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Abstract

Plasmonic devices have become one of the most attractive research interest in
present times due to its capability to overcome few of the shortcomings of
electronic devices. One of the major advantage offered by the plasmonic
devices is its ability to overcome diffraction limit that arises due to
miniaturization of the devices. Among various types of plasmonic devices,
plasmonic filters have attracted the eyes of researchers recently. Filters like
high pass, low pass and band pass filters are noteworthy among the filter
designs. Here, one nanoscale plasmonic high pass filter and one band pass
filter designs are proposed using metal-insulator-metal (MIM) waveguide.
The nanoscale plasmonic high pass filter consists of inward and outward
grating profiles which are apodized by super Gaussian function and the band
pass filter consists of ring resonator. The frequency dependent model of the
metal is developed using Lorentz-Drude model which is solved numerically
using finite-difference time-domain (FDTD) simulation in order to calculate
the transmission efficiency of the filter. Changing various design parameters,
the comparison of performance is also analyzed. Moreover, the proposed

design is easier to fabricate since the simple geometrical shape is proposed.

Xi



Chapter 1

Introduction and Background

Plasmonic is becoming one of the major fields of research in recent times. Surface
Plasmon Polaritons (SPPs) can localize the optical signals beyond the diffraction limit
which enables SPPs to become such an important topic of research[1, 2]. SPPs provide
opportunities to confine light on sub-wavelength scales along with low bending losses
[3, 4]. Applications of SPPs cover the fields of bio sensing [5, 6], cloaking, integrated

optics and much more [7].

Basic plasmonic structures include metal-insulator-metal (MIM) and insulator-metal-
insulator (IMI) [8]. MIM structure is advantageous over IMI structure having higher
confinement factor of light with an acceptable propagation length [8] and suitable for

fabrication into optical devices.

In modern technologies, faster data rate of the data processing has become a major
concern. To shorten the electron transit times less, the devices need to be miniaturized.
The miniaturization resulted in a rapid increase of a tunneling current by 4th orders in
the magnitude. Optical devices solve a lot of problems associated with traditional
electronics. Photons travelling on optical fibers or thin film will be used in those optical

processors making the system lighter and more compact [9, 10].

Modern communication system is mostly dependent on the optical fibers which offer
high bandwidth and low loss than electronic interconnections. The same advantage
can be availed if the optical technology is used in computer chips. Also, the optical
chips will not require any insulation since photons do not interact with each other,
making the system lighter. However, the diffraction limit of light restricts the
application of conventional optics in making nanometer scale integrated circuits.
According to the diffraction limit rule, light cannot propagate through aperture that is

smaller than half of its wavelength.



1.1

Different devices like filters [11, 12], logic gates [13], biosensors [6] etc. are being
designed recently using the sensitivity of different optical properties of MIM and IMI

structures.

Plasmonic high pass wavelength or low pass frequency filters [11, 14, 15] and low pass
wavelength or high pass frequency filters [16] are getting attentions of the researchers.
Generally filters are designed using Fiber Bragg Grating [17, 18] and ring resonator
[12, 19, 20]. But both of these can only be used to design band pass filters since they
can only attenuate a certain range of frequency band. As a result, low pass or high pass

filters cannot be designed [15].

Here a high pass wavelength plasmonic filter has been proposed using grating profiles
which are apodized by super Gaussian function and the dependency of the cut-off
wavelength on the different structural parameters have been analyzed. Moreover, a

band pass filter is also designed using ring resonator.

Literature Review

Although plasmonic effects have been known for more than a century, the history of
plasmon based applications began in the early 1970s, when Martin Fleischmann, a
chemist at the University of Southampton, UK, and others began to study how light

scatters from molecules stuck to a silver surface [21].

The plasmonic high pass filter are not been reported to be designed till 2011 [11]. So
there is still a huge scope for researchers in this field. Here in this section, literature
review of the published works on SPP propagation analysis through different structures

with different geometries and most importantly filters are discussed.

The optical constants of noble metals (copper, gold and silver) are determined by
Johnson et al. [22] in early 1980s. The modified Debye model parameters for gold
which are applicable in the wavelength range of 550-950 nm are determined by Jin et

al. [23]. Krug et al. [24] reported the gold parameters that are applicable in the



wavelength range of 700-1000 nm. A.D. Rakic et al.[25] reported the parameters for
Nickel, Palladium, Titanium and 8 other metals using Lorentz-Drude and Brendel-
Bormann Model. M.A. Ordal et al. [26] extracted the parameters for fourteen metals in
the infrared and far-infrared range.

In optoelectronic devices, recombination, bend, splitter or grating play very important
role for propagation of light. G. Veronis et al. [27] showed that bends and splitters can
be designed over a wide frequency range without much loss by keeping centre layer
thickness small compared to wavelength. H. Gao et al. [28] investigated the propagation
and combination of SPP in Y-shaped channels. B. Wang et al. [29]analyzed two
structures which consist of splitting and recombination.

Designing efficient nanoplasmonic couplers with different materials and structures can
be a pioneering step in miniaturization of the integrated photonic devices. In the past
years, several plasmonic couplers have been proposed by different researchers. G.
Veronis et. al. [30] proposed a coupler with multi-section tapers. P. Ginzburg et al. [31]
reported a A/4 coupler to couple optical modes from a 0.5m to 50nm wide plasmonic
waveguide. D. Pile et al. [32] presented an adiabatic and a non-adiabatic tapered
plasmonic coupler. R. Washleh et al. [33] reported an analysis on nanoplasmonic air-
slot coupler and its fabrication steps.

Yu Wang [34] proposed Surface-plasmon-wave-coupled tunable filter, which is the
first plasmonic filter design known. Plamonic filters are recently designed using Fiber
Bragg grating [17, 18], ring resonator[12, 19, 20]. For designing of plasmonic filters
metal-insulator-metal (MIM) structure is very popular. Metal-insulator-metal (MIM)
waveguide is considered to have unique advantages because of its strong field
localization, simplicity, and being convenient for fabrication and integration into

optical circuits [11]. First high pass filter design was proposed by Zhu et al. [11].

The implementation of grating in high pass plasmonic filter is yet to be proposed till

this design. However, some properties of MIM grating structure like optical delay lines
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1.3

are analyzed by Saeed khan et al. [35-37].The band pass filters are popularly designed

using Fiber Bragg grating and ring resonator.

Thesis objective:

The main objective of the thesis is to design plasmonic filters. In this thesis high pass

wavelength or low pass frequency filter and band pass filter are developed. The

simulation output as transmission efficiency verifies the proposed MIM structures as

high pass and band pass filters. More specifically, the objectives are

To develop a plasmonic filter with high pass and band pass properties
individually.

To develop a simulation model based on the FDTD method that is capable of
simulating the devices.

To verify the possibility of fabrication of these structures into nanoscale
devices.

To explore different dimensions of nanoscale plasmonic devices and its
fabrication.

To summarize important conclusions from the obtained results and discuss the

potential applications.

Overview surface plasmon polariton

There are 3 types of elementary excitations, namely
* Phonons

* Plasmons

» Excitons (bound electron-hole pair)

Polaritons:
Coupled state between an elementary excitation and a photon.

Plasmon polariton:
coupled state between a plasmon and a photon.

Phonon polariton:
coupled state between a phonon and a photon.

Surface plasmon polaritons:
Maxell’s theory shows that EM surface waves can propagate also along a metallic

4
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surface with a broad spectrum of eigen frequencies

fI'Ol’n(D:Oup'[O(D:(Dp/\/Z

Surface plasmon polaritons are electromagnetic excitations propagating at the interface
between a dielectric and a conductor, evanescently confined in the perpendicular
direction [7]. These electromagnetic surface waves arise via the coupling of the
electromagnetic fields to oscillations of the conductor’s electron plasma.

The eigenmodes of an interface between a dielectric and a metal are surface plasmon
polaritons (SPP) [38]. We refer to them as eigenmodes in the sense that they are
solutions of Maxwell’s equations that can be formulated in the absence of an incident
field. On a flat interface between dielectric and metal half-spaces with dielectric
constants &4 and €m, respectively, SPPs are transverse magnetic (TM) plane waves
propagating along the interface. Assuming the interface is normal to z and the SPPs
propagate along the x direction, the SPP wave vector kx is related to the optical

frequency through the dispersion relation [21].

