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Abstract

The existence of surface plasmon polaritons was first predicted in 1957 by
Rufus Ritchie. But at that time its application was unknown. The 2nd birth of
SPPs occurred after 1997 when scientists realized that it can be used localize
the light signals far beyond the diffraction limit; the limit which is the main
hindrance in integration and miniaturization of optical devices. Following the
discovery, research in this field has been growing rapidly. SPPs are basically
electromagnetic waves which arise from the coupling effect between photons
and the free conduction electrons on the interface between a metal and a
dielectric. They propagate along the interface. In this thesis, propagation
characteristics of Surface Plasmon Polaritons in the single interface of Silver
(Ag) and Indium Phosphide (InP) are presented. A three dimensional structure
has been designed to analyze the dynamics of the propagation numerically.
Lorentz-Drude model is used to model the frequency dependent permittivity
of Ag while Lorentz model is used to model InP. The dimensions of Indium
Phosphide layer are varied to find an optimum design which grants the highest

efficiency. The nano-plasmonic structure yields an efficiency of 59.76%.

viii



Chapter 1

Introduction

In recent years, plasmonics has become a very attractive field of research due to
its potential applications in numerous sectors. It allows the concentration of light
into regions as small as few nanometers which was not possible before due to the
diffraction limit of optical modes [1]. This property is utilized in developing
superlenses [2], hyperlenses [3], control switches and modulators [4] [5], bragg
reflectors [6] etc. Enhanced propagation of SPPs can help in the miniaturization
of photonic ICs. The ability to excite EM waves on a sub-wavelength scale is
used in THz applications such as sensors, biological spectroscopy, non-
destructive spectroscopy, optical antennas, high-frequency communication,
cathodo-luminescence and many others [7][8]. Research in this area is likely to

bring forth many other prospective applications in the near future.

1.1 General overview:

Surface plasmon polaritons are excited upon the application of LASER light in
the interface between a metal and a dielectric. Metal provides abundant free
electrons in the conduction band. The incident light excites the electrons on the
surface of the metal which causes electron oscillation. A plasmon is

a quantum of plasma oscillation. Just as light (an optical oscillation) consists

of photons, the plasma oscillation consists of plasmons. They are the collective

oscillations of the free electrons. When plasmons and photon are coupled

together, the resulting hybridized excitation is called Surface Plasmon-Polariton
(SPP).


https://en.wikipedia.org/wiki/Quantum
https://en.wikipedia.org/wiki/Plasma_oscillation
https://en.wikipedia.org/wiki/Light
https://en.wikipedia.org/wiki/Photons
https://en.wikipedia.org/wiki/Free_electron_model

SPPs propagate along the interface of the metal and dielectric until it loses its’
energy either due to absorption in the metal or scattering into other directions.
This propagation loss limits the possibility of many applications. It cannot be
eliminated but can be minimized. Enhanced propagation can be a pioneering step

in the miniaturization of photonic devices.
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Figure 1.1: Surface Plasmon-polaritons propagation at the interface of metal

a dielectric.

1.2 Nanoplasmonic coupler

Different metal dielectric structures provide different propagation characteristics.
At [9] Ghulam Saber presented a nanoplasmonic coupler which provides 67%
efficiency. F Lou demonstrated an ultra-compact directional coupler in [10]. In
our thesis we’ve worked with a nanoplasmonic structure which provides 59.76%

efficiency. The schematic diagram of the structure is shown in figure-1.2.
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Figure 1.2: Schematic diagram of the nanoplasmonic structure
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The three-dimensional model of the proposed structure has been developed in
CST where time domain solver was used for the simulation purpose. The width
and height of the InP layer was varied one at a time. At different width, the
efficiency of the coupler was determined. Then again at different height, the
efficiency of the coupler was determined. This way the optimum dimension was
measured for which the coupler provides maximum efficiency. The reflection
coefficient, return loss, VSWR, transmission coefficient and insertion loss was
determined for the structure having the highest efficiency to evaluate the

performance of SPP propagation.

1.3 Numerical methods

SPPs are electromagnetic excitations. Their propagation is described by

Maxwell’s equations. The experimental approach for any electromagnetic



analysis needs a lot of efforts, cost and time. It is not economically viable to go
for a particular experimental research by changing different parameters of the
experimental setup, especially when the apparatus are very costly to manufacture.
That is why simulation is becoming popular to most of the researchers, which
gives almost exact output, if the system is modeled perfectly. This does not mean
that experiments are not needed. It only means that accurate system simulation
results fewer and more efficient experiments and thus results in important savings
in costs and effort.

