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ABSTRACT

All optical nanoscale signal processing is the most important
techniques that used to realize the plasmonic logic gates in the nowadays
optical nanowire network system, after manipulating the limitation of
photonic device in terms of diffraction limit. In this work, all-optical logic
gates was achieved using Insulator-Metal-Insulator (IMI) configuration
which contained Nano-rings with two and multiple input ports with laser
bimodal waveguide at the two most common communication bands (1310
and 1550) nm, after enhancing the performance of the designed gates by
maximizing the index contrast ratio (CR) between the ON and FF states
which is the figure of merit of our work. The fundamental design contains a
single Nano-ring structure with two straight waveguides, it’s proposed to
realize the function of all-optical NOT logic gate only. Based on the
fundamental design structure, all the proposed logic gates are designed and
developed by employing new nano-rings and straight waveguides to the

fundamental structure with the same dimensions.

NOT gate at C-band is designed with (180 nm x 200 nm), while
the NOT gate at L-band is designed with (350 nm x 350 nm), the
transmission threshold is (0.5) for both structures. Then, all-optical logic
gates are simulated to operate at C-band with dimensions of (350 nm x 350
nm) and transmission threshold of (0.5). Multiple inputs all-optical logic
gates at C-band are simulated and investigated in the last stage which is
dedicated to design and simulate three inputs plasmonic gates with

dimensions of (400 nm x 400 nm) and transmission threshold of (0.26).

The performance of the designed all-optical plasmonic logic gates
Is analyzed and investigated based on the normalized transmission and the
contrast ratio between opposite states of the specific gate. The simulation

results show a transmission in some designed cases such as the OR gate,



i
where the normalized transmission in this gate is (127%) exceeds (100%)
due the nonlinearity effects of DFWM. One the other hand, some designed
gates show a contrast ratio (CR) of the specific gate which gives an indicator

about the performance of the gate, the Maximum contrast ratio is achieved
in multiple input NAND gate which equals to 14.6 dB.
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Introduction and Basic Concepts



1.1 Introduction

Recently, bandwidth and bitrate of data transmission have more
attention. One way of increasing these parameters is by using all-optical
signal processing. Guiding the optical signal through the optical waveguides
Is an essential part of realizing the all-optical signal processing. Many
research studies have explored the applications of using optical waveguides,
especially in optical communications systems, photonics systems, and
optical integrated circuits. Utilizing the compact optical devices in all-optical
signal processing applications has many advantages such as large bandwidth,
high transmission speed, overcoming the diffraction limit problem,
ultrahigh-speed processing, high security, immunity to external interference,
and low power consumption. In recent years, all-optical devices based on
Surface Plasmon Polaritons (SPP) (plasmonic devices) have been
extensively investigated and explored. Plasmonic devices motivated new
techniques to overcome the delay, heat, and diffraction limit, which occur in
electronic and photonic devices. Plasmonic devices also called
subwavelength devices because the usage of such devices enables light
manipulation in subwavelength scales [1, 2]. SPPs are defined as the
interaction of electromagnetic waves and the free electrons of metals; they
were propagating on the boundary between the metal-dielectric or
dielectric- metal interfaces [3]. It is a collective wave where billions of
electrons oscillate in synchronization at optical frequencies. Plasmon waves
can propagate through nanoscale dimension wires. Many types of plasmonic
devices have been realized, such as resonators [4], Nano-cavities [5],
splitters [6], couplers [7], modulators [8], demultiplexers [9], waveguides
[6], hybrid plasmonic waveguides [10], switches [11, 12], and logic gates
[13-18]. On the field of all-optical universal gates, several studies and
investigations have been proposed, such as single semiconductor optical

amplifiers [19], hybrid plasmonic-photonic crystal nanobeam cavities [18],
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two-photon absorption in silicon waveguides [20], silicon micro-ring
resonators [21, 22], cross-phase modulation [23], and nanophotonic
plasmonics [24]. Recently, many structures of al -optical plasmonic devices
proposed nanoscale logic gates [25-29]. This thesis offers all the basic all-
optical gates obtained using the same structure and the most significant
number of multiple-input logic gates (five three-input logic gates), also using
the same structure. The structures are designed and constructed using Nano-
rings resonator and Insulator-Metal-Insulator (IMI) plasmonic waveguides.
NOT, OR, AND, NOR, NAND, XOR, and XNOR plasmonic logic gates are
proposed, analyzed, and realized. The simulation results obtained using
COMSOL Multiphysics package software (version 5.3 a) are based on the
Finite Element Method (FEM). In the future, these devices will be the
gateway to the Nanophotonic integrated circuits applications and all -optical

signal processing systems.
1.2 Limitations of Electronics

It is without a doubt that the requirement for faster processing and
data transmission is ageless. As a result of our consistent requirement for more
rapid, smaller, and progressively productive devices, electronic devices have
pushed toward Nano scale devices. It is standard to create ultra-quick transistors
in the Nano scale range, and a distinguished case of that is the Intel chips [40,
41]. The significant part in Integrated Circuits (ICs) is interconnected because
they give out signs, force, and clock to different segments on the IC. As the size
of the parts is diminished to the Nano scale, the exhibition of the IC turns out
to be exceptionally reliant on interconnects. Be that as it may, in contrast to
transistors, where usefulness improves with decreasing size, interconnect
proficiency diminishes, in this manner restricting the speed of electronic
circuits and electronic devices [42]. Since the interconnectors are made of
copper material and their size reductions to the nanometer, defers increment

because of an expansion in the successful opposition, capacitance, cross talk,
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and radiation [40-42]. Far beyond, the time steady influences the interconnect
line, which is the result of the opposition and capacitance of the line [43]. It was
evident from the obstruction and capacitance are given in Equations (1.2) and
(1.3), individually, that the size of the conductor diminishes its opposition

increments [43].

pL
R = 1.1
WT, (1.1)
Eo&qlwy
= — 1.2
T (12)

Where p is the electrical resistivity, &, and &d are the permittivities of free
space and the dielectric material, individually. L and [ are the lengths of the
conductor and plate, separately. and are the width of the conductor and
plate, individually. Also, the thickness of the conductor and separation
between the plates, individually. It is demonstrated that when an
Interconnector is downsized to the Nano scale, R increments because of its
backward proportionality connection with, and C increments because of the
decreasing in. In this manner, a copper interconnects are constrained by their
transmission capacity and limit. In this manner, this will put an imperative
on the number of segments that can be put on a chip. Since electronics
manage charge stream (electrons), when the recurrence of electronic pulse
expands, the electronic device gets hot and the wires become free. Hence,
the rule of 'high frequency, high information move rate' can't be applied and
can't transmit an immense measure of information. What's more, the
subsequent hindrance is the point at which the size of electronic wires
diminishes, expanding obstruction. This causes the postpone time impact.
Instead of using a chip with a processing core, multiple processing cores
chips were introduced to increase the performance [44]. However, as these
chips are reduced in size to the nanometer, and the number of cores is

increased, the wires connecting these cores kinked the connection since they
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take a large area of the chip. Moreover, a large fraction of power gets lost in
the connecting wires, leading to reduction. This happens, especially in low
power devices. From this, it is known that there are limits to how far cores
are placed. Then again, the basic structure square of the Arithmetic Logic
Unit (ALU) is logic gates. These logic gates become problematic inactivity
because of the lower speed experiencing significant change between logic 0
and logic 1 in electronics. Hence an elective strategy must be utilized,
particularly when the speed and information rate are very high. Nonetheless,
the appearance of the coordinated photonic circuit has tackled this issue
significantly, which can manage the capacity of every component optically.
For instance, dielectric photonic interconnects because of their similarity
with Complementary Metal Oxide Semiconductor (CMOS) gadgets [44,
45]. The photonic offers different answers for obstructions referenced in
devices. These give as high data transfer capacity, and low misfortune
interconnects among optics and hardware [45], prompting a superior
handling of conveyed segments and centers, better execution inactivity,
higher speed, and transmission capacity, and lower misfortunes than

electronic interconnects.
1.4 Limitation of Photonics Devices

Photonics is the science that joins optics and electronics and
includes the generation, outflow, transmission, regulation, intensification,
recognition, and all types of controlling light [45]. Dielectric optical
interconnects have higher speed and data transfer capacity at least power
utilization contrasted with electronic interconnects. Notwithstanding, this
includes some significant pitfalls of multiple times bigger optical
interconnects than their electronic partner [45]. Massive optical devices have
invigorated the need for scaled-down devices in the size of sub-micrometer
and nanometer to take advantage of their high limit. It is proposed to utilize

scaled-down optical devices and interfaces due to their capacity to convey
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multiple times the limit of electronic circuits [40, 41, 43-48]. It appears that
optical systems are established for massive scale electric signal
correspondence. The adaptability of these systems has upset the cutting edge
integrated-on-chip optical communications [42]. The advances in cutting
edge innovation and the improvement of manufacture strategies disentangled
the acknowledgment of optical devices. Various silicon-on-insulator devices
(SOI) have been proposed for high-thickness photonic incorporated circuits.
This is incomplete because of their high refractive list differentiate and for
their excellent optical properties at optic fiber correspondence frequencies
[42]. A Mach-Zehnder electro-optic modulator is a sort of SOI device. The
capacity of this optical device is changed over to the electrical sign to an
optical sign. This is cultivated by encoding an optical wave with a fast
electronic sign. It is exhibited that optical adjustment rates up to 10 Gbps are
acquired with low force utilization [42]. A grating coupler utilizing the
traditional SOI has been proposed in [49]. This device guarantees a coupling
misfortune beneath 1 dB, and simplicity of coordination in photonic circuits
[42]. Another device, the ring resonator channel utilizing photonic wires
[50], was tried tentatively and created. Also, in [51], a resonant coupling type
polarization splitter is illustrated. It uses photonic crystals utilizing the
photonic band-gap effect and micro-cavities. It is difficult to design a
waveguide using photonic crystals due to their reduced size and high index
contrast. Moreover, these crystals incur high losses compared to photonic
wires [52]. The signal interconnects represent the target defiance that limits
the speed of the digital system. Nonetheless, the size mismatch between
Nano scale electronic circuits and optical devices has limited electronic and
optical integration [46, 47]. When the dimensions of optical components
become close to half the wavelength of light, optical diffraction occurs,
limiting the propagation of light and limiting the scalability and dimensions
of the optical devices [40, 46, 47]. This is due to the three dimensions (3D)
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nature of waves propagating in a dielectric material. It is derived from
Equation (1.4) below [53].

2

w
B+ K+ Ky =ec— (1.3)

where S is propagation constant, kx and ky are wave number in X and y
directions, respectively, . is dielectric constant of the core material, w is
angular frequency, and c is speed of the light which is 3x108 m/sec. This
makes the dielectric photonic parts on more than one occasion requests, of
extent more significant than their electronic partners. Besides, photonic
devices rely upon recurrence and have a restricted transmission capacity,
contingent upon the gadget design, constraining their use and effectiveness.
These impediments originate from as far as possible wonder, which came
about because of utilizing photonic devices with a size smaller than the
request for working. This marvel brings about more power dispersed. Hence,
an immense measure of information can't be sent alongside scaling down.
Therefore, scaling down the procedure to nanometer measurements of the
photonic device is wasteful and confusing to acknowledge practically
speaking mainly when the photonic device working in terahertz frequencies
goes (is more than 1000 nm). Along these lines, it is essential to discover an
innovation or a circuit at the Nano scale measurements that fill the hole
between the two advancements (Electronics and Photonics), and convey both
optical and electrical signs, subsequently improving proficiency and
eliminating the chip's capacity dispersal. Plasmonic or SPPs is the answer to
this issue. Accordingly, plasmonic can go about as the bridge between
photonics (expansive transmission capacity) and electronics (nanometer

scaling down) for correspondence as appeared in Figure (1.4) [54].
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Fig. 1.1 Operation Speed of Optical Devices as a Function of Their Dimensions
[54].