K, =KonJEgEn /(g +€p) (1.1)

where ko = ¥/, is the free-space wave vector. We take o to be real and allow kx to
be complex, since our main interest is in stationary monochromatic SPP fields in a finite
area [39].The details of SPP has been discussed in Chapter 2.

Thesis Organization

The research presented in this dissertation aims at application of plasmonics to design
low pass or band pass filter using the optical properties of metal-dielectric-metal

interface. So this thesis is organized in the following way-

e Chapter 1 introduces the background and motivation to work in plasmonic
devices with literature review.

e In chapter 2, the basic theories of SPPs are explained with derivation using
mathematical equations of its propagation and dispersion in single or double
interface(MDM).

e Chapter 3 describes the modeling of metals with necessary derivation. Since

SPPs are created due to the coupling of photon energy to the free electrons of



metal, modeling metals is one of the key steps for the simulation of SPP
propagation.

In chapter 4, the FDTD simulation model has been developed so that the
simulation can be run in MATLAB®. The mathematical calculation is done and
explained for the 1D and 2D simulations. The original formulations of Yee do
not include the frequency dependent dispersion properties of materials. We have
used the ADE based general algorithm for our simulation model which is
discussed in Chapter 4. This chapter also discusses about the absorbing
boundary condition.

In chapter 5 modified Debey model, Lorentz model is discussed and also a
developed simulation model is established.

In chapter 6, the designing of plamonic high pass wavelength or low pass
frequency filter is described in details with description of the structures and their
performance with the help of MATLAB® simulation. Comparison of the
performance of different structures are also discussed.

In chapter 7, the designing of plasmonic band pass filter is described in details
with structures and their performance analysis in MATLAB® simulation.
Comparison of the performance of different structures are also discussed.

Chapter 8 is about the future work and conclusion.
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Chapter 2

SPP propagation Theory
Introduction

Surface plasmon polariton (SPP) is an electromagnetic excitation that propagates in a
wave like fashion along the planar interface between a metal and a dielectric medium,
often vacuum, and whose amplitude decays exponentially with increasing distance into
each medium from the interface. Electromagnetic wave propagation is obtained from
the solution of Maxwell’s equations in each medium, and the associated boundary
conditions. Maxwell’s equations of macroscopic electromagnetism can be written as

follows:

From Gauss’s Law for the electric field

VD= Pext (21)

From Gauss’s Law for the magnetic field
V.B=0 (2.2)

From Faraday’s Law

vxE=_2B 2.3)
ot
From Ampere’s Law
VixH=3,+2 (2.4)
ot

Here,
E is the electric field vector in volt per meter

D is the electric flux density vector in coulombs per square meter
H is the magnetic field vector in amperes per meter
B is the magnetic flux density vector in webers per square meter

ext is the charge density
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Jext is the current density

The four macroscopic fields can be also linked further via the
polarization P and magnetization M by

D=¢E+P (2.5)
H=1g_m (2.6)
Ho

Now these equations can be simplified for linear, isotropic, nonmagnetic media as
D=¢,¢E (2.7)

B = s, H (2.8)

where,

€o is electric permittivity of vacuum in Farad per meter
pois the magnetic permeability of vacuum in Henry per meter
&ris the relative permittivity

uris the relative permeability
The EM or Electromagnetic Wave Equation

The EM wave equation which describes the field amplitude in time and space can be
derived from Maxwell’s equations. The wave equation can be derived by taking curl

of Faraday’s law

VxVxE=—a—B (2.9)
ot
or,
VxVxE:Vx(—y%) (2.10)

with the identities VxV x E = V(V.E)—VE and Vx H :g% we can simplify

the above equation as

2 oty

From Gauss’s law we can conclude that the divergence of E in a constant permittivity
over space is zero. i,e V.E=0



Therefore, the final wave equation for electric field will be

2
vE-ueZE -0 2.12)
ot
Similarly, the wave equation for magnetic field can be derived as
0°H

ot?

V?H — ue

=0 (2.13)
So, the general form of wave equation can be written as

o°H
at?_

vau -+ @My o (2.14)
14

If the variation of the dielectric profile " is negligible over distance, then we can write

2
v%-%%:o (2.15)
where C = , velocity of light
Ho&,

The solution of wave equation is a harmonic function in time and space. Now if we
assume this as a harmonic time dependence of the electric field,

E(r,t)=E(r)e’ (2.16)
Therefore, we get the Helmholtz equation
VE+KZeE=0 (2.17)

where the vector of propagation K, :% in free space.

Ay

X Dielectric

s 2

Metal

Fig. 2.1: Typical planar waveguide geometry. The waves propagate along the x-direction

in a Cartesian coordinate system

For simplicity let us assume the propagation of wave is along the x-direction of the

Cartesian co-ordinate system and no spatial variation in y-direction. So we can write
E(x,Y,2) = E(z)e"” (2.18)

9



Where S =K, which is call the propagation constant

Now inserting the value of E the wave equation will be

8%E(2)

>+ (Kee = B*)E=0 (2.19)
oz

Similarly, we can derive the equation for the magnetic field H. The field E and H can

be decomposed in Cartesian co-ordinate system as

E=E.a«+E,a, +E,a (2.20)
H=H,a.+H,a, +H,a (2.21)

For Harmonic time dependence % =— jw and by solving the Ampere’s law and

Faraday’s law, we get

oE
D jouH, (2.22)
oy oz
oE, OE, .

L P 2.23
az 8X Ja)luo y ( )
oE
B B ouH, (2.24)
ox oy

oH
a:yz 5 L = jwe,eE, (2.25)
oH, OH,
& o joeyeE, (2.26)
oH
8xy - 6:; = jowe,cE, (2.27)

As the propagation is in x-direction in the form of e’”* which follows ai =—jpB.
X

The homogeneity in y- direction make %= 0. So the equation will be simplified as

8Ey i H (2.28)
-—— = jw )
P Jop,H,

10



OE,

oz - JﬂEz = ja)/uOHy (229)
IBE, = jouH, (2.30)
oH, .
= = Jws,cE, (2.31)
M, _ IBH, = joecE, (2.32)
0z
1BH, = joe,eE, (2.33)

The solution of the above equation can be characterized by two sets of solution with
the polarized characteristics which are, Transverse Magnetic (TM) modes and

Transverse Electric (TE) modes. The equations belong to TM modes are

oH
E, =—] ! Y (2.34)
weE 0L
1
E,=—f H, (2.35)
WEHE
Therefore, the wave equation for TM Polarized wave will be
o°H
azzy +(Kge—p%)H, =0 (2.36)
Similarly, the TE polarized equations will be
oE
H, = ji—y (2.37)
L, 07
1
H,=8—oFE, (2.38)
Wy
And the corresponding TE wave equation will be
’E
y 2 E _
+(Kee—pB7)E, =0 (2.39)

0z°

11
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SPP at Single Interface

The simplest configuration of SPP propagation is at single interface, that is in between
dielectric, having the positive dielectric constant €2 and metal, having the negative
dielectric constant 1. For metal the bulk Plasmon frequency will be wp and the
amplitude decays perpendicular to the z— direction.

For the TM solutions in both spaces: metal and dielectric will be for z > 0

H,(2) =Ae"e ™" (2.40)

Dielectric

Field Profile

X —— =

\' 4

Metal

Fig. 2.2: SPP at the Single interface.

E (2) = A, . k,e/*ete? (2.41)
0“2

E (2) = A, . k,e/*ete? (2.42)
0“2

And forz<0
H, (@) = A, e’ (2.43)
H 1 iBx qkiz
Ex (Z) =— JAl H kle 5] (244)
0“1

E(2=-A, ﬁei%‘kﬂ (2.45)

0*1

12



The continuity of H, and ¢E, at the metal dielectric interface gives A = A, and

K__& (2.46)
k, &

The surface wave exists at the metal dielectric interface with opposite sign of their

real dielectric permittivities. So, we can write
ke =B —kle, (2.47)

ke =p° —kle, (2.48)
The dispersion relation of SPPs propagation can be found as

=k, |22 (2.49)

& té&,

The TE surface modes can be expressed as

E,(2)=A,ee™ (2.50)
H @) =-]jA, A k,e'Pe™e? (2.51)
Wy
H,(2)=A, b ke et (2.52)
Wy
forz >0, and
E,(2)=A ee™ (2.53)
H (2) = jA L keiret (2.54)
01
H@2)=A P k,e/P*eh (2.55)
WEYE,

for z < 0. The continuity of E, and H, requires
Ak +k,)=0 (2.56)

The surface requires that the real part of k; and k, should be greater than zero for

confinement. This will be satisfied if A1 = A2 = 0. Therefore, no surface modes for

the TE polarization. SPP only exist for TM mode polarization.