There are two main approaches to evaluate electromagnetic quantities:

1. Analytical method

2. Numerical method

The most used analytical methods are:
1. Separation of variables
2. Series Expansion

3. Perturbation

The analytical approaches may fail when the solution region is complex, the
Partial Differential Equations (PDE) are not linear, or if there are time dependent
boundary conditions. So to overcome these problems, numerical techniques are
being used.

There are various numerical methods which are currently being used by different

researchers. Some well-known techniques are:

1. Finite Difference Time Domain (FDTD) method
2. Method of Line (MOL)

3. Beam Propagation Method (BPM)

4. Finite Element Method (MEM)

4



5. Transmission-line-matrix Method
6. Monte Carlo Methods etc.

The research work which is reported in this thesis is mainly based on the FDTD

method. But the work can be simulated using other methods as well.

1.4 Finite Difference Time Domain (FDTD) method

FDTD method is one of the most widely used methods in computational
electromagnetics. The FDTD algorithm was first introduced by Yee in 1966[11]
where he described the basis of the first space-grid time domain technique for
Maxwell’s curl equation. Without requiring a complex mathematical formulation,
it provides us with a simple way to discretize Maxwell’s equations and it does
not need any symmetry in the structure being modeled. Moreover, it computes
the solution in the time domain, from which the frequency behavior can be
extracted over a wide range of frequencies. Since the introduction of the FDTD
algorithm, it has undergone many modifications. This method is gaining more
popularity and a lot of FDTD-related research activities are being done. It is more
accurate and robust and is likely remain one of the dominant computational

electrodynamics techniques.

1.5 Thesis Objectives

The main objective of this thesis is to analyze the dynamics of the SPP
propagation in the interface of Silver and InP numerically. Some other

objectives are —



. To study the properties of propagation of Surface Plasmon Polariton

in different media.

. To compare between different dielectric materials which provides

higher efficiency.

. To determine the optimum dimension for which highest efficiency is

obtained.

. To develop a simulator capable of presenting the propagation

dynamics of SPP.

. Using the simulator, carry out studies on SPP propagation.



Chapter 2

Surface Plasmon Polaritons

2.1 Overview

A plasmon is a quantum of plasma oscillation. Just as light, an optical oscillation,
consists of photons, the plasma oscillation consists of plasmons. Polaritons are
hybrid particles or quasiparticle made up of a photon strongly coupled to an
electric dipole. When the photon is coupled with oscillating electrons at the

surface of a metal, surface-plasmon polaritons are geenrated.

When a light beam is incident on a metal in a certain way, the electrons on the
metal surface gets excited and starts to oscillate. But SPPs cannot be directly
excited by light beams; prism coupling or grating coupling is required to provide
enough momentum to excite SPP. Once they are generated, they propagate along

metal- dielectric interface.

4 ) Aspp . Dielectric ~ *

AR AN YAV AL Ik

Metal

Figure 2.1: Surface Plasmon polaritons propagation at the interface of metal
and dielectric.



The term ‘surface plasmon polariton’ means that the wave involves both charge
motion in the metal (‘surface plasmon’) and electromagnetic waves in the air or
dielectric (‘polariton”). They are a type of surface wave, guided along the
interface in much the same way that light can be guided by an optical fiber. SPPs
are shorter in wavelength than the incident light (photons). Hence, SPPs can have
tighter spatial confinement and higher local field intensity. Perpendicular to the
interface, they have subwavelength-scale confinement. An SPP will propagate
along the interface until its energy is lost either due to absorption in the metal or

scattering into other directions.

2.2 SPP Propagation

Surface Plasmon Polaritons are electromagnetic waves propagating along the
interface between a dielectric and a conductor, confined in the perpendicular
direction. Electromagnetic wave propagation is described by Maxwell’s
equations. So we need to apply Maxwell’s equations on the interface.

Maxwell’s equations can be described in the following form:

VD=p

V.B=0

V><E=—§§
ot

V><H=Jext+§9
ot

where

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 Webbers per square meter
p is the charge density

Jext 1S the current density


https://en.wikipedia.org/wiki/Surface_plasmon

The electric and magnetic fields are related to polarization P and magnetization
M —

H==—+B-M
Ho

D=€0E+P

For linear, isotropic and nonmagnetic media the relation can be simplified to —

D = EOET‘E
B = pou-H

where
&g IS the electric permittivity of vacuum in Farad per meter

I, Is the magnetic permeability of vacuum in Henry per meter

&, 1 the relative permittivity

W, is the relative permeability

The field E and H can be decomposed in Cartesian coordinate system as
E=Eyay+Eya,+E;a,
H =Hy.axy+ Hy.a, + H;.a,

For harmonic time dependence, by solving Ampere’s law and Faraday’s law,

the following set of coupled equations can be obtained —



—=— = jou,H
oy pe Jou,A,
oE, OE
X z _ H
oz ox T
oE, ©OE, .
— - - = Ja)/uOHz
ox oy
oH
aHZ - ! __ja)grEX
oy 0z
o, —aH—Z:—ja)erEY
0z OX
oH
y M, =—jwe,E,
OX oy

Since the propagation is assumed along x-direction in the form e/8* | it then
] .
follows that F —jpB.

