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Abstract

The focus of this thesis work is on nonlinear optics and surface plasmon polaritons and how
they can be implemented to get optical sustainability and perform fully optical switching. A
filter structure is proposed in this thesis that offers such features. The plasmonic phenomenon
is studied in conjugation with MDM waveguides that is used in the proposed structure. To
achieve this, a Nano-plasmonic filter based on nonlinear Nanocavity is presented and
analyzed. The propagation characteristics are studied by the FDTD method. In the first part,
the relationship between geometrical parameters of the proposed structure (i.e. the length
and width of the Nanocavity and coupling distance) and the transmitted spectrum are studied
at low input intensity. In the second part, we investigated the effect of the intensity of
incoming light on the transmitted spectrum. The simulation results show that the transmitted
dips can be tuned by adjusting the input light intensity properly. By increasing the incoming
light intensity, the resonant wavelengths of the filter configuration experience a red shift.

At intensity of 1 W/cm2, the resonant wavelengths of the first mode and the second mode are
1047nm with 39nm bandwidth and 752nm with 21nm bandwidth, respectively. By increasing
the input intensity to 0.25 GW/cm2, the resonant wavelength of the first and the second
modes change to 1070nm and 764nm, respectively. Finally, by adding a secondary waveguide
(Drop waveguide) and locating it at proper position the resonant wavelengths of the filter
configuration can be decoupled. Hence, the proposed filter configuration demonstrates band-
stop selection capability. The results of this thesis work show a way for new designs of
nonlinear Nano-plasmonic structures for application in highly integrated optical circuits and
ultra-compact full-optical devices.
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Abbreviations

NLO Nonlinear Optics

TM Transverse Magnetic mode

TE Transverse Electric mode

MDM Metal-Dielectric-Metal

FDTD Finite-Domain Time-Domain

SPP Surface Plasmon Polariton

Ag Silver

SFG Sum Frequency Generation

DFG Difference Frequency Generation

OR Optical Rectification

AD Anno Domini (Before Christ)

Vg Group Velocity

IMI Insulator-Metal-Insulator

MIM Metal-Insulator-Metal

LRSPP Long Range Surface Plasmon Polariton

SRSPP Short Range Surface Plasmon Polariton

ATR Attenuated Total Reflection

PML Perfectly Matched Layer

APML Anisotropic Perfectly Matched Layer

ABC Absorbing Boundary Conditions

SEM Scanning Electron Microscopy

SI International System of Units
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1. Introduction

Light, due to its ultra-high frequency, is capable of transmitting data with a speed beyond 40Gb/s,
while the maximum data transmission speed of other available media is about 10Mb/s. Furthermore,
complex and expensive electronic circuits are required to transmit short width optical pulses. A simpler
and more economical solution is to transmit optical pulses between two nodes in a telecommunication
network through Light. This means that all the intermediate processing i.e. amplification, power
division, wavelength division and switching are performed through Light rather than electronic circuits.

As per everyday experience, for up to the visible frequencies, metals are highly reflective and do not
allow electromagnetic waves to propagate through them. Hence, metals are traditionally used as
cladding layers for the construction of waveguides and resonators for electromagnetic radiation at
microwave and far-infrared frequencies. In this low-frequency area, the perfect or good conductor
approximation of infinite or fixed finite conductivity is valid for most purposes, as only a small fraction
of the electromagnetic waves penetrates the metal. At higher frequencies close to near-infrared and
visible part of the spectrum, penetration of the field increases significantly, resulting in increased
dissipation which will prohibit simple-sized scaling of photonic devices that would have otherwise
worked well at lower frequencies. Finally, at ultraviolet frequencies, metals acquire dielectric character
and allow electromagnetic wave propagation. Alkali metals such as sodium have an almost free-
electron-like response and thus exhibit an ultraviolet transparency. For metals such as gold or silver,
transitions between electronic bands lead to strong absorption [1].

In physics, a quantum of plasma oscillation is called Plasmon. Similar to Light or optical oscillation that
consists of photons, the plasma oscillation consists of Plasmons. Plasmons may be described as an
oscillation of free electron density with respect to the fixed positive ions in a metal. Plasmons may be
divided into three categories; Nano-particle plasmon, volume plasmon and surface plasmon. Surface
plasmons are those plasmons that are restricted to surfaces and interact strongly with Light. The result
of this is called a polariton. Surface plasmon polaritons are electromagnetic waves that travel along a
metal-dielectric interface and their amplitude declines exponentially with distance from the surface.
In fact, surface plasmon polaritons are created as a result of coupling between the Light (photons) and
free electrons on the metal surface. Surface plasmon theory has been known for a long time, however
it grabbed a great deal of attention due to their extensive range of applications in manufacturing circuit
components. Figure 1-1 gives a trend of how research work increased in the field of plasmonic since
1990.
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Figure 1-1 Annual growth of the number of published scientific papers in the field of surface plasmons [2]

Over the last few years, the topic of Plasmonic has progressed extensively because of the incentive
physical properties of surface Plasmon Polaritons (SPPs).

SPPs are analyzed using Maxwell’s equations. They are maximum at the surface and their amplitude
declines with distance from the surface, hence SPPs are heavily concentrated at the surface. The field
of Plasmonic can be considered as the bridge between electronic and photonic fields. This is due to
constrains in electronics and photonic fields. Examples of these constraints are semiconductor time
delays that dictates speed limitations in electronics or footprint constraints due to fundamental
diffraction law in photonics. This is shown in Figure 1-2. Metallic Nano-plasmonic offer the speed of
photonics and the size of electronics simultaneously. This makes the plasmonic field a very interesting
area for researchers. Moreover, application of Plasmonic removes the existing limitations on physical
dimensions. Applications such as optical lithography, optical data storage systems and high-density
electronics are a few examples where limitation on physical dimensions is a critical constraint.
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Figure 1-2 The operating speed and critical dimensions of the instrument technology. The dotted lines show the physical
limitations of the different technologies [3]

1.1 Surface plasmon polaritons (SPPs)
Years before scientists studied unique optical properties of metals, painters applied them to create
refreshing colors for painting cups and church windows. Lycurgus cup, which belong to Roman era
(fourth century AD), is one of the most famous examples. The very first studies on surface plasmons
were started in the early twelfth century. In 1902, Professor Robert W. Wood observed some
unexplainable features during the measurement of reflected light from metal grating. Two years later
in 1904, Maxwell-Ganett used the newly proposed Drude model for metals and small spherical particle
electromagnetics by Lord Rayleigh to explain the reflection of vivid and bright colors from metal doped
glasses. In 1908, Gustav Mie computed the scattering of an electromagnetic wave by a homogeneous
dielectric sphere which is widely in use today [1].

About fifty years later, in 1956, David Pines investigated collective energy losses in solids in a theoretic
manner and attributed these losses to collective electron oscillations in solids. He named these
oscillations Plasmon. In 1957, Rufus Ritchie published a paper on plasma losses by fast electrons in thin
films, he showed in his research that plasmon modes can be formed on metal surface. This was the
first time where the surface plasmons were theoretically studied. One year later, John J. Hopfield
introduced and described the term Polariton for coupled oscillations between fast electrons and light
in a transparent medium by showing that the ordinary semiclassical theory of the absorption of light
by exciton states is not completely satisfactory. About seventy years after Wood initial experiments,
in 1968, Ritchie et al, described the non-ordinary behavior of Metal Grating by surface plasmon
resonance theory. In the same year, considerable progress within surface plasmon studies on metal
films achieved by Andreas Otto, Erich Krestschman and Heinz Raether made research in this field
simpler than ever [4] [5] .
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During the aforementioned period, surface plasmon properties were well studied and exploited.
However, the relation between optical properties of metal Nano-particles and this surface plasmons
were not yet established. In 1970, more than sixty years after Ganett research on metal doped glasses,
Kreibig1 and Zacharias2 compared electrical and optical responses of gold and silver Nano-particles in
a research. In this research, the theory of surface plasmons was used for the very first time to explain
optical properties of metal Nano-particles. The work within the field of surface plasmons and energy
exchange between fast electrons and electromagnetic fields were continued until the year 1974 where
Cunningham3 et al used the term surface plasmon polaritons for this phenomenon [6].