Plasmonics has a high information rate capacity offered by
optics. They work at frequencies in the light and approach infrared districts,
consequently giving them the high limit managed by optics. Moreover,
plasmonics satisfies the scaling down of device size measurements offered
by electronics, which makes it perfect with the present planar assembling
strategies, for example, silicon-on-insulator (SOI) and complementary
metal -oxide-semiconductor (CMOS) advances. Thus, plasmonics has the
capability of giving a wide exhibit of sub-wavelength optical parts
coordinated together on a similar structure or chip to clear and create the
future contract of PCs "every single optical PC". Subsequently, this answers

the topic of why we need plasmonics.
1.2 Principles of Plasmonic

The term Plasmonic is derived from (plasma of electronic), but the
term Plasmonics refers to (applications of plasmonic). The plasmonic
technology describes how the light field can be confined in waveguides,
which is smaller than the applied wavelength in dimensions. Thus the

plasmonic technology also called a sub-wavelength technique. It is a new
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area of interest, which couples the powers of both electronics and photonics
technologies. The rapid development of nanofabrication techniques such as
optical lithography, help to improve the applications of nanoscale plasmonic
structures [30]. Plasmonic are semi particles or an aggregate wave where
billions of electrons waver in synchronization at optical frequencies coming
about because of the reliable trade of vitality between an electromagnetic
wave and excitation in material, for example, photon-electron coupling. At
the point when electromagnetic waves are occurrence on a dielectric-metal
or metal-dielectric interface (as appeared in Figure 1.2), it will accelerate the
electrons and lead to induce polarization, which makes reestablishing, the
power which causes an oscillation of the free electron of the metal as
appeared in Figure 1.3. This oscillation is quantized, and free electrons
oscillation is the quantization of plasma oscillations, and it's known as a
plasmon [31]. In this case, electromagnetic surface waves are excited and

propagate along with the interface, as shown in Figure 1.4 [32].

Dielectric z

SAARAAA |

’ .............................. _*
X [E,|

—

Metal

Fig. 1.2 Incident electromagnetic wave on a dielectric-metal interface [31].

These surface waves are evanescently propagated in the
perpendicular direction and are known as Surface Plasmon Polariton (SPP)
waves [33]. SPP waves in metallic waveguides and metal nanostructures

open the likelihood to bind and guide optical waves on the nanometer scale
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[32].The term plasmonic defines the basics of nanophotonics, which has
been given to the investigation of optical wonders coming about because of
the communication of electromagnetic fields with the conduction electrons
in metals [34]. The. resonance wavelength. of SPP can. be determined by
Equation (1.3) [27]:

41n ffR
7\ssp = -

(1.3)

Where n.¢ is the effective refractive index, R is the dimension of the nano

m

structure in nanoring structure R is the radius of the ring structure, and m is

an integer number refer to the mode number (m=1, 2, 3, ....).

As indicated by Eqg. (2.1), the structure parameters and the type of
metal and insulator materials play a big role in tuning the resonance

wavelength.

>

Electric fiald

Fig.1.3 Schematic describing surface plasmon resonance of metallic nanoparticle
[35].
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Glass

Fig. 1.4 The propagation of surface plasmon polariton (spp) waves [32].

The term plasmonic is a sub-section from nanophotonics, which
has been given to the investigation of optical wonders coming about because
of the communication of electromagnetic fields with the conduction
electrons in metals [34]. Two advantages of photon-electron associations at
surface metal interfaces are sub-diffraction field confinement and field
improvement. This requires nanoscale structures with plasmon oscillations
at various ranges in the electromagnetic spectrum. Besides, to accomplish
high upgrade levels, plasmonic components must have a top-notch factor (Q-
factor). Gold, silver, and copper meet these prerequisites in the
unmistakable and near infrared range. Silver and gold are the most widely
recognized materials in plasmon affirmed optics and spectroscopy [36]. At
times, electromagnetic waves can't be transmitted through metal when their
frequencies are smaller than the Plasmon frequency. The plasmons that bind
at the metal-dielectric interface are called Surface Plasmons (SPs). At the
point when light is coupled to these SPs under specific conditions, it
improves transitory electromagnetic fields, called surface plasmon
polaritons (SPPs). This is the primary kind of SPs whose longitudinal waves
at the metal-dielectric interface and exponentially rot away from the limit
into the encompassing materials. These waves make a trip corresponding to
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the course of spread, so a transverse wave can't energize them. The best
method to stimulate a plasmon is to utilize electrons. For example, at the
point when light excites the particles, they will go through a thin metal layer
and lose some vitality. This misfortune in energy is utilized to energize SPP
[37]. The second type of SPs is a Localized Surface Plasmon (LSP). LSP is
non-propagating waves resulting when the electron oscillation is confined in
three dimensions [38]. These waves induce resonances that can be observed
as peaks in dispersion in the scattering and absorption cross-sections
spectra. The spectral position of the resonances depends on several factors:
the metal permittivity, the permittivity of the surrounding dielectric, and
the size and shape of the metallic nanostructure [34]. On account of a
circular nanoparticle, the curved surface of the nanoparticle makes a
reestablishing power on the electrons to bring about a limited oscillation.
This sort of vibration can be energized by direct light illumination [39]. The
association of metallic nanostructures with electromagnetic fields and
attributes of SPPs can be portrayed by an old-style type of Maxwell's
conditions, which help to acquire the wave condition and all the optical

properties of SPPs.
1.5 Features of Plasmonics
The highlights of plasmonics technology are exhibited underneath [58]:

o Several orders of extent field improvement (Enhanced Transmission).
e Field repression in a few nanometers.

e Itisviewed as a Nano photonic device (Reduced Device Footprint).

e Dependent on condition.

e Tunable.

e Efficient coupling.

e Highly dispersive.
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e Short-territory proliferation length (greatest spread length compasses to
certain millimeters)

o Lossy.

e Thermal impact.

¢ Nanofabrication methods limit structure measurements (a few structures
illogical).

e Difficult to mimic.

1.6 Surface Plasmon Polariton at Insulator-Metal -Interface

Surface plasmon polaritons (SPPs) are transitory electromagnetic
waves spreading alongside the interface of metal and insulator materials
because of collective electron oscillations alongside an outer optical field.
SPPs exceptional sort of electromagnetic waves alongside electron thickness
motions permit Nano scale imprisonment of electromagnetic radiation.
Surface plasmon polaritons spread around a metal point with a constrained
bend sweep, utilizing a one-dimensional model like the dispersing of a
potentially limited significance well. They acquired articulations of
reflection and transmission coefficients in the short wavelength limit, just
as an upper destined for the transmittance. Now and again, the proliferation
of non-planar surfaces may bring about lower misfortunes than level
surfaces, in spite of desires [55]. In view of the linearity of the homogeneous
Helmholtz's conditions [Appendix A], the issue of the wave occurrence can
be isolated into a two-section planar surface an S- enamored wave and an
enchanted P-wave [56] [Appendix B]. Figure (1.5) shows the scattering
qualities of SPPs utilizing the marvelous dielectric permittivity of the silver
metal got from [57].
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Fig. 1.1 Dispersion Relation for SPPs on a Single Interface for Ag metal [42].

1.7 Excitation of Surface Plasmon Polaritons (SPPs)

The SPP scattering bend lies totally down that of free space light
in the dielectric, with the end goal that > K. Consequently, direct excitation
of SPPs by light bars is inconceivable except if unique coupling system to
accomplish stage coordinating is utilized. Right now, it is conceivable to

excite SPPs. Numerous techniques are found to excite SPPs [Appendix C].
1.8 Properties Surface Plasmon Polaritons (SPPs)

The accompanying focuses give the fundamental properties of
SPPs that are [58]:

e SPPs are Electromagnetic (EM) waves that have an infrared or visible
frequency, which can proliferate alongside a metal-protector or surface
metal interface.

e SPP contains the longitudinal and transverse segments of the EM field.

e SPPs contain the parts of the electric and magnetic field, likewise as a
plane EM wave.

e SPP spreads at the same time in two materials, to be specific dielectric

and metal.
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e SPP's electric field is related to electrical conduction (free) charges.

e The electric field of SPP is normal, and its magnetic field is parallel to
the surface metal interface for high conductivity metals.

e Force lines of the electric field are intended to meet limit conditions; that
Is, the electric field is ordinary for flawless metals.

e Oscillations of surface conduction charges in thick surfaces give a critical
improvement of close to optical field thought close to the metal surface.

e Plasmon's conduct shifts from the standard principles of photons.

e Plasmons are dynamic for controlling the electromagnetic waves on a
nanometer scale.

e The power transferred by the SPP is gathered in the ultra-flimsy region

in the nanometers scale, and the wonders can surpass as far as possible.
1.9 Plasmonic Waveguides

Fiber optics communications have changed data transmission
because of their excellent functionality to transmit monstrous information
over long separations with enormous transfer speed [32]. Notwithstanding,
the short-distance information transmission on chip-incorporated electronic
hardware was limited in speed because of the time postponement of Nano
scale metal associations. The utilization of light waves as data transporters
on Nano-chip circuits can address the issue of decreasing the pace of
information transmission of electronic circuits [42]. The traditional dielectric
waveguides (DWSs) that guide light inside a high refractive list zone
encompassed by a low-power bar are dependent upon the rule of total inner
reflection through Snell's law [47]. In any case, the diffraction furthest
reaches of light in optical photonic waveguides has obstructed scaled-down
photonic waveguides; this implies light waves can't be compacted into space
with a measurement smaller than a large portion of their wavelength in that
medium [50]. Luckily, Nano-plasmonics had the option to neglect the

diffraction furthest reaches of light by utilizing SPPs waves that recently
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talked about. One of the SPPs-based applications that have gotten superb
research consideration over the previous decade is plasmonic waveguides
(PWs), which empower the change of light on the sub-wavelength scale into
SPPs at the metal-dielectric or dielectric-metal interface conquering as far as
possible. PWs are an excellent possibility to build up the up and coming age
of ultra-little gadgets that have the upsides of both the enormous data
transmission activity of photonics and true Nano scale, making ready for the
future reconciliation of high-limit photonics and electronic devices on a scale
like electronics [50, 53]. Diverse waveguide structures and geometries have
been proposed for SPPs with the end goal of misusing the novel highlights
of SPPs waveguides in the nanometer scale. Disregarding the intriguing
highlights of PWs, there is one primary issue confronting them, which is the
tradeoff among misfortune and imprisonment. The two types of PWs
generally utilized in late applications: Insulator-Metal-Insulator (IMI), or
Dielectric-Metal-Dielectric (DMD) plasmonic waveguide and Metal-
Insulator-Metal (MIM) or Metal-Dielectric-Metal (MDM) plasmonic
waveguide are shown right now [59]. Additionally, their points of interest,

hindrances, and correlation between them are presented in this chapter.
1.9.1 Insulator-Metal-Insulator (IMI) Plasmonic Waveguided

IMI or DMD is framed by setting a thin metallic film with a width
of under 50 nm between two dielectric materials of the equivalent or
distinctive refractive files. This is like a blend of two dielectric/metal
interfaces, where the field debases vigorously inside the metal, starting with
one interface then onto the next. This results in the guiding of two leaky
waves [53, 59].