The homogeneity in the y-direction results in :—y = 0. So the equations can be

simplified to --

B iouH
az 0" "x

Tro B Em jouH,

jﬂEV, = Jou,H,

A, =—jwe E

oz T

oH, . .
Po IPH, =—)we,E,

jpH, =—]jwe E,

There are two sets of independent solutions with different polarization
properties: Transverse magnetic (TM) modes and Transverse electric (TE)

modes. For the TM modes, the governing equations are —

10



H
wepe

The wave equation for TM polarized wave becomes

2

H
=+ (kje — f*)Hy = 0

Similarly, for TE polarized the equation sets are

. 1 dE,
Hy =] S
Wiy 0z
H, = 4 E,
Wi,

The wave equation for TE waves becomes

2

E
azz” + (k2e — B2)Ey = 0

There are no surface modes for the TE polarization. SPPs exist only for the TM

polarization.

11



Chapter 3
Choice of Material

Surface Plasmon Polaritons propagate on the surface of the metal. The major
obstacle in that is the loss associated with it which limits the propagation length
of the SPPs. It also broadens the bandwidth of resonances. The loss is mainly
dissipative loss which occurs due to the conversion of optical energy to heat. At
higher frequencies (in THz range), the loss also increases. So finding a suitable
material for enhanced SPP propagation is necessary. At [9] Ghulam Saber
demonstrated Gallium Lanthanum Sulfide based coupler with 67% efficiency. At
[12] Gururaj V. Naik represented different alternative materials for plasmonic

operations.

InP has been used in this research as the dielectric material. It is a direct bandgap
semiconductor and one of the most widely used materials in optoelectronic
applications. It provides the advantages like easy integration and compatibility
with conventional optoelectronic devices and their fabrication. It is generally used
for telecom applications at 1300nm and 1550nm wavelengths. At [13],
M.E.Panah used InP for application in mid-IR region. However, for wavelength
of 300-800nm, to the extent of our knowledge, this is the first time one has

performed a detailed investigation of SPP propagation.

In case of metal, one with the lowest loss would be the appropriate choice for
plasmonic applications. Silver (Ag) has been used in this research. Silver and gold
are the best materials for applications in visible and near infrared light range.
There are many loss mechanism that limit a materials usefulness for plasmonic
applications. The most influential are energy loss from intraband transitions and
ohmic loss caused by electron-electron scattering, electron-ion scattering, and

12



inelastic scattering from defects and grain boundaries. These losses are material
dependent and wavelength dependent.
The table below shows the dampening and the onset of intraband transitions for

four of the most commonly used plasmonic materials.

Table 3.1: dampening and the onset of intraband transitions for four of the most

commonly used plasmonic materials

Material Dampening Rate (eV) Onset of Intraband
Transitions (eV)
Silver 0.02 3.9
Gold 0.07 2.3
Coppper 0.07 2.1
Aluminum 0.13 141

When choosing a material, it is best to pick the one with the least amount of ohmic
loss, and therefore the smallest dampening rate. From the table it is found that
silver is the best in this regard. Besides that, Ag also has highest onset of intraband

transitions, higher than the energy of the plasmons, which is expectable.

13



Chapter 4

Material Modelling

At low frequency, metals behave as perfect conductors. But at high frequency,
they show dispersion. This behavior causes the existence of fields inside the metal
at high frequency. When a material is excited by an electromagnetic field, its
permittivity varies with the frequency of the applied field. Material dispersion is
defined as the dependence of the dielectric function of a material on the frequency
and signifies that a particular material will have different values of its dielectric
function as the frequency changes.
The behavior of any material under the application of an electromagnetic field
can be determined from three vectors:

Electrical flux density (D)

Electric field intensity (E)

Polarization density (P).

In frequency domain, the relation between them is as follows:
D(w) = e(w)E (w)
P(w) = gpx(w)E(w)

D(w) = g,E(w) + P(w)

Combining the last two equations, we have —

D(w) = g E(w)(1 + x(w)) (3-4)
Here,

y 1s the electric susceptibility which is a measure of how easily the dielectric is

polarized in response to an applied electric field.