Another breakthrough was achieved in the field of metal-optic in the same year. Fleischmann4 et al,
observed Raman spectra of Pyridine molecules absorbed at a silver (Ag) electrode. The Raman spectra
(i.e. energy exchange between photons and molecule oscillations) due to surface Plasmons was
significantly intense at silver electrode, however, the importance of this phenomenon was not fully
understood at the time. All these findings and experiments has made it possible to step into the world
of surface plasmon polaritons (SPPs).

Surface Plasmon, defined by full name Surface Plasmon Polaritons (SPPs), are electromagnetic
excitations existing at the interface between a metal and a dielectric material. The nature of these
quasi-particles originates from the fact that the electromagnetic wave is captured at the interface of
two (metal-dielectric) media. As it is shown in Figure 1-3, oscillations in load density excites the
electromagnetic wave that can propagate in relatively long distances (from micrometers to even
millimeters, depending on the material and operating frequency). These electromagnetic fields can be
analyzed using Maxwell equations. In recent decades, these waves have been nominated of optic
dimension reduction in two dimensions so that they are able to overcome diffraction limit.

Figure 1-3 Surface Plasmon at the interface of dielectric and metal with hybrid surface load properties and
electromagnetic wave [3]

1 Uwe Kreibig
2 Peter Zacharias
3 Stephen Cunningham
4 Martin Fleischmann
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1.2 Background and problem definition

The theory of nonlinear optics and SPPs described earlier are the basis for this thesis work. Nano-
plasmonic is a growing area within Nanoscience, as it offers manipulation and guiding of optical waves
in dimensions below diffraction limit.

Capability of controlling light by means of light is of critical importance in order to process optical
signals within integrated photonic circuits or fully optical devices. Compactness and ability to guide the
light are additional important factors in this area. This thesis is focused on studying and optimizing a
structure that offers these features. SPPs make it possible to manipulate optical waves in sub-
wavelength dimensions, and therefore they are attractive for the purpose of this thesis. Metal-
dielectric-metal (MDM) structures are selected, as they offer wave guidance in Nano-dimensions,
Nano-scale structure dimensions and guidance in transverse mode.

In recent years, numerous devices based on SPPs have been investigated theoretically and
demonstrated experimentally, such as optical switch, slow light system, wavelength demultiplexer,
plasmonic lens, optical amplifier, Bragg grating and filter. In [7] an all optical switch based on a MDM
waveguide with graded nonlinear plasmonic grating is numerically investigated using FDTD method.
The impact of Kerr nonlinear medium on the transmission of the switch are analyzed and the switching
functionality by tuning the incident light intensity is shown. In [8] a band-pass filter is proposed and
investigated. This filter is constructed using MDM waveguide with circular ring resonator containing
Kerr nonlinear medium. In [9] an all optical plasmonic limiter based on a nonlinear slow light waveguide
is proposed and numerically investigated. The results show that the slowdown factor can be tuned by
the intensities of incident surface plasmon waves and in addition the nonlinear slow light waveguide
can be operated as a limiter.

Each of research works mentioned above are using SPPs and waveguides to build a tunable optical
device. The first two uses MDM waveguides while the last one uses a slow-down waveguide.
Illustrations of their layouts will be given in chapter 4. Nonlinear grating and circular ring Nanocavity
are used in these works to couple the light entering the waveguide. The medium used for the grating
and in the Nanocavity are nonlinear Kerr medium.

This research work aims to use similar features to construct a tunable Nano-plasmonic filter. The
structure proposed in this thesis uses MDM waveguide with a nonlinear Nanocavity buried on its side.
Unlike other works referred here, in this thesis a rectangular Nanocavity medium with certain
geometrical properties that are discussed in chapter 4 are used. The performance and tunability of the
filter are then investigated by FDTD numerical method. An additional effort is made in this thesis to
numerically investigate the impact of adding a secondary waveguide to the side of the nonlinear
Nanocavity with the aim to decouple the resonant wavelengths from the main waveguide.

The MDM waveguide is selected as it allows SPPs propagation in the simplest manner. As long as the
frequency of the optical signal is in a way that the real part of the metal-dielectric coefficient is negative
and dielectric coefficient of the neighboring media is positive, it is safe to say that the simplest
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structure for SPPs propagation is the flat interface between a metal and a dielectric as depicted in
Figure 1-4.

Figure 1-4 The flat interface between a metal and a dielectric is the simplest structure for the propagation of SPPs

The following steps are taken in this thesis:

- Study the Plasmonic phenomenon to understand how it can be used to improve the
operation of MDM waveguide in Nano-dimensions (i.e. Nano-plasmonic filter).

- Numerical investigation of the Nano-plasmonic filter based on the nonlinear rectangular
Nanocavity and MDM waveguide.

- Investigate numerically the addition of a secondary waveguide to the side of nonlinear
Nanocavity.

1.3 Structure of report
In this section the various parts of this report and a brief content of different chapters are explained.
Chapter 2 is divided into two parts. The first part primarily discusses the definition of nonlinear optics
and surface plasmon polariton concepts. The chapter goes into detail discussion around some
important concepts related to SPPs e.g. dispersion relation, spatial propagation and propagation
length. It also discusses SPPs in multi-layer systems which is in line with the filter structure examined
in this thesis work. The second part, explains different methods for exciting surface plasmon waves on
a flat surface, e.g. excitation by prism, grating, etc.

Chapter 3 focuses on the simulation methodology used in this thesis work, the FDTD method. The
features and limitations of this method are described here. An introduction to the OptiFDTD software
is also given.

First part of chapter 4 is dedicated to illustration of the structure under study which is composed of
metal-dielectric-metal waveguide and a Nanocavity filled with nonlinear Kerr material. It also gives
information about FDTD related parameters used for the simulation. The second part of this chapter
presents the results of various simulated cases. Each sub-section is followed by analysis. In the first
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part transmitted and reflected spectra of the filter structure are found and presented. In the second
part some geometrical parameters are varied, and their effects are observed and analyzed. Later in
the chapter, the sensitivity of the transmitted spectrum in relation to the intensity of the incoming
light is investigated and plotted. In the last part of this chapter, adding a secondary waveguide to the
filter configuration is made in order to see if it can improve the filtering capability.

Chapter 5 gives concluding remarks on the aims that are achieved and further research that can be
carried out as an extension of this thesis.
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2.  Theoretical Framework

This chapter of the thesis dissertation is primarily dedicated to explaining to the reader various aspects
of theoretical information that are processed by the authors and that are required to understand the
further explained analogies.  Some underlying concepts important to understanding surface plasmon
polaritons such as nonlinear optics or wave equation are explained. Further the different types of
excitation methods are described.

The chapter starts by describing the nonlinear optics as it plays an important role in understanding the
behavior of nonlinear medium when subject to an optical field and is the fundamental basis of the
filter configuration examined in this thesis. The chapter then continues by describing some important
properties of SPPs that are explained theoretically starting by definition of wave equation followed by
characteristics of surface excitation such as dispersion and spatial profile. Some excitation techniques
are then described in order to give an understanding of the procedure of exciting surface plasmons on
a metal surface.

2.1 Nonlinear optics

Nonlinear optics (NLO) is the branch of optics that describes the behavior of light in nonlinear media.
A nonlinear media is one in which the polarization density (P) responds nonlinearly to the electric field
of the light. This is typically observed only at very high intensities of light such as those provided by
lasers.

Research and study in the field of nonlinear optics was started by Franken (1961) by discovering the
second harmonic generation. Nonlinear optics explains nonlinear response of properties such as
frequency or polarization. These nonlinear interactions cause different optical phenomena. For
example, the second harmonic generation or frequency doubling is a process under which light with a
doubled frequency is generated which is related to the second power of the applied optical field.

In order to describe the optical nonlinearity more clearly, the dependence of the dipole moment per
unit volume, or polarization ( ) of a material system on the applied electric field strength ( ) is
considered. In conventional linear optics the dependence of induced polarization on the electric field
strength is linear. This can be defined by the following relationship5

( ) =  ɛ ( ) ( )                                         (2-1)

Where the constant of proportionality ( ) is known as the linear susceptibility and ɛ  is the vacuum
permittivity. In nonlinear optics, the optical response can be described by generalizing Eq. (2-1) where
the polarization ( ) is expressed as a power series in the field strength ( ) as

( ) =  ɛ [ ( ) ( ) + ( ) ( ) + ( ) ( ) + ⋯ ]                 (2-2)

≡ ( )( ) + ( )( ) + ( )( ) + ⋯

5 All the equations in this chapter are referenced to [1] and [10]
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The quantities ( ) and ( ) are the second- and third-order nonlinear optical susceptibilities,
respectively. For simplicity, the fields ( ) and ( ) in equation (2-2) are assumed as scalar quantities.
In writing equations (2-1) and (2-2) in the given forms, it is assumed that the polarization at time t
depends only on the instantaneous value of the electric field strength. This assumption also implies
(according to Kramers-Kronig relations) that the medium is lossless and dispersionless [10].

