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Abstract

The technological advances in the recent era have expanded the range of functionalities
for integrated photonic circuits. An emerging branch of Photonics named as Plasmonics
pave the way for practical realization of the fantasy of optical integrated circuits.
Plasmonics provides a key solution to provide sub-wavelength confinement and lends
a hand in designing photonic integrated circuits. Plasmonics deals with the basic
phenomenon of Electromagnetic (EM) interaction with metals.

Metal-Insulator-Metal (MIM) waveguide supports a unique feature of deep sub-
wavelength confinement and overcomes the diffraction limit of light. The appealing
feature of confining signal at sub-wavelength scale in MIM waveguide offers ultra small
foot-print. In this work, MIM based Plasmonic grating has been numerically
investigated for band stop filtering. This is designed by periodic arrangement of stub
resonators keeping the separation between adjacent resonators same in the MIM
structure. This grating exhibits nice filtering characteristics. The proposed device offers
a stop band near 1550 nm wavelength since most of the optical devices or networks are
designed to operate in this desired band due to low loss and attenuation.

Special mode or defect mode is excited in stop band by introducing a defect state
(region) in the perfect plasmonic MIM grating. The defect region is created in
waveguide grating and a metallic slit is placed in the centre position of the defect region.
In the presence of metallic slit, resonance splitting is observed due to interaction of dark
and bright resonance modes. This resonance splitting is generally emerged due to Fano
resonance phenomena. Fano principle based resonance provides an increased value of
quality factor as compared to traditional resonance.

The proposed device is also explored for switching purpose. By filling a non-linear
material into the defect region and exciting Fano resonance in the grating, multiple
switching at different wavelengths is observed. The performance of device is quantified
using modulation depth. Finally, the refractive index sensing property of the device is
also explored. This Plasmonic grating is viable for designing optical de-multiplexers,

sensors, filters etc.
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INTRODUCTION

1. INTRODUCTION

1.1. Technological developments

The gradual growth of human society and technology has led to an escalating demand
of miniaturizing electronic circuits and devices. Moore's law governing the
semiconductor industry for over 50 years asserts that the transistor count on a silicon
chip doubles every 18 months leading to highly computationally powerful processors.
The scaling of transistors results in enhanced performance with the downside of
excessive heat generation detrimental to whole chip. This stands as an impediment to
the fulfilment of high speed data processing [1-2]. Furthermore, there is an economic
aspect putting an end to Moore's law [3].

A promising solution to the above problem is the use of optical signals. The speed of
light in a semiconductor material is much greater than speed of electrons. Furthermore,
optical signal is less prone to energy losses making it suitable for carrying information
at higher data rates. This has promoted the proliferation of photonic circuits [4].
Photonic crystal structures provide faster processing speeds, improved bandwidth and
greater immunity to electromagnetic interference compared with electronic circuits [4-
9]. However, the diffraction limit of light restricts the flow of optical energy inside
photonic devices and limiting their miniaturization towards sub-wavelength scale [10-
11]. The size of photonic devices is typically half a wavelength of light making them
considerably bigger than their electronic counterparts. This pronounced mismatching of
size between photonic and electronic devices poses a serious challenge for their
interfacing [12]. An emerging device technology known as Plasmonics provides a
fascinating way to overcome the size mismatch problem. It facilitates information flow
between nanoscale devices and helps in bridging the gap between electronic and optical
domains [14-16].

Plasmonics, a field of Nanophotonics has emerged, aimed at overcoming the diffraction
limit of light and producing deep subwavelength photonic devices. Plasmonics pertains
to the interaction of conduction electrons with electromagnetic energy at metal-
dielectric interfaces. It examines the confinement of electromagnetic waves in the sub-
100-nm dimension way beyond diffraction limit [14]. This intriguing feature has made

possible the creation of nanoscale photonic infrastructure for applications in biological
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sensing [17], slow light generation [18], switching [19], de-multiplexing [20-21] and so

on.

1.2. Motivation

The demand of high speed data processing has been steadily increasing over the last
decades. The minimization of electronic circuits has become essential to fulfil the urgent
need of high speed. The problem associated with the miniaturization of the devices is
that the delay of electronic circuits also increases which serves as a hindrance to the
data transportation capabilities.

Since the drift velocity of the electrons is not large the electronic interconnects lack the
enormous speed for information processing. This can be accomplished by their optical
counterpart i.e. optical fibre cables. The drawback of using optical fibres cables over
electronic circuits is that they are thousand times heavier. This has laid the foundation
for the development of optical circuits.

Plasmonics aims to miniaturize the optical circuits at the level of the electronic circuits
and to overcome the diffraction limit. It combines the merits of photonics (large
bandwidths) with electronics (nanoscale miniaturization). Surface Plasmon Resonance
(SPR) the base of Plasmonics, has become one of the widely used optical techniques
owing to its appealing characteristic of on-chip integration of photonic circuits.

An on-chip optical filter is an important and appealing research field in the area of
Nanophotonics. In addition to this, Plasmonics finds applications in the fields of on-
chip optical buffering [22], biological sensing [23], narrow band filtering [], refractive

index sensing [24] etc.

1.3. Research Contribution

In this proposed research work, metal-insulator-metal (MIM) or metal-dielectric-metal
(MDM) based Plasmonic grating has been designed to achieve band stop filtering
characteristics. Several variants of Plasmonic grating have been designed and
numerically investigated and a comprehensive analysis of their transmission
characteristics and their dependence on geometrical parameters is successfully carried
out. In the transmission spectrum, a minute transmission window is induced in the stop
band. This transmission window termed as defect mode arises by introducing a defect
length in the perfect Plasmonic structure. This defect mode produced in the grating

makes it suitable for sensing, filtering and demultiplexing based applications.
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A metallic nano-slit is introduced in this defect region by virtue of which a resonance
exhibiting an asymmetrical profile called as Fano resonance is excited in the MIM
waveguide based grating. The analysis of this Fano resonance excited grating for
multiple switching applications is carried out. Furthermore, the sensing based
applications of Plasmonic grating is also thoroughly explored by exciting Fano

resonance.

1.4. Thesis Organization

The thesis contains five chapters with the following arrangement:

Chapter 2 covers the earlier work in the field of Plasmonics pertaining to filtering.
Chapter 3 has been dedicated to the comprehensive analysis of Surface Plasmon
Polaritons (SPPs). The fundamentals of the SPP propagation and the excitation methods
are discussed in detail. The modelling of the metal permittivity and types of metal-
insulator-metal waveguides are explained.

Chapter 4 is related to the designing and analysis of different MIM based Plasmonic
gratings and their applications in switching and refractive index sensing.

Chapter 5 summarizes the work and deals with future aspects.
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2. LITERATURE REVIEW

Zhanghua Han et al. [25] proposed and numerically simulated a surface plasmon
polariton Bragg grating labelled as SPP-WBG. This SPP-WBG is formed by
periodically modulating the insulator width in a MIM waveguide. This waveguide
structure exhibits good band stop filtering characteristics. In the transmission spectrum,
the ripples obtained are suppressed by using S-shaped Bragg cells and performance is
improved. A defect region is introduced into the SPP-WBG by virtue of which a small

transmission window in the stop band is obtained which results in high quality factor.