14



Combining (3.1) and (3.4) we get

£(w) = (1 + x(w))
So the relative permittivity can be written as

&(w) =1+ y(w)

The above values become simple for a linear isotropic material. But for a
dispersive material, the frequency dependent permittivity and susceptibility are
to be modeled perfectly in order to get the perfect response of the material for
certain electromagnetic excitation. To model a dispersive material, different
models are used. Such as —

1. Drude model

2. Lorentz model
3. Debye model
4

. Lorentz-Drude model.

The frequency dependency of the complex dielectric function of a material

using the Lorentz oscillator model is given by [14]

Np

Ag, w?
e(w)= &+ z w2 + 2jwd, — w?

n=1

Here,

" &4 -infinite frequency relative permittivity

N_ - total number of Lorentz pole pairs

w,, - N pole pair undamped frequency

Aeg,, - change of permittivity of the material for n' pole pair

&, - damping factor.

15



For InP, 4-pole Lorentz oscillator model has been used. InP is modelled using
the parameters that were obtained by R.H. Sagor et al. [15] and this model is
valid for wavelength ranging from 250nm to 850nm. Parameters describing the

Lorentz oscillator model for InP are shown in table 4.1.

Parameter Value Parameter Value

Eon 1.5173 83(rad/sec) —2.99 x 10"

Ae, 4.8703 8,(rad/sec) 334 % 10°

Ae, 1.4047 w, (rad /sec) 7.64 = 10

Aeq 1.2563 w, (rad/sec) 5.41 = 10"

Ag, 1.2096 ws(rad/sec) 4.84 % 10"

8, (rad/sec) -2.1 % 10" wy(rad/sec) 7.18 x 10"
8,(rad/sec) —8.14 = 10"

Table 4.1: The optimized Lorentz model parameters for InP.

The frequency dependent permittivity of Ag is designed by employing the
Lorentz-Drude Six pole model which is represented by [16]

5

_ fows fiwp
&eEWw)=1-——-——+ BT, )
w? = jhyw W +jhw — w

i=1

Here,

" w, - frequency of plasma
" w,; - pole pair frequency
= f: - oscillator strength

= [; - frequency of damping

The modelling parameters for Ag are obtained from Rakic et al. [17].

16



CHAPTER 5

FDTD-BASED SOLUTION

5.1 Introduction to FDTD Method

The theory on the basis of the FDTD method is simple. To solve an
electromagnetic problem, the idea is to simply discretize, both in time and space,
the Maxwell’s equations with central difference approximations. The originality
of the idea of Yee resides in the allocation in space of the electric and magnetic
field components, and the marching in time for the
evolution of the procedure. To better understand the theory of the method, we
will start considering a simple one-dimensional problem. Assume, at this stage,
“free space” as propagation medium. In this case, Maxwell’s equations can be

written as

OH 1

— = ——-VXE 5.1
ot u
M _ _lyxg 5.2
ot U

Assuming nonmagnetic media (i.e. u = uy) expansion of the components of the
curl operators of and yields the following six coupled scalar equations in

Cartesian coordinates.

17



PE, OE,

— = jJoou, H
oy 57 Jaos, My,
ok oE i

X z __ H
Oz OX Tty
ok OoE :

> — = = Ja)/’lOHz
OX oy

oH

M, _ ~=—Jjows, E,
oy oz
oH, oJoH, — _jwe E,
oz OX
oH

Y _aHX :_ja)grEz
OX oy

Those partial differential equations form the beginning of the FDTD numerical
algorithm for modeling electromagnetic wave interactions with arbitrary three-
dimensional objects. The Yee algorithm simultaneously deals with both the
electric and magnetic fields in both time and space, rather than by solving the

wave equation for either the electric field or the magnetic field alone.
Yee’s FDTD scheme discretizes Maxwell’s curl equations. It approximates the

time and space first-order partial derivatives with central differences, and then

solves the resulting equations by using a leapfrog scheme

18



5.2 Yee’s Orthogonal Mesh

Yee proposed a 3-D mesh having field components at different locations as
shown in Fig.4.1.1. E and H components are positioned at the centers of the grid
lines and surfaces such that each component is surrounded by four components.
This gives a simple picture of three-dimensional space being filled by interlinked
arrays of Faraday’s law and Ampere’s law contours. Thus, itis possible to identify
the E components related with the displacement
current flux linking with the H loops and, correspondingly, the H components

related with the magnetic flux are linked with the E loops, as shown in Fig.5.1.