The dispersion relation Equations 1.5 (a) and 1.5 (b) for
Transverse Magnetic (TM) mode in the waveguide is given by [32, 60]. IMI
structures incorporate metal movies or stripes, which are utilized to manage

long range symmetrical SPP (LRSPPs). The spread separation is in several
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microns or even millimeters [42]. In any case, reducing the thickness or
width of the stripe of the metal outcomes in diminished confinement of the
mode [47], and an abbreviated proliferation length [50], individually. Then
again, short-extend hostile to even SPPs (SRSPPs) have higher confinement;
however, shorter spread separations and are more qualified for coordinated
circuits [47]. IMI PWs, including their proliferation length and modular file
of the IMI waveguide mode, are appeared in Figures (1.6) and (1.7),
individually. IMI arrangement was utilized to understand a Mach-Zehnder

interferometer, a polarization splitter, and micro-ring cavities.

I y S5 Vs

Fig. 1.2 Schematic Diagram of The IMI Structure. The Red Lines in The Two Panels
are The Characteristic Electric Field Profile in The Two Metal Slab Waveguides
With a Core Thickness of z = dm The Anti-Symmetric Mode, Corresponding to The
Solution of L+; The Symmetric Mode, Corresponding to The Solution of L-. [47].
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Fig. 1.3 The Propagation Length and The Modal Index of The IMI Waveguide

Mode [61].

The dispersion relation Equations 1.5 (a) and 1.5 (b) for

Transverse Magnetic (TM) mode in the waveguide is given by [32, 60].

K
Emka + gk tanh (7 dm> =0

Km
Emka + €4k coth (7 dm> =0

Where dm is thin metal thickness.

ky = (B? + g4k2)/? (Dielectric wave number)

ki = (B? + e k2)Y/? (Metal wave number)

2T

k.. =
m /10

(free space wave number)

(1.5 a)

(1.5 b)

B Propagation constant that is represented by an effective refractive index

of the waveguide (SPP).

1.9.2 Metal-Insulator-Metal Plasmonic Waveguide

The second setup that permits sub-wavelength confinement and

coordination is the MIM or MDM geometry, as appeared in Figure (1.8).
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Fig. 1.4 Schematic Diagram of The MIM Structure [41].

As the metal hole diminishes, the causing consistent increments,
inferring a progressively kept mode. Even though this structure has short
spread lengths contrasted with IMI, it is described by solid mode
confinement, which can be effortlessly coordinated into photonics chips. It
isn't influenced by radiation or cross-talk [59, 60]. At a couple of nanometers
of encasing thickness d, the modular list of the MIM guided mode has a
considerable worth, and it diminishes as the cover thickness increments until
it arrives at the cutoff dielectric thickness, where the modular list of the MIM
mode moves toward the single interface SPP modular while the proliferation
length expanded with expanding the width of dielectric. The dispersion

relation for MIM structures is given by Equation (1.6) [60].

k
e km + £nkgtanh (7‘1 di> =0 (1.6)

Figure (1.9) shows the spread length and the modular record of the MIM

waveguide mode versus the encasing thickness d.
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Fig. 1.5 The propagation length and the modal index of the MIM waveguide mode
as a function of the insulator thickness d [61].

1.10 Coupled Mode Theory for Modeling Nanororing Resonators

The modified coupled mode theory considers planar waveguides,
addressing only two dimensions rather than three. Specifically, the optical
field propagation vectors are constrained to propagate in a plane we denote
this plane the x-z plane; the sheet waveguides are infinite in extent
perpendicular to that plane in the y direction. The fields do not vary in this y
direction in our model no diffraction [90]. Circular waveguide nanoring
resonator with two attendant bus waveguides diametrically opposed, as
shown in Fig. 1.10 [90]. None absorbing and gain-free non scattering media
are considered in a configuration in which bending losses are negligible.
Also, the bus waveguide and the ring waveguide is each of constant although
possibly differing thickness and refractive index, chosen such that only one
TE mode is supported in each. The general coupled mode theory approach
assumes that the perturbing polarizability influences only one mode

sufficiently to modify its amplitude [90].
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Fig. 1.6 Waveguide coupled nano cavity resonator [90]

For real fabricated structures, the propagation constant in the x-z plane
Is determined in part by confinement in the y direction, but here only the x-z
component of the propagation constant (/) pertains. Consequently, we assert
that these concepts have validity in other waveguide configurations e.g.,
ridge structures for which the y component of g is constant along the
waveguide. In our present analysis, no gradient refractive index structures
are explicitly considered, although only characterization by the in-plane
longitudinal propagation constant fy, is required to include this case. The
evaluation of integral expressions becomes challenging. Likewise, no
tapered waveguides are considered, since these have inconstant that
introduces extraneous difficulties [90]. A general expression for the coupling
coefficient « is given by Equations (1.7) and (1.8) [91]

weg [ (N? — N2)E; . Epdy

Kab = — (1.7)
% U, (B3 X H, + E, X Hz)d,

1
_ (1)230,110 (nczl - Tl%) frvwl Ely' Ezydx (1 8)
2 f_oooo |E1y|%dy
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where N=N ) denotes the refractive index distribution throughout the entire
problem space, and N; denotes the refractive index distribution of each
waveguide in the absence of any perturbing structure i.e., the other
waveguide. The subscript pair (a, b) = (1, 2) or (2, 1) indicates coupling to
waveguide a from waveguide b. Over the region of perturbing polarizability
(i.e., across waveguide 1), it can be seen that (N? — NZ) =(nZ — n3), where
Na and ng are the customary variables used to represent the refractive indices
of waveguide a and of the substrate, respectively [91]. Although this
expression appears symmetric in (a, b), other evidence indicates that k,,Is
not equal to k,; for unequal waveguide curvatures. Only the TE mode is
considered, since the method of analysis is similar for the TM mode. The
electrical field components associated with an independent (uncoupled)

planar waveguide 1 are expressed in Equations (1.9) and (1.10) [91]

: Acos(k,1x) (|x| = Wl/z)
Yla cos(ky W1/2) exp|—a, (|x]| — Wl/z)] (lxl > Wl/Z)

E,, = Acos(ky, WZ/Z)exp[az(x — 250+ WZ/Z)] (Ix] < W1/2) (1.10)

(1.9)

where Ky and Ky, transverse propagation constants inside the planar

waveguides 1 and 2, satisfyk,; = (nfk? — Biz)l/ 2, where K is the free-space

wave vector. Similarly, o;anda,, transverse decay constants of the field

amplitude, are given bya; = (67 — n2k?) /2. The widths of waveguides 1
and 2 are w; and w,, and their refractive indices are n; and ny, respectively.
No represents the substrate refractive index. The waveguides are separated,

center to center, by the distance 2s (2s0>W1+Ws>).

Substituting Equations (1.9) and (1.10) into Equation (1.8) and
performing the integration results after several algebraic steps in the explicit
expression for the coupling coefficient between two planar optical
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waveguides with dissimilar refractive indices and arbitrary widths and
separation is expressed in Equation (1.11) [91].
w?goto(nf — ng) cos(ky,w,) expla,(w, — 24)]
1
Bk + az)(wy + 05—1)
X [a; cos(ky wy) sinh(a,w;)

+ k,q sin(k,,w;) cosh(a,w;)] (1.11)

K12(So) =

To extend the relations described above, developing coupled mode
theory to apply to a curved waveguide such as the nanoring resonator shown
in Fig. 1.10 is required. However, in this case, the coupling coefficient is no
longer a constant, since the coupling distance the bus-to-ring gap changes
along the propagation path. Therefore, it is appropriate to redefine x as the
coupling efficiency instead of the coupling coefficient. In addition, the effect
of accumulating phase mismatch of the two coupled modes one from each
of the two waveguide regions should be taken into account. To illustrate the
new theory, an input bus and a nanoring is depicted in Fig. 1.10 with the
minimal gap spacing, measured at the point of closest proximity, indicated
by g. The widths of the bus and ring are w; and w,; B1 and B, denote,
respectively, their propagation constants. The smallest separation between
the center points of the bus and ring waveguide is 2, increasing to 2 along
the z direction as indicated in Fig. 1.10. The net coupling efficiency can be
obtained by integrating over the entire region in which the waveguided fields
interact and taking into account the phase mismatch of the waveguide modes
as described in Equation (1.12) [90].

= f K[s(2)] exp(~jAB) d, (1.12)

The gap spacing as a function of z is described by simple geometrical
considerations in Equation (1.13) [90]
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2 =250+ (R—VR2—22) = 250+ 2"/ (1.13)

Also, the parallel component of propagation constant 3, is described in
Equation (1.14) [90]

B5(z) = cos(arcsin0) ., = (1 — ZZ/ZRZ) B (1.14)
The phase mismatch AS(z) is described in Equation (1.15) [90]
AB(z) = B1 — B2 (1.15)

Substituting Equations (1.12)-(1.14) in Equation (1.11) results in

o . 3
K12 = Kizgasoy [ oy XD |~ 5222 = j (Buz — B + 2B2)|d; (1.16)

where K250y IS @ constant representing the coupling coefficient for

two parallel waveguides, which is separated by a distance2s0.
1.11 Nonlinear Surface Plasmon-Polaritons at Metal Surfaces

Compared to conventional bulk nonlinear crystals, metals
with considerably lower optical nonlinearities are seemingly not a suitable
choice for nonlinear optics research and applications. In addition, the
shallow penetration of electromagnetic waves in metals leads to the optical
response of bulk metals mainly governed by the weak light-matter
interaction in the region near the metal-dielectric interface. At the
nanoscale, however, the light-matter interaction can be significantly
enhanced in the presence of surface plasmons, which can leverage various
nonlinear optical processes. Because of the centrosymmetric lattice structure
of metals, the second-order nonlinear response of metals vanishes for the
bulk and the dominant contribution originates from the lattice-constants
thick layer near the surface. In contrast, the third-order nonlinear response
of metals is allowed in the bulk region and originates predominantly from
the oscillating nonlinear dipoles in a surface layer with thickness of the order
M2m, which is evidently much larger than the lattice constant. Importantly,

excitation of SPPs can create surface waves traveling along the metal surface
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[92] and thus confine the free-space waves into the subwavelength-thick
surface layer for enhanced nonlinear response. Surface plasmon-polariton
induced nonlinear polarization in metals was first reported for second
harmonic generation in 1974, where by exciting the surface mode at an Ag-
air interface enhanced the overall nonlinear polarization [93]. It has been
found that the SPPs can modify the SHG response of the metal film in two
different ways. First, the SPP excitation at the pump wavelength results in
an enhanced electric field near the interface, which can significantly increase
the nonlinear polarization in the interfacial region [94]. Second, the surface
waves can be launched at the second-harmonic wavelength under the right
phase-matching conditions [94]. This harmonic surface waves can then
constructively interfere with other interfacial second-harmonic radiation,
leading to an enhanced overall SH emission into the far-field [95]. Except
for SHG, optical excitation of surface polaritons and SPPs at semiconductor
and metal surfaces has also been demonstrated to affect the third-order
nonlinear optical processes, such as FWM and THG. For instance,
simultaneously exciting the surface polaritons in GaP at the pump
frequencies m; and m, dramatically enhanced the nonlinear emission signal
at the FMW frequency 2m; - o2 [91]. In addition, launching surface
polaritons at the FWM frequency can also be expected to generate strong
nonlinear optical interaction if the wave-vector matching condition is
fulfilled at the interface. Different from the SHG process, which only occurs
at the metal surface, the surface polaritons mediated FWM emission can
extend over the penetration depth of surface modes into the materials, which
enables a sensitive spectroscopy probe for the third-order bulk nonlinear
susceptibilityy3. In addition to the surface FWM waves, the intrinsic
FWM originating from the metal bulk also contributes to the total emission,
although the SPP-enhanced FWM can be dominant in proper experimental
configurations [96]. Similar phenomena have also been observed for third-

harmonic generation. More specifically, it has been demonstrated in recent
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experiments [94] that launching SPP modes at the FWM frequency was
achievable by carefully selecting the incidence angles of the pump beams, as
per Fig. (1.11 a) [96] In this experimental configuration, the incidence waves
were not directly coupled to the surface waves and thus enabled freespace
excitation of SPP modes at the metal surface. In particular, the FWM signal
can be further increased by coupling surface FWM waves with a
nanostructured metal surface which is capable of more efficiently
transferring the surface waves into outgoing, free-space propagating waves,
as indicated in Fig. (1.11 b) [97]. Finally, the metal surface with locally
structured features can dramatically enhance FWM, which has consequently
inspired the development of nonlinear dark field microscopes as depicted in
Fig (1.11 c) [98].
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Fig. 1.7 Nonlinear excitation of surface plasmon polaritons at metal surfaces. (a)
the SPP wave at the FWM [96] (b) coupling the surface FWM wave with a nano-
grating efficiently converts the FWM emission to outgoing waves in free space [97]
(c) a nano-patterned metal surface strongly scattering the SPP waves at the FWM

frequency enables a nonlinear dark-field microscopy [98].
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1.12 Applications of Plasmonic Technology

Plasmonics is one of the most dynamic regions of nanophotonic
research, and it has been known as 'the following chip empowering
innovation' and 'the following enormous thing in nanotechnology' as a result
of its capability to be helpful for some applications [62]. Figure (1.12)

exhibits a few territories where SPP can be useful.

