induced transparency�

A square array of coupled systems of three nanoantennas gives a MM that can pro-
vide a spectral window of high transmission amidst strong absorption when excited
with light at normal incidence. The phenomenon is analogous to EIT as observed
in atomic systems and light can indeed be slowed down in the high transmission
region. The bright (a single rectangular bar) and dark atom (coupled pair of bars
oriented in the perpendicular direction) of the MM can either reside on the same
plane or on planes stacked one above the other. Keeping all geometrical parame-
ters and the bright-dark atom distance constant, it is found that the planar MM
provides a better performance as compared to the stacked MM when it comes to
slowing light. But, the overall bandwidth of the transmission region is larger for a
stacked MM. The average slow-down factor is of a few tens in both MMs at optical
frequencies. Also, the practical di�culty in probing the exact spectral location of
the quadrupolar resonance of the dark atom, when considered individually using
numerical tools, is highlighted.

Author contribution: Idea behind the paper, numerical modeling on COM-
SOL and CST Microwave Studio, data analysis and all of the writing.
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