13
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SPP at Double Interface

Two mostly used double interface configurations of SPP waveguides are: Metal-
Dielectric-Metal(MDM) and Dielectric-Metal-Dielectric (DMD). In these cases, SPPs
are formed on both interfaces. When the distance is shorter than decay distance, it forms
coupled mode of SPP. This coupled mode of propagation can also be sub-divided into

even and odd modes, as shown in the figure

Metal \

Dielectric lh

Metal \

odd even

Fig. 2.3: SPP at the double interface

14
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Chapter 3
Material Modeling Within Optical Range

Introduction

At low frequencies or for long wavelengths metals act as perfect conductors. Since it
has zero field, they do not show any dispersive behavior. But at higher frequencies such
as optical range metals behave as dispersive materials which means that there exists
field inside metal. And for the frequencies higher than optical range metals act as
dielectrics. Properties of SPPs depend highly on the material response to light. In this
chapter we will be studying about the material supporting SPP, descriptions and
derivations of different models for describing the behavior of metal in the presence of
light.

Now in presence of an external oscillating electromagnetic field, three vectors can
determine the behavior of any material. Such as: D (electrical flux density), E (electric
field intensity) and P (polarization density). In frequency domain the corresponding

equation will be

D(w) = ¢(w) E(w) (3.2)
P(w) = &y (w) E(w) (3.2)
D(w) = ¢, E(®) + P(®) (3.3

Combining these two equations we get
D(w) = & E(0)(1+ x(®)) (3.4)

Where y is the electric susceptibility which measures how easily it is polarized in

response to an applied electric field, and it is a dimensionless quantity.

Finally, the relation between the permittivity and susceptibility is

g(w) = &1+ x(w)) 3.5

15
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3.2.1

So the relative permittivity will be

& (@) =1+ 7() (36)

For linear isotropic materials such as glass this above values become simple. But for a
dispersive material, the frequency dependent permittivity and susceptibility should be
modeled perfectly for getting the perfect response of the material for certain
electromagnetic excitation. Some widely used material models are Drude model,

Lorentz model, Debye model and Lorentz-Drude model.

Different Material Models

The Drude Model

The Drude model of electrical conduction was first developed by Paul Drude. In his
model he described the metal as a volume filled with stationary positive ions, immersed
in a gas of electrons following the kinetic theory of gases. These electrons are free to
move inside the metal without any interaction with each other. The electrons in a metal
are subjected to two forces, such as

1. Driving force Fd

2. Damping force Fg

The driving force and the damping force can be expressed as

F, =gE =—eE 3.7)
F =Ty (3.8)

9

As the two forces are opposite to each other, the resultant force will be
F=F -F (3.9)

From Newton’s first law of motion we can write

16



mr =—eE+TITr (3.10)

where,

m is the mass of an electron

I' is the damping constant in Newton second per meter
r is the displacement in meter.

v is the velocity of the electron.

q is the electrons charge.

The prime indicates differentiation order with respect to time

For time harmonic electric field and time harmonic displacement the equation will be

E(t)=E,e' < E(w) (3.12)

rt) =Re ' < R(w) (3.12)

From equation 3.10 the frequency domain form will be

MR’ (@) —-T MR () +eE(w) =0 (3.13)
The derivatives of frequency domain will give

M’ R (@) — jol’ MR (@) +eE(w) =0 (3.14)
Simplifying the above equation, the displacement R will give

—€

R = L ro=o?)

E(w) (3.15)

The polarization for n number of electrons will be

P(w) = —neR () (3.16)
Or,
e’n
P(w) = m E(w) (3.17)

An expression for the susceptibility can also be obtained from the above equation and
that will be

17
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Plo) _ e’n
&,E(@) em(jTo—w?)

= y(w) (3.18)

Now substituting this value in equation 3.6 we get

. (3.19)

if we consider wp as the plasma frequency that will provide

, en
ol =— (3.20)
M

So, the frequency dependent flux density will be

2

a)p
D(CO) :80(1+W)E(w) (3.21)

For low frequency, the term ['w <« 1 therefore, the dispersive relation can be reduced
to

a)2
D(w) =&,1-—)E() (3.22)
(0]
The Lorentz Model

The Lorentz model gives a simpler picture of the atom. The model is a very useful tool
to visualize atom-field interaction. In this model, Lorentz modeled an atom as a mass
(nucleus) connected to another smaller mass (electron). However, electrons in the
Lorentz model do not move freely inside the metal instead, they are bound to atoms.

So, there is a restoring force acting between them which can be denoted by Fr

18
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vl fd_-eg

Fig. 3.1: Lorentz model

The restoring force can be written as

F = —kr (3.23)

where k is the spring constant in Newtons per meter.

Similarly, from the law of motion we can say that

mr +I'mr (w) + mkr+eE =0 (3.24)

In frequency domain the above equation will be
R(@)(M& + joI'm—ma’ —eE(w) =0 (3.25)

Considering the natural frequency @, = \/% we get

—€
m(ew + jol” —@°)

R(w) = E(w) (3.26)

Therefore, the susceptibility can be found as

Plw) e’n
&E(@) eM(a) + jol —?)

= 7(@) (3.27)

19
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3.24

So, from the equation 3.4 the expression for D can be expressed in frequency domain
as

2

D(@) = &1+ ——2—)E(0) (3.28)
wy + Jol' —w

The Lorentz-Drude Model

In the Lorentz-Drude (LD) model, which is the most general form when an EM field
is applied to a metal, the electrons of two types oscillate inside the metal, and they
contribute to the permittivity. The free electrons contribute a permittivity of the Drude
model, and the bound electrons contribute a permittivity of the Lorentz model. The

permittivity in the LD model is given by

&= gfree + gbound (329)
Where
(0]
=1+——"2 3.30
gfree (J Fa) _ 6()2) ( )
wp
gbound = (331)

w, + T o—
Therefore, combining both the model together the electric field density D in frequency
domain will be

D(@) = gy(U+ —P v 2 E(w) (3.32)

To-0® wy+jTo-o

The above relation is known as the Lorentz-Drude model.

The Debye Model

The Debye model was first developed by Peter Debye in the year 1912. According to
the Debye model materials are made of electric dipoles, so that, when an electric field
is applied, these dipoles follow the behavior of the applied field with some relaxation

time. If the electric field is oscillating at a slow frequency, then the polarization will be

20



strong. On the other hand, a fast oscillating field means low polarization. From another
point of view, materials with long relaxation times have low polarization or no

polarization at all, and materials with short relaxation times have strong polarization.

Metals are known to have very short relaxation times. Thus, polarization in metals is
strong. If a DC electric field is applied to a dielectric, the polarization takes some time

to follow the electric field. At steady state, it will be

Pt) =P, (1-e") (3.33)
where P (t) is the instantaneous polarization

Poo is the polarization in the steady state is the time constant.

The derivative of the above equation will be

&P _1p (330
dt T

Now combining both the equations we get

P(t)= Pw—r@ (3.35)
dt
As P, =g,(e-1) so the equation will be reduced to
P(t) =¢,(e -DE(t —r% (3.36)
or,
&, (e =DE(t) =P(t) +r@ (3.37)
In frequency domain the equation will be
& (e —1)E(w) =P(&) + jorP(w) (3.38)
or,
P(e) =2 D () (3:39)
1+ jor
The susceptibility can be expressed as
el PO _ () (3.40)

1+ jor - &E(w)
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The relative permittivity will be

&(w) = +1=1+ y(w) (3.41)

+ jor
For the permittivity function to fit in the range from 0 frequency to infinity frequency,

the boundary conditions are ¢, (0) = &,(0) and &, () = ¢, (0)

So,

f(@) =g, + =) (3.42)
1+ jor

To take into account the material losses that SPPs encounter, another term is added

with the permittivity of metal. So, the above equation can be expanded to

(&-e) ;0 (3.43)
1+ jor we,

ew=¢, +

In real and imaginary term, the Debye model is

& (w) =& ()~ j& (o) (3.44)
where-
e(w)=¢, + w (3.45)
1+ jo't

(e,—¢,)or O (3.46)