Surface enhanced L T Optical
Raman spectroscopy cloaking
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B sin
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Fig. 1.8 Main areas of applications of plasmonic [62].

This postulation quickly centers on the plasmonic waveguide
applications to feature the pre-owned structure (Plasmonic Gates) in this
work. SPP waveguides have an exceptional ability to focus and manipulate
light in locales with profound wavelengths, making them especially helpful
for the future design of nanophotonics ICs and devices. Specific utilitarian
plasmonic segments and extras use SPP waveguides to apply their ideal
function(s), for example, plasmonic sensor and plasmonic modulators [62].
This thesis centers on the plasmonic logic gates application for the
criticalness of this application in future integrated circuits. For integrated

plasmonic circuits or devices, which include electronic and SPP parts, the
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switch (plasmonic logic gates) is fundamental as a transport for signal
handling. In the electronic circuit, alongside the on/off states, a third state is
required without input, so signals can be traded without upsetting different
parts. The reasonable choices for the switch in plasmonic circuits are the
metal nanowires because they can all the while bolster distinctive SPP
wavelengths and can deal with them autonomously [63]. For the most part,
by changing the light polarization, the status components and field
appropriations can be managed inside nanowires, giving an approach to
control the steering of plasmons in nanowires, for example, Figure (1.13 a)
and (1.13 b).

a
Laser 1 s

Laser 2

NOT == NOR

Control laser

Fig. 1.9 Cascaded logic gates fore nor gates (a) schematic illustrations off logic
gates nor built bye cascaded tor rand not gates (b) optical images of the designed

age nanowire structures[24].

The SPP switch can be actualized with a nanowire arrange by
utilizing the diverse stage variety of SPP impedance [24, 64].
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1.13 Aim of the Work

This thesis aims to design and analyze two and multiple inputs all-
optical NOT, OR, AND, NOR, NAND, EX-OR, and EX-NOR logic gates
using; the same structure, resonance frequency, transmission threshold,
materials, and structure dimensions based on Nano-ring Insulator-Metal-
Insulator (IMI) plasmonic waveguides. This work can be achieved by
manipulating the structure parameters, location of inputs and activation
ports, the polarization angle of the input light field, and the geometrical

dimensions of the proposed structure.

1.14 Literature Survey

Because of the importance of all-optical gates and its applications
based on sub-wavelength structure (i.e. plasmonic structure) which give the
advantage of overcoming the limitations of electronics and photonics
devices, it has become a subject of enthusiasm for some specialists and
papers as of late. Since the all-optical logic gates considered as the
fundamental blocks in Nano-photonic integrated circuits and all-optical
signal processing systems, many papers were published with different
proposed structures to investigate and realize these devices. Some of these

papers, which suggested performing this objective, are listed here:

In 2007, Q. Xu and M. Lipson, proposed “All-optical logic based
on silicon micro-ring resonators”. AND and NAND all-optical logic gates in
a micron-size silicon ring resonator based on the free-carrier dispersion
effect in silicon were achieved as shown in Figure (1.20) [21]. The device
used in the experiment consists of a silicon micro-ring resonator coupled to
a straight waveguide. It is fabricated on SOI substrate using E-beam
lithography, plasma dry etching, and plasma enhanced chemical vapor
deposition (PECVD) for the SiO, cladding deposition. The silicon
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waveguides forming the structure have a width of 450 nm and a height of
250 nm. The radius of the ring is R = 5 um, and the spacing between the
ring and the straight waveguide is 200 nm. The maximum contrast ratio of

10 dB was achieved.

Fig. 1.10 The proposed structure for [21]

In 2011, J. Tao, et al. proposed “All-Optical Plasmonic Switches
Based on Coupled Nano disk Cavity Structures Containing Nonlinear
Material”. All-optical plasmonic switches based on a novel coupled nano-
disk cavity configuration containing nonlinear material are proposed and
numerically investigated as shown in Figure (1.21) [12]. The metal material
was silver and the insulator material was air. The geometrical parameters for
the proposed structure the width of the bus waveguide is set to be 50 nm
while the length of L is fixed to 250 nm. Atypical transmission and reflection
spectra of the coupled disk cavity structure with R=210 nm and gap G=10
nm. The maximum contrast ratio of 18.4 dB was achieved.
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Fig. 1.11 The proposed structure for [12].

In 2012, A. Dolatabady, et al. proposed “All-Optical Logic Gates
Based on Two Dimensional Plasmonic Waveguides with Nanodisk
Resonators”. The proposed gates were; NAND, EX-OR, and EX-NOR based
on Metal-Insulator-Metal (MIM) plasmonic waveguides and Nano-disk
resonator as shown in Figure (1.22 a and b) [25]. The geometrical dimension
for the proposed structure is (1220nm x 1120nm). The maximum contrast

ratio of 26 dB was obtained at a wavelength of 525 nm.
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Fig. 1.12 The proposed structure for [25].

Control &

(@)



31

AXORB
d
A d i
y d
zl—»x B

(b)
Fig.1.22 (Continued).

In 2014, N. Nozhat and N. Granpayeh, proposed “All-optical
nonlinear plasmonic ring resonator switches”. All-optical nonlinear
plasmonic ring resonator (PRR) switches containing 90° sharp and smooth
bends have been proposed and numerically analyzed by the finite-difference
time-domain method. It consists of a sharp corner square-shaped PRR
between two parallel straight waveguides. The parameters of the structure
are the width of the waveguides and resonator (d), the gap between the
waveguides and the resonator (g), and the side length of the ring resonator
in the x (Lx) and z (L) directions.

The metal is silver and the dielectric in the waveguides and the
ring resonator is chosen to be SiO, composite. The parameters of the square
sharp corners PRR of is set to be d =50 nm, and g =20 nm, and Lx=L; =
570 nm. We have chosen these values to attain the ring resonant wavelength
at 1535 nm as shown in Figure (1.23) [11].
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Fig. 1.13 The proposed structure for [11].

In 2015, they proposed “All-optical logic gates based on nonlinear
plasmonic ring resonators”. Three all-optical logic gates NOT, AND, and
NOR based on Metal -Insulator -Metal (MIM) plasmonic waveguides
were proposed as shown in Figure (1.24) [27]. The parameters of the
structure are chosen as: waveguide width w 50 nm, waveguide and ring gap
g 20 nm, and side length of the square ring in the x and z directions L 570
nm. The metal and dielectric materials are silver and SiO, composite,

respectively.

- Silver Nonlinear Dielectric

Fig. 1.14 The proposed structure for [27].
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In 2018, Z. Liu, et al. proposed “Design of a multi-bits input
optical logic device with high intensity contrast based on plasmonic
waveguides structure”. The proposed gates were; AND and NOR gates
based on MIM structure as shown in Figure (1.25) [29]. In the structure
r = 340 nm is the radii of ring resonators, and center distance L is set to be
750 nm. Other geometrical parameters of the structure are set as follows: w
=50 nm, d =50 nm, and g = 20 nm. Due to stable optoelectronic properties

at sub-wavelength, silver is chosen for metal medium.

Fig. 1.15 The proposed structure for [29].

In 2019, S. H. Abdulnabi and M. N. Abbas, proposed “All-
optical logic gates based on nanoring insulator—-metal—insulator plasmonic
waveguides at optical communications band”. The analyzed gates are
NOT, OR, AND, NOR, NAND, XOR, and XNOR. The operation principle
of these gates is based on the constructive and destructive interferences
between the input signal(s) and the control signal. as shown in Figure
(1.26) [99]. The proposed structure is designed with a very small area (400

nm x 400 nm).The maximum contrast ratio of 14 dB was obtained.
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Fig. 1.16 The proposed structure for [99].

In 2019, S. H. Abdulnabi and M. N. Abbas, proposed “Design
an all-optical combinational logic circuits based on nano-ring insulator-
metal-insulator plasmonic waveguides”. The analyzed combinational logic
functions are Half-Adder, Full-Adder, Half-Subtractor, and Comparator
One-Bit. The operation principle of these combinational logic functions is
based on the constructive and destructive interferences between the input
signal(s) and control signal as shown in Figure (1.27) [100]. The structure
that construct four combinational logic functions consists of two sub-
structures of dimensions (400nmx400nm) separated by 50nm width of

perfect mirror to do the isolation process between the two sub-structures.
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Fig. 1.17 The proposed structure for [100].

1.15 Thesis Organization

This thesis is structured as follows; Chapter One: Introduces the
theoretical concepts of the main topics in the thesis. Chapter Two: Introduces
the proposed design structures and validation parameters of the proposed
plasmonic logic gates structure. In addition, the concept of constructive and
destructive interferences will be presented. Chapter Three: Includes the
simulation results and discussion for the proposed plasmonic logic gates
based on its proposed structure in Chapter Two. Chapter Four: Presents the

conclusions of the work and the suggestions for future work.



Chapter Two

Design of The Plasmonic Logic Gates
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The structures of all-optical logic gates will be presented in this
chapter. The normalized transmission of the structures as a function of
structure parameters are shown in this chapter. In this part of thesis, Section
2.2 introduces the structures of the all-optical NOT logic gate. Section 2.3
demonstrates the structure of the all -optical logic gates. Section 2.4 presents
the ports distributions in the structure. Section 2.5 includes the structure to
implement the multiple inputs all-optical logic gates. Section 2.6 presents
the ports distributions in the structure of multiple inputs all-optical logic
gates. The normalized transmission of the structures as a function of

structure parameters are demonstrated in Section 2.7.
2.1 The Structures of all-optical NOT gate

The first structure to simulate the plasmonic NOT gate is shown
in Figure (2.1).

Ouriprorf
Port
Structure Parameters
Y
C] Insulator # Operation Wavelength (3.) = 1550 nm.
) Metal > Structure dimensions = 180 nm x 200 nm.

# Nano-rings radii, (R) = 40 nm, and (r) =25 nm.
# Width of the waveguides (w) = 15 nm.

# Coupling distances (d) = 5 nm.

# Length of the left side waveguide (Ly) = 300 nm.
# Length of the right side waveguide (L) =190.5

e r

1‘ 't # The metal material is silver
Comtrol Bpat % The insulator material is sapphire

Fig.2. 1 All-optical NOT gate at C-band.