The most usual way to explain the nonlinear optic phenomenon is based on the relationship between
the polarization ( ) and the applied electric field strength ( ) as given in Eq. (2-2). The reason for
polarization being important in the description of nonlinear optical phenomenon is that a time-varying
polarization can act as a source of new components of the electromagnetic field.

( )( ) in Eq. (2-2) is often expressed as the second order nonlinear polarization and ( )( ) is often
expressed as the third order nonlinear polarization. The physical process that results in generation of
these polarizations are completely different. The generation of second order nonlinear polarization is
dependent on the medium symmetry, for example in a symmetrical medium the second order
nonlinear factor ( ) is zero and therefore no second order nonlinear polarization is generated. This is
the case for some liquids, gases, amorphous solids (glass) and many crystals with central symmetry.
The third order nonlinear polarization is however generated regardless of the symmetricity [10].

Depending on the susceptibility order (e.g. ( ), ( ), …) of the nonlinear medium, different optical
phenomenon can be generated. Examples are the second harmonic generation, sum frequency
generation (SFG), difference frequency generation (DFG), optical rectification (OR) or the generation
of third harmonic. The third harmonic generation are further described in this thesis.

2.1.1 Third-order polarization

From Eq. (2-2) we see that

( )( ) =  ɛ ( ) ( ) (2-3)

If all frequency components of ( ) is considered the expression for ( )( ) gets very complicated.
Therefore, a simple case is considered here where the applied field is monochromatic (i.e. composed
of a single frequency), given as

( ) = cosωt (2-4)

Using the cos3ωt expansion, and inserting (2-4) into (2-3) the nonlinear polarization is obtained as
follows

( )( ) = ɛ ( ) 3 + ɛ ( )  (2-5)

The first term of Eq. (2-5) shows the generation of third harmonic. The second term describes a
nonlinear contribution to the polarization at the frequency of the incident field. Each of these terms
are further elaborated.
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2.1.2 Third harmonic generation

The first term of equation (2-5) gives a response at frequency 3 which is created by an applied field
at frequency ω. This term leads to the process of third harmonic generation which is illustrated in
Figure 2-1. As shown in part (b) of the figure, three photons of frequency ω are destroyed and one
photon of frequency 3ω is generated.

Figure 2-1 Third harmonic generation. (a) Geometry of the interaction (b) Energy-level description [10]

2.1.3 Dependence of refractive index on light intensity

The second term in Eq. (2-5) describes a nonlinear contribution to the polarization at the frequency of
the incident field; this term hence leads to a nonlinear contribution to the refractive index experienced
by a wave at frequency ω. The refractive index of many materials is described by the relation

=  +  〈 〉 (2-6)

where  is the linear refractive index,  is an optical constant (sometimes called the second-order
index of refraction) that characterizes the rate at which the refractive index increases with increasing
optical intensity. The angular brackets around shows a time average. Therefore, if we assume that
the optical field is of the form

( ) = ( ) + . . (2-7)

So that

〈 ( ) 〉 = 2 ( ) ( )∗ = 2| ( )|  (2-8)

We find that

=  + 2 | ( )| (2-9)

The changes occurred in the refractive index through equations (2-6) to (2-9) is called Kerr effect. In
Kerr effect, the refractive index of a medium (or its electrical conductivity) changes proportionally to
the square of the strength of the applied static electric field [10].
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2.2 Wave equations
As mentioned earlier, SPPs are heavily concentrated at the surface of a medium and are extremely
sensitive to conditions of the surface. This sensitivity is the key to the capability of exciting the SPPs on
the medium surface. Examples of the areas where this sensitiveness can be widely used are

- Studying the absorption of a medium on the surface
- Surface roughness
- Development of chemical and biological sensors

In order to understand the fundamental principles of SPPs at single flat interfaces and in
metal/dielectric multi-layer structures, it is essential to describe the relations of the electromagnetic
fields. For this purpose, we start from wave equation.

To investigate the physical properties of SPPs, Maxwell’s equations shall be applied to the flat interface
between a conductor and a dielectric. In this thesis, the following form of Maxwell’s equations are
considered (SI convention)

∇  ∙ = (2-10)

∇ ∙ = 0 (2-11)

∇ × = − (2-12)

∇ × = + (2-13)

These equations link to the four macroscopic fields D (the dielectric displacement), E (the electric field),
H (the magnetic field), and B (the magnetic flux density).  is the external charge density and  is
the external current density.

Here we assume that the external charge and current densities are absent. In this case, after combining
equations (2-12) and (2-13) we have the central equation of electromagnetic wave theory

∇ − ɛ = 0 (2-14)

∇  is the Laplacian, ɛ is the dielectric constant and c is the speed of light in vacuum. This equation for
practical applications shall be solved separately in regions of constant ɛ, and the obtained solutions
shall be matched using appropriate boundary conditions. To map Eq. (2-14) in a form that is proper for
description of confined propagating waves, two steps are usually considered. First, a general time-
harmonic dependence of the electric field i.e. ( , ) = ( )  is assumed. With this assumption
Eq. (2-14) will be of the form

∇ + ɛ = 0 (2-15)

where =  is the wave number in vacuum. Eq. (2-15) is known as the Helmholtz equation [1].



12

Next, a geometry is defined for the propagation. For example, a simple one-dimensional case is
considered i.e. ɛ depends only on one spatial coordinate. In this example the waves propagate along
the x-direction and show no spatial variation in the perpendicular, in-plane y-direction as given in
Figure 2-2, therefore = ( ). In the context of electromagnetic surface area, the plane = 0
coincides with the interface containing the propagating waves, which can now be defined as

( , , ) = ( )  (2-16)

Figure 2-2 Definition of a planar waveguide geometry. The waves propagate along the x-direction in a cartesian
coordinate system [1].

The complex parameters =  is called the propagation constant of the traveling waves and
corresponds to the component of wave vector in the direction of propagation. Inserting Eq. (2-16)
into Eq. (2-15) result in the desired form of the wave equation

( ) + 0
2ɛ − = 0 (2-17)

A similar equation can be written for the magnetic field H [1].

For the wave equation to be usable in determining the spatial field profile and dispersion of
propagating waves, explicit expressions for the different filed components of E and H are needed. By
use of curl equations (2-12) and (2-13) and the time-harmonic dependence = − , the following

set of coupled equations are achieved

− = (2-18a)

− = (2-18b)

− = (2-18c)

− = − (2-18d)

− = − (2-18e)
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− = − (2-18f)

The set of equation can be written in a more simplified form by considering the propagation along the
x-direction (i.e. = ) and homogeneity in the y-direction (i.e. = 0) as follows

= − (2-19a)

− = (2-19b)

= (2-19c)

= (2-19d)

− = − (2-19e)

= − (2-19f)

This system allows two sets of solutions with different polarization properties of the propagating
waves. The first set are the transverse magnetic (TM) modes, in which only the filed components  ,

 and  are nonzero, and the second set the transverse electric (TE) modes, where only  ,  and
 are nonzero. For TM modes, the system of governing equations (2-19) is written as

= −
0

(2-20a)

= −
0

(2-20b)

and the wave equation for TM modes is written as

+ 0
2ɛ − = 0 (2-20c)

The corresponding equations for TE modes are written as

= (2-21a)

= (2-21b)

and the wave equation for TE mode is written as

+ 0
2ɛ − = 0 (2-21c)

With these equations available, the description of surface plasmon polaritons can be started.
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2.3 SPPs at a single interface

The simplest geometry containing SPPs is that of a single, flat interface as shown in chapter 1, Figure
1-4. This is between a dielectric, non-absorbing half space (  > 0) in which the real dielectric constant
is given here as  and an adjacent conducting half space (  < 0) characterized by a dielectric function

( ). The metallic character implies that Re[ ] < 0. For metals this condition is fulfilled at
frequencies below the bulk plasmon frequency . The propagating wave solutions confined to the

interface with decay in the perpendicular z-direction are of interest. Looking at TM solutions, using the
equation set (2-20) in both half spaces yields