(=6 + i
(@)=¢. 1+jo’t® we,

Material Dispersion

Dispersion can be defined as the variation of the propagating waves wavelength with

frequency. It is also sometimes defined as the variation of propagating waves wave

number k _2z with angular frequency w=2xf . So, the one dimensional wave

equation will be
ou_ , 0

Z oy = 3.47
ot? x> (347)

where,
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The solution of the above wave equation can be written in phasor form as

u(x,t) =el@+o (3.48)
Now putting this value in the wave equation, we get
(Ja))Z ej(a)t—kx) — VZ(_jk)Z ej(a)t—kx) (349)

Finally, from this equation we get

k=1 (3.50)

The + sign is for -x directed wave propagation and - sign is for +x directed wave
propagation. The magnetic flux density and electric flux density for dispersive medium

are-
D(w) = ¢(w)E (3.51)
B(w) = u(w)H (3.52)

Here both e(w) and p(w) are frequency dependent functions.
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Chapter 4

Overview of Finite-Difference Time-Domain Method

4.1

The Yee Algorithm

The algorithm used in FDTD simulations is known as the Yee algorithm. The original
proposal was intended for homogeneous, isotropic and lossless media based on
discretizing the volume into cells in Cartesian coordinates. The Yee algorithm solves
for both electric and magnetic fields using the coupled Maxwell’s time-dependent curl
equations, rather than solving for the electric field alone (or the magnetic field alone)

with a wave equation.

The method begins with two of Maxwell’s equations:

pH __Lly,E (4.1)
ot yz

pE__Lly.H (4.2)
ot £

The electric and magnetic fields are three dimensional vectors. Each equation can be
converted into three coupled scalars first order differential equations. The derivatives are
both in space and time. The curl operations of equations 4.1 and equation 4.2 yields the

following six equations in Cartesian coordinates

0E. OE oH

e A (4.3)
oy oz ot
OE, OE, OH,

05 _ 4.4
az  ox ! at (44)
0E, GE.  oH

v %, 0 (4.5)
x oy “at

e (4.6)

L R 4.7)



oH
p ML (4.8)
ox oy ot

Then the scalar differential equations are converted into difference equations. In order
to do that, discretization is required for both space and time. For space discretization,
Yee visualized the field components arranged within a unit cell (voxel). The electric
field components are stored on the corresponding cell edges, while the magnetic field
components are stored on the corresponding face centers. The fields are located in a

way where each E component is surrounded by four
H components and vice versa, which leads to a spatially coupled system of field
circulations corresponding to the law of Faraday and Ampere. The figure 4.1 shows the

Yee’s spatial grid.

Considering a two dimensional TM (Transverse Magnetic) polarized field case,

oE, 10H

X oy (4-9)

OoE, 10H

A e (410)
oE

oH, :l(ﬁ__y) (4.11)

oX u oy oX

Central difference approximation is applied in each of the equations 4.9, 4.10 and 4.11

which finally conclude in a spatial scalar difference equations in 4.12, 4.13 and 4.14.

Fig. 4.1: Yee’s spatial grid.
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GEX lez(i!j)_Hz(i!j_l) (412)
ot ¢ Ay
OB, 1H,(iJ)-H,(-1]) (4.13)
ot ¢ AX

%zi(Ex(i,jﬂ)—Ex(i, j) E(+L))-E (-1 j)) 4.12)

In order to consider the time derivatives, the time axis is to be considered as shown in
the figure. The Electric and Magnetic field are mapped half a step apart along the time

axis. Again applying the central difference approximation the equations 4.12, 4.13 and

4.14 become:
T A e 1 o101
B I+0)-E(+5,)) (H 2(+5,)-H 2(+5,]-7)
2 2 __- 2 22 (4.12i)
At £ Ay
1 nel
EG, j+ D) ~EJ( f+0) g Ml G, D) —H 2 )
’ 2" 2’ _1 2" 20 2" 2 (413)
At & Ay
el o101 211 T N O N N |
H, (|+§,J+E)—HZ (I+E,j+§): 1 E, (I+§,j+l) EX(I+5,j)_Ey(I+l,j+§) Ey(|,1+5)
At 1 Ay AX
(4.140)

Each field component depends on the field of previous time step itself and the
surrounding component in Yee’s algorithm.
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Fig. 4.2: The temporal scheme of FDTD method.
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4.2

4.3

Numerical stability of the Yee algorithm is required to be ensured. In an unstable
algorithm the computed magnitude of electric and magnetic field components will
gradually increase without limit with the progression of simulation. To guarantee
numerical stability, the EM field’s propagation should not be faster than the al-lowed
limit which is imposed by the phase velocity within the material. This is done by
limiting time step At using the Courant-Friedrichs-Lewy criterion for the general Yee
FDTD grid as follows:

At< ! (4.15)

\/ 1 1 1
vp + +
(Ax)?*  (ay)*  (Az)°

where Ax, Ay and Az indicates the spatial Cartesian grid increments.

Absorbing Boundary Condition (ABC)

In FDTD method, a space of theoretically infinite extent with a finite computational
cell is simulated due to limited computer resources. The boundary is said to be ideally
absorbing, without any non-physical reflection back to the region. To accomplish this,
a number of boundary conditions such as Berenger’s perfectly matched layer (PML),
have been proposed. An artificial layer surrounds the computational domain so that
most of the outgoing waves are absorbed. The electromagnetic fields are made to
attenuate rapidly until they become equal to zero, so that they do not produce any

reflections.

Material Dispersion in FDTD

The material is said to be dispersive when the permittivity and permeability of a
material are functions of frequency. In reality the assumption of constant relative
permittivity is not absolutely correct. Because by doing so, instantaneous polarization
of charge within a material is being assumed. In order to exploit the realistic wave
propagation, dispersive FDTD techniques become necessary. The existing FDTD based

algorithms for the analysis of material dispersion can be categorized into three types:

1) the auxiliary differential equation (ADE),

2) the Z-transform methods, and
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43.1

3) methods base on discrete convolution of the dispersion relation or the recursive
convolution (RC) method [40].

We will highlight on the ADE dispersive FDTD method as we have applied in material

modeling. The other methods will also be briefly discussed.

The Aucxiliary Differential Equation(ADE)

Taflove introduced the auxiliary differential equation to the FDTD modeling in order

to integrate the dispersion relation into the model. The dispersion relation is converted
from frequency domain to time domain through Fourier transform in the basic step of
the procedure. The Fourier transform results in a relationship between the new E field
value and the previous E and D values, which can be added to the algorithm to update
the E fields. The new algorithm with ADE becomes

oE
9 ] :_l(ﬁ__y) (4.16)
ot 0oy ox
9p, =M (4.17)
ot oy

In order to get the function relating D to E in a dispersive medium, we start with

D(@) = &, — E(w) (4.18)
jo

Multiplying by jw

joD(®) = ,0E(w) (4.19)
Applying the Fourier transform in equation 4.19

% D(t) = g,0E(t) (4.20)
Discretizing equation 4.20 equation using forward difference method

Dn _ Dn—l

Finally solving for E, we find the update equation

n_ nnt
gD D (4.22)
£,0At
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4.3.2

The Z-transform Methods

The Z-transform is a faster method compared to ADE method. Sullivan used the Z-
transform method for the first time in order to introduce the dispersion relation into the
FDTD algorithm.
The Z-transform of the equation

D(w) = ¢(w) E(w) (4.23)

D(2) = £(2)AtE@2) (4.24)

where &(z) is the z-transform of &(w) and is the sampling period. As already done in

ODE, let us consider the material dispersion as _i, the relation between D and E is
jo

given by

D(w) = :“;{l AE(2) (4.25)

Multiplying by (1-z7), we find

D@)(l-z") =0¢,E(2) (4.26)
or,

D(2)-z'D(z2) = o5, E(2) (4.27)
Performing inverse z-transform

D"-D"* = og,AtE" (4.28)
Finally, for solving E from equation 4.28, we find

E"= p'-p™ (4.29)

og,At

Which is same as the final update equation derived by ADE method.
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4.3.3

4.3.4

Piecewise Linear Recursive Convolution Method

Luebbers et al. formulated the first frequency dispersive FDTD algorithm using the
recursive convolution (RC) scheme. Later it became piecewise linear recursive
convolution(PLRC) method [41]. Initially developed for Debye media [40], the
approach was later extended for the study of wave propagation in a Drude material [42],
N-th order dispersive media [43], an anisotropic magneto-active plasma [44], ferrite
material [44] and the bi-isotropic/chiral media [45-47].