The operation wavelength (1) is 1550 nm, the structure dimensions are
(width 180 nm x height 200 nm), the Nano-rings structure radii are (R) = 40
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nm and (r) = 25 nm, the width of the straight waveguide (w) is (15 nm), and
the coupling distances (d) between the Nano-rings structure and straight
waveguides is (5 nm). The length of the left side (Lt), middle and the right
side stripes (L) are (300 and 190.5) nm, respectively. In the proposed NOT
logic gate, there are three ports, input, output, and control ports, the control
port is always in (ON) state. The metal material is silver, while the insulator
material refractive index (n=1.78) at room temperature. The straight
waveguides are represented by the metal material (silver), the remaining part
of the proposed structure is represented by the insulator material. The second
proposed structure to simulate and realize the plasmonic NOT gate is shown
in Figure (2.2).

Structure Parameters

Cutpat

Port ¥ Operation Wavelength (3.) = 1310 nm.

# Structure dimensions = 350 nm *350 nm.

# Nano-rings radii, (R) = 40 nm, and (r) = 25
nm.

siver | > Width of the waveguides (w) = 15 nm.

O o {5 Coupling distances (d) =5 nm.

# Length of the left side waveguide (Lg) = 350
nm.

# Length of the right side waveguide (L) =230

nm.

Control Input # The metal material is silver
Port Port

# The insulator material is glass

Fig.2. 2 All-optical NOT gate at L-band

The operation wavelength (1) is 1310 nm, the structure dimensions are
(350 nm %350 nm), the nano-rings structure radii are (R) = 40 nm and (r) =
25 nm, the width of the straight waveguide (w) is (15 nm), and the coupling
distances (d) between the nano-rings structures and straight waveguides is
(5 nm). The length of the left side (Lt), middle and the right side stripes (L)
are (350 and 230) nm, respectively. In the proposed NOT logic gate, there
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are three ports, input, output, and control ports, the control port is always in
(ON) state. The metal material is silver, while the insulator material
refractive index (n=1.5). The straight waveguides are represented by the
metal material (silver); the remaining part of the proposed structure is

represented by the insulator material.
2.2 The Structure of All-Optical Logics Gates

The structure realize the entire basic logic gate OR, AND, NOT,
NOR, NAND, XNOR, and XOR, is shown in Figure (2.3).

Output Port

Structure Parameters

¥ Operation Wavelength () = 1550 nm.

¥ Structure dimensions = 350 nm X350 nm.

» Nano-rings radii, (R) = 40 nm, and (r) = 25 nm.

¥ Width of the waveguides (w) = 15 nm.

¥ Coupling distances (d) =5 nm.

¥ Length of the left side waveguide (L;) = 350
nm.

# Length of the right side waveguide (L) = 220

nim.

o

Conirol Port 1 Input Port Control Port 2

# The metal material is silver

¥ The insulator material is sapphire

Fig.2. 3 The structure all-optical logic gates

By employing the plasmonic IMI waveguides technology the
insulating material is sapphire which is sandwiched on the silver substrate
the proposed gates are simulated and realized. The structure consists of three
straight stripes and two dual-ring resonatorto implement the desired gates
based on the insulator—-metal-insulator (IMI) plasmonic waveguides. The
dimensions of the proposed structure are (350 x 350) nm, the length of the
left side (Lt), middle and the right side stripes (L) are (350 and 220) nm,
respectively. The width of all linear waveguides (W) is taken as (15) nm, the

radii of the inner (r) and outer ring (R) resonators are (25 and 40) nm,
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respectively, and the spacing distance (d) between the stripes and the ring
resonators is (5) nm. The resonance wavelengths of the plasmonic systems
are based on the structure dimensions and effective refractive index of the
material. In the proposed design, the resonance wavelength is (1550) nm
because this wavelength has a wide variety of applications in optical
systems. This work centers around the wavelength of 1550 nm since this
wavelength has a wide variety applications especially in optical
communications. Maxwell conditions are settled numerically utilizing the
two-dimensional Finite Element Method (FEM) by utilizing COMSOL
Multiphysics bundle programming (Version 5.3) with a convolutional
impeccably coordinated layer (CPML) as the engrossing limit state of the
territory under recreation. The decision of this product program originated
from the exactness of its outcomes contrasted and other programming
programs utilized in a similar field, which relies upon the recurrence space
as opposed to the time area. What's more, the structure is isolated into too
little focuses to explain the conditions dependent on FEM right now. The
structure is energized by a TM enraptured plane wave with electromagnetic
field segments of E,, Ey, and H,. The proposed structure has four ports
which are the input port(s), control port(s), and the output port. These ports
are concluded by the required plasmonic gate. The SPPs are energized by
propelling a TM-polarized plane wave to the input port(s) and control
port(s). The exhibition of the plasmonic logic gates is estimated by two
criteria: the first is the optical transmission which is the ratio between optical
output power to the optical applied power. This should be possible by
picking an edge estimation of transmission between logic 1 (ON state) and
logic 0 (OFF state) at the output so as to decide the status of output [92].
The estimation of the transmission threshold has been picked as (0.5) so as
to realize all the plasmonic gates using the same structural parameters. The
second parameter is the contrast or an extinction ratio between the minimum

optical power of the ON state and the maximum optical power of the OFF
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state of the output port. Whenever the variance between these output optical
powers of these states is large, the performance of the plasmonic logic gate
becomes better. These two criteria are described by Equations (2.1) and (2.2)
[28], [93], respectively.

P
T =4 (for both states ON and OFF of the output port) (2.1)

P

Where T represents the optical transmission, P, .represents the output

power at the output port, and P,,represents the input power to the input port.

P,,:(ON State)
P., (OFF State)

Contrast Ratio (dB) = 10 log[ (2.2)

where P, (ON State)is the transmitted optical power in the case
of ON state (logic. 1), and P,, (OFF State) is the transmitted optical power in
case of OFF state (logic 0). The transmitted optical power can be maximized
or minimized based on the structure design, dimensions, and other
parameters such as material refractive index, the polarization of the applied
field and its phase. The basic operations of the logic gates are achieved based
on the principle of the constructive and destructive interferences between the
signals which propagate in the linear waveguides and as a result of the
interaction between the linear waveguides and the dual rings resonators new
localized surface plasmon resonances (SPR) will be generated. The
interference between the input light signals depends on the phase of the input
light field and the position(s) of the active port(s) (input, control) where the
(SPR) is strong in near field regime thus, as the spacing distance (d)
decreased, the constructive interference increased and as a result the
transmitted power will be increased. According to our simulation results, the
optimum spacing distance (d) between the dual ring resonators and the
linear waveguides is (5 nm). To realize the constructive interference the
phase of the applied signals to the ports (input ports + activation port) as well

as the propagation directions are the same, whereas the destructive
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interference can be activated by making either the phase of the propagation

directions of the applied waves to the ports are different.
2.3 Distribution of Structure Ports

To realize the behavior of NOT gate in the proposed design only
one input port (port 2) is used, with two control ports (port 1 and port 3).
Figure (2.4) shows the ports distribution of the proposed structure to realize
the function of NOT logic gate. In order to perform the functions of the OR,
AND, and EX-OR logic gates in the proposed design, two input ports are
used (port 1 and port 2), with one control port (port 3), and output port (port
4). Figure (2.5) shows the ports distribution of the proposed structure to
realize the function of these logic gates. In order to perform the functions of
the NOR, NAND, and EX-NOR logic gates in the proposed design, two
input ports are used (port 2 and port 3), with one control port (port 1), and
output port (port 4). Figure (2.6) shows the ports distribution of the proposed

structure to realize the function of these logic gates.

Output Port

U i i

Control Port 1 Input Port Control Port 2

Fig.2. 4 NOT logic gate ports distribution
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Fig.2.5 OR, AND, and EX-OR logic gates ports distribution.
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Fig.2.6 NOR, NAND, and EX-NOR logic gates ports distribution.
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2.4 The Structure of Multiple Inputs All-Optical Logic Gates

The proposed structure to simulate three inputs all -optical logic
gates is shown in Figure (2.7). NOT, AND, NAND, NOR, and EX-NOR all-
optical logic gates were suitably designed and investigated based on the
linear interface between the propagated waves through the waveguides. The
dimensions of the proposed structure are (400 x400) nm. The structure has
four linear waveguides (straight waveguides) and three nano-rings
resonators based on plasmonic IMI technology. The length of the second
straight waveguide (Lt) is (400 nm), while the length of the other straight
waveguides (L) is (240 nm); the width (w) of the waveguides is (15 nm).
The radii of the outer (R) and inner (r) ring resonators are (40 nm) and (25
nm) respectively. The spacing distance (d) between the straight waveguides
and ring resonators is (5 nm). The metal material was silver, and the
refractive index (n) of the insulator material was (1.292). Due to its wide
applications in optical communications, the operation wavelength of (1550

nm) is selected to be used in the proposed design.

Port 5

N Structure Parameters
[ Jtosutater » Wavelength (A) = 15500 nm._
|:| Heal ¥ Dimensions = 400 nm *400 nm.
¥ (R) =40 nm, and (r) = 25 nm.
. n . » Width of the waveguides (w) = 15 nm.

8 < |; o ., | ® Coupling distances (d) = 5 nm.
# Central waveguide Length (Ly) = 400 nm.
¥ Right waveguide Length (L) = 240 nm.

»{w € »lw € »ule P # The metal material is silver

# The insulator material is Teflon

Fort 1 Fort 2 Fori d Port 4

Fig. 2.7 The proposed structure of multiple inputs all-optical logic gates.
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2.5 Ports Distribution of Multiple Inputs Logic Gates Proposed

Structure

In order to realize the behavior of all-optical multiple inputs AND
logic gate in our design, (port 2) is considered as control (activation) port,
ports (1, 3, and 4) are the input ports, and port 5 is the output port. Figure
(2.8) shows the ports distribution of the proposed structure to realize the
function of multiple inputs AND logic gate. The output status of the NAND
logic gate is (OFF) only in case of all inputs states are (ON); otherwise, the
output status of the NAND gate is (ON). In the proposed design, in order to
realize the behavior of the NAND logic gate, the constructive and
destructive phenomena between the inputs and control ports are employed.
The selected input ports are; (2, 3, and 4), and the control port is (port 1)
while (port 5) is the output port. Figure (2.9) shows the ports distribution of
the proposed structure to realize the function of multiple inputs NAND logic
gate. In our proposed structure, the realization of NOR logic gate behavior
was done by using ports (2, 3, and 4) as inputs ports, (port 1) as a control
(activation) port, and (port 5) as an output port. Figure (2.9) shows the ports
distribution of the proposed structure to realize the function of multiple
inputs NOR logic gate. The output state of the EX-NOR gate is (ON) only
when; even number of inputs is in (ON) state or all the inputs are in (OFF)
state otherwise, the output state is OFF. In our EX-NOR gate proposed
structure, the input ports are (2, 3, and 4); the control port is (port 1), (port
5) is the output port. Figure (2.9) shows the ports distribution of the proposed
structure to realize the function of multiple inputs EX-NOR logic gate. To
realize the behavior of all-optical NOT gate in our proposed structure, only
three ports are used, and the remaining two ports are not used. (Port 2) is the
input port, the control port is (port 1), and (port 5) is the output port. Figure
(2.10) shows the ports distribution of the proposed structure to realize the

function of NOT logic gate.
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Input Port 1 Control Port Input Port 2 Input Port 3

Fig. 2.8 The proposed structure of multiple inputs all-optical AND logics gates.

Output Port
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Control Port Input Port 1 Input Port 2 Input Port 3

Fig. 2.9 The proposed structures of multiple inputs all-optical NAND, NOR, and
EX-NOR logic gates.
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Fig. 2.10 The proposed structure all-optical NOT logic gate.