( ) = − 2 (2-22a)

( ) =
0 2

− 2 (2-22b)

( ) = −
0 2

− 2 (2-22c)

for  > 0 and

( ) = 1 (2-23a)

( ) = −
0 1

1 (2-23b)

( ) = −
0 1

1 (2-23c)

for  < 0. ≡ ,  ( = 1,2) is the component of the wave vector perpendicular to the interface in

the two media. Its multiplicative inverse value, =̂ 1/| |, defines the evanescent decay length of the
fields perpendicular to the interface, which quantifies the confinement of the wave. The  and

are continuous at the interface which implies that =  and

= − (2-24)

Note that with the convention of the signs in the exponents in equation sets (2-22) and (2-23),
confinement to the interface demands Re[ ] < 0 if > 0 i.e. the surface waves exist only at
interfaces between materials with opposite signs of the real part of their dielectric permittivities or in
other words between a conductor and an insulator. The expression for  further must fulfill the wave

equation (2-20c), resulting

= − (2-25a)

= − (2-25b)

Then the dispersion relation is achieved by combining Eq. (2-24) and (2-25) for SPPs propagating at the
interface between the two half spaces

= (2-26)
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The possibility of TE surface modes can also be checked by starting from equation set (2-21). The
respective expressions for the field components are then

( ) = − 2 (2-27a)

( ) = −
0

− 2 (2-27b)

( ) =
0

− 2 (2-27c)

for  > 0 and

( ) = 1 (2-28a)

( ) =
0

1 (2-28b)

( ) =
0

1 (2-28c)

for  < 0. The  and  are continuous at the interface, this leads to the following condition

( + ) = 0 (2-29)

Since confinement to the surface requires Re[ ] > 0 and Re[ ] > 0, this condition is only fulfilled if
= 0 so that also = 1 = 0. Hence, no surface modes exist for TE polarization or in other words

surface plasmon polaritons only exist for TM polarization [1].

To describe the properties of SPPs a closer look at their dispersion relation is necessary.

Figure 2-3 Dispersion relation of SPPs at the interface between a Drude metal with negligible collision frequency and air
(gray curves) and silica (black curves) [1]

Figure 2-3 shows plots of (2-26) for a metal with negligible damping for an air ( = 1) and a fused
silica ( = 2.25) interface. Due to their bound nature, the SPP excitations correspond to the part of
the dispersion curves located to the right of the respective light lines of air and silica. Therefore, to



16

excite them via three-dimensional beams special phase-matching techniques such as grating or prism
coupling are needed.

For small wave vectors corresponding to low frequencies, the SPP propagation constant is close to
at the light line, and the waves extend over many wavelengths into the dielectric space. In this context,
SPPs acquire the nature of a grazing-incidence light field. However, in the context of large wave
vectors, the frequency of the SPPs approaches the characteristic surface plasmon frequency

= (2-30)

In the limit of negligible damping of the conduction electron oscillation (implying Im[ ( )] = 0),
goes to infinity as the frequency approaches , and the group velocity → 0. The mode thus

acquires electrostatic character and is known as the surface plasmon.

Figure 2-4 shows as an example the dispersion relation of SPPs propagating at a silver/air and
silver/silica interface. Comparing with the dispersion relation of completely undamped SPPs illustrated
in Figure 2-3, it is seen that the bound SPPs reach now a maximum finite wave vector at the surface
plasmon frequency  of the system.

Figure 2-4 Dispersion relation of SPPs at a silver/air (gray curve) and silver/silica (black curve) interface. Due to the
damping, the wave vector of the bound SPPs approaches a finite limit at the surface plasmon frequency [1].

This limitation imposes a lower bound both on the wavelength = 2 / [ ] of the surface plasmon

and also on the amount of mode confinement perpendicular to the interface. For clarity, an example
of the propagation length  and the energy confinement (quantified by )̂ in the dielectric. According
to dispersion relation, both parameters show a strong dependence on frequency. SPPs at frequencies
close to  show large field confinement to the interface and a corresponding small distance of

propagation due to increased damping. Thus, for instance SPPs at a silver/air interface at = 450
have ≈ 16  and ≈̂ 180  and at = 1.5  have ≈ 1080  and ≈̂ 2.6 . The better
the confinement the lower the propagation length.
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2.4 SPPs in multilayer systems

So far, we investigated the physics of SPPs on flat interface of a semi-infinite metal. The SPPs however
exist multilayer systems consisting of alternating conducting and dielectric thin films. Each single
interface in such a system can contain bound SPPs. The coupled modes are generated when the
separation between adjacent interfaces is comparable to or smaller than the decay length  ̂of the
interface mode. Here, we look at two specific three-layer systems with the geometry illustrated in
Figure 2-5.

Figure 2-5 Geometry of a three-layer system consisting of a thin layer I is located between two think layers II and III [1].

First, a thin metallic layer (I) located between two infinitely thick dielectric claddings (II, III), an
insulator-metal-insulator (IMI) structure, and second a thin dielectric core layer (I) located between
two metallic claddings (II, III), a metal-insulator-metal (MIM) structure.

A general description of TM modes that are non-oscillatory in the z-direction perpendicular to the
interfaces for  >  contains the field components as

= − 3 (2-31a)

=
0 3

− 3 (2-31b)

= −
0 3

− 3 (2-31c)

While for < −  we have

= 2 (2-32a)

= −
0 2

2 (2-32b)

= −
0 2

2 (2-32c)
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As before, the component of the wave vector perpendicular to the interfaces is given as ≡ , .

Based on the shown filed components, its demanded that the fields decay exponentially in the
claddings (II) and (III). In the core region −  < < , the localized modes at the bottom and top
interface couple, yielding

= 1 + − 1 (2-33a)

= −
0 1

1 +
0 1

− 1 (2-33b)

=
0 1

1 +
0 1

− 1 (2-33c)

A, B, C and D are constants in the three layers. As the components  and  are continuous, for =
we will have

= + (2-34a)

= − + (2-34b)

And at = −

= + (2-35a)

− = − + (2-35b)

This is a linear system of four coupled equations.  further has to fulfill the wave equation (2-20c) in

the three separate regions, via

= − (2-36)

For = 1, 2, 3. Solving this system of linear equations results in an implicit expression for the dispersion
relation linking  and ω via

=
1
1

+ 2
2

1
1

− 2
2

1
1

+ 3
3

1
1

− 3
3

(2-37)

For infinite thickness ( → ∞), Eq. (2-37) reduces to (2-24), the equation of two uncoupled SPP at the
respective interfaces. An interesting special case is when the sub- and the superstrates (II) and (III)
are equal in terms of their dielectric response, i.e. =  and thus = . In this case, the dispersion
relation (2-37) can be split into a pair of equations, namely

tanh = − (2-38a)

tanh = − (2-38b)
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Eq. (2-38a) describes modes of odd vector parity (i.e. ( ) is odd, ( ) and ( ) are even
functions), while Eq. (2-38b) describes modes of even vector parity (i.e. ( ) is even function, ( )
and ( ) are odd) [1]. The dispersion relations (2-38a) and (2-38b) of an IMI geometry – a thin metallic
film of thickness 2  located between two insulating layers - considering that = ( ) represents
the dielectric function of the metal, and  the positive, real dielectric constant of the insulating sub-
and superstrates, for an exemplary case of air-silver-air geometry of two different thicknesses of the
silver thin film are depicted in Figure 2-6.

Figure 2-6 Dispersion relation of the coupled odd and even modes for an air-silver-air multilayer with a metal core of
thickness 100nm (dashed gray curves) and 50nm (dashed black curves). Also shown is the dispersion of a single silver-air

interface (gray curve). Silver is modeled as a Drude metal with negligible damping [1].

In this example, for simplicity the dielectric function of silver is approximated via a Drude model with
negligible damping, so that Im[ ] = 0. As seen, the odd modes have frequencies  higher than the
respective frequencies for a single interface SPP, and the even modes lower frequencies . For large
wave vectors , the limiting frequencies are

= 1 + (2-39a)

= 1 − (2-39b)

The interesting property of the odd modes is that upon decreasing metal film thickness, the
confinement of the coupled SPP to the metal film reduces as the mode evolves into a plane wave
supported by the homogeneous dielectric environment. The even modes show the opposite behavior
i.e. their confinement to the metal increases with decreasing metal film thickness, resulting in a
reduction in propagation length.