Feifei Hu et al. [26] proposed a sub-wavelength surface plasmon band pass filter based
on two MIM waveguides and a slot cavity. By shifting the input and output waveguides
the pass band is selected and the light can be spectrally split. The modulation of the
cavity parameters and the coupling distance results in bandwidth adjustment. The
results indicate that this ultra-compact sensor is suitable for applications in integrated

photonic circuits on metal surfaces.

Gaige Zheng et al. [27] designed a tunable MIM circular ring resonator based band-pass
filter. A non-linear Kerr material is filled into the ring resonator. By varying the
intensity of light the transmitted peak can be easily tuned. At the desired wavelength,
narrow band filtering is easily achieved by varying the intensity of light as it governs

the resonance wavelength tuning.

Xi Chen et al. [28] presented nanoscale structures based on MIM waveguides and two
nano ring resonators. The change in the coupling mode between the resonators and the
waveguides yield band pass and band stop filtering characteristics. With the increase in
the resonator size the characteristic wavelength of the filters increases. The double ring

resonator based filters indicate higher sensitivity on wavelength.

Rukhsar Zafar et al. [29] proposed an ultra-compact surface plasmon sensor based on
MIM waveguide. The MIM waveguide is paired with two stub resonators and a metallic
nano slit of silver is embedded into the stub resonators. The material to be sensed is
filled in both MIM waveguide and the stub resonators. By breaking the symmetry in the
structure, Fano resonance is excited. The sensor presents very large sensitivity and a

high value of Figure of merit (FOM).
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Shubin Yen et al. [30] proposed a refractive index sensor made up of two MIM
waveguides and a ring resonator. Each waveguide has one sealed end and other ends
act as ports. The transmission spectrum exhibits an asymmetric line shape and indicate
nice filtering characteristics. The quality factor quantifies the performance of the filter
which increases in linearly with the radius of the resonator. The Fano resonance shows

large sensitivity as compared to Lorentzian resonance.

Rukhsar Zafar et al. [31] proposed a metal-dielectric-metal based surface plasmon
sensor coupled to stub resonator pair. The separation between resonators is carefully
handled so that Fano resonance is excited. The liquid or gaseous material to be sensed
is filled in the stub resonators. The sensitivity is analysed as a function of group delay
and a high value of phase sensitivity is obtained for per unit refractive index change.

There is a linear dependence of phase sensitivity on group delay.

Shinian Qu et al. [32] developed a Bragg grating reflector based on MIM waveguide
having a defect. A broad stop band is found in the transmission spectrum. The defect
window in the spectrum and the central wavelength is tuned by tailoring the structural

parameters.

Zhongchao Wei et al. [33] proposed a plasmonic band-stop filter using single and
double layered graphene metamaterial in the THz regime. Two graphene ribbons
constitute the metamaterial unit cell. By varying the doping concentration of these
ribbons the shifting in the resonance wavelength is achieved. Symmetry single graphene
layer metamaterial can be employed in refractive index sensing due to its high
sensitivity whereas asymmetry double graphene layer can be used as a two-circuit

switch.

Xin Luo et al. [34] proposed an ultra-compact MIM Bragg grating coupled with a
rectangular air cavity. A plasmon-induced transparency (PIT) response is proposed in
the device. The dependence of transmission on air cavity thickness and on the coupling

distance between insulator and the cavity is studied.

Rukhsar Zafar et al. [35] investigated a sub-wavelength plasmonics sensor excited by
Fano resonance. The interaction between MIM waveguides and two elliptical resonators
excite Fano resonance mode. Due to this asymmetric Fano resonance, the proposed

plasmonics sensor exhibits large values of sensitivity and FOM. By modifying the
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geometrical parameters, the sensing performance can be highly enhanced. The device

is tested for haemoglobin detection in blood.

Tahir Igbal et al. [36] investigated the dependence of surface plasmon resonance as well
as plasmonic band gap on the structural parameters of 1 D nanograting. Different
nanograting structures are modelled as gold films on glass substrate. The bandgap
energy increases with the slit width and starts decreasing when the width of slit equals
half the periodicity. As long as the gold depth and the film thickness are comparable the
bandgap energy is directly proportional to the film thickness.
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3. ANALYSIS OF SURFACE PLASMON POLARITONS

3.1.Introduction

Plasmons and Photons are the fundamental excitations in a material exhibiting
conducting properties such as metal or extremely doped semiconductors. The free
electron model considers metals as a gas of free electrons that are allowed to move
freely within them [14, 37]. These electrons participate in electrical conduction and
move independently throughout the lattice without interacting with each other and with
the ion cores. Thus, the free electrons form the metal plasma comprising of positively
charged ions and negatively charged electrons. Due to the low mass of electrons they
possess higher kinetic energies than those of ions. As a result of which the coupled
excitation of electrons i.e. plasmons completely dominate the collective excitations of
ions i.e. phonons [14,38]. This work is carried out considering only the influence of
plasmons. Plasmon is a quantum of collective excitation of conduction electrons inside
a conducting media [14]. There are two types of plasmons namely, Volume plasmon
and Surface plasmon. Volume plasmons or Bulk plasmons arise due to longitudinal
oscillations of electrons in a bulk material, whereas Surface plasmon is described as a
surface wave arising by virtue of oscillations of free electron density at conductor
surface [14]. Surface plasmons can be excited by electrons as well as photons falling in
the visible spectrum. Bulk plasmons can only be excited with an electron beam. The
coupling of electrons or photons with the electron plasma generate Surface Plasmon
Polariton (SPP). SPP is an electromagnetic surface wave propagating in the parallel
direction of the conductor-dielectric interface and is confined perpendicularly
[14,38,39].

3.2.History

The history of Plasmonics goes back to fifth century AD when a masterpiece of Romans
demonstrating the greatest example of nanotechnology was unveiled to the world. The
Lycurgus cup, presently a part of British Museum, London possesses a unigque property
due to the presence of nanoparticles [40]. When illuminated from behind it shows red
colour but when light is passed through it from front green colour appears [38]. Later,
Michael Faraday, in 1857 noticed a similar behaviour in metal colloids and observed an

eminent change in colour when there was a change in particle size [41-42]. In 1998, the
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experiment of Extra-Ordinary Transmission (EOT) redefined the fundamentals on
Plasmonics [43]. It demonstrated that when the light is passed through a film of metal
patterned with nano-scaled holes, its transmission gets greatly enhanced. This
transmission was significantly more than could normally be allowed by nanoscale area.
The EOT transmission enlightened an important concept to overcome the diffraction
limit i.e. an optical or electromagnetic field can be confined in deep sub-wavelength
structures [44]. Furthermore, the growing techniques in the fields of nano-fabrication
and nano-lithography [45] have facilitated the realization of nano-scale structures and
helped in establishing Plasmonics a major field of research.

3.3.Surface Plasmon Polaritons

Polariton defines a hybrid wave with energy contributed by two sources, the first source
is the pure electromagnetic energy accumulated in the electric and magnetic fields and
the other source is the energy of solid state. So as the name suggests, SPP is an EM
wave that propagates along the interface between a noble metallic portion and dielectric.
These waves originate by virtue of the interaction of the incident electromagnetic fields
with the oscillations of electron plasma in the metal [15,39,46]. Therefore, the energy
of the resulting wave of SPP is contributed by electromagnetic energy and by kinetic
energy of free electrons. Fig. 3.1 depicts the excitation of free electrons by EM wave.
SPP gets trapped and propagates in the x direction parallel to the metal-dielectric
interface. SPP decays evanescently in z direction (both positive and negative) in both
the media and eventually dies out after travelling some distance as shown in Fig. 3.2.
Skin depth is defined as the distance travelled by this surface wave after which its
strength becomes 1/e times of its maximum value and is denoted by 84 and om in

dielectric and metal respectively.