2.6 Optical Transmission Based on Structure Parameters

The normalized optical transmission of the proposed structure to
realize all-optical logic gates is changed according to the structure
parameters such as the geometrical parameters which are; waveguides length
(L), nano-rings radii (R and r), width of the waveguides (w), and the spacing
distance between the waveguides (d) as presented in Figures; (2.2), (2.3),
and (2.6). Also, the normalized transmission depends on the materials that
used to construct the structure; metals and insulators because each material
has own refractive index which effect on the transmission of the structure.
In this section the effect of geometrical structure parameters and type of used
metal on the normalized optical transmission will be presented as a function

of wavelength.
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2.6.1 Optical Transmission as a Function of Spacing Distance

The interaction between the straight waveguides and Nano-rings
leads to create new localized surface plasmon Resonance (LSPR) resulted
from the coupling between the rings and straight waveguides [96]. Since the
plasmon resonances is strongly coupled at near-field regime. which occurs
at very short distance, thus; the coupling. distance (d) between the
waveguides and Nano-rings should be decreased as much as possible to
increase the value of the plasmonic field. In the proposed structure the
coupling distance (d) is assumed to be (5 nm), it’s not possible to make the
coupling distance less than this value due to the problems of fabrication
limitations and interferences when this structure is practically implemented.
Figure (2.11) shows that when the coupling distance (d) between the straight
waveguides and Nano-rings is increased, the normalized optical
transmission is decreased at the resonance wavelength (1550 nm) of the
proposed structure. The simulation results shows that the spacing distance
(d) of (5 nm) is the optimum value to reach the best transmission at the

resonance wavelength in the proposed structure.
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Fig. 2.11 The optical transmission as a function of coupling distance (d).
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2.6.2 Optical Transmission as a Function of Waveguide Length

In the designed structures; Figures; (2.1), (2.2), (2.3) and (2.6),
when the waveguide length (L) is changed with fixing all other structure
parameters, the transmitted power is slightly changed. When the waveguide
length (L) is increased from (210 to 250) nm, the normalized optical
transmitted is slightly reduced and shifted from (130 to 113) %. As shown
from the simulation results in Figure (2.12), the optimum waveguide length
(L) is (220 nm) which gives the maximum peak at the center of resonance

wavelength (1550 nm).
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Fig. 2.12 The optical transmission as a function of waveguide length (L).
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2.6.3 Optical Transmission as a Function of Outer Ring Radius

In the proposed structures which are shown in Figures; (2.1), (2.2),
(2.3) and (2.6), changing the bigger ring diameter (R) with fixing all other
parameters results in variation in normalized transmission with slightly blue
or red shifting. If the diameter (R) of the outer ring is above (40 nm), the
transmission of the proposed structure will decrease and the resonance
wavelength will have slight blue shifting. If the diameter (R) of the outer
ring is below (40 nm), the transmission increased with red shifting, till
specific value which is (30 nm) the transmission again will be decreased. As
shown from the simulation results in Figure (2.13), the optimum radius (R)
of the bigger ring is (40 nm) which gives the maximum transmission peak at

the center of resonance wavelength (1550 nm).
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Fig. 2.13 The optical transmission as a function of bigger ring radius (R).
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2.6.4 Optical Transmission as a Function of Inner Ring Radius

In the proposed structures which are shown in Figures; (2.1), (2.2),
(2.3) and (2.6), changing the smaller ring diameter (r) with fixing all other
parameters leads to slightly variation in transmission and shifting in
resonance wavelength. As shown from the simulation results in Figure
(2.14), when radius (r) of the smaller ring is (25 nm), this gives a maximum

transmission peak at the center of resonance wavelength (1550 nm).
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Fig. 2.14 The optical transmission as a function of smaller ring radius (r).
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2.6.5 Optical Transmission as a Function of Structure Metal

In the proposed structures which are shown in Figures; (2.1), (2.2),
(2.3) and (2.6), changing the structure metal which is used in the structure
gives different transmissions at different resonance wavelengths. Based on
the proposed structure aims of design, and as appeared from the simulation
results in Figure (2.15) only (Ag) metal gives the desired transmission at the
desired resonance wavelength which is (1550 nm) due to its applications in

optical communications domain as a result of low attenuation of this band.
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Fig. 2.15 The optical transmission as a function of structure metal.
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Chapter Three

This chapter gives the simulated results to evaluate the
performance of the proposed plasmonic logic gates. The proposed structures
have been simulated by using COMSOL Multiphysics package software
(version 5.3) in order to perform the functions of the proposed plasmonic
logic gates optically based on Nano-ring IMI plasmonic waveguide. The
transmission of optical power and contrast ratio depend on the two criteria
which determine the performance of the desired logic gate. The two criteria
will be explained and discussed in this chapter. In this part of thesis, Section
3.2 introduces the simulation results and their discussions of the proposed
plasmonic NOT logic gate. Section 3.3 presents simulation results and
discussions for the proposed all-optical polasmonic logic gates, in addition
to explaining the operation of each proposed plasmonic logic gate and
calculating the constant ratio of each one. A comparison between the
proposed plsamonic logic gates and previous works is presented in section
3.4. Section 3.5 presents the simulation results and the discussions of the

proposed multiple inputs all-optical logic gates.
3.1 The All-Optical NOT Logic Gate

In the case of the input port was in OFF state, the transmission
value which described in Equation (2.1) is calculated by dividing the output
power which is the power of the light signal in the output port to the input
power which is the power of the light signal in the control port. In the first
proposed structure shown in Figure (2.1), the transmission value was (0.718)
which exceeds the transmission threshold which was (0.5). In case of the
input port was in (ON) state, the light signal is applied to the input port at
the wavelength of (1550 nm) and phase angle of (180°), while the light signal
which is applied to the control port at the same wavelength (1550 nm) and
phase angle of (45°), due to the phase difference between the two light
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signals in the input and control ports the destructive interference between
them will occur which makes the output state is in (OFF) state because the
transmission, in this case, is (0.258) which is below the transmission
threshold of (0.5). In the second proposed structure shown in Figure (2.2),
the transmission value was (0.725) which exceeds the transmission threshold
which was (0.5). In case of the input port was in (ON) state, the light signal
Is applied to the input port at the wavelength of (1310 nm) and phase angle
of (180°), while the light signal which is applied to the control port at the
same wavelength (1310 nm) and phase angle of (45°), due to the phase
difference between the two light signals in the input and control ports the
destructive interference between them will occur which makes the output
state is in (OFF) state because the transmission, in this case, is (0.35) which

is below the transmission threshold of (0.5).
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Fig.3.1 Normalized transmission of the first proposed all-optical NOT logic gate as

a function of wavelength for different input states
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The normalized transmission of the first proposed NOT logic gate,
and the magnetic field distributions of the proposed gate at different input
states are shown in Figure (3.1) and (3.2), respectively. The operation details
of the proposed all-optical NOT logic gate are presented in Table (3.1). The
normalized transmission of the second proposed NOT logic gate, and the
magnetic field distributions of the proposed gate at different input states are
shown in Figure (3.3) and (3.4), respectively. The operation details of the
proposed all-optical NOT logic gate are presented in Table (3.2).
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Fig.3. 2 The magnetic field distribution of the first proposed all-optical NOT logic

gate at the different input states; (a) off input state, and (b) on input state.
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Table 3. 1 The operation details of the first proposed all-optical NOT logic gate.

Input
Port
State

Phase
Angle

Degree

Control
Port
State

Phase
Angle

Degree

Optical

Transmission

Transmission
Threshold

Output
Port
State

OFF

0

ON

0

0.718

0.5

ON

ON

180

ON

45

0.258

0.5

OFF

Contrast Ratio (CR) = 4.44 (dB)
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Fig.3. 3 Normalized transmission of the proposed all-optical not logic gate as a

function of wavelength for different input states.
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Table 3. 2 The Operation Details of the Proposed All-Optical NOT Logic Gate

Input | Phase | Control | Phase ) o Output
Optical Transmission
Port | Angle Port Angle o Port
Transmission Threshold
State | Degree State Degree State
OFF 0 ON 0 0.725 0.5 ON
ON 180 ON 45 0.35 0.5 OFF
Contrast Ratio (CR) = 3.16 (dB)

3.2 All-Optical Logic Gates

In this section, the simulated results of all-optical logic gates are
presented and discussed. The simulated gates are; NOT, OR, AND, NOR,
NAND, EX-OR, and EX-NOR. The normalized transmission of each

simulated logic gate, the magnetic field distribution at different input states,

and the operation information tables are presented and discussed.
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3.2.1 All-Optical NOT Logic Gate

In the proposed design of all-optical NOT gate shown in Figure
(2.3), two control ports are used (port 1 and 3), one input port (port 2), and
one output port (port 4) is presented in Figure (2.4). As mentioned earlier, in
this chapter, the control ports are always in (ON) state to provide the
necessary power to the proposed structure and to employ the interference
phenomena between the propagated signals in (input and control) ports. In
case of the input, port state is in (OFF) state, the light signals which are
lunching to the control ports at the wavelength of (1550 nm) will propagate
through the ports in the same directions and in the same phase, as a result,
the constructive interference between these signals occurs and that leads to
amplify the propagated signals which make the transmission at the output
port, in this case, is (0.882), the transmission value at the input state is in
(OFF) state exceeds the transmission threshold which is (0.5). Thus, in the
case of the input state is (OFF), the output state is (ON). In case of the input
port is in (ON) state, the light signal is applied to input port at the wavelength
of (1550 nm) with phase angle of (180°), while the light signal which is
lunching to the control port 1 is at the wavelength of (1550 nm) with phase
angle of (45°), and the light signal that propagates through the control port 2
Is at the wavelength of (1550 nm) with phase angle of (180°). The
constructive interference between the three signals due to different
propagation directions and different phase angles plays a big role to make
the transmission, in this case, is (0.09) which is below the transmission
threshold of the proposed structure. Thus, in the case of the input state is
(ON), the output state is (OFF). The normalized transmission of the
proposed NOT logic gate, and the magnetic field distributions of the
proposed gate at different input states is shown in Figures (3.5) and (3.6),
respectively. The operation details of the proposed all-optical NOT logic
gate are presented in Table (3.3).
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Table 3. 3 The Operation Details of the Proposed All-Optical NOT Logic Gate

Phase Phase
Input Phase Control | degree | Control | degree T Output
port degree port 1 of port 2 of (M Threshold port
status status | control | status | control status
1 2
OFF 0 ON 0 ON 0 0.882 0.5 ON
ON 180 ON 45 ON 180 0.09 0.5 OFF
Contrast Ratio (CR) of The Proposed Gate = 9.91 (dB)

Equation (2.3) is used to calculate the contrast ratio (CR) where
the minimum transmission at the output port in case of the output state is
(ON) is (0.882), and the maximum transmission at the output in case of the
output state is (OFF) is (0.09), and thus the contrast ratio (CR) is (9.91 dB).
The value of the contrast ratio for the proposed NOT logic gate is relatively
high value due to the large variance between the transmissions, and thus the
performance of this gate is very good and efficient where whenever the

contrast ratio is high, the performance is better and vice versa.
3.2.2 All-Optical OR Logic Gate