Looking into MIM geometries, the dielectric function of the metal is = ( ) and  is the dielectric
constant of the insulating core in equations (2-38a) and (2-38b). Figure 2-7 gives the dispersion relation
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of the fundamental odd mode for a silver-air-silver structure. This is the interesting mode as it does
not exhibit a cut-off for vanishing core layer thickness.

Figure 2-7 Dispersion relation of the fundamental coupled SPP modes of a silver-air-silver multilayer geometry for an air
core of size 100nm (broken gray curve), 50nm (broken black curve), and 25nm (continuous black curve). Also shown is

the dispersion of a SPP at a single silver-air interface (gray curve) and the air light line (gray line) [1].

Here, the dielectric function ɛ( ) is taken as a complex fit to the dielectric data of silver and thus
does not go to infinity as the surface plasmon frequency is approached, but rather folds back and
crosses the light line, similar to SPPs propagating at single interfaces.

The discussion of coupled SPPs in three-layer structures such as IMI are limited to the fundamental
bound modes of the system in this thesis due to its applications in waveguiding and confinement of
electromagnetic energy. There are however other modes supported by this geometry that are not
covered here. For example, the leaky modes and exhibition of oscillatory modes for sufficient thickness
of the dielectric core in MIM structures.
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2.5 Excitation of surface plasmon waves on planar interfaces

Surface plasmon polaritons propagating at the flat interface between a conductor and a dielectric are
two-dimensional electromagnetic waves. Confinement is achieved since the propagation constant is
greater than the wave number in the dielectric, resulting in decay on both sides of the interface. The
SPP dispersion curve therefore lies to the right of the light line of the dielectric (given by = ), and
excitation by three-dimensional light beams is not possible unless special techniques for phase-
matching are used [1].

The most common methods currently in use are,

- Excitation by electron beams
- Excitation by prism
- Excitation by grating
- Excitation using highly focused optical beams
- Near-Field excitation

Here, we are going to further describe excitation by prism and grating. For more read on other
techniques refer to [1].

2.5.1 Excitation by prism

This method is also known as the attenuated total reflection (ATR).

Phase-matching to SPPs can be achieved in a three-layer system consisting of a thin metal film located
between two insulators of different dielectric constants. One of the insulators is considered to be air
(i.e. = 1) for simplicity. A beam reflected at the interface between the insulator of higher dielectric
constant – usually in the form of a prism as shown in Figure 2-8 – and the metal will have an in-plane
momentum = √ sin , which is enough to excite SPPs at the interface between the metal and
the lower-index dielectric, in this case the metal-air interface. This way, SPPs with propagation
constants  between the light lines of air and the higher-index dielectric can be excited, as shown in
Figure 2-9. The excitation of SPP is minimum in the reflected beam intensity. The phase-matching to
SPPs at the prism-metal interface cannot be achieved, as the respective SPP dispersion lies outside the
prism light cone, as depicted in Figure 2-9.

Figure 2-8 Prism coupling to SPPs using attenuated total internal reflection (ATR) in the Kretschmann (left) and Otto
(right) configuration. Also drawn are possible lightpaths for excitation [1].
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Figure 2-9 Prism coupling and SPP dispersion. Only propagation constants between the light lines of air and the prism
(usually glass) are accessible, resulting in additional SPP damping due to leakage radiation into the latter: the excited

SPPs have propagation constants inside the prism light cone [1].

This coupling scheme therefore consists of tunneling of the fields of the excitation beam to the metal-
air interface where SPP excitation occurs. Excitation by prism is common in two different geometries
as illustrated in Figure 2-8 and listed below,

- Otto configuration
- Kretschmann-Raether configuration

Kretschmann method is the most common geometry in which a thin metal film is evaporated on top
of a glass prism. Photons from a beam reflecting from the glass side at an angle greater the critical
angle of total internal reflection flow through the metal film and excite SPPs at the metal-air interface.
In Otto configuration the prism is separated from the metal film by a thin air gap, ATR occurs at the
prism-air interface, which excite SPPs through tunneling to the air-metal interface.

The prism coupling technique is also suitable for exciting coupled SPP modes in MIM or IMI three-layer
systems. Both the long-ranging high frequency mode and the low frequency mode  can be
excited by using appropriate index-matching oils e.g. in oil-silver-oil or oil-aluminum-oil IMI structures.
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2.5.2 Excitation by grating

It is possible to correct the mismatch in the wave vector between the in-plane momentum
( = sin ) of reflected photons and  by using patterns on the metal surface with a shallow grating
of grooves or holes with lattice constant . In Figure 2-10, a simple one-dimensional grating of grooves
is shown. Phase-matching is fulfilled when the condition

= sin ± (2-40)

is met, where =  is the reciprocal vector of the grating, and = (1, 2, 3 … ). Similar to prism

coupling, excitation of SPPs is detected as a minimum in the reflected light. The reverse process can
also happen. SPPs propagating along a surface modulated with a grating can couple to light and this
radiate.

Figure 2-10 Phase-matching of light to SPPs using a grating [1].

As an example of SPP excitation and their decoupling via gratings, Figure 2-11a shows a scanning
electron microscopy (SEM) image of a flat metal patterned with two arrays of sub-wavelength holes
[11]. Here, the small array on the right is used for the excitation of SPPs through a normally-incident
beam, while the larger array on the left decoupled the propagating SPPs to the radiation continuum.
The wavelengths of phase matching in this case have a peak at = 815  due to excitation of a SPP
mode at the metal-air interface as shown in Figure 2-11b.

In a more general perspective, SPPs can also be excited on films in areas with random surface
roughness. Momentum components Δ  are provided by scattering, so that the phase-matching
condition

= sin ± Δ (2-41)

can be fulfilled. It is also possible to assess the coupling efficiency by for instance measuring the leakage
radiation into a glass prism located underneath the metal film.
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Figure 2-11 (a) SEM image of two microhole arrays with period 760nm and hole diameter 250nm separated by 30µm
used for sourcing (right array) and probing (left array) of SPPs. The inset shows a close-up of individual holes. (b) Normal-

incidence white light transmission spectrum of the arrays [11].
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3. Simulation Methodology

The method employed in this thesis work for simulation of an integrated optical device is based on the
Finite-Difference Time-Difference (FDTD) method. FDTD is a powerful engineering for such simulations.
This is due to its unique features such as the ability to model the light propagation, scattering,
diffraction, reflection and polarization modes. It allows for effective and powerful simulation and
analysis of Nano-photonic devices in detail.

3.1 Features of FDTD method

FDTD is a simple and illustrative method to solve partial differential equations. It uses central
difference approximations to discretize the time dependent Maxwell’s equations to the space and time
partial derivatives. Then by numerical calculation of the extracted equations, it solves the electric field
vector components in a special volume at a given instant of time. It then solves the magnetic field
vector components in the same volume of space at the next instant of time. To fully establish the
desired transient or steady-state field behavior, this process is repeated over and over. It is possible to
use the FDTD method for any desired coordination system e.g. cartesian or cylindrical system. Since
the cartesian coordinate system is more suitable to express crystal photonic structures, the focus of
this thesis work is on the FDTD method in cartesian coordinate system.

It is also worth noting that the first version of the OptiFDTD software (the simulation software used in
this thesis work, see Appendix A) is 2-dimensional (2D), where the photonic device is laid out in the

−   plane. The propagation is along . The y-direction is assumed to be infinite. This assumption
removes all the  derivatives from Maxwell’s equations and splits them into two (TM and TE)

independent sets of equations. The 2D computational domain is shown in Figure 3-1. The space steps
in the  and  directions are Δ  and Δ  respectively. Each mesh point is associated with a specific type
of material and contains information about its properties such as refractive index and dispersion
parameters [12].

Figure 3-1 Numerical representation of the 2D computational domain.
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3.2 Grid dimensions

The major rule to identify the dimensions of the computational grid domain is that it must be
adequately smaller than the wavelength for which the high precision is desired. Prior to understanding
the size of the desired computational grid, it is important to decide what accuracy is required. Having
ten cells for the highest required frequency wavelength is common. We however know that the
wavelength varies depending on the medium, thus to determine the grid dimensions, one has to
consider the wavelength against the increase in permittivity coefficient. For example, a medium with
high permittivity using evenly distributed mesh points will result in an oversized grid. To overcome this,
its recommended that the grid is realized by use of variable dimensions.