> < > . >
> < AN ~& >
> < B < >

Figure 3.1: Propagation of SPP in the x-direction along the metal-dielectric interface as reported in
[46]
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Figure 3.2: Evanescent field of the SPP wave as reported in [46]

By obtaining the general solution of Maxwell’s equation in both media it is concluded
that surface plasmon modes do not exist for TEM (Transverse Electromagnetic) or TE
(Transverse Electric) polarized light but exist only for TM (Transverse Magnetic)
polarization of light [14,39]. SPPs can only propagate alongside the interface of those
materials whose dielectric constants are of opposite sign [14,39]. Metals exhibit
negative dielectric constant in the ultra-high frequency region, while in low-frequency
regime they show large conductivity [14]. Electron gas model describes this frequency
dependence of valence electrons in a metal [37]. Up to the low frequency part of the
spectrum i.e. up to visible region metals possess high reflection characteristics.
Electromagnetic fields are restricted to propagate through them. Therefore, the inherent
characteristic of infinite conductivity of a perfect conductor is displayed by metals in
low frequency regime. As we move towards higher frequencies (infrared and visible
region) the fields start penetrating the metals significantly. Finally, metals represent
dielectric behaviour at ultraviolet frequencies and thus electromagnetic signal
propagates through them with varying levels of attenuation depending on metallic band
structures. Alkali metals show transparency while noble metals like silver and gold
exhibit strong absorption in ultraviolet regime. The interaction of metal with
electromagnetic energy at different frequencies is explained by Drude theory in the next
section [39].

3.4.Drude Model
Paul Drude in 1900 proposed the Drude Model to explain the electromagnetic behaviour
of electrons. He applied Kinetic theory to conduction electrons in metals. His theory is

based on following assumptions [14]:
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I.  Between collisions, the effects of electron-electron and electron-ion interactions
are neglected. When no external field is applied electrons move in a straight line
between collisions. While in the presence of applied field their motion is
governed by Newton’s law of motion.

il.  The time elapsed between collisions is 1. The time 7 is also known as mean free
time or relaxation time. An electron experiences a collision with 1/t probability
per unit time.

iii.  Thermal equilibrium is attained by electrons after undergoing collisions with
lattice. Electron moves in a random direction after collision with a velocity

proportional to the temperature of the region where collision occurred.

According to Drude, permittivity of metal is modelled as:

02 (3.2)
_ 14
Em((*)) =1- F
2
Here, Q,= zem is the resonance frequency of free electron gas called plasma

frequency, n represents the density of free electrons, e denotes the charge on an electron,

&,1s the permittivity of the vacuum and m denotes the effective mass of free electron.

Fig 3.3 depicts the dependence of metal permittivity on the frequency as reported in
[39]. The permittivity is negative for frequencies lower than the plasma frequency and
for a static case it tends to minus infinity. Negative reflectivity is a characteristic feature
of metals and it results in higher reflectivity. Permittivity tends to one for frequencies
much higher than the plasma frequency. It results in transparency of the electron gas for
EM waves at these higher frequencies. In the vicinity of the plasma frequency the
permittivity is almost zero. This region is termed as Epsilon-near-zero and it is an active

research area especially in metamaterial applications.

10
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Figure 3.3: Dependence of relative permittivity of metal on frequency as reported in [39]

By taking into account the collisions with defects of the crystal lattice, the Drude

formula can be modified as:

2

— ‘Qp
Em((,l)) =1- m (32)

Here, Y represents the frequency of collision and is equal to the reciprocal of relaxation

time of free electron gas.
Separating the real and imaginary parts of above equation (3.2) we get

02 S 40 (3.3)

C wZ+ Y2 +lw(w2+Yz)

eq(w) =1

It is clear that both the real and imaginary components and the operating frequency

show inverse relation.

To account for the role of bound electrons localized in the vicinity of ions to the
dielectric function an offset ¢, is appended into equation (3.2) and the equation now
becomes

9

o+ ) (34

Sm ((1)) = &»

£, IS such a permittivity when concentration of free electrons tends to zero which is
the case when plasma frequency becomes zero. The above equation defines the Drude

model defining the relative permittivity of the metals.

11
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3.5.SPP analysis at metal/dielectric interface

A single, flat interface is the simplest geometry that can sustain SPPs. As shown in the
Fig. 3.4 medium 1 comprises a dielectric that spans the half space (x > 0) exhibiting
positive dielectric constant (e;) and a conducting medium (metal) having frequency

controlled dielectric constant (&,) occupies the medium 2 (x < 0).

1 Dielectric

. - kzt
Yy z K

Eo Metal

Figure 3.4: SPP at metal/dielectric interface as reported in [39]

It is assumed that the propagation of wave is in the z-direction and the decay is
evanescent in the x-direction. The components of the electric and magnetic fields are
independent on y-direction. The fields of SPP depend on spatial coordinate in time in

the following form
E = E(x)e—iu)t+ikzz (35)
H = H(x)e—iwt+ikzz (3.6)

The distribution of the fields and the dispersion relation i.e. the dependence of
propagation constant k, on frequency is calculated by cracking the Maxwell’s equations
in both the media. For TM- polarized light (p-polarized) it is possible to show that in
the case of non-magnetic medium non-trivial solutions are obtained. But for TE
polarization trivial solutions are obtained. On applying the boundary conditions and

maintaining the electric field continuity, following condition is found:

K K
—+2=0 (3.7)
& &

12
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Here, k;and k,are the inverse penetration depths in medium 1 and medium 2

respectively.

Ki2 = \[kg - &12 wz/cz (3.8)

The inverse penetration depths are positive so the solution of the above equation is
possible only when one of the dielectric constants &; or &, is negative. After substituting

the values of k; and «, ineq. 3.7, it is reduced to

(3.9)

\[kg — & wz/cz +\[k§ - 51(1)2/(:2

& &1

=0

On solving this equation the condition obtained for existence of SPP is g;&, < 0. The
above equation is solved with respect to k, and following result is obtained
w 18,

ke = ¢ |g +e (3.10)

The eq. 3.10 is called the dispersion equation of Surface Plasmon Polariton.

3.6.Analysis of Dispersion equation of SPP

Let us take the two media combination of dielectric and metal as earlier and try to
analyse the behaviour of electromagnetic field of this solution depending on
propagation constant and frequency without solving Maxwell’s equation. We know that

for surface electromagnetic wave the field exponentially decayed in both the media
E H~e—l'(1)t+l'kzZ. e_Kl.Z x| (3.11)

k,and x, are real and positive and so are their squared values. If k2 is negative it
signifies that the exponentially decaying wave is transformed into propagating wave.

Frequency controlled metallic dielectric constant is given as

2
& (3.12)

82 = 82 -
[ee] (1)2

The expression for k., after substituting the value of &, is simplified into the following

form

13
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(1)2 QZ
K% = kg - EZOOF'F C_s (313)
On the basis of the values of k# and k2 the whole dispersion plane is divided into three
regions according to the behaviour of electromagnetic wave whether it is propagating

or exponentially decaying.