The RC approach, typically being faster and having required fewer computer memory
resources than other approaches, is usually less accurate. But in case of multiple pole

mediums, it is easier to follow the RC approach.

In the initial derivation of PLRC method for a linear dispersive medium, the relation

between electric flux density and electric field intensity is expressed as:

D(t) = &,,E(t) + &, j; E(t—7)z(c)dr (4.30)
which can be discretized as:
D" =¢,6,E" +¢, _[Onm E(nAt—7)y(7)dr (4.31)

The PRC method is further preceded from this basing discrete equation.

The General Algorithm

The derivation of equations for multi-pole dispersion relation is more difficult
compared to the single pole-pair dispersion relation. For example, for six-pole Lorentz-
Drude dispersion the required derivation process is lengthy. Additionally, the memory
required for computation is also vast. There are various methods proposed by
researchers regarding this topic such as Taflove’s matrix inversion method, Multi-term
dispersion by Okoniewski, etc. However, Alsunaidi and Al-Jabr proposed a general
algorithm technique which solves various problems regarding previous methods. The
major advantage of this technique is that it requires only one algorithm for any
dispersion relation. The dispersive relation has the general form as
D(w) = ¢(w) + E(w) (4.32)

which can be expressed in terms of summation of poles

D(w) =¢,&,E(@)+ Y., P() (4.33)
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where N is the number of poles. Applying Fourier transform, this equation becomes

D" — 50050En+1 +Z|N Pin+1 (4.34)
Dn+1 _ N Pn+1
or, E™ = 2 h (4.35)
E,8,

This term Pi can be any form of dispersion relation such as the Debye, the Drude or just
the conductivity term. This the final solved equation for E.
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Chapter 5

Parameter Extraction of Optical Materials

The Modified Debye Model (MDM) parameters for silver metal is presented. A
nonlinear optimization algorithm has been developed in order to extract the parameters
for the metals. The extracted parameters have been used to determine the complex
relative permittivity of the metals in optical and near-IR region of electromagnetic
spectrum. The obtained results have been compared with the experimental values and

an excellent agreement has been found.

51 Material Models

51.1 Modified Debye Model

51.1.1 Metals
The complex relative permittivity function of the modified Debye model is de-scribed
by the following equation

(6,-¢,) . o

& (w)=¢,+ (5.1)

1+ jor WE,

where, ¢, is the infinite frequency relative permittivity, &, is the zero frequency,

relative permittivity, w is the angular frequency, o is the conductivity and t is the
relaxation time.
If the model is represented in terms of its real and imaginary parts, then,

& (w)=¢ (@)~ je (o) (5.2)
where, the real part of the complex relative permittivity is,

s(w)=¢, +—((95 —¢.)

1+ (w7)?
and the imaginary part of the complex relative permittivity is,

& (0) = (5 =) +-Z
1+(wr)’  we,
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5.1.1.2

5.1.2

From equation 5.1, we can see that the modified Debye model can be described by
four parameters which are ¢_, ¢, , o and t. However, a relationship can be derived
among these parameters by comparing equation 5.1 with the Drude model equation
as,

J:M (5.3)
T

Now we actually have three parameters that need to be extracted and the other can be

obtained from equation 5.3.

Dielectric Materials

The frequency dependent permittivity function of Modified Debye Model is given by

& (w)=¢, +L_g°°) (5.4)
1+ jor

where, ¢_ is the infinite frequency relative permittivity, & is the zero frequency,

S

relative permittivity, w is the angular frequency and t is the relaxation time.

From equation 5.4 we can see that modified Debye model for dielectric material can

be described by three parameters which are ¢, ¢, and t. These three parameters

need to be optimized in order to model dielectric materials using MDM.

Lorentz Model

The frequency dependent complex permittivity function for single pole-pair Lorentz

model is given by

C()é (‘95 _goo)
o} + 200 —

& (w)=¢,+ (5.5)

where, ¢, is the infinite frequency relative permittivity, &, is the zero frequency,
relative permittivity, «, is the frequency of the pole pair and é is the damping

frequency.
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5.1.3

From equation 5.5, it can be observed that single pole-pair Lorentz model can be
described by four parameters which are e, s, w0 and &. These four parameters are

independent and need to be extracted.

Developing the Simulation Model

The simulation model we have developed is based on the FDTD method. We have
utilized the general auxiliary differential equation (ADE) based FDTD approach in
order to incorporate the frequency dependent dispersion property of the constituent
materials. This algorithm is useful for the simulation of materials with different
dispersive properties. The perfectly matched layer has been integrated at all the

boundaries in order to prevent back reflections.

Considering the material dispersion, the frequency-dependent electric flux density can
be given by-

D(w) =¢,€, E(w)+P(®) (5.6)
The general Lorentz model for polarization (w) is given by-

a

By inverse Fourier transform, it can be written in time domain as-
bP(t) +cP'(t) +d P (t) = aE(t) (5.8)
Now, turning to FDTD scheme, above equation can be presented as-

P™C,=CP"+C,P""+C,E" (5.9)

2d+cAt 2 2d+cAt T ® 2d +cAt

_ 2 _ _ 2
Where, C1=4d 2bAt c_ 2d —cAt c 2aAt

The values of C1, C2, C3 depends on the material under consideration. Finally,

equation of field intensity has the form-

" Dn+1_z.N Pin+1
E™ = i1 (5.10)

E0 eoo

Where N is the number of poles and D" is the next value of electric flux density
after one iteration in FDTD algorithm.
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6.1

6.2

Chapter 6

Design of a High Pass Wavelength Filter

Introduction

Surface plasmon polariton propagates at MIM interface which can be used to design
high pass wavelength or low pass frequency filter. Having the simulation algorithm in
MATLAB®, the proposed structure transmission efficiency can be found out from
which the high pass wavelength characteristics of the proposed structure is proved.
For the better performance various designed structure parameters are changes and the

parameter which is responsible for the change of cutoff wavelength is found out.

High Pass Wavelength Filter Structures

The proposed filter design consists of MIM structure with an insulator as a waveguide
sandwiched by metal. Air film used as insulator and Silver (Ag) as metal. The
waveguide consists of inward grating profile apodized by super Gaussian function. The
inward grating profile will allow plasmonic propagation of wavelengths greater than a
certain wavelength and attenuate the propagation of wavelengths less than that
wavelength. The designed structure is composed of Silver substrate of dimension
1000nm x 1000nm. The waveguide is seen in Fig.3.1 with inward grating profile
apodized by super Gaussian function. The width of the waveguide, D is 205nm, the
grating length, L is 820nm. The maximum grating width, d is 55 nm and grating period,
A is 40nm. Grating period is defined as the distance from starting of a grating to the

starting of next grating as shown in Fig.6.1.
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6.3

1000nm

Id=55nm
|np ut Output

D=55nm
port port

- Silver Air

Fig. 6.1: Basic structure of the proposed high pass wavelength filter

Input and outport is assigned to make an analogy with filter performance. The left
most part of the waveguide is assigned as input port and right most part is output port.
Now, since we’ve developed the general simulation model for any structure, we can
simulate how a plasmonic profile of different wavelength would propagate through

the structure.

Performance analysis

The performance of filter may be referred as how good it is attenuating a certain
frequency and passing a certain frequency. Transmittance or transmission efficiency is
the appropriate measure of the performance of the filter with its corresponding
wavelength. The energy passed through the input port and output port is measured for
various wavelength and transmission efficiency is determined by dividing the energy
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6.3.1

obtain at output port by input port. The calculations have been done for varying
wavelengths of the incident signal. Thus, from the plot of energy measured at the input
and output port vs. the wavelength of the incident signal, we can visualize the

performance of the filter at different wavelengths.

Calculation of the Energy Passed through the Ports

For the purpose of calculating the energy, firstly the power at the ports for different
time steps are calculated. To calculate the power at different time steps, Poynting vector
was used. Poynting vector is defined as the cross product of Electric and Magnetic field

intensities at a certain instant or here, time step. Mathematically-

—_ — ——

S=ExH (6.1)
Where,
S = Instantaneous power,
E = Electric field intensities,

H = Magnetic field intensities,

propagation direction

JJJM((((WJJJ

Fig.6.2: E and H fields for calculating instantaneous power.