Figure 5.1: Yee’s Orthogonal Mesh

If we consider only 2-dimensional space (i.e of x-y plane), and assuming no

variation of the fields in the z-direction. Thus we have:
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From equation, we can write two independent sets of coupled equations

TM polarized field:
OF x 1 0H=z

ot £ Oy
OEFEy 1 0H=z
ot s Ox
OH =z B (aEx OEy
ot Ox

And TE polarized field:

OHx 1 OF =z
ot H oy

OHy 10FEz
ot  u Ox

oE=z 6Hy OH x
ot & \ Ox oy

Utilizing Yee’s spatial gridding scheme, the partial spatial derivatives in can be
approximated by a central difference approximation in space. For example,

equations respectively become
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0Ey . le(i,j) - Hz(irj B 1)
ot ¢ Ay

0E, _ 1H,(i,)) = Hy(i—1))

W £ Ax

aHz l(Ex(i;j + 1) _ Ex(irj) . Ey(i + 1:j) _ Ey(i;j) )
ot U

- Ay Ax

Yee’s algorithm also utilizes central differencing in time for the E and H
components. The E and H components are solved by using a leapfrog algorithm.
All of the E components in the modeled space are computed and stored in memory
by using the previously computed values of E and the newly computed H field
data. At the next step, H is recomputed based on the previously obtained H and

the newly updated E. This process continues until the time-stepping is terminated.

Applying central difference approximation equation) respectively, become

1

1 1 n+s 1 1 n+s 1 1
n+1 . I _ ner s 2 . _ = - _ 2 . - =
E; (l+2,j) EX(L+2,])_1HZ (L+2,j+2) H, (1+2,] 2)

At £ Ay
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At
E"('Jrl '+1) E”('+l ) E“('+1 '+l) E”(' '+l)
_1 X L 2’] X L zfj _ v L ’.] 2 y L'J’ 2
u Ay Ax

To ensure the numerical stability of the Yee algorithm, it is required to set an
upper bound of the time step, At, which is related with spatial increment Ax, Ay,
and Az in accordance with the Courant-Friedrich-Levy (CFL) stability

condition. In three dimensions, the CFL condition is

1
1 4 1 4 1
| Bx2 Ay? = Az?

The upper bound on At in the above equation guarantees the stability of the

At < Aty =

algorithm, which is essential to guarantee its validity when applied to a wide

variety of electromagnetic wave modeling problems.
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CHAPTER 6

SIMULATION STRUCTURE

6.1 One-Dimensional Structure:

Detailed analysis of one dimensional structure has been shown here.

6.1.1 Vacuum (Permittivity 1) is used as a Material and PML

doesn’t use at the boundary:

A one — dimensional view of permittivity 1 structure was used for simulation is
shown Fig.6.1. Cell 1 to 200 we use permittivity 1. PML doesn’t used hare. A
gaussian (700 T Hz) originate at 100" cell. The simulation pulse is stroked on the
boundary of the material. The pulse is reflected back from the boundary. Fig. 6.1
shows the propagation of the Gaussian pulse with 700 THz at different cell. After

225 iteration step the Gaussian pulse reflected back from the boundary.
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Fig.6.2: After 145 Iteration steps waveforms of Gaussian pulse
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Fig.6.3: After 225 Iteration steps waveforms of Gaussian pulse
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Fig.6.4: After 350 Iteration steps waveforms of Gaussian pulse
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6.1.2 Air (Permittivity 1) is used as a Material and PML is used at
the boundary:

A one — dimensional view of permittivity 1 structure was used for simulation is
shown Fig.6.1. Cell 1 to 200 we use permittivity 1. PML is used hare. A gaussian
pulse (700 T Hz) originate at 100" cell. The simulation pulse is stroked on the
boundary of the material. The pulse is absorbed by the boundary. Fig. 6.2 shows
the propagation of the Gaussian pulse with 700 THz at different cell. After 260

iteration steps the Gaussian pulse absorbed by the boundary.
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Fig.6.5: After 5 Iteration steps waveforms of Gaussian pulse
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Fig.6.7: After 195 Iteration steps waveforms of Gaussian pulse
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6.1.3 Different Permittivity (1 & 4) Material:

A one — dimensional view of single interface of permittivity 1 & 4 structure was
used for simulation is shown Fig.6.1. permittivity 1 and permittivity 4 interface
Is made by putting a permittivity 1 layer on the top of permittivity 1 layer. Cell 1
to 100 we use permittivity 1 and cell 101 to 200 we use permittivity 4 material.
PML is used hare. A gaussian (700 T Hz) originate at 0" cell. The simulation
pulse is stroked on the surface of two material. Some portion of the pulse is

reflected back from the interface.
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Fig.6.9: 0 to 100 cells have a relative permittivity of 1 while 101 to 200 cells

have a relative permittivity of 4.
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Fig.6.13: After 425 Iteration steps waveforms of Gaussian pulse