In the proposed design of all-optical OR gate shown in Figure
(2.3), two input ports are used (port 1 and 2), one control port (port 3), and
one output port (port4) as presented in Figure (2.5). In the first case of this
gate, when the two input ports are in (OFF) state, only the control port is
(ON). According to OR logic gate truth table, in case of all inputs are in
(OFF) state, the output should be in (OFF) state also, thus the ports
distribution of this gate (Figure 2.5) are selected to realize the truth table of
this gate and this is the reason of considering (port 3) as the control port
which is always (ON) to give low transmission of (0.053) in the case of both
inputs are in (OFF) state which is below the transmission threshold which is
(0.5), this distribution leads to realizing the first case of OR gate truth table.
The second case of OR logic gate, when only one input of the two inputs is
in (ON) state and the other input is in (OFF) state; (OFF-ON) or (ON-OFF).
In the second case the light fields at the wavelength of (1550 nm) that are
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inserted to the input and control ports are in phase and propagate in the same
direction to employ the constructive interference between these fields to
actualize the function of OR gate which state that if any input of the inputs
Is in (ON) state, the output has to be in (ON) state. According to the
simulation results, the transmission of the cases; (OFF-ON) and (ON-OFF)
are (0.88) and (0.8) respectively, and they are above the transmission
threshold of (0.5). In the last case, when all the inputs are in (ON) state; (ON-
ON) the light fields at (1550 nm) are lunched to the inputs and control ports
without any phase difference and in the same propagation direction. The
constructive interference between the three light fields leads to great
amplification of the output transmission exceeds (100%) and thus the
transmission, in this case, is (1.26). The normalized transmission of the
proposed OR logic gate and the magnetic field distributions of the proposed
gate at different input states is shown in Figure (3.7) and (3.8) respectively.
The operation details of the proposed all-optical OR logic gate are presented
in Table (3.4).
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Fig.3. 7 Normalized transmission of the proposed all-optical OR logic gate as a

function of wavelength for different input states.
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Table 3. 4 The operation details of the proposed all-optical OR logic gate

Input Input Control Output
Porr)t ! [I;):ga:?:e Porr)t 2 [I;?garS:e Port [I;(?garseee (M) Th re:ghold Porr)t
Status Status Status Status
OFF 0 OFF 0 ON 0 0.053 0.5 OFF
OFF 0 ON 0 ON 0 0.88 0.5 ON
ON 0 OFF 0 ON 0 0.8 0.5 ON
ON 0 ON 0 ON 0 1.26 0.5 ON

Contrast Ratio (CR) of The Proposed Gate = 11.78 (dB)

The minimum transmission at the output port in case of the output

state is (ON) is (0.8), and the maximum transmission at the output in case of
the output state is (OFF) is (0.053), according to Equation (2.3) the contrast
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ratio (CR) is equal to (11.78 dB). The performance of the proposed OR logic
gate is very good and efficient due to the high contrast ratio between the
(ON) and (OFF) states.

3.2.3 All-Optical AND Logic Gate

In the proposed design of all-optical AND gate shown in Figure
(2.3), ports distribution of proposed AND gate is similar to that of OR gate
which is; input ports (port 1 and 2), control port (port 3), and output port
(portd) as presented in Figure (2.5). To realize the function of the AND logic
gate according to its truth table the ports are selected and distributed to
exploit the interference between the signals of these ports. The outputs of
AND gate are (OFF) in all cases, except in case of all inputs are in (ON)
state. In the first case of AND gate cases where the inputs are in (OFF) state,
only the control port is (ON) as usual. The position of the control port is
selected to give low transmission below the transmission threshold (0.5) to
actualize the function of the AND gate. In the first case, only the light signal
in the control port is propagated and thus the transmission of this case is
(0.053) and the output state is (OFF). The second case of AND gate is one
of the inputs is (ON), and the other one is (OFF), in such condition in order
to realize the AND gate behavior the phase difference between the light
signals in the input and control ports is inserted. In (OFF-ON) input state,
the light signal in the input port is lunched with a phase difference of (45°),
and the light signal in the control port is lunched with (180°) phase
difference. The destructive interference between these signals due to
different phase angles and different propagation direction makes the
transmission of this state is (0.003), the output state is (OFF). In (ON-OFF)
state, the light field in the input port is lunched with (45°) phase difference
angle while the control ports signal with (180°) phase difference the same as
the (OFF-ON) setup. The transmission, in this case, is (0.231), higher than
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the transmission of the previous case due to the position of the port with

respect to the output port.
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Fig.3. 9 Normalized transmission of the proposed all-optical AND logic gate as a

function of wavelength for different input states.

The last case is (ON-ON) state, where all the inputs and control
ports are in (ON) state, the light fields propagate in the waveguides in phase
and in the same propagation direction to exploit the constructive interference
between these fields which realize the function of AND gate of this case.
Again, the high constructive interference between the three light signals
propagating in phase and in the same propagation direction leads to make
the transmission of this case more than (100%) where the transmission is
equal to (1.26).
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The normalized transmission of the proposed AND logic gate and

the magnetic field distributions of the proposed gate at different input states

is shown in Figure (3.9) and (3.10) respectively. The operation details of the

proposed all-optical AND logic gate are presented in Table (3.5).

Table 3. 5 The operation details of the proposed all-optical AND logic gate

Input Input Control Output
Port 1 [I;):ga:?:e Port2 [I;ehgarsse Port [I;(?garseee (T) Th re;ghold Port
Status Status Status Status
OFF 0 OFF 0 ON 0 0.053 0.5 OFF
OFF 0 ON 45 ON 180 |0.003 0.5 OFF
ON 45 OFF 0 ON 180 ]0.231 0.5 OFF
ON 0 ON 0 ON 0 1.26 0.5 ON

Contrast Ratio (CR) of The Proposed Gate = 7.36 (dB)
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The minimum transmission at the output port in case of the output
state is (ON) is (1.26), and the maximum transmission at the output in case
of the output state is (OFF) is (0.231), according to Equation (2.3) the
contrast ratio (CR) is equal to (7.36 dB). The performance of the proposed
NOT logic gate is good.

3.2.4 All-Optical NOR Logic Gate

In the proposed design of all-optical NOR gate shown in Figure
(2.3), ports distribution of proposed NOR gate is; input ports (port 2 and 3),
control port (port 1), and output port (port4) as presented in Figure (2.6). The
function of the NOR logic gate states that; the output of this gate is (ON)
only when all inputs are in (OFF) state, otherwise, the output of the gate is
(OFF). To realize the behavior of this gate (port 1) is selected as the control
port according to its location with respect to the output port, to give a
transmission value above the threshold (0.5) especially at the first case when
the inputs are (OFF) to actualize the function of NOR logic gate. In the first
case, when all the inputs are in (OFF) state, only the light field of control
port is propagating towards the output port, the transmission of this case is
(0.502) which is above the threshold (0.5) and thus the output state of this
case is (ON) state. The second case of NOR gate is when only one input port
is (ON) and the other input port is (OFF), in the case in order to realize the
function of NOR gate the destructive interference between the light fields in
the inputs and control ports is employed by tuning the phase difference to
achieve the desired output state based on the truth table of the NOR gate. In
the case of the input states are; (OFF-ON) or (ON-OFF), the light field is
lunched to the input port with a phase difference of (180°), and the phase
difference of the control port light field is (45°). The destructive interference
between the fields will take place and thus the transmissions of both cases
(OFF-ON) and (ON-OFF) are; (0,233) and (0.275) respectively, and thus the
output states of these cases are (OFF). In the last case; when the two inputs
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are in (ON) state, the light fields in the input ports is lunched to the input
ports with a phase angle of (180°), while the light phase angle of the control
port is (45°). The effect of destructive interference is higher than the previous
case because the number of light fields which are propagating with different
phase and direction is increased. The transmission of the last case is (0.09)
and thus the output state of this case is (OFF). The normalized transmission
of the proposed NOR logic gate and the magnetic field distributions of the
proposed gate at different input states is shown in Figure (3.11) and (3.12)
respectively. The operation details of the proposed all-optical NOR logic

gate are presented in Table (3.6).
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Fig.3. 11 Normalized transmission of the proposed all-optical NOR logic gate as a

function of wavelength for different input states.
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Table 3. 6 The Operation Details of the Proposed All-Optical NOR Logic Gate

Input Input Control Output
Port1 [I;eh 6::S(fe Port 2 [I;)eh arse?e Port [I;(? arseee (M Th re:ghold Port
Status 9 Status g Status g Status

OFF

0

OFF

0

ON

0

0.502

0.5

ON

OFF

0

ON

180

ON

45

0.233

0.5

OFF

ON

180

OFF

0

ON

45

0.275

0.5

OFF

ON

180

ON

180

ON

45

0.09

0.5

OFF

Contrast Ratio (CR) of The Proposed Gate = 2.6 (dB)
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3.2.5 All-Optical NAND Logic Gate

In the proposed design of all-optical NAND gate shown in Figure
(2.3), ports distribution of the proposed NAND gate is; input ports (port 2
and 3), control port (port 1), and output port (port4) as presented in Figure
(2.6). The function of NAND gate states that; the output state of the NAND
in all cases is (ON) except in the case of both inputs are (OFF), the output
state in this case is (OFF).

In order to realize the function of NAND gate in the cases of;
(OFF-OFF), (OFF-ON), and (ON-OFF) the light fields is lunched to the
inputs and control ports without any phase difference angle and in the same
propagation direction to activate the constructive interference and thus the
output will be (ON). In the first three input states which are; (OFF-OFF),
(OFF-ON), and (ON-OFF), the output state is (ON) and the transmissions
are (0.502, 0.88, and 0.798) respectively, all these transmissions are above
the transmission threshold of (0.5). The fourth input state is (ON-ON), in this
case the light signals are lunched to the inputs and control ports with phase
angle difference to activate the destructive interference and make the output
state of this case is (OFF).
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Fig.3. 13 Normalized transmission of the proposed all-optical NAND logic gate as a
function of wavelength for different input states.

The phase angles associated with the three ports (input port 1,
input port 2, and control port) are (180°, 180°, and 45°) respectively. The
transmission of the last case is (0.09) which is below the transmission
threshold of (0.5) and thus the output state of this case is (OFF). The
normalized transmission of the proposed NAND logic gate and the magnetic
field distributions of the proposed gate at different input states is shown in
Figure (3.13) and (3.14) respectively. The operation details of the proposed
all-optical NAND logic gate are presented in Table (3.7).
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Fig.3. 14 The magnetic field distribution of the proposed all-optical NAND logic
gate at different input states; (a) (off-off) input states, (b) (off-on) input states, ()

(on-off) input states, and (d) (on-on) input states.

Table 3. 7 The operation details of the proposed all-optical NAND logic gate

Input Input Control Output
Port 1 Phase Port 2 Phase Port Phase (M) T Port

Status Degree Status Degree Status Degree Threshold Status

OFF 0 OFF 0 ON 0 0.502 0.5 ON

OFF 0 ON 0 ON 0 0.88 0.5 ON

ON 0 OFF 0 ON 0 0.798 0.5 ON

ON 180 ON 180 ON 45 0.09 0.5 OFF

Contrast Ratio (CR) of The Proposed Gate = 7.46 (dB)
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The minimum transmission at the output port in case of the output
state is (ON) is (0.502), and the maximum transmission at the output in case
of the output state is (OFF) is (0.09), according to Equation (2.3) the contrast
ratio (CR) is equal to (7.46 dB).

3.2.6 All-Optical EX-OR Logic Gate

The output state of the EX-OR logic gate is ON only when the two
Input states are in opposite input logic states (OFF-ON) or (ON-OFF)
otherwise, the output state is OFF. In the proposed design of all-optical EX-
OR gate shown in Figure (2.3), ports distribution of proposed EX-OR gate
is similar to that of OR, and AND gates which is; input ports (port 1 and 2),
control port (port 3), and output port (port4) as presented in Figure (2.5).
Only in the cases of the input states are similar (OFF-OFF), and (ON-ON)
the phase angle difference is inserted when the light signals are lunched to
the inputs and control ports to take the advantage of destructive interference
between the light signals and thus the function of EX-OR logic gate is
realized. In the case of opposite input states; (OFF-ON) and (ON-OFF), the
light fields are propagates in phase and in the same propagation direction
and thus the transmissions of these two states are above the transmission
threshold of (0.5), the transmissions were (0.883 and 0.8) respectively. In the
other input states; (OFF-OFF) and (ON-ON) the phase angle difference
between the light fields in the input and control ports are inserted to employ
the destructive interference between them. In (ON-ON) input state the phase
angle difference was (180°, 180°, and 45°) respectively. The transmission of
the (OFF-OFF) and (ON-ON) input states are (0.053 and 0.09), respectively.
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Fig.3. 15 Normalized transmission of the proposed all-optical EX-OR logic gate as

a function of wavelength for different input states.