The power over the range of calculated time steps is found out by multiplying with
the time step, we can find out the total energy passed through a particular port for a
given no. of time steps. Mathematically, energy passed through will be given by-

Energy = ‘§‘ x At (6.2)

Where, At is the time step.
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6.4 Performance analysis of the proposed structure

6.4.1 The Energy vs. Wavelength Curve

From the calculation methods described earlier, the obtained energy vs. the

wavelength curve for the basic design is as Fig. 6.3.
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Fig.6.3: Energy vs. wavelength curve

6.4.2 Transmission efficiency vs. Wavelength curve
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Fig.6.4: Transmission efficiency vs. wavelength curve
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6.4.3

6.5

6.5.1

Analysis of the curve

This Fig.6.4 shows the performance of the proposed designed filter. As seen from the
figure there is no output before wavelength 1420 nm after that the designed structure
passes energy at the output in an efficient way. The transmission efficiency rises quite
sharply from 0 to 80 percent in the pass band region. The wavelengths for which it
doesn’t pass energy is known as stop band and the wavelengths for which the energy is
passed is called pass band. So, it is working as a high pass wavelength filter or low pass
frequency filter. The low cut-off wavelength is 1380 nm or high cut-off frequency is

211.11 THz. To vary the cut-off wavelength or frequency the structure is modified.

Modification of the proposed structure

Modification by Reducing grating period, A

the grating period, A is reduced to 20 nm from 40 nm. To keep the uniform shape

the grating length, L reduced to 810 nm and others parameter remain same

1000nm

Input Qutput

D=205nm port port

e [

Fig.6.5: Modified structure, Grating period A=20nm
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6.5.2

6.5.3

6.5.4

Energy vs. Wavelength Curve of the first modified structure
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Fig.6.6: Energy vs. wavelength curve of modified structure (A=20nm)

Transmission efficiency vs. Wavelength curve
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Fig.6.7: Transmission efficiency vs. wavelength curve for the structure with A=20nm
Analysis of the curve

From the energy vs. wavelength curve in Fig6.6 and transmission efficiency vs.
wavelength curve in Fig.6.7 it is observed this structure gives a high pass wavelength
or low pass frequency filter. And the low cut-off wavelength is 1360 nm and in case

of frequency the high cut-off frequency obtain is 220.58 THz.
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6.5.5 2nd structure with reducing grating period, A from proposed
design

The grating period, A is reduced to 30 nm from 40 nm used in proposed design. For
keeping the symmetrical apodized Gaussian grating profile the Grating length, L is

reduced to 795 nm. It is shown in the Fig.6.8.

1000nm

A
Input Qutput
D=205nn% port port 0

U
e [ s

Fig.6.8: 2nd modified structure with grating period, A=30nm

6.5.6 Energy vs. Wavelength Curve of the first modified structure
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Fig.6.9: Energy vs. wavelength curve of the modified structure with A=30nm
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6.5.7

6.5.8

6.6

Transmission efficiency vs. Wavelength curve
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Fig.6.10: Transmission efficiency vs. wavelength curve of the modified structure with A=30nm

Analysis of the curve

The energy and transmission efficiency curve vs. wavelength shows this structure also

function as high pass wavelength filter. The low cut-off wavelength of the modified

filter is 1390 nm and the corresponding high cut-off frequency is 215.16 THz.

Comparison of the performance of the modified designed

filter

In the Table 6.1 the modified parameter are given with the variation of the cut-off

wavelength.
Table 6.1 Structure parameter with different grating period
Structure Grating Maximum Grating Cut-off
No. period grating width length wavelength
A (nm) d (nm) L (nm) A (nm)
i 40 55 820 1420
ii 20 55 810 1360
iii 30 55 795 1390

The transmission efficiency of the structures with different parameter is shown in the

Fig.6.11. To compare among their performance, the modified structures are numbered

as structure i, ii, and iii.
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6.7

6.7.1
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Fig.6.11: Transmission efficiency for different grating period

As seen from the Table 6.1 and observed from Fig.6.11 the low cut-off wavelength of
the filter doesn’t change significantly with the change of grating period. A new
parameter is now considered for varying the cut-off wavelength. In the next section the

modification of the structure is done by changing the maximum grating width, d.

Modified structure by varying the maximum grating width

As the changes in grating period couldn’t change the cut-off wavelength significantly

so now the modification is done by varying the maximum grating width.

Modified structure reducing the maximum grating width

The all other parameter are kept same only the maximum grating width is reduced to
40 nm from 55 nm with grating length, L of 820 nm and simulation is done like the

previous others.
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1000nm
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Fig.6.12: Modified structure reducing grating width, d

We have simulated the structure behavior with the developed simulation model.

6.7.2 Energy vs. Wavelength Curve
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Fig.6.13: Energy vs. wavelength curve for modified structure reducing grating width
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6.7.3

6.7.4

Transmission efficiency vs. Wavelength curve
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Fig.6.14: Transmission efficiency of the modified structure reducing the grating width

Analysis of the curve

Fig.6.13 and Fig.6.14 shows that the structure also act as high pass wavelength filter
like previous structures. The transmission efficiency vs. wavelength curve shows the
low cut-off wavelength is 1170 nm and corresponding high cut-off frequency is 256.41
THz. With the decrease of the maximum grating width the high cut-off wavelength of
the filter is also decreased.
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6.7.5 Modified structure with maximum grating width of 70 nm

The grating width, d is increased to 70 nm keeping all other parameter same.

1000nm

Input Output
port port

D=205nm

e

Fig.6.15: Modified structure increasing grating width, (d=70nm)

6.7.6 Energy vs. Wavelength Curve
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Fig.6.16: Energy vs. wavelength curve with grating width of 70 nm
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6.7.7

6.7.8

Transmission efficiency vs. Wavelength curve
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Fig.6.17: Transmission efficiency of the modified structure with grating width of 70nm

Analysis of the curve

The transmission efficiency curve shows that there is increase of high cut-off
wavelength of the filter due to increase of maximum grating width. Here the low cut-
off wavelength of the filter is 1560 nm and corresponding high cut-off frequency is
192.30 THz.
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6.7.9 Third modified structure increasing the maximum grating width

The grating width is further increased to 85 nm and performance of the filter is
simulated with developed simulation model.

1000nm

Input .
D=2050m ¥ Output

e [

Fig.6.18: Modified structure with maximum grating width of 85 nm

6.7.10 Energy vs. Wavelength Curve
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Fig.6.19: Energy vs. wavelength curve of the modified structure
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6.7.11

6.7.12

6.8

Transmission efficiency vs. Wavelength curve
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Fig.6.20: Transmission efficiency of the modified structure

Analysis of the curve

Wavelength (nm)

As the maximum grating width increased further the low cut-off wavelength increased

with it. The low cut-off wavelength of the filter is 1880 nm and corresponding high cut-
off frequency is 159.57 THz.

Comparison of the modified structure performances with

variation of grating width

The variation of the parameter used in the structures is given in Table 6.2 and the

corresponding cut-off wavelength is also mentioned and structure number is used for

better understanding of the comparison.

Table 6.2 Inward grating varying grating width, d

Structure Grating Maximum Grating Cut-off

No. period grating width length wavelength
A (nm) d (nm) L (nm) A (nm)

i 40 55 820 1420

\Y 40 40 820 1170

v 40 70 820 1560

Vi 40 85 820 1880
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6.9

6.9.1

In Fig.6.21 the performance of the different structure is shown and from the figure it is
observed that the low cut-off wavelength of the filter changes significantly with the
changes of maximum grating width. And the changes are directly proportional to the
increase or decrease of the grating width, i.e the increase of maximum grating width

increases the low cut-off wavelength of the filter and vice-versa.
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Fig.6.21: Transmission efficiency of the different modified structure

Modified structure with outward grating profile

Now to observe the effect of outward grating profile instead of inward grating profile

the structures are modified accordingly with outward grating profile.

Modified structure of the proposed design by outward grating
profile

The parameters used are all same as the design parameter of the inward grating profile.
The silver substrate is of dimension 1000nm x 1000nm. Width of the waveguide is 205
nm, grating length 820 nm, grating period of 40 nm and maximum grating width of
550nm.
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Fig.6.22: Modified structure with outward grating profile

The performance of the modified structure is found by simulating with the developed

simulation model.

6.9.2 Energy vs. Wavelength Curve
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Fig.6.23: Energy vs. wavelength curve of the structure with outward grating profile
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6.9.3

6.9.4

6.9.5

Transmission efficiency vs. Wavelength curve
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Fig.6.24: Transmission efficiency vs. wavelength of the structure with outward grating profile

Analysis of the curve

Fig.6.24 shows the transmission efficiency of the modified structure of the designed
filter with outward grating profile apodized by super Gaussian function. Performing as
high pass wavelength filter, the low cut-off wavelength is 1390 nm and corresponding
high cut-off frequency is 215.83 THz.