6.2 Two-Dimensional Structure:

6.2.1 Vacuum (Permittivity 1) is used as a Material and PML
doesn’t use at the boundary:

A two — dimensional view of permittivity 1 structure was used for simulation is
shown Fig.6.4. Cell 1 to 500 along x-axis and cell 1 to 500 along y-axis we use
permittivity 1. PML doesn’t used hare. A gaussian (700 T Hz) originate at
(250,250) cell. The simulation pulse is stroked on the boundary of the material.
The pulse is reflected back from the boundary. Fig. 6.4 shows the propagation of
the Gaussian pulse with 700 THz at different cell. After 650 iteration steps the

Gaussian pulse reflected back from the boundary.
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2-D simulation Without PML
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Fig.6.14: Cell 1 to 500 along x-axis and cell 1 to 500 along y-axis we use
permittivity 1.
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Fig.6.15: After 10 Iteration steps waveforms of the pulse.
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Fig.6.16: After 320 Iteration steps waveforms of the pulse.
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Fig.6.17: After 540 Iteration steps waveforms of the pulse.
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Fig.6.18: After 800 Iteration steps waveforms of the pulse.

6.2.2 Vacuum (Permittivity 1) is used as a Material and PML is
used at the boundary:

A two — dimensional view of permittivity 1 structure was used for simulation is
shown Fig.6.5. Cell 9 to 486 along x-axis and cell 9 to 486 along y-axis we use
permittivity 1. And 8 cells at the boundary we used PML. A gaussian (700 T Hz)
originate at (250,250) cell. The simulation pulse is stroked on the boundary of the
material. The pulse is absorbed by the boundary. Fig. 6.5 shows the propagation
of the Gaussian pulse with 700 THz at different cell. After 1350 iteration steps

the Gaussian pulse is absorbed by the boundary.

34



2-D simulation With PNML
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Fig.6.19: Cell 9 to 492 along x-axis and cell 9 to 486 along y-axis we use
permittivity 1. And 8 cells at the boundary we used PML.
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Fig.6.20: After 10 Iteration steps waveforms of the pulse.
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Fig.6.23: After 2040 Iteration steps waveforms of the pulse.

6.2.3 Single interface of Silver and Vacuum (Permittivity 1):

A two — dimensional view of single interface of silver & vacuum was
used for simulation is shown Fig.6.6. silver and vacuum interface is
made by putting a vacuum layer on the top of silver layer. Cell 1 to 500
we use silver and cell 501 to 1000 along x-axis we use vacuum as a
material. PML is used hare. A gaussian (700 T Hz) is generated in
vacuum close to the interface of both materials. SSP was generated
here. Fig. 6.6 shows the propagation of the SSP at the interface of both

materials.
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Fig.6.24: 0 to 500 cells have silver while 501 to 1000 cells along x-axis
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Iteration No- 1500 x 1074

Fig.6.26: After 1500 Iteration steps waveforms of the SSP.
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Fig.6.27: After 1700 Iteration steps waveforms of the SSP.
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Iteration No- 1785

Fig.6.28: After 1785 lteration steps waveforms of the SSP.

6.2.4 Single interface of Silver and Vacuum (Permittivity 1) and
pumped the profile from the bottom end of the interface of both

materials:

A two — dimensional view of single interface of silver & vacuum was used for
simulation is shown Fig.6.6. silver and vacuum interface is made by putting a
vacuum layer on the top of silver layer. Cell 1 to 500 we use silver and cell 501
to 1000 along x-axis we use vacuum as a material. PML is used hare. A gaussian
(700 T Hz) is pumped the profile from the bottom end of the interface of both
materials. SSP was generated here. Fig. 6.7 shows the propagation of the SSP at

the interface of both materials.
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Fig.6.29: 0 to 500 cells have silver while 501 to 1000 cells along x-
axis have vacuum as a material and a gaussian (700 T Hz) is
pumped the profile from the bottom end of the interface of both
materials

Iteration No- 1270

50

100

150

200

250

0.05

300

350

400 0

S0 100 150 200

Fig.6.30: After 1270 Iteration steps waveforms of the SSP.
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Fig.6.32: After 1645 Iteration steps waveforms of the SSP.
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Fig.6.33: After 1760 Iteration steps waveforms of the SSP.