In the Fig. 3.5 [39] the dashed lines are obtained by putting the expressions of x; and
K, equal to zero. In the region-1 waves could propagate inside metal because it behaves
as a dielectric and it is obvious since the frequencies in this region are higher than the
plasma frequencies. All the waves are propagating waves in this region. Region-2,
between the dashed lines, depicts the propagation of waves in dielectric medium and
exponential behaviour inside metal. In the lower region which is the region-3, all the
waves exhibit exponential nature. It means the dispersion of any surface wave should

lie in this region.
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Figure 3.5: Analysis of Dispersion plane as reported in [39]

3.7.Solution of Dispersion Equation
By substituting the expressions of dielectric constants in the dispersion eq. 3.10 two

solutions are obtained. The red branches in the Fig. 3.6 correspond to the solutions of

14
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dispersion equation. Considering the upper branch, as it is clear this branch does not
correspond to the surface wave because of its presence in the region where there is no
localized surface wave and only propagating wave exists. This branch has a physical
significance because it corresponds to a case when there is one propagating wave in
each medium. It means there is an incident wave, a refracted wave but there is no
reflected wave. This is the well-known Brewster Effect and this branch represents
Brewster angle. Considering the lower branch, it can be seen that this branch
corresponds to an exponentially decaying surface wave away from the interface inside
both the media. This represents the dispersion of SPP. Fig. 3.6 [39] depicts important
information on the nature of propagation of SPP at different frequencies. SPPs cannot
propagate at low frequencies because there is no frequency cut off rate. Therefore,
Surface Plasmon Polariton can be studied not only in visible or infra-red region, but
also at far infra-red or even at terahertz frequencies. At lower frequencies the asymptote
of SPP is linear shown by x;= 0 line. At higher frequencies propagation constant grows
at a very high rate and tends to infinity at some frequency. This frequency is called
resonant frequency of Surface Plasmon Polariton denoted by Qgpp. This frequency can

be calculated by equating the denominator of dispersion eg. 3.10 to zero i.e.
81 + 82 = 0 (314)
On solving, the resonant frequency of SPP is given by

Qp

Qspp = —— .
R CET (319

In the simplest case when both &, and &,,, are equal to 1, then the resonant frequency

is equal to plasma frequency of metal over square root of 2.
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Figure 3.6: Solution of Dispersion Equation of SPP as reported in [39]

3.8.Excitation of SPP

As shown in Fig. 3.6, dispersion curve follows linear relationship in the low frequency
regime and finally approaches the horizontal line in the high frequency region. For a
given energy or frequency, it is found that the wave number k, is invariably greater
than the free space wave number. The enlarged value of wave number (or momentum)
lies in the fact that there is a strong interaction between light and surface plasmons as a
result of which the conduction electrons at the surface are carried by the light wave [46].
Therefore, SPP cannot be excited on metal-insulator interface through a free space
photon due to the problem of momentum mismatch. To couple the photon into SPP its
momentum has to be enhanced. Various phase matching technigques have been devised

to alleviate this problem.

3.8.1. Prism Coupling

Prism Coupling is the most popular method for excitation of SPP. A thin film of metal
is embedded between two dielectric mediums so that the wave vector gets increased by
specific amount to match the momentum required for SPP generation. For simplicity,

one of the mediums is taken as air. The in-plane momentum of the light reflected at

metal-dielectric (prism) interface at an angle 6 is given by k, = k,./€prism SIn0 ,
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where &,,;sm denotes the dielectric constant of the prism [46]. This momentum value is
sufficient enough for SPPs to get excited at metal/air interface. This method of
excitation is called attenuated total internal reflection. This method involves the process
of tunnelling of fields of the impinging photons where SPP excitation occurs. Prism
coupling is implemented using two configurations: Kretschmann Configuration and
Otto Configuration.

In Otto configuration, metal film and prism are separated by a very thin layer of air. At
the interface between prism and air total internal reflection occurs and the evanescent
field enters the air-metal interface and excites SPP. The extent of coupling of evanescent
wave totally depends on the thin air gap, so the separation should be carefully
maintained. At a particular incident angle of the reflected light within the prism the
momentum matching condition is achieved [14]. This configuration has the drawback
of careful maintenance of air gap but is beneficial where straight contact with metal is
avoided, as in the study field of surface quality.

Kretschmann configuration overcomes the limitation of the former method. In this
approach, a direct contact between the prism and metal is maintained. Total Internal
Reflection (TIR) occurs when the incident angle of the impinging photon beam is larger
than the critical angle and the produced evanescent field moves through the nano-
metallic film and reaches the metal-air interface where SPPs get excited (as shown in
Fig. 3.7). The key factor is the metal thickness which determines the strength of
evanescent signal reaching at metal end after penetrating through it. Higher the
thickness of metallic film lower is the efficiency of SPP excitation owing to substantial

sum of absorption losses in metal [14].

Figure 3.7: SPP excitation through prism coupling using a) Otto Configuration b) Kretschmann

Configuration
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3.8.2. Grating Coupling

Another way of achieving phase matching is through the use of grating surface [14]. By
periodically distorting the metal-dielectric interface, the incident light is diffracted
resulting in series of light beams direct at different angles. If the total momentum
component of these beams matches with that of wave-vector (momentum) k,, SPPs are
generated. Fig. 3.8 depicts simple 1D grating of grooves, the phase matching occurs

when
k, =k sinf + mg (3.16)

Where g = 27” denotes the grating reciprocal vector, a is the lattice constant and m is a

positive integer . When the intensity of the reflected light is minimum it is the indication
of the excitation of SPP.

kll

Figure 3.8: SPP excitation in grating through phase matching as reported in [14]

3.8.3. Excitation using highly focused optical beams

A variant of the conventional prism method, a microscope objective having large
numerical aperture (NA) can also be used for SPP excitation at the metal/dielectric
interface. Fig. 3.9 displays the setup for excitation. A direct contact is made between an
oil-immersion objective and a glass (dielectric) substrate. The role of the immersion
layer is to match the index for fulfilling the resonance condition. As the NA is quite
high the focused excitation beam shows a large angular spread including angles larger
than the critical angle. After the excitation, at an angle larger than the critical angle, in
the form of leakage beam the SPPs radiate back into the glass. This focused beam and

the angular regulation is responsible to excite SPPs at diverse frequencies [14].
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Figure 3.9: SPP excitation using highly focussed optical beams as reported in [14]

3.9.Multiple Metal/Dielectric Interface

In the above methods the excitation is alongside the single metal/dielectric interface. As
metal suffers from large ohmic losses, after propagating very small distance (on the
order of few pum) the SPPs eventually vanish. It is possible to excite SPP modes in
multiple metal/dielectric interface geometries since these arrangements play a key role
in long distance communication. The constructive and destructive interference between
modes generate SPP along the interface of sandwiched layer. At both the interfaces
SPPs are generated and if the insulating layer is quite narrow then the SPPs get coupled
yield coupled gap SPPs (GSPPs). GSPPs exhibit attractive properties that are helpful in
applications involving optical ICs. The propagation of SPPs is shown in Fig. 3.10.
Multiple metal/dielectric structures can be categorized into two types: Insulator-metal-

insulator (IMI) and Metal-insulator-metal (MIM) waveguides.
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Figure 3.10: SPP excitation in multilayer structure with metal layer embedded between dielectric
mediums as reported in [46]
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3.9.1. Insulator-Metal-Insulator (IMI) structure

This waveguide geometry contains a tiny layer of metal embedded between two
insulating layers having same or different dielectric constants. This waveguide structure
is very useful when distance separating the interfaces is of the order of decay length of
the evanescent field inside metal. The thickness of the metallic layer is properly selected
so that the exponentially decreasing field that supports the SPP at one interface can
couple with a surface plasmon mode at the other surface interface [11]. At both the
interfaces the propagation frequency of the SPPs is same and the evanescent tails of the
SPP modes overlap and result in constructive and destructive coupling. Two bound SPP
modes are generated — a symmetric low frequency even mode and an asymmetric high
frequency mode [47]. The propagating wave-vectors for both the modes are different.
In the symmetric mode the in plane magnetic field component perpendicular to direction
of propagation and the transverse electric field component show a symmetrical
distribution while asymmetric modes exhibit asymmetrical distribution. The IMI
waveguide is characterized by minor loss and longer length of SPP propagation but

suffers from the disadvantage of poor light confinement into sub-wavelength structures.