Modified structure reducing grating width of outward grating
profile

The grating period doesn’t affect significantly the cut-off wavelength so modification
is not done by changing the grating period anymore. The maximum grating width is

reduced to 40 nm of outward grating profile shown in Fig.6.25.
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Fig.6.25: Modified structure reducing maximum grating width of outward grating profile

6.9.6 Energy vs. Wavelength Curve
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Fig.6.26: Energy vs. wavelength curve of modified structure
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6.9.7 Transmission efficiency vs. Wavelength curve
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Fig.6.27: transmission efficiency of modified structure reducing grating width of outward grating

profile

6.9.8 Analysis of the curve

The curve shows a high pass wavelength characteristics and the low cut-off wavelength
is 1180 nm corresponding to high cut-off frequency of 254.23 THz.

6.9.9 Modified structure increasing grating width of outward grating
profile

The grating width is increased to 70 nm keeping all other parameter same as before
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Fig.6.28: Modified structure increasing max grating width

6.9.10 Energy vs. Wavelength Curve
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Fig.6.29: Energy vs. wavelength curve of the structure increasing grating width
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6.9.11 Transmission efficiency vs. Wavelength curve
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Fig.6.30: Transmission efficiency of the modified structure increasing grating width

6.9.12  Analysis of the curve

From the transmission efficiency of the structure shown in Fig.3.29 the low cut-off
wavelength of the high pass wavelength filter design is 1490 nm and the corresponding
high cut-off frequency is 201.34 THz.

6.9.13 Modified structure with outward grating profile further
Increasing maximum grating width

The maximum grating width is increased to 85 nm keeping all other parameter same in

the modified design of filter by outward grating profile.
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Fig.6.31: Modified structure increasing max grating width

6.9.14 Energy vs. Wavelength Curve
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Fig.6.32: Energy vs. wavelength curve of the modified filter structure
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6.9.15 Transmission efficiency vs. Wavelength curve
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Fig.6.33: Transmission efficiency vs. wavelength the modified structure increasing grating width
6.9.16  Analysis of the curve

The transmission efficiency showing it as a high pass wavelength filter and the low cut-

off frequency is 1750 nm and the corresponding high cut-off frequency is 171.43 THz.

6.10  Comparison among the modified structure by outward
grating profile

In the Table 6.3 the parameter changes are given corresponding to its structure.

Table 6.3 Outward grating varying grating width, d

Structure Grating Maximum Grating Cut-off

No. period grating width length wavelength
A (nm) d (nm) L (nm) A (nm)

vii 40 55 820 1390

viii 40 40 820 1180

iX 40 70 820 1490

X 40 85 820 1750
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6.11

The transmission efficiency of different structure is shown in Fig.6.34 and from here it

is observed that these are high pass wavelength filter and the low cut-off wavelength

1 w w x
= Structurevii S
—  Structure viii AR g e
08| Structure ix - P
_5 = Structure x 7/
2 / /
E06F 9
| !
5 .
% 14 I |
204t |V
= [l I I
@ ,
s bl I I
Joa I /
bl 2 20 A
600 900 1200 1500 1800 2100 2500

Wavelength (nm)

Fig.6.34: Transmission efficiency of the designed structures with outward grating profile

varies significantly with the variation of the maximum grating width and is directly

proportional to the changes of the cut-off wavelength, i.e the low cut-off wavelength

decreases with the decrease of maximum grating width and vice-versa.

Comparison with the inward and outward grating profile

Now the comparison among the structure designed by both inward and outward grating

profile is made. In Table 3.4 the all parameters are shown with their corresponding

structure and the cut of frequency is also given.
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Table 3.4 Comparison between Inward and Outward grating

Structure | Grating Maximum Grating Grating Cut-off
No. period grating width length type wavelength
A (nm) d (nm) L (nm) A (nm)
i 40 55 820 Inward 1420
vii 40 55 820 Outward 1390
\Y% 40 40 820 Inward 1170
viii 40 40 820 Outward 1180
v 40 70 820 Inward 1560
iX 40 70 820 Outward 1490
Vi 40 85 820 Inward 1880
X 40 85 820 Outward 1750

The transmission efficiency of the structures are shown in Fig.3.34 and from the

transmission it is observed that with the variation of maximum grating width the

corresponding cut-off wavelength changes significantly in both inward and outward

grating profile and is directly proportional to the changes. In the Fig.3.34 the solid line

represents the performance of structure by inward grating profile and dotted line

represent the outward grating profile. Here with the increase of maximum grating width

the low cut-off wavelength also increases and decreases with decreasing of maximum

grating width. So from here it is determined that the grating width changes the cut-off

wavelength significantly which can’t be obtained by the variation of grating period.
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Fig.6.35: Transmission efficiency of different structure with both inward and outward grating

profile

Summary

A nanoplasmonic high pass wavelength or low pass frequency filter is proposed. Both
inward and outward grating, apodized by super Gaussian function, is used with MIM
waveguide and simulated using FDTD method in MATLAB® software by developed
simulation model. It is observed that only grating period has a notable effect on the cut-
off wavelength. Other parameters have no significant effect. Cut-off wavelength is
almost same for inward and outward grating profiles provided other parameters are kept
constant for both profiles. The simulation results of transmission efficiencies give an

opportunity to utilize these proposed designs into fabrication of devices.
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Chapter 7

Designing band pass filters & Analyzing their
performances

7.1 Introduction

Ring resonators are promising building blocks for photonic integrated circuits. A ring
resonator can only attenuate a certain band of frequency. So, it can only be used to
make band pass filters. At resonance destructive interference occurs & no light can
pass through it. So, this also makes it a notch filter. In modern times ring resonators
have become an attractive field of research. But most of the works are done on
circular ring resonators. Rectangular, elliptical & curved rectangular ring structures
are designed here. Different parameters of these structures were varied & comparison

between them are made in the preceding sections.

1.2 Band pass filter structures

10 0mm

35 nm : Input port Cutput port

1000 nm

- Silver I:I Air

Fig. 7.1: First curved rectangular ring structure
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7.2.1

1.2.2

Curved Rectangular ring structures

The structure is composed of 1000nm x 1000nm silver substrate. The white & gray
areas denote consecutively air & silver. The width of the air film is 55nm. The curved
rectangular ring has a length of 300nm & width of 200nm. The distance between the
waveguide & ring is 10nm. The leftmost point is denoted as input port & the rightmost
point is denoted as output port. Now after developing the curved rectangular structure,

simulation of this can be done in a 2D simulator using FDTD.

Performance Analysis of the designed structure

After designing the proposed structure, it was then simulated using the methods
described above. The transmission efficiency vs wavelength curve is shown below. The
wavelength considered for the studies was from 700nm-2500nm. The curved line
represents the energy passed through the output port. For the wavelength range of
140nm-2400nm the transmission efficiency is close to 80%. This range can be
considered as the band pass range. The other regions of the curve have very low
efficiency. There are three frequencies where the efficiency is close to 0. They are at
approximately 800nm, 1040nm & 2400nm. But they are not ideal notch frequencies
because the efficiency is not zero at those points. The modes at high transmittance are
shown below. The modes are taken at the three peaks which are approximately at
930nm, 1170nm & 2070nm. These are all odd higher modes. The N number of nodes
in the magnetic field distribution within the resonator refers to mode (N-1).
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Fig. 7.2: Transmission Efficiency vs Wavelength curve for the first curved rectangular ring structure
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7.2.3

¥ & 3 s 3 & & @ & B

Fig. 7.3: Mode 5, 3 and 1 at wavelengths a) 930nm, b) 1170nm and c¢) 2070nm respectively

Second Curved Rectangular Ring Structure

Then the parameters were varied & change in output due to the parameter changes were
observed. The length & width of the curved rectangular structure was varied. The length
of the curve was changed to 500nm from 300nm & the width was changed to 350nm
from 200nm. All the other parameters were kept same. Due to modifications done in

the structure the output changed & it can be seen in the next section.