For a better understanding of the requirement of grid dimensions being small than the wavelength,
the Nyquist law shall be referred to. According to this law, at least two samples within each wavelength
are needed to be able to reconstruct the waveform, and since we are using linear approximation, more
cells are needed to boost accuracy. Another reason to consider small grid dimensions is the diffraction
error imposed by the FDTD method. This error occurs due to the approximation within the FDTD
method which makes electromagnetic waves move with variant frequencies and velocity. The
magnitude of these movements (diffraction) depends on the grid dimension and the direction of
propagation as a function of the grid structure. One other important factor in determining the grid
dimension is to ensure that the desired geometry is accurately modelled. Often this is automatically

achieved due to application of this condition – grid dimension <  – except if geometric segments

smaller than this are going to be considered in the final design. For example, steps in the model
introduce high degree of error when analyzing diffraction from flat interfaces.

3.3 Determination of time step to stabilize FDTD algorithm

The most important requirement for each numerical method is its numerical stability and its
conditions. Any numerical method such as FDTD is conditionally stable. The stability of FDTD is
studied at [13] and is fulfilled with the following condition

0 ≤ Δ ≤
(Δ ) (Δ ) (Δ )

(3-1)

 is the speed of light in vacuum. In fact, this condition expresses that the speed of numerical phase
shall not exceed the speed of light. This is measured by a stability factor (also known as Courant
number, ) which is defined as

= Δ
Δ

(3-2)

Thus, if Δ = Δ = Δ , then the stability condition will be ≤
√

 . This can be generalized to n-

dimensional FDTD where the stability condition will be ≤
√

 .
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3.4 FDTD algorithm

The FDTD method which is also referred to as Yee’s algorithm is a numerical analysis technique used
for modelling computational electrodynamics. Dr. Yee in 1966 [14] introduced an algorithm for spatial
networking of differential and integral Maxwell’s equations in time domain. Although many other
algorithms were introduced after him, his method is still considered to be the main one. The advantage
of Yee’s algorithm is in selecting proper differential modes and placing electric and magnetic field
components in relation to time and space.

Some of the main features of the Yee’s algorithm used in this thesis are,

- Instead of solving the wave equation for either electric or magnetic field modes in time
domain, both are solved simultaneously over time. With this approach, the boundary
conditions of electric and magnetic field modes are fulfilled simultaneously and explicitly.
This is especially important when there is a singular point in a field component. Thus, by
calculating both electric and magnetic field modes, multiple problems can be solved
without losing accuracy.

- Each component of the electric field mode is surrounded by four magnetic field
components as shown in Figure 3-2 for TE mode case. Here each field is represented by a
2D array, ( , ), ( , ) and ( , ). The indices  and  account for the number of

space steps in the  and  direction, respectively. In fact each electric component is
encapsulated by a current (Faraday) loop. Thus, by calculating electromagnetic field
components by FDTD algorithm that is originated from Maxwell’s differential equations,
their integral mode is also achieved. The integral modes are used in determination of
boundary conditions and singularities.

Figure 3-2 Location of the TE field components in the computational domain [13]

- Any numerical method must fulfill all four Maxwell’s equations. In the case of FDTD
method, it only deals with the curl of Maxwell’s equations. And also due to positioning of
the field components, Maxwell’s divergence equations are fulfilled at the same time.
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- Continuity of electric and magnetic field components perpendicular to the interface of two
media can be achieved with no need for extra computation as long as the interface is
positioned on the computation grid.

- The version used in this thesis has second order precision.
- Electric and magnetic field components are implemented in Leap Frog manner meaning

that at any instant of time, only one of the field components are calculated. The usage is
explicit and removes the need for matrix inversion.

3.4.1 Numerical decay properties of FDTD

By numerical decay we mean that the propagation of a plain wave within a numerical grid is not
dependent on the actual decay relation in the medium under study, but it rather is dependent on the
discrete parameters such as Δ , Δ , Δ  and Δ . For instance, in vacuum the propagation of plain wave
follows the decay relation

= ( + + ) (3-3)

However, the decay relation of the same wave within FDTD grid is

Δ
sin Δ =

Δ
sin Δ +

Δ
sin Δ +

Δ
sin Δ (3-4)

From Eq. (3-4) it is understood that the numerical decay can be reduced to a desired level by reducing
Δ , Δ , Δ  and Δ . The numerical decay results in slower wave phasor velocity in the FDTD grid than
its actual level. Furthermore, within the FDTD grid the wave phasor velocity has anisotropy
characteristic, meaning that the phasor velocity of waves with identical frequencies are different in
different directions.

3.4.2 PML boundary conditions

The biggest challenge in the FDTD method is to limit the computational grid. As the numerical methods
solve the problem in a finite space, it is essential to limit the computational grid to the location of the
desired structure. It is also essential that the plane wave incident passes through the external
boundaries of the computational grid without reflection. To achieve non-reflective boundaries suitable
Absorbing Boundary Conditions (ABC) shall be applied. In 1994, Bérenger introduced a new method in
which an artificial boundary is located outside the computational grid to absorb the projected waves
regardless of their frequency and radiation angle and also the ensure no reflection from the surface.
He implemented his method numerically and solved the Maxwell’s equations in these boundaries with
the help of field splitting method. He named these boundaries the Perfectly Matched Layer (PML).
Later in 1996, Gedney presented an extension of Bérenger’s method which is known as anisotropic
PML that presented advantages over the original method [15]. Nowadays, PML is used as the best
method for limiting the computational grid. In this thesis, the focus is on the Gedney’s model and will
use it in our simulations.
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3.5 OptiFDTD software

OptiFDTD is a powerful, highly integrated, user-friendly software that allows computer aided design
and simulation of advanced passive photonic components. It is based on the FDTD method. The
software has seven interdependent modules out of which the three listed below are mainly used in
this thesis work [12],

- OptiFDTD Designer: Create the photonic devices to model
- OptiFDTD Simulator: Perform the FDTD simulation and DFT analysis
- OptiFDTD Analyzer: Post-process the simulated data

More details on the software is found in Appendix A.

There are other tools available in the market that are based on the FDTD method, such as Matlab.
The advantage of OptiFDTD software is however that all required modules needed for this thesis are
integrated in one place whereas in Matlab these are available in several different toolboxes. This
made Matlab a less attractive platform in this thesis work.
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4. Simulation Results and Discussion

This chapter first presents the filter configuration being proposed in this thesis work and then
illustrates the results of several experiments made on this structure in order to evaluate its
performance. Properties of the medium used in the proposed structure are also given in this chapter.

4.1 Filter structure

Figure 4-1 gives the configuration of the structure that is studied in this thesis work. A metal-dielectric-
metal (MDM) waveguide which is constructed by two metallic layers and dielectric core is used. Here,
Silver (Ag) is used as the metallic layers and the dielectric medium as Air. The structure also contains a
Nanocavity which is filled with Kerr medium with nonlinear characteristics.

Figure 4-1 Overall scheme of the tunable Nano-plasmonioc band-stop filter.  is the width of the waveguide,  is the
width and  is the length of the Nanocavity, and  is the coupling distance between the waveguide and the Nanocavity.

The frequency dependent dielectric constant of Silver is modelled by the well-known Drude model
[16] as

( ) = −
( )

(4-1)

Where,

= 3.70, dielectric constant at infinite frequency
= 0.435 10 , oscillation damping of electrons

= 22 10 , bulk plasma frequency
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The Nanocavity is assumed to be filled with nonlinear Kerr medium. Its dielectric constant depends on
the incoming light intensity, which is defined as

= + ( )| | (4-2)

Where,

 is the linear dielectric constant
( ) is the third-order nonlinear optical susceptibility
 is the electrical field of the incoming light beam passing through the Nanocavity

Here, the nonlinear Kerr medium is taken to be Au:SiO2 . This medium is selected due to its large
nonlinear susceptibility i.e. ( ) = 2.37 10  and its very fast response i.e. 200 fs (femtoseconds).
These characteristics will result in creating nonlinear effects even if the incoming light beams are of
low intensity [16].