6.3 Three-Dimensional Structure:

6.3.1 3D Structure of Single interface of Silver and InP:

A three-dimensional view of the single interface Ag-InP structure that was used
for the simulation is presented in Fig.6.7. Metal-dielectric interface is made by
putting a thin silver film on the top of the bulk InP layer. Here a, b and ¢ represent
the length, width, and height of the InP layer while p, g and r represent the length,
width, and height of the Ag layer respectively. The length of the InP and Ag layers
have been kept fixed (a = p = 1000nm) while we vary both height (c) and width
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(b) of InP layer. The dimensions of the structure are taken considering various

applications in the plasmonic field [23, 24]

k

Fig. 6.34: Schematic diagram of the nanoplasmonic structure used for
the numerical analysis.

Zfii V] j

0.2 .

-0.2 - .

Normalized Amplitude
o

-0.4 .

-0.6 - N

o . U | U |

1 1
0 5 10 15 20 25
Time (femtosecond)

Fig. 6.35: Normalized excitation signal used in the simulation in time
domain (Modulated Gaussian pulse with 0.75 PHz cosine wave).
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Fig. 6.36: Normalized Ez profile in the material structure.
Gaussian pulse is widely used in particular for high frequency calculation and has

been used as the excitation signal for the simulation with frequency ranging from
352.9THz to 1000THz [9].
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Fig. 6.37: The SSP propagation at the interface of silver and InP.
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CHAPTER 7

SIMULATION RESULTS OF SINGLE
INTERFACE
PLASMONIC STRUCTURE

Propagation characteristics of Surface Plasmon Polaritons (SPPs) in the single
interface of Silver (Ag) and Indium Phosphide (InP) are presented here. A three-
dimensional structure has been designed to analyze the dynamics of the
propagation numerically. Efficiency, voltage standing wave ratio (VSWR), return
loss, reflection coefficient are explored in order to analyze the effect of dimension
change which has been shown in this chapter.

7.1 SPPs in single interface of Silver (Ag) and Indium Phosphide
(InP)

A three-dimensional view of the single interface Ag-InP structure that was used
for the simulation is presented in Fig.7-1. Metal-dielectric interface is made by
putting a thin silver film on the top of the bulk InP layer. Here a, b and ¢ represent
the length, width, and height of the InP layer while p, q and r represent the length,
width, and height of the Ag layer respectively.

>

Fig. 7.1: Schematic diagram of the nanoplasmonic structure used for the
numerical analysis.
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7.2 Input Source

Gaussian pulse is widely used in particular for high frequency calculation and has
been used as the excitation signal for the simulation with frequency ranging from
352.9THz to 1000THz [9].

o

Normalized Amplitude

04 F 4

-0.6 - N

0.8 | J

0 2 4 6 8 10
Time (femtosecond)

Fig. 7.2: Normalized excitation signal used in the simulation in time domain
(Modulated Gaussian pulse with 0.75 PHz cosine wave).

7.3 Ez Profile in Material Structure

Fig. 3 shows that the electric field strength is maximum at the interface of Ag-
InP and decreases as one moves away from the interface. But the electric field
strength decreases rapidly into the Ag because of heat dissipation.
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Fig. 7.3: Normalized Ez profile in the material structure.

7.4 Efficiency with different height of InP layer keeping width (b)
fixed

The numerically obtained efficiency while varying the height (c) of the
InP layer for different input signal wavelengths are shown in fig. 4(i).
Here, the length of both InP and Ag is kept fixed at 1000nm (a=p =
1000nm) and width (q) of Ag is taken as 240nm. Although the height

of InP is varied from 60nm to 110nm but the width (b) is kept unaltered
at 260nm.
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Fig. 7.4: Efficiency as a function of the varying the height of InP layer of the
nanoplasmonic structure for the wavelength ranging from 300nm to 850nm.

The variation of efficiency with different height of InP layer has been shown in
table I.
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TABLE 7.1. Efficiency with different height of InP layer keeping

width (b) fixed

Height of InP Wavelength at which maximum Efficiency
layer (nm) efficiency occurs (nm)

60 575.40 48.976

70 650.45 53.656

80 725.50 56.076

90 800.55 57.270

95 800.55 57.402
100 850.59 57.556
110 850.59 56.888

7.5 Efficiency with different width of InP Layer keeping height

(c) fixed

Since maximum efficiency is found for a structure having the height (c) of 100nm,
this height of InP layer is kept fixed while the width (b) of InP is varied. Fig. 4(ii)
shows efficiency as the width (b) of InP is varied for a range of input wavelength
from 300nm to 850nm. For most of the structures, efficiency escalated as the
wavelength is gradually increased reaching the peak for a particular wavelength.
InP layer having the width (b) of 355nm gives the highest efficiency.
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Fig 7.5: Efficiency as a function of the varying the width of InP layer of the
nanoplasmonic structure for the wavelength ranging from 300nm to 850nm.