1000nm

55nm Input port Cutput port

B s [ ] &

Fig. 7.4: Second curved rectangular ring structure
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7.2.4 Performance Analysis of the Structure

The second structure was simulated using the same method & the curve shown below
was found. The efficiency of the band pass region has decreased slightly than the
previous structure. For this case it is close to 70%. The band pass region has also
become narrower. The band pass region for this structure is 1650nm-2400nm as can be
seen from the graph below. Two notch frequencies can be observed from the graph.
One is around 900nm & the other one is around 2400nm. The modes of high
transmittance are shown below. These are also all higher odd modes. The modes are at
peak 1040nm, 1170nm & 2080nm.
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Fig. 7.5: Transmission Efficiency vs Wavelength curve for the second curved rectangular ring structure
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Fig. 7.6: Mode 9,7 and 3 at wavelengths a) 1040nm, b) 1170nm and c) 2080nm respectively
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7.2.5

Elliptical ring structures

The geometric shape of the ring was changed to an ellipse. This structure is also
composed of 1000nm x 1000nm silver substrate like the prior ones. The left & right
ports are denoted as input & output ports. The structure of the ellipse can be changed

by changing the eccentricity. Eccentricity of the ellipse depends on the semi major axis
2
a & semi minor axis b. Because e= V(1 — %). In this structure the length of the ellipse

is 500nm & width is 350nm. The distance between the ring & waveguide is 10nm. The
waveguide is sandwiched within the silver substrate. The simulation of this structure
was then done accordingly to the previous ones.

3inm Input port Output port

1000 nm

- Silver I:I Ar

Fig. 7.7: First elliptical ring structure
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7.2.6 Performance Analysis of the Structure

After simulating the structure, the transmission efficiency vs bandwidth curve was
obtained which is shown below. The maximum transmission efficiency of this structure
is 70%. Two notch frequencies were obtained which are approximately at 850nm &
1380nm. But these two frequencies are not perfect notch because the efficiency is not
exactly 0 at those points. The FSR observed in this curve is not periodic. If the structure
were a perfect ring then the FSR would have been periodic. The maximum transmission
efficiency observed in the curve is 78%. Modes at the peak are shown below. These are
all high odd modes.
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Fig. 7.8: Transmission Efficiency vs Wavelength curve for the first elliptical ring structure
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Fig. 7.9: Mode 7, 5 and 3 at wavelengths a) 1030nm, b) 1210nm and ¢) 1810nm respectively
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7.2.7 Second Elliptical Ring Structure

All the parameters of the structure were kept same as previous. Only the elliptical ring
was rotated 90 degrees. Then the structure was given through similar simulations as
the previous cases & the plasmon propagation the structure was seen. The output was
found out & the transmission efficiency was found out.

1000nm

Input port Qutput port

1000 nm

B s [ ]

Fig. 7.10: Second elliptical ring structure

7.2.8 Performance Analysis of the Structure

Three notch frequencies were obtained where the efficiency is less than 5%. for
band pass. The band pass range can be observed from 1400nm-2050nm. In this range
the efficiency is close to 80%. So, the efficiency is almost as same as the previous
structure. But the FSRs are different. The FSRs are also aperiodic for this case. The
modes at peak 870nm, 1020nm, 1280nm, 1840nm & 2480nm. These are all higher
odd modes.
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7.2.9

Tranmission Efficiency vs Wavelength
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Fig. 7.11: Transmission Efficiency vs Wavelength curve for the second elliptical ring structure
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Fig. 7.12: Mode 9,7, 5 and 3 at wavelengths a) 870nm, b) 1020nm, ¢) 1280nm and d) 1840 respectively

Third Elliptical Ring Structure

Then the eccentricity of the elliptical ring was changed. Then the length of the ring
became 600nm instead of 500nm. AIll other parameters were also remained
unchanged. After making the structure similar simulations were done just like the

previous cases. The transmission efficiency of the structure was then plotted.
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Fig. 7.13: Third elliptical ring structure

7.2.10 Performance Analysis of the Structure

Three notch frequencies can be observed from the plot. These are at approximately
820nm, 1210nm & 1580nm. The notch frequency of 1580nm is a perfect notch
frequency because it has 0% efficiency & does not let an energy to pass. The
band pass region has shifted to 1580nm-2300nm. The efficiency here is same as the
previous two structures. So, the efficiency has not changed considerably for any of the
structures. Only the band pass region & notch frequencies have changed. The modes
at high transmittance are shown below. The modes are taken at the five peaks which
are approximately at 780nm, 1150nm,1450 & 2130nm. These are all odd higher

modes.
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Fig. 7.14: Transmission Efficiency vs Wavelength curve for the third elliptical ring structure
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Fig. 7.15: Mode 13,7, 5 and 3 at wavelengths a) 780nm, b) 1150nm, ¢) 1450nm and d) 2130 respectively

7.2.11 Rectangular Ring Structures

The geometric shape of the optical ring was again changed to a rectangle. The length
of the rectangular ring is 500nm & width of the ring is 300nm. Like previous
structures it is also composed 1000nm x 1000nm silver substrate. The input & output
ports are also shown in the figure. After developing the structure similar simulation s

were made. The transmission efficiency was found out.
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Fig. 7.16: First rectangular ring structure

7.2.12 Performance Analysis of Structure

Two notch frequencies can be observed from the graph approximately at 820nm &
1380nm. The bandpass region is from 1500nm-2350nm. The efficiency of this region
IS 65%. The efficiency is lower than curved rectangular ring & elliptical ring
structure. The modes at high transmittance are again shown below. The modes are
taken at the four peaks which are approximately at 1000nm, 1210nm, 1460nm &
2070nm.
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Fig. 7.17: Transmission Efficiency vs Wavelength curve for the first rectangular ring structure
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Fig. 7.18: Mode 9,7, 5 and 3 at wavelengths a) 1000nm, b) 1210nm, ¢) 1460nm and d) 2070 respectively

7.2.13  Second Rectangular Ring Structure

The structure parameters were slightly changed from the previous. Only the length of
rectangular ring was varied. The length was made 600nm. All the other parameters
were kept exactly the same as before. After simulating the structure, we got our

desired transmission efficiency vs wavelength curve which is shown below.
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Fig. 7.19: Second rectangular ring structure
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7.2.14  Performance Analysis of the Structure

No notch frequencies were obtained from the simulation. The efficiency also became
lesser than the previous structures. The band pass region is between 1400nm-1600nm.
The FSR observed here is also aperiodic because it is not a circular ring. The
parameter changes of the rectangular ring significantly change its output
characteristics. The modes are taken at the three peaks which are approximately at
1050nm, 1240nm & 1630nm. These are all odd higher modes.
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Fig. 7.20: Transmission Efficiency vs Wavelength curve for the second rectangular ring structure
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8.1

8.2

8.3

Chapter 8

Future work and conclusion
Future work

The proposed designs of the of the high frequency filter has very satisfactory
transmission efficiency (about 80-90%) with a very definite cut off wavelength. Since
simulation is done by 2D simulator in MATLAB® only, we will simulate these proposed
designs by CST Microwave Studio software which will give a better creditability to go
for fabrication which is of course still not available Bangladesh.

We plan to modify the band pass filter structure to find a better performing design which
would give a better band pass region.

We plan to design a low pass wavelength filter in future.

We plan to develop designs various devices which uses these filters.

Different devices like logic gates NAND,NOR etc. are also in the queue of our future

design plan.

Paper submission:

A paper written on ‘Designing of a Plasmonic High Pass Wavelength Filter With
Apodized Grating Waveguide’ is submitted at the 2nd International Conference on
Electrical & Electronic Engineering (ICEEE 2017) scheduled to be held on 27-29
December,2017 at Rajshahi University of Engineering and Technology (RUET).

Conclusion

Plasmonic devices are becoming popular in recent years since it is advantageous over
electronics devices. A brief discussion is made in previous chapter about the history

of using plasmonic devices and advantages of it.

A nanoplasmonic high pass wavelength or low frequency filter is proposed with

inward and outward grating profile apodized by super Gaussian function and also a
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band filter is designed by various structure using ring resonator principals. In case of

both the filters the cut-off wavelength is varied by varying the structure parameter.

For high pass wavelength filter the grating period and maximum grating width is
varied and determined that the grating period doesn’t affect cut-off wavelength
significantly, but variation of grating width changes cut-off wavelength significantly
The variation of cut-off wavelength is directly proportional to the changes in the
maximum grating width, i.e cut wavelength increases with the increase of maximum

grating width and vice-versa.
Among the nanoplasmonic band pas filter designs, few designs really are useful to

fabricate into devices. But some modifications are needed to use the proposed designs

directly into fabrication.
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