3.9.2. Metal-Insulator-Metal (MIM) structure

In this configuration, in between two metallic layers a thin layer of insulating material
is sandwiched. The electromagnetic mode propagates in the form of coupled SPPs and
this mode is confined in sub-wavelength scale [48]. The coupling of the SPP modes is
totally dependent on the thickness of the insulating layer. When the thickness is large
enough the SPP modes propagate independently along both the metal/insulator
interfaces without any interaction but as the insulating layer becomes small in size the
two SPP modes couple with each other to generate gap SPP modes. MIM waveguide
simultaneously supports three guided modes- forward propagating symmetric,
antisymmetric SPP mode and backward propagating anti-symmetric SPP mode. The
backward propagating SPP mode shows huge propagation losses and is used at optical
frequencies for realizing negative refraction [49]. Thus, symmetric modes exist in MIM
waveguides having symmetrical and asymmetrical distributions of transverse
components and longitudinal components of the electric field respectively. MIM
waveguide having the mentioned field distribution is known as Plasmonics slot

waveguides. For the plasmonics mode, the dispersion relation is given by [50]:
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t eqk
tanh(kyq 5) = ed k“;l (3.17)
mhtz,

Where k) = \[kf;_spp — Emaykd , here kg_gpp is the propagation constant for

propagating wave in Plasmonics slot waveguide. As the insulating layer gets narrow the
propagation constant of GSPP mode increases largely and there is lateral confinement
of the mode in sub-wavelength scale with the disadvantage of reduced propagation
length. It clearly indicates the inverse proportionality between the propagation loss and
SPP mode confinement. When the system is switched from uncoupled mode to coupled
mode and the thickness of dielectric material is decreased, the propagation length
initially increases. For MIM waveguide based GSPPs, the propagation length is
approximately 8% higher than that of independent SPPs along single metal/insulator
interface (an uncoupled system). The length of propagation of SPP in MIM structure is
dependent on the insulator thickness. As the width of dielectric reduces the electric field
of GSPP resembles the electrostatic nature [51].

Consequently, the concentrated electric field in the gap varies according to the thickness
of the gap. Initially there is a rise in the electric field and it attains the highest value and
then gradually it starts to drop as a result of its squeezing from the insulating gap into
metal. In case of excitation for frequencies lower than the bulk plasmon frequency,
GSPP mode lets the propagation of SPP with an enlarged propagation constant. These
characteristics of GSPP are utilised in designing of GSPP based waveguide structures

such as Bragg gratings, wedges etc. [25,52].
3.10. Applications of MIM based SPP waveguides

The appealing feature of confining signal at sub-wavelength scale in MIM waveguide
offers ultra-small foot-print. Therefore, considering all the benefits of MIM waveguide,
it is considered as the best choice for designing highly integrated photonic circuits.
Because of the merit of overwhelming the diffraction limit, MIM waveguide is
extensively used in various applications based on photonic devices like as:

i.  Refractive Index sensors

ii. Bragg Reflectors

iii.  Optical filters

iv.  Optical Multiplexer/ Demultiplexer

v.  Optical Switching

vi.  Slow light generation
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3.11. Fano resonance and its applications in Plasmonics System

A resonance in the system is indicated as a magnification in the magnitude response
when the input excitation frequency matches with the system eigen frequency. This
matching results in a sudden surge in the amplitude response of the system towards its
maximum value. There is a phase shift of © radians at resonance condition [53]. The
resonance profile is symmetrical and is explained using Lorentzian profile functions
and is totally contrasting from Fano resonance used for the characterization of
resonance exhibiting asymmetrical profile. The underlying physics behind Fano
resonance can be comprehended by the modelling of two harmonic oscillators coupled
together wherein a periodic force drives one of the oscillators while the other oscillator
is driven by the first one [53-54]. The proximity in the eigen frequency of both the
oscillators results in interference which gives rise to asymmetrical shaped resonance. In
the recent years, researchers have come up with novel avenues for the excitation of Fano
resonance in the Terahertz regime by employing plasmonics [55], photonic crystals [56]
and metamaterials [57]. The ability of Fano resonance to confine light in sub
wavelength scale and overcome the diffraction limit has triggered a huge interest in SPP
based Nanophotonics. Many plasmonics based waveguide structures have been reported

previously to achieve Fano resonance [57-59].

3.11.1. History

In 1902 asymmetrically shaped lines were traced by Wood [60]. When white light is
incident on a metallic grating, the optical spectrum shows some bright or dark bands.
For a certain wavelength range the spectrum is highly intense and all of a sudden the
intensity falls to near zero for a short range of wavelength. The dark mode has a narrow
spectral width of the order of the separation between two sodium D-lines. Wood’s
experiments resulted in a single D-line under certain lighting conditions.

The quick fall in the level of intensity for narrow spectral regime was referred as
Wood’s anomalies as the conventional theory of grating failed to justify this effect [61].
Later in 1907, Lord Rayleigh in his work “On the dynamical theory of gratings”
addressed this anomaly. He built his work on the EM field expansion in radiative fields
[62]. The drawback of his theory was it only provided that wavelength value at which
D-line was noticed and that wavelength was dubbed as Rayleigh wavelength. But his

work could not explain the logic behind the asymmetrical resonance spectrum.
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An Italian physicist Ugo Fano in his series of experiments addressed this problem and
could solve it [63-65]. By extending the theory of grating by Rayleigh, Fano suggested
that the best way to define anomaly is by using the concept of surface wave excitation
along the grating. The phase matching between the incident and guided waves lead to
the excitation of evanescent wave resonantly near the grating which in turn enhances
the field near the grating surface. Along the grating surface the guides modes interfere
with the propagating evanescent or leaky surface waves in such a way that over a small
frequency range the minimum and maximum intensity values are observed along with
a resonance profile that is asymmetrical.

Fano resonance was observed for the first time in the extraordinary transmission
through metallic films and since then this phenomenon is widely used in several nano-
plasmonics and nano-photonics systems. As explained in Chapter 3, MIM waveguide
based systems are capable of guiding light beyond the diffraction limit and hence
optimum for on-chip optical device designing. If the phenomenon of Fano interference
is excited in Plasmonics based waveguides, the performance of some optical devices
can be greatly improved.

This is the reason behind the extensive study of Fano resonance in Plasmonics systems.
The asymmetrical profile characterized with sharp dispersion makes the Fano resonance
highly convenient for various applications viz. optical switching [66],
electromagnetically induced transparency (EIT) [67], biosensing [68] and many more.
The next section deals with the comprehensive discussion of Fano resonance in

Plasmonics systems.