The effect of variation of width (b) on efficiency is also shown in table I1.
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TABLE 7.2. Efficiency with different width of InP Layer keeping
height (c) fixed
Width of InP | Wavelength at which maximum Efficiency
layer (nm) efficiency occurs (nm)
260 850.59 57.556
280 850.59 57.540
300 850.59 58.136
320 850.59 58.648
340 825.57 59.219
350 825.57 59.582
355 850.59 59.761

7.6 Analysis of the nanoplasmonic structure with the InP layer

having a width (b) of 340nm and height (c) of 100nm

Further increase of the width does not increase the efficiency appreciably but
makes the circuit bulky. So, the structure with the InP layer having a width (b)

of 340nm and height (c) of 100nm is used for further analysis.

The reflection coefficient is measured as a function of wavelength for the
wavelength ranging from 300 nm to 850 nm and presented in fig. 5(i). From the
figure, it can be observed that the reflection coefficient increases as we increase
the input wavelength reaching a maximum value at the input wavelength of
850nm. The maximum value of reflection coefficient is 0.082 which indicates a

negligible amount of reflection for the structure.
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Fig. 7.6: (i) Reflection coefficient, (ii) return loss and (iii) voltage standing wave

ratio (VSWR) of the nanoplasmonic structure for the wavelength ranging from
300nm to 850nm.

Both the return loss and VSWR are the function of the reflection coefficient and
obtained from analytical equations which are shown in fig. 5(ii and iii). Here, the
VSWR remains very close to unity for the entire range of wavelengths ensuring
efficient power transmission. The value of the VSWR remains almost consistent
for the wavelengths from 300nm to 450nm which is 1.08 and then increases
almost linearly from 450nm to 850nm. So, it indicates a lower impedance
mismatch for our proposed nanoplasmonic structure.

The transmission coefficient obtained from the simulation is shown in fig. 6(i). A
decreasing trend of transmission coefficient is found for the wavelengths from
325nm to 700nm after that it remains almost constant at 0.287. The insertion loss
Is found analytically since it is a function of transmission coefficient and is
exhibited in fig. 6(ii).

The electric field distribution in the single interface of Ag-InP has been shown in
fig. 7. The strength of the electric field decreases as we move away from the
interface of Ag-InP. The electric field decreases exponentially in the positive z
direction as we move into the Ag
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Fig. 7.6: (i) Transmission coefficient, (ii) insertion loss of the nanoplasmonic
structure for the wavelength ranging from 300nm to 850nm.
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CHAPTER 8

NUMERICAL CONSIDERATION

8.1 Numerical Stability Limit

The velocity of propagation of numerical wave depends on the space increment
At. Equation 8.1

At < Atyay = . (8.1)

1 1 1
¢ Ax?2 +Ay2 oz

This Stability criterion of the equation (8.1) was derived for a linear system. For
nonlinear model like InP, the simulator may sometimes become unstable. So, we
reduced the time by 5% below of equation (8.1). So, the step equation becomes

.95

1 1 1
Cw’ Ax2 +Ay2 oz

(8.2)

At =

8.2 Dimensional Limit

The length of the InP and Ag layers have been kept fixed (a = p = 1000nm)
while we vary both height (c) and width (b) of InP layer. Here, we varied the
height of the InP layer from 60nm to 110nm and width from 260nm to 355nm.
Further increase of the width does not increase the efficiency appreciably but
makes the circuit bulky and the time of simulation by great extent.
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CHAPTER 9

CONCLUSIONS AND FUTURE WORK

9.1 Summary and Conclusions

e A detailed analysis of SPP propagation through a single interface of InP

and Ag has been presented. In the simulation, the frequency dependent
dispersion relation has been considered for both Ag and InP.

The dimensions of the structure have been varied to achieve an efficiency
of 59.76%. The structure having the highest efficiency is further used to
measure reflection coefficient, return loss, VSWR, transmission
coefficient and insertion loss which are essential for understating the
performance of SPP propagation.

In the future, this investigation will be helpful for the design and
fabrication process of photonic integrated circuits (PICs).

9.2 Future work

Propagation Characteristics of InP will help the designer to design a
coupler based on InP

Similar approach can be followed to find the characteristics of SPP
propagation in single interface of other metals and dielectrics
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