To calculate the linear and nonlinear responses of the structure under study, 2-Dimensional FDTD
method is used. For the simulations along x-direction and z-direction, the boundary conditions
according to APML are used. The size of the computational grid along x- and z-directions are assumed
to be Δ = Δ = 5 . The time step considered is Δ = Δ , where  is the speed of light in vacuum.

 and  lines shown in Figure 4-1 are to show the poynting vectors  and . The poynting vectors
represent the direction of the energy flux which can be either inwards or outwards. The normalized
transmitted spectrum through the waveguide is then defined as [17],

= 2

1
(4-3)

Other research works investigated structures which are not fundamentally different from the one
studied in this thesis but use different geometry, material and different applications. For example, in
[7] the investigated structure is constructed by a similar Bus waveguide (i.e. Air-Silver-Air) but instead
of rectangular Nanocavity, it contains multiple gratings filled with nonlinear Kerr medium. The Kerr
medium is assumed to be InGaAsP with nonlinear susceptibility ( ) = 3.8 10  . A layout of this
structure is shown in Figure 4-2.

Figure 4-2 Schematic diagram of the all-optical switch. The light vertically illuminates the structure from the left side [7]
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Another example is according to [8] where a Nano-plasmonic filter structure constructed by a similar
MDM Bus waveguide (Air-Silver-Air) and a circular ring Nanocavity is proposed. Here, ITO (Indium Tin
Oxide) with ( ) = 2.79 10  is chosen to as the Kerr nonlinear medium fill in the circular ring
Nanocavity. A layout of this structure is given in Figure 4-3.

Figure 4-3 Schematic diagram of the MIM plasmonic filter with a circular ring Nanocavity [8]

In both works 2-D FDTD method is used to perform numerical investigations.

4.2 Performance of the proposed structure at low intensity of
incoming light

To examine the performance of the proposed structure, a transverse magnetic (TM) polarized beam is
forced into the structure by means of the MDM waveguide. As a result, the SPPs are formed along the
metal-dielectric interface while the light beam is partially coupled to the Nanocavity via (the coupling
distance).

The Nanocavity here acts as a resonator and filters certain wavelengths of the guided beam due to the
tunneling effect. Looking at the spectrum of the waveguide, two dips are seen. The parameters of the
proposed structure are

= 50 , = 50 , = 15 , = 400

The normalized spectrum of the proposed structure is shown in Figure 4-4.
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Figure 4-4 Normalized spectrum of the proposed filter structure

A continuous Gaussian wave of unity electric field intensity and central wavelength of 1000nm is
entered the structure from left side. Transmitted dips at 752nm and 1047nm are observed. These are
the resonant wavelengths of the proposed structure. The spectrum reflected from the waveguide is
shown in Figure 4-5. It shows that the resonant wavelengths are reflected in the opposite direction.
The transmitted and reflected spectra of the proposed structure are shown in Figure 4-6
simultaneously.

Figure 4-5 The reflected spectrum of the proposed filter structure
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Figure 4-6 Transmitted and reflected spectra of the proposed filter structure

Figure 4-7 illustrates the distribution of the magnetic field intensity when monochromatic waves

at resonant and non-resonant wavelengths are entering the proposed structure. Field distribution in
Figure 4-5(a) and (c) are related to the second and first resonances of the structure, respectively. As
shown in Figure 4-5(b), the Nanocavity magnetic field is not excited when a wave with wavelength
other than the resonant wavelength enters the structure. In this case the wave passes through the
waveguide fully. This shows that placing the Nanocavity alongside the waveguide creates a filtering
mechanism that filters certain wavelengths of the incoming signal.

Figure 4-7 Distribution of the magnetic field  in the proposed structure (a) second resonant wavelength 752nm (b)
non-resonant wavelength 900nm and (c) first resonant wavelength 1047nm.

It is now interesting to investigate the impact of geometrical parameters on the resonant wavelengths
of the proposed filter structure. This is made for a case when the incoming light intensity is low. We
first study the impact of variations in coupling distance  on resonant wavelengths of the structure if
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the length and width of Nanocavity are kept constant at 400nm and 50nm, respectively. Figure 4-8
shows the transmitted spectra of the proposed structure at different coupling distances.

Figure 4-8 Transmitted spectra of the proposed filter structure at different coupling distances

As can be seen, the Nanocavity coupled resonant wavelengths and their bandwidth changes by varying
the coupling distance. For instance, at = 25nm, the first resonant mode occurs at 935nm with a
bandwidth of approximately 25nm, while at = 13nm, the first resonant mode occurs at 1077nm
with a bandwidth of around 35nm. This shows that an increase in the coupling distance will cause a
reduction in the bandwidth and shifts the resonant wavelengths to shorter lengths. Another impact is
that the amount of light coupled to the Nanocavity reduces by increasing the coupling distance.

The investigations made on the structure proposed in [8] also show that varying the coupling distance
(expressed as Δ in Figure 4-3) will affect the resonant wavelengths and bandwidth of the transmitted
spectrum. Like here, an increase in the coupling distance resulted in reduction in the bandwidth and
shifts the resonant wavelengths to shorter ones.

Now, we study the impact of variations in the length of the Nanocavity  on the resonant wavelengths
of the structure while the coupling distance  and the width of Nanocavity  are kept constant at
15nm and 50nm, respectively. Figure 4-9 illustrates that the resonant wavelengths of the proposed
structure change with varying length of the Nanocavity. For instance, if  = 350nm, the first resonant
mode occurs at 940nm while at  = 450nm, the first resonant mode occurs at 1166nm.
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Figure 4-9 Transmitted spectra of the proposed filter structure for different lengths of the Nanocavity

Variations in the first resonance mode as a function of Nanocavity length are shown in Figure 4-10.

Figure 4-10 Variations in the first resonant mode as a function of

It is shown that by increasing the length of Nanocavity the resonant wavelengths are moved toward
longer ones almost linearly.

Variations in Nanocavity length can be related to the variations in the mean radius of the ring resonator
investigated in [8]. The mean radius is the mean of Rout and Rcore shown in Figure 4-3. It is found that
the transmitted peak wavelengths are shifted toward longer wavelengths with a linear trend for both
1st and 2nd resonant modes.

Next, we keep the coupling distance  and the Nanocavity length constant at 15nm and 400nm
respectively and study the impact of variations in the width of Nanocavity on transmitted spectra.
Variations in the transmitted spectra as a function of  are shown in Figure 4-11.
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Figure 4-11 Transmitted spectra at different Nanocavity widths

Varying the Nanocavity width cause the resonant wavelengths to shift. For instance, for  = 40nm the
first mode resonance occurs at 978nm while the same occurs at 1105nm for  = 70nm. Figure 4-12
gives the variations in first mode resonant wavelengths of the proposed structure as a function of .

Figure 4-12 Variations of first mode resonant wavelengths as a function of

Thus, increasing the Nanocavity width will shift the first mode resonances toward shorter wavelengths
almost linearly.
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4.3 Performance of the proposed structure at high intensity of
incoming light

Having seen the impact of geometrical parameters on the performance of proposed structure at low
light intensities, now it’s time to study the performance of the proposed structure with respect to
nonlinear Nanocavity when the light intensity increases. One important parameter to dig into is the
dielectric constant of the Nanocavity as it affects the resonant modes of the structure. An interesting
observation is that the dielectric constant varies with the intensity of the incoming light. This is due to
the optical Kerr effect of the nonlinear medium employed for Nanocavity. The transmitted spectra of
the proposed structure as a function of incoming light intensity are shown in Figure 4-13.

Figure 4-13 The transmitted spectra at different intensities of the incoming light

As illustrated in Figure 4-13, the transmitted dips shift toward longer wavelengths with an increase in
the light intensity. In other words, the dips are red shifted. A red shift occurs due to variation in the
dielectric constant of the nonlinear medium which is in turn due to an increase in the amount of power
transmitted into the structure. Zoomed views of the first and second resonant modes as a function of
incoming light intensity are shown in Figure 4-14 and Figure 4-15.

Figure 4-14 shows that at intensity of 1 W/cm2 (low) the first resonant mode wavelength of the
structure occurs at 1047nm, however when the intensity increases to 0.25 GW/cm2 (high) and above
the first resonant mode occurs at 1070nm. This means that, it is possible to shift the resonant
wavelength of the proposed structure by varying the intensity of light entering the structure and thus
enabling the nonlinear Kerr effect.

Figure 4-15 illustrates the variations in the second resonant mode wavelengths of the proposed
structure as a function of incoming light intensity. For instance, at intensity of 1 W/cm2 the second
resonant mode occurs at 752nm while at intensity of 0.25 GW/cm2 or above the resonant mode occurs
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at 764nm. Just like the first resonant mode, this mode also experiences a red shift as the incoming light
intensity increases.