3.11.2. Fano resonance in Plasmonic System

Fano interference modelling in Plasmonics systems is explained either classically or
guantum mechanically. In the view of Quantum mechanics, this resonance results from
the interference between quasi-discrete energy state and continuum spectrum of
elementary excitations. Since this phenomenon occurs at micro and nano levels, so it
stands as a huge challenge from the classical point of view. But, nowadays Fano
interference has gained popularity and is implemented classically in metamaterials [57],
coupled cavities [11] and also in plasmonics based systems [55]. In plasmonics, the
interaction between a localized or dark mode and a radiative or bright mode results in
Fano resonance. The far-field of the plane wave illumination excites the bright mode.
Whereas the dark mode is not directly excited through the illumination field rather the

near-field of the bright mode is responsible for its excitation. Hence, the bright mode is
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directly excited by illumination field which in turns excite the dark mode. There is
interference between the dark and bright modes. The nature of the response of the bright
mode totally depends on the phase difference between these two pathways.
Accordingly, the response could either strengthen or weaken. Since the excitation
frequency controls this relative phase, the system shows an asymmetric line shape.
This resonance based on Fano interference differs from the Lorentzian shaped
resonance on the grounds of the profile shape as systems exhibiting Fano resonance
exhibit asymmetric profile [53-54]. This asymmetrical resonance profile results in a
large Q-factor. By modifying the structural and optical parameters, the alteration of the
Fano resonance profile becomes easy. The sharp transition provided by Fano resonance
in frequency spectrum is widely studied in the domain of frequency sensitive
applications [69-70].

This effect can be excited in Plasmonics system by two ways: Firstly, when the
symmetry of the perfect structure is broken as in Plasmonics metasurfaces [57],
asymmetric stubs in MIM structures [29,55] and asymmetric shaped single slit [71].
Secondly, by the use of the coupled-resonator system such as cavity-cavity interference
[72], coupling of Plasmonics nanoclusters [73] etc. In coupled Plasmonics system the
excitation of Fano resonance is due to the hybridization of various plasmon modes.
These hybridized modes are classified into bright and dark modes []. Due to the ability
of the bright modes to couple with EM excitations, they radiate efficiently and hence
are spectrally broad. On the other hand, the dark modes are not spectrally broad and are
weakly coupled to incident excitation. As a result of this coupling the resonance
spectrum exhibits a transparent window, where the reflectivity sharply falls to a
minimum value. The coupling and interference between both the modes is necessary

for excitation of Fano resonance [53,55,57].

3.12. Conclusion

With the ever increasing demand of high speed information processing the performance
of traditional electronic ICs is not up to par. The photonic circuits have opened up the
avenues to manipulate the propagation of optical signal in the chip scale of the order of
micrometer but there is a clear mismatch in size between the micrometer scaled
photonic circuits and their nanometer scaled electronic counterparts. The diffraction
limit governs the minimum size of the photonic circuits. Hence SPPs propagating at the

metal/dielectric interface offer fascinating ways to confine and guide the optical signal
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via highly localized surface waves. Light confinement in deep subwavelength scale is
supported by MIM and IMI waveguide structures. MIM waveguides are better
candidates for confining light in sub-wavelength range and are widely used in the fields
of sensing, buffering, switching etc.
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4. ANALYSIS OF MIM BASED PLASMONIC
GRATING AND ITS APPLICATIONS

In this thesis, we have designed different MIM based grating structures for obtaining

band stop filtering characteristics. We will analyse the band stop characteristics of
different geometries one by one and then design a perfect Plasmonic grating whose
applications in band stop filtering, multiple switching and refractive index sensing are

discussed thoroughly.

4.1. MIM grating with stubs having lateral orientation

In this configuration the stub resonators are placed directly on the insulating layer as
shown in Fig. 4.1. The stub resonators are arranged in a periodic fashion with a unit cell
section of length 670 nm. The stub length equals 450 nm with 220 nm separation while

Figure 4.1: MIM grating with laterally oriented stubs

the width of the insulating layer is kept at 100 nm. The incident light is Gaussian
modulated and the wavelength used is 1550 nm and the material of resonator and the
insulating layer is air. The metal used is silver because it exhibits the least absorption.
The permittivity of silver is modelled using Drude formula stated in eq. 3.4. Table 4.1

lists the Drude parameters defined for silver.

Table 4.1: Drude parameters of Silver

Parameters Values
€ 3.7
y 2.73 x 1017 Hz
Q, 1.38 x 1016 Hz
A 1550 nm
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The simulations are performed using the method of Finite Difference Time Domain
(FDTD). The transmission spectra for different periodicity of cells is plotted in Fig. 4.2.
The waveguide shows good filtering characteristics. It is clear that with the increase in

period number N the transmission around the central wavelength goes down.
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Figure 4.2: Transmission Spectra of MIM grating for different period number

4.2. MIM grating with stubs having transverse orientation
In this configuration, the stub resonators are oriented in a perpendicular direction. This
arrangement has the interchanged values of the stub dimensions as compared with the

previous design as shown in Fig. 4.3.

Figure 4.3: MIM grating having transverse orientation of stubs
Fig. 4.4 and Fig. 4.5 depict the transmission spectra and the magnetic field distribution
respectively. It can be concluded by observing the transmission spectra that as the
period number goes up the transmission goes down. Although the stop band obtained is
narrow as compared with the last design but with the increase in the period number the

ripples in the stop band are tuned and more flat stop band is achieved moving from
N=10 to N=15.
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Figure 4. 4: Transmission Spectra of MIM grating with different period number

Figure 4.5: Magnetic field distribution

4.3. MIM grating with stubs positioned at the centre of the
insulator

This configuration has the stubs arranged in a parallel manner with equal widths lying

above and underneath the insulating portion. It should be kept in mind that the metal

possesses negative refractive index and with the increase in the insulator width the

effective refractive index of the MIM waveguide gradually decreases. As we will see in

the upcoming configurations that since the insulator occupies more space in the

waveguide in this design, the width of the stop band is more in this design than in the
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other waveguide configurations. Fig. 4.6 and Fig. 4.7 show the arrangement and the

transmission characteristics for N=9 respectively.

Figure 4.6: MIM grating with parallel orientation of stubs
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Figure 4.7: Transmission spectra for N=9

4.4. MIM grating with tapered arrangement of stubs

This arrangement comprises of two designs, one in which the stub resonators are
arranged in increasing order of the widths and the other in their decreasing order of
widths. The adjacent resonators vary in width by 20 nm as plotted in Fig. 4.8 and Fig.
4.10.
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Figure 4. 8: MIM grating with Stubs arranged in increasing order of widths
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Figure 4.9: Transmission spectrum of increasing grating for N=9

As can be seen that the resonator width gradually increases along the length of the
insulator. The spread of the stop band is reduced owing to the fact that the overall

effective refractive index decreases with increasing width as shown in Fig. 4.9 and Fig.
4.11.

Figure 4.10: MIM grating with Stubs arranged in decreasing order of widths
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Figure 4.11: MIM grating with Stubs arranged in decreasing order of widths

4.5. MIM based perfect Plasmonic grating

A plasmonic grating is formed by periodically modulating the insulator width ina MIM
waveguide structure. The plasmonic grating is analogous to a fibre Bragg grating and
is designed to stop a band of frequencies. The structure comprises a MIM waveguide
having a periodic arrangement of insulating regions P1 and P, as plotted in Fig. 4.12.
The metallic portion is made of silver as it offers lowest absorption loss as compared
with other noble metals. The permittivity of silver is modelled using Drude formula

stated in eq. 3.4.

As the plasmonic grating is behaving as a reflector, the Bragg condition around the

central wavelength is given as follows [25]:
kO [nl L2 + nle] = (Zm + 1)7T (4.1)

where k, = 27” is the propagation constant of central wavelength of the stop band ( here

A=1550 nm) , L1 denotes the length of resonator while L. is the separation between
adjacent resonators, ni and n represent the effective refractive indices of the resonator
and the insulating portion that separates consecutive resonators, respectively. The

values of the effective indices can be obtained from the relation given as [25]:
& ay

1
tanh (E a1d> = — e, (4.2)

The dielectric constants of the insulator and metal are represented by &; and

&, respectively. d represents the insulator width, a; and a, are the wave-vectors in the
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transverse direction for insulating and metallic portion respectively, whose dependence
with effective refractive index n is given by

a; =/ (n2k2 — g;k2) (4.3)

Using above two eq. 4.2 and 4.3, the relation between n and the width of the insulator
layer has been reported in [25]. Thus, by increasing the width of the insulating portion
of MIM waveguide, effective index decreases. Table 4.2 reports the values of the

geometrical parameters.

Table 4.2: Structural parameters of Plasmonic grating

Parameters Values (nm)
L1 450
Lo 220
W1 150
W, 100

Figure 4.12: (a) Plasmonic grating with periodic resonators (dimension W1xL1) separated by

distance L2 (b) Plasmonic grating with periodic resonators (dimension W1xL1) separated by distance

L2 and having defect region with length L3

The proposed structure is simulated using FDTD with the following simulation
parameters: The boundary condition is perfectly matched layer (PML). The size of the

spatial steps is selected to be Ax x Az = 5 nm x 2 nm and the time step is specified as
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mentioned in [29]. On launching Gaussian modulated continuous wave at the input,
surface plasmon mode is excited at silver-air interface.

Fig 4.13 (a) plots the transmission spectrum of the perfect plasmonic grating (without
defect). It is clear that the plasmonic grating operates as a filter with a stop-band
centered near the central wavelength 1550nm characterized by a minute transmission.
But as the defect region is introduced in the perfect plasmonic grating by increasing the
length of the resonator, a special mode (known as defect mode) is allowed in the stop
band of the grating as shown in Fig. 4.14. The frequency of the defect mode can be
tuned by tailoring the defect region length. Therefore, the defect mode of the plasmonic

grating is viable for filtering, demultiplexing or sensing based application.
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Figure 4.13:(a) Transmission spectrum of plasmonic grating having 18 cells section. (b) Transmission

spectrum with a defect length equal to 550 nm having periodicity of 7 on both sides.
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(@) (b)

Figure 4.14: (a) Magnetic field profile of plasmonic grating without defect (b) Magnetic field profile of

plasmonic grating with defect

The quality of the device is analysed using a performance measuring unit i.e. Quality

factor which is stated as the ratio of the incident wavelength to 3 dB bandwidth of
reflection. Quality factor (Q-factor) is given by:
oot
A

The Q- factor of the narrow window is found to be 85.12. The Q-factor is tunable by

varying the structural parameters (height and width of the stubs).

4.5.1. Effect of structural parameters on transmission spectra

It is obvious, as the grating periodicity N rises, the transmission dip gets deeper
approaching near zero which is similar to fibre Bragg grating (FBG). It can be seen that
as the number of periods are increased the side lobes become more pronounced. These
large side lobes arise via light scattering at abrupt change in refractive index between

narrow and wide portions of the insulating regions.
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Figure 4.15: Transmission spectra for different period number
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Fig. 4.16 shows the variation in transmission spectra for different insulating widths for
N=8. As the width is reduced the central wavelength is red shifted from 1.51 pmto 1.61
um with a widened stop band. This is due to the fact that there is indirect proportionality
of the effective index and the insulator width as a result of which the width of the stop

band gets reduced.
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Figure 4.16: Transmission spectra for different widths of the insulating region

The transmission characteristics for various stub lengths is plotted in Fig. 4.17. As the
length increases the stop band gets shifted to the right which is in accordance with the
Bragg condition. Fig. 4.18 plots the central wavelength variation of the stop band with

the stub length.
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Figure 4.17: Transmission spectra for different lengths of the stub resonator
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Figure 4.18: Central wavelength as a function of the stub length

It is noticeable from Fig. 4.19 that there is a red shift in the spectra with the defect mode

peak tending towards longer wavelengths as the defect length increases. Fig. 4.20 plots

the variation of the defect wavelength with the defect length.
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Figure 4.19: Transmission spectra with different defect lengths
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Figure 4.20: Central wavelength as a function of the defect length

We see how the intensity of the defect mode is effected by the width of the insulator
connecting the stub resonators. As the insulator width increases more number of modes
are excited in the waveguide. Due to which the intensity of the defect mode enhances

as shown in Fig. 4.21.
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Figure 4.21: Transmission spectra as a function of width of the insulating region
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4.6. Fano resonance excited Plasmonic grating filter

When the plasmonic grating is loaded with a silver nano-slit of 10 nm thickness in the
defect region as depicted in Fig. 4.22, the resonance corresponding to defect mode gets
split and two peaks appear at L =1560 &1600 nm as shown in Fig. 4.23. This resonance
splitting phenomenon is a typical Fano resonance principle. Fano resonance is
traditionally excited or observed in the region where the symmetry of the perfect
photonic or plasmonic structure is marginally broken. But recently it is also reported
that asymmetrical structure or symmetry breaking is not a necessary condition for Fano
resonance. It will be observed in the region when there are an interplay between dark
(sub-radiant) mode and bright (super-radiant) mode i.e. Fano resonance is excited as a
result of destructive interference between radiative (bright) and non-radiative(dark)
mode. The broad bright mode is the consequence of defect mode of grating which is
directly excited through incoming signals while dark narrow mode is due to the presence
of nano metallic slit. Bright modes are spectrally broad while dark modes are not
radiative broad. The performance of filtering operation is quantified using Quality
factor and FWHM (Full Width at Half Maximum). FWHM of 15 nm and Quality (Q-
factor) approaching a value of 106 is obtained. The modification in the geometrical

parameters lead to an enhanced value of Q-factor.