Figure 4-14 First resonant mode variations as a function of variations in the incoming light intensity

Figure 4-15 Second resonant mode variations as a function of variations in the incoming light intensity

The filtering mechanism as a result of Kerr effect is shown in Figure 4-16, where a monochromatic light
beam of 752nm wavelength enters the proposed structure. As illustrated in (a), at low power (i.e. 1
W/cm2) the wavelength is filtered by the Nanocavity while at high power (i.e. 0.25 GW/cm2) due to the
nonlinear Kerr effect the Nanocavity is not capable of filtering the wavelength and it exits the
waveguide. This shows that the filter structure proposed in this thesis is tunable. Its performance can
be tuned by adjusting the intensity of the light beam entering it.
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Figure 4-16 Magnetic field  distribution due to a monochromatic light beam of 752nm wavelength entering the
structure at different power levels i.e. (a) 1 W/cm2 and (b) 0.25 GW/cm2

Variations in the intensity of light entering the Bus waveguide can be related to the investigations
made in [7] and [8] for varying the refractive index of the nonlinear medium filling the Nanocavity. This
is because the increase in the intensity of entering light will augment the refractive index of Kerr
medium. In both structures, numerical simulations illustrated a red-shift in their corresponding dip
wavelengths which agrees with the results achieved for the structure under investigation in this thesis
work. The investigations made in the research works referred here also show that the transmitted peak
wavelength of the two different modes increase linearly with the refractive index.
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4.4 Adding a secondary waveguide to the filter structure

As shown previously in Figure 4-6, when light with low intensity enters the filter structure the resonant
wavelengths are reflected in the opposite direction. The transmitted and reflected spectra of the
proposed filter structure at low and high light intensities are illustrated in Figure 4-17.

Figure 4-17 Transmitted and reflected spectra of the structure at a) low intensity (red-blue curve)
b) high intensity (green-black curve)

It’s clear that for both low and high intensities the resonant wavelengths are reflected in the opposite
direction. In order to decouple the opposite direction reflected wavelengths from the waveguide, a
secondary waveguide as shown in Figures 4-16, 4-17 and 4-18 is positioned on top of the nonlinear
Nanocavity. The main waveguide which is positioned horizontally is called Bus waveguide and the
secondary waveguide which is positioned horizontally is called Drop waveguide.

Figure 4-18 Transmitted spectra of the main waveguide (i.e. Bus waveguide) and the secondary waveguide (i.e. Drop
waveguide) with identical width  = 50nm when the secondary waveguide is positioned on the top left corner of the

Nanocavity
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Figure 4-19 Transmitted spectra of the main waveguide (i.e. Bus waveguide) and the secondary waveguide (i.e. Drop
waveguide) with identical width  = 50nm when the secondary waveguide is positioned on top of the Nanocavity

Figure 4-20 Transmitted spectra of the main waveguide (i.e. Bus waveguide) and the secondary waveguide (i.e. Drop
waveguide) with identical width  = 50nm when the secondary waveguide is positioned on the top right corner of the

Nanocavity

From the figures it is understood that the optimum position for the Drop waveguide is the one shown
in Figure 4-20 i.e. on the top right corner of Nanocavity. In addition to finding the optimum position
for the Drop waveguide, its performance can be improved by varying its geometrical parameters. For
instance, its width. Figure 4-21 illustrates the transmitted spectra of the Drop waveguide when its
width is varied from 50nm to 100nm. As shown, by changing the waveguide width the coupling of
resonant wavelengths of the proposed structure to the Drop waveguide varies. The optimum width
based on this is seen to be at 70nm.

The transmitted spectra of each waveguide and the reflected spectrum of the complete structure is
given in Figure 4-22. This proves that by adding a secondary waveguide and optimizing it, it is possible
to decouple the resonant wavelengths.
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Figure 4-21 Transmitted spectra of the Drop waveguide at different widths

Figure 4-22 Transmitted spectra of the waveguides and the reflected spectrum of the complete structure at Drop
waveguide width of 70nm
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5. Conclusions and Suggestions
In this thesis work a Nano-plasmonic band-stop tunable filter structure is proposed and tested. FDTD
method is employed to simulate the proposed structure and to study its characteristics. The nonlinear
Kerr effect is introduced and its application within the proposed structure is presented. It was shown
that it’s possible to decouple the resonant wavelengths by employing a secondary waveguide for which
the optimum position is found.

A comprehensive background of the theory of light is presented. SPPs are introduced and their
characteristics are described by in-depth description wave equations and nonlinear optics. Dispersion
relation, spatial propagation and propagation length of SPPs are introduced in single-layer and multi-
layer systems. Different excitations techniques are introduced and some of them are described in
detail.

When the TM polarized wave enters the proposed filter through MDM waveguide, surface plasmon
polaritons are formed on the metal-dielectric interface and a portion of the traveling wave is coupled
to the Nanocavity through via coupling distance. The Nanocavity acts as a resonator and filters certain
wavelengths of the guided wave. The transmitted and reflected spectra of the proposed structure are
presented. The transmitted spectrum shows dips at the resonant wavelengths. At first, the impact of
geometrical parameters is investigated on the filter’s resonant wavelengths at low incoming light
intensity. The filter structure presented two transmitted dips at 752nm and 1047nm, these are the
transmitted wavelengths of the filter structure. It is seen from the simulations that the variation in
geometrical parameters such as coupling distance or Nanocavity width or length will cause changes in
the resonant wavelengths and their bandwidth.

Next, the impact of light intensity entering the filter structure on the transmitted spectrum is
investigated. It is observed that the dips in the transmitted spectrum are red shifted when the light
intensity increases as a result of variations in the dielectric constant of the nonlinear Nanocavity. At
low light intensity i.e. 1 W/cm2 the first and second resonant modes occur at 1070nm and 764nm
respectively. Hence, the proposed filter structure is tunable by adjusting the intensity of light entering
the system.

Structures with other geometrical and material properties are investigated within other research
works. Some of them are introduced in this thesis together with their applications. The numerical
investigations in all these works are done using FDTD method. In two of the referenced researches
investigations like the ones made in this thesis are made in which the variations in the transmitted
peak wavelengths of 1st and 2nd resonant modes are studied due to variations in structure’s geometrical
parameters or the variations in material parameters. It is concluded that the results obtained in this
thesis agree with the behavior shown in other works e.g. red shifts in dip wavelengths due to increase
in entering light intensity.

On top of this, adding a secondary waveguide (or Drop waveguide) is numerically investigated to assess
the possibility of decoupling resonant wavelengths from the filter. The results show that the position
of this Drop waveguide plays an important role in its performance. The optimum position for it is found
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to be on the top right corner of the nonlinear Nanocavity. By positioning the secondary waveguide at
this position, the resonant wavelengths of the filter structure are decoupled from the main waveguide.

More work can be done within this context to extend the performance of the filter and create new
structures. Some suggestion for future work is given below,

- Further optimize the secondary waveguide and study its nonlinear effects
- Design and simulation of different Nano-plasmonic filters based on nonlinear Nanocavity
- Design and simulation of new Nano-plasmonic devices based on nonlinear Nano-

resonators
- Design new sensors based on metal Nano-particles
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A. Appendix
The simulation software used in this thesis work is the OptiFDTD software. The main parts of the
software engaged in this thesis are the OptiFDTD Designer, Simulator and Analyzer. The layout of the
band-stop filter structure under study in this thesis is given in Figure A-1.

Figure A-1 Filter layout in OptiFDTD environment

Each section of the filter is assigned with a relevant profile within the software to define the properties.
This is done in a part of the tool called the Profile Designer. For instance, the light purple rectangle is
the nonlinear Nanocavity medium which is defined by nonlinear Au:SiO2 profile as shown in Figure A-2.

Figure A-2 Nonlinear Nanocavity profile
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The 3D illustration of the filter structure from a refractive index point of view is given in Figure A-3.

Figure A-3 Three-dimensional illustration of the filter structure and refractive index

Using the OptiFDTD simulator and analyzer, it’s possible to simulate the designed structure and
perform analysis on the resonant wavelengths. For example, a transmitted spectrum of the structure
which is made in the software is shown in  Figure A-4.

Figure A-4 Simulation result in OptiFDTD simulator for transmitted spectrum