Wy = 100mm

|
I

+
t = 10nm

Figure 4.22: Plasmonic grating with defect length Ls equal to 550 nm loaded with a metallic  slit of
width (t=10nm).
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Figure 4.23: Transmission spectrum of plasmonic grating loaded with metallic slit

The excitation of the defect mode is through the input field. Thus it is called as highly
radiative mode and it plays a vital role in exciting non-radiative mode. As the defect
region is loaded with metallic slit, near field of slit modifies the surface plasmon
resonance condition and the dark mode emerges in bright mode which splits the
resonance into two peaks. The splitting between resonances can be stretched by shifting
the location of the slit. Fig. 4.24 shows that resonance splitting increases with left and
right shifting of metallic slit. By varying its thickness, dark mode frequency can be
comfortably tuned. Tunable Fano resonance has wide applications in the areas of

chemical and gas sensing, optical switches, slow light, buffers etc.
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Figure 4.24: Transmission spectra with shifting of metallic slit to left and right from the centre of the

defect as shown in (a) and (b) respectively.
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4.6.1. Application in Switching

A dynamically tunable switch can also be realized using the proposed grating with
nonlinear optical materials in defect region of grating. A nonlinear Kerr material is
being used whose dielectric constant varies with pump intensity (electric field)

according to given relation € = g5 + X(3)|E2|, where g, shows linear constant of

dielectrivity, ¥ is third order susceptibility and its value is 4.8 x 1071° esu . Pump
light is inserted in the defect region. Fig. 4.25 shows the transmission spectrum under
two different cases: in presence of pump light and in the absence of pump light. The
spectrum is red shifted in the former case. Thus, the device which was presently at OFF

state (in absence of pump light at A=) is turned ON after applying pump light.
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Figure 4.25: Spectrum of metallic slit coupled grating a) without pump signal b) with pump signal

Fig. 4.25 describes that multiple switching is observed at different wavelengths. The

switching performance is analysed using modulation depth which is defined as: M.D =

10 log% [74,75] ; here T(Igy) is the transmission efficiency for ON state (presence
OFF

of pump light) at A= and T (Iogg) is efficiency for OFF state (absence of pump light) at
the same wavelength. The proposed device offers a high value of modulation depth
M.D.= Table 2 enlists ON and OFF transmission efficiency for different wavelengths.
The highest M.D. is obtained at telecommunication wavelength. M.D. can be enhanced

with increasing intensity of pump light.

40



ANALYSIS OF MIM BASED PLASMONIC GRATING AND ITS APPLICATIONS

Table 4.3: Multiple switching wavelength and related value of modulation depth

A (nm) Ton Torr MD (d B)

1560 P1=0.94 | D1=0.09 10.18

1578 D2=0.89 | P,=0.4 3.4

1600 P3=0.89 | D3=0.39 3.5

1620 | D4=0.875 | P4=0.12 8.6

Fig. 4.26 depicts variation in modulation depth against changing pump intensity. Thus,
Fano resonance helps to design efficient plasmonic switch. As per this study, it can be
claimed that the proposed structure reports better switching characteristics as compared
to some previous work enlisted in Table 4.4.
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Figure 4.26: Variation of modulation depth for changing pump intensity

Table 4.4: Comparative study of the performance of the proposed switch with earlier stated work

References M.D. (dB)
[75] 13.8 (T(on/off)=24)
[77] 6
[78] 183
[76] 30
[79] 30
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4.7. Refractive index sensor

SPR technology is extensively used in optical refractive index sensing. As it enables
on-chip integration of photonic circuits, researchers have taken a keen interest in the
development of this technology and they have utilised it in several fields of food
security [80], diagnosis [81], environmental monitoring [82]. Recently, nano-particles
based on noble metals have been employed in optical sensing for augmenting the
sensitivity because of their high sensitivity to change in refractive index (RI).

RI sensing is carried out by resonance condition monitoring at the detector. There are
two techniques involved: angular interrogation and wavelength interrogation. In the
angular interrogation method, the incident wavelength remains fixed, and the condition
of resonance is observed (i.e. a sharp dip) at a particular angle of detection while in the
other approach, detection angle is fixed and wavelength is varied to achieve condition
of resonance [14]. These two parameters depend on the refractive index of the material.
The resonance condition varies in accordance with the RI of the material under test. The
traditional SPR sensing devices using prism coupling suffers from the drawback of large
size and also the presence of movable parts. Moreover, in remote sensing applications,
prism coupled SPR sensors cannot be used.

Localized Surface Plasmons (LSPs) and Surface Plasmon Polariton (SPPs) based
resonances are extensively employed in the designing of label-free refractive index
sensors characterizing large sensitivity and confining the light way beyond diffraction
limit [11]. The propagating SPs enable the propagation of plasmons along the metal-
insulator interface, whereas LSPs produce the local oscillations of plasmons in the nano
structures. The evanescent field has a decay length of the order of 100’s of nm in SPs
and just few nm in LSPs. This very short decay length helps in improving the sensitivity
to any change in surface RI.

Both the resonances exhibit fascinating characteristics and unique advantages to be used
in sensing applications. Sensors based on LSPRs are very simple and cheap for sensing
a change in RI due to the adsorption of target molecules. The generation of localized
plasmons leads to broad peak of resonance which in turn curtails the FOM of LSPR
sensors. From the broad resonance spectrum Q-factor obtained is small and it also
results in surge of radiation losses. The practical utility of the sensors is limited by huge
radiation losses. Therefore, SPR based sensors are better for gaining high sensitivity as
well as enhanced FOM [24].
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4.7.1. Performance Analysis

To employ the plasmonic grating as a RI sensor, initially air is filled in the defect region
and then in the steps of 0.1 the refractive index is increased. Fig. 4.27 shows that the
transmission spectra get red shifted and with the increase in refractive index of defect
region the defect mode is observed for longer wavelengths as depicted in Fig. 4.28.
The performance of the device is quantified using two parameters: Sensitivity and FOM.

Sensitivity (S) is defined as the change in wavelength per unit refractive index (RIU).
— M
" An

Where AAand An denote wavelength change and refractive index change respectively.

S

From the FDTD simulations it can be seen that in the absence of metallic slit in the
defect area, for 0.1 change RIU, the shift in wavelength is around 30.6 nm whereas in
the presence of slit in the defect region the shift in wavelength is approximately 30.3
nm. Therefore, we can conclude that the sensitivities for the former and later cases are
306 nm/RIU and 303 nm/RIU respectively.
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Figure 4.27: Transmission spectra as a function of refractive index
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Figure 4.28: Transmission spectra as a function of refractive index of the defect region
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Figure 4.29: Variation of the defect wavelength

Fig 4.29 shows that with the increasing refractive index the defect wavelength gets

shifted to higher values.



CONCLUSIONS AND FUTURE PROSPECTS

5. CONCLUSIONS AND FUTURE PROSPECTS

5.1. Thesis Conclusion

In this dissertation work, numerical analysis of MIM based Plasmonic grating has been
investigated. MIM waveguide supports a unique feature of deep sub-wavelength
confinement and it can confine signals far beyond the diffraction limit. The applications
of the Plasmonic grating is explored in the fields of band stop filtering, refractive index
sensing and multiple switching.

Several configurations of the MIM waveguide have been investigated for obtaining
better filtering characteristics and enhanced stop bands have been obtained. The Quality
Factor of the grating is significantly improved by tuning the geometrical parameters
which makes the device suitable for the designing of different optical components,
couplers, refractive index sensors etc. The MIM grating has facilitated an asymmetric
line shaped Fano resonance. An all optical switch is designed by exciting Fano
resonance in the waveguide. The switch operates in near-infrared region and can
perform multiple switching at four different wavelengths. The performance of the
device is quantified using modulation depth and quality factor. The improvement in

modulation depth is also studied for increasing pump intensity.

5.2. Future prospects

The proposed work can find its suitability in controlling non-linearity by changing the
gap. By tailoring a single geometrical parameter i.e. nanoslit, non-linear phenomenon
can be further enhanced. These non-linear systems may be possible for different
applications like SERS, biosensing etc. Furthermore, the proposed device can also be
modified for demultiplexing application which is quite useful in telecommunications.

By selecting proper geometrical parameters, a dense WDM system can be generated.
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