The normalized transmission of the proposed EX-OR logic gate
and the magnetic field distributions of the proposed gate at different input
states is shown in Figure (3.15) and (3.16) respectively. The operation details
of the proposed all-optical EX-OR logic gate are presented in Table (3.8).
The minimum transmission at the output port in case of the output state is
(ON) is (0.8), and the maximum transmission at the output in case of the
output state is (OFF) is (0.09), according to Equation (2.3) the contrast ratio
(CR) is equal to (11.78 dB).
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Fig.3. 16 The magnetic field distribution of the proposed all-optical EX-OR logic
gate at different input states; (a) (off-off) input states, (b) (off-on) input states, (¢)

(on-off) input states, and (d) (on-on) input states.

Table 3. 8 The operation details of the proposed all-optical EX-OR logic gate

Input Input Control Output
Port 1 III)Deh arseee Port 2 IIIJD(;1 ars:e Port Iil)jti1 ars:e (M Thr;hold Port
Status 9 Status g Status g Status

OFF

0

OFF

0

ON

180

0.053

0.5

OFF

OFF

0

ON

0

ON

0

0.883

0.5

ON

ON

0

OFF

0

ON

0

0.80

0.5

ON

ON

180

ON

180

ON

45

0.09

0.5

OFF

Contrast Ratio (CR) of The Proposed Gate = 11.78 (dB)
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3.2.7 All-Optical EX-NOR Logic Gate

The output state of EX-NOR logic gate is (ON) only when the two
input states are the same (OFF-OFF) or (ON-ON); otherwise, the output state
Is (OFF). In the proposed EX-NOR logic gate structure shown in Figure
(2.3), the two input ports are (port 2 and port 3), the control port is (port 1),
and the output port is (port 4) as presented in Figure (2.6). The function of
the EX-NOR gate can be realized by employing the phenomena of the
constructive and destructive interference between the propagating signals in
input and control ports. In the similar input states; (OFF-OFF) and (ON-ON),
the light signals are lunched to the inputs and control ports without phase
difference between them and in the same propagation direction in order to
accomplish (ON) output state. In (OFF-ON) and (ON-OFF) input states, the
light signals is lunched with phase difference angle between them in order
to activate the destructive interference between the signals and thus the
output state will be (OFF). The normalized transmission of the proposed EX-
NOR logic gate and the magnetic field distributions of the proposed gate at
different input states is shown in Figures (3.17) and (3.18), respectively. The
operation details of the proposed all-optical EX-NOR logic gate are
presented in Table (3.9).
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Table 3. 9 The operation details of the proposed all-optical EX-NOR logic gate

IID:Etui gg‘ga:rs:e IIDE?;J; [I)De?garS:e ngtl,?l g:garS:e (M) Th re:ghold Ogé?#t
Status Status Status Status
OFF 0 OFF 0 ON 0 0.505 0.5 ON
OFF 0 ON 180 ON 45 0.228 0.5 OFF
ON 180 OFF 0 ON 45 0.26 0.5 OFF
ON 0 ON 0 ON 0 1.26 0.5 ON
Contrast Ratio (CR) of The Proposed Gate = 2.88 (dB)

3.3. Comparison between the Proposed Structure and the Previous

Related Works.

Table (3.10) shows brief comparison between the proposed

structure of two inputs all-optical logic gates with the previous related works

in terms of;

No. of the Proposed Logic Gates, Dimensions, Operation

Wavelength, The Proposed Logic Gates, Insulator-Metal Materials, Max.

Optical Transmission, and Transmission Threshold.
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Table 3. 10 Comparison between the proposed structure and related works

Comparison Proposed Reference Reference Reference | Reference
Element Structure No. [99] No. [27] No. [29] No. [69]
No. of the . .
Proposed 7 logic gates | 7 logic gates | 3 logic gates 2 logic 2 logic
; gates gates
Logic Gates
1075 nm x
750 nm x folroggnr;]te
. . 350 nm x 350 400 nm x 900 nm, and 3umx2 g
Dimensions nm 400 nm 1.5 um = 1.8 m 1625 nm x
BN K 1000 nm
H for NOR
gate
Operation 1550 nm 1550 15350m | 944nm | 1360 nm
Wavelength
All gates All gates
NOT, AND, | NOT, AND,
OR, NOR, OR, NOR, NOT, AND,
Theprepesed | manp, ex. | navp,ex- | aaor | S0 | O o
g OR, and OR, and gates g g
EX-NOR EX-NOR
gates gates
Insulator- .
Metal Sapphire - Teflon — Sio,—silver | Air —silver | Air —silver
. silver silver
Materials
0,
88.2% for | ~28Xfor
NOT gate NOT gate,
! 0
126% for OR | 17270 for OR
ate, 126 for | 92L& 72 for
g AND aote | AND gate, 70% for
08 %Or ! 112% for NOT gate, | 84.06% for | 62 % for
Max. Optical N AN[O) ate NAND gate, 70% for AND gate, OR gate
Transmission 500 for?\lOI'? 28% for NOR gate, 80.07 for 69% for
0 NOR gate, and 90% for | NOR gate | NOR gate
gate, 88.3%
63% for EX- AND gate
for EX-OR q
gate, and OR g%te, an
126% for EX- | L% for
EX-NOR
NOR gate
gate
Transmission 50 % 25 % 35% | 50%orless | 30%
Threshold

3.4. The Multiple Inputs All-Optical Logic Gates

In this section, all the simulation results of three inputs all-optical
logic gates were presented and well discussed. The simulated gates are;
NOT, AND, NAND, NOR, and EX-NOR all-optical logic gates. The
operation wavelength was 1550 nm. The simulation results show that the

optical transmission threshold of (0.26) which performs the operation of
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planned logic gates to be accomplished. Moreover, simulation results show
that the proposed compact structure of all-optical logic gates may have
potential applications in all-optical integrated networks. The normalized
transmission of each simulated logic gate, the magnetic field distribution at
different input states, and the operation information tables will be presented

and discussed.
3.4.1 Three Inputs All-Optical NOT Logic Gate

To perform the function of all-optical NOT gate in the proposed
multiple inputs logic gates structure shown in Figure (2.7), only three ports
are used, and the remaining two ports are not used. (Port 2) is the input port,
the control port is (port 1), and (port 5) is the output port as presented in
Figure (2.10). The NOT logic gate have only two input states either (OFF)
or (ON), this the reason of using only one input port to present the two input
states. In the case of the input port state is in (OFF) state, the light field in
the control port is propagating towards the output port directly without any
interference between the light fields. The transmission of this case is (0.289)
which is above the transmission threshold of (0.26), and thus the output state
of this case in (ON) state. In case of input port is in (ON) state, phase
difference angle of (180°) is inserted with the light signal in the input port
and phase angle of (45°) is inserted with the light angle in the control port.
Due to the phase angle difference between the light signals and different
propagation direction, the destructive interference takes place between them
which makes the transmission of this case is (0.113) below the transmission
threshold of (0.26) and thus the output state is (OFF). The normalized
transmission of the proposed three inputs NOT logic gate and the magnetic
field distributions of the proposed gate at different input states are shown in
Figure (3.19) and (3.20) respectively. The operation details of the proposed
all-optical three inputs NOT gate are presented in Table (3.11).
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Table 3. 11 The operation details of the proposed all-optical three inputs NOT

logic gate
Input Input Input Control
Port 1 Port 2 Port 3 Port Output | Transmission | Normalized
Status Status Status Status Port Threshold Transmission
and and and and Status T Threshold T
(Phase®) | (Phase®) | (Phase®) | (Phase®)
((jof)F ot 8[.\)' ON 0.26 0.289
Not Used
ON Used ON
(180%) (45°) OFF 0.26 0.113
Contrast Ratio (CR) of The Proposed Gate = 4.07 (dB)

3.4.2 Three Inputs All-Optical AND Logic Gate

In order to realize the function of the all-optical three inputs AND
logic gate in the proposed design shown in Figure (2.6), (port 2) is considered
as control port, (ports 1, 3, and 4) are the input ports, and (port 5) is the output
port as presented in Figure (2.8). According to the truth table of multiple
inputs AND logic gate, the output state of multiple inputs AND logic gate is
(ON) only in the case of all the inputs states are in (ON). As mentioned in
the previous sections, as a result of the desired destructive interference
between the light signals which propagate in inputs and control port due to
the inserted phase angle difference between the light signals to actualize the
function of the proposed multiple inputs AND gate, the output states of this
gate are (OFF) in all cases except in the first case of all inputs were in (ON)
state. In the case of all inputs states are (ON), the constructive interference
between the four propagated light signals which is propagating in phase with
each other and in the same propagation direction, leads to make the
normalized transmission as high as possible (exceeds 100%), in this case the

transmission is (1.271).

The lowest transmission of the proposed structure transmissions
was in the case of input states of (OFF-OFF-ON), where the transmission of
this case is only (0.004) because of the phase difference and the ports

distribution positions. The remaining transmission is varied between (0.004
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to 1.271) according to the inserted phase angle difference and ports
distribution to accomplish the function of all-optical three inputs AND logic
gate .The transmission threshold of the proposed AND gate is (0.26). The
normalized transmission of the proposed three inputs AND logic gate and
the magnetic field distributions of the proposed gate at different input states
are shown in Figure (3.21) and (3.22) respectively. The operation details of
the proposed all-optical three inputs AND logic gate are presented in Table
(3.12). The minimum transmission at the output port in case of the output
state is (ON) is (1.271), and the maximum transmission at the output in case
of the output state is (OFF) is (0.11), according to Equation (2.3) the contrast
ratio (CR) is equal to (10.62 dB).
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Fig.3. 21 Normalized Transmission of The Proposed All-Optical Three Inputs
AND Logic Gate as a Function of Wavelength for Different Input States.
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Table 3. 12 The operation details of the proposed all-optical three inputs AND

logic gate
Input Input Input Control
Port 1 Port 2 Port 3 Port Output | Transmission Normalized
Status Status Status Status Port Threshold Transmission
and and and and Status T Threshold T
(Phase®) | (Phase®) | (Phase®) | (Phase®)
OFF OFF OFF ON
° o o o OFF 0.26 0.04
©°) ©°) ©°) ©°)
OFF OFF ON ON
o o o o OFF 0.26 0.004
©0°) () (180°) (45°)
OFF ON OFF ON
° o ° o OFF 0.26 0.005
©°) (180°) ©°) (45°)
OFF ON ON ON
(0°) (180°) (180%) (45°) OFF 0.26 0.037
ON OFF OFF ON
o o o o OFF 0.26 0.11
(45°) () () (180°)
ON OFF ON ON
(45°) 09 (180°) (180°) OFF 0.26 0.012
ON ON OFF ON
(45°) (180°) (0°) (180°) OFF 0.26 0.043
ON ON ON ON
o o o B ON 0.26 1.271
(9] () () ()

Contrast Ratio (CR) of The Proposed Gate = 10.62 (dB)

3.4.3 Three Inputs All-Optical NAND Logic Gate

The output status of the NAND logic gate is (OFF) only in the case
of all the inputs states are in (ON) state, otherwise, the output status of the
NAND gate is (ON). In order to realize the function of the proposed structure
design of the NAND logic gate shown in Figure (2.7), the destructive
interference between the inputs and control ports is employed in the case of
all the inputs are in (ON) states by inserting phase angle difference between
the propagating light signals in the inputs and control ports. The selected
Input ports are; (2, 3, and 4), and the control port is (port 1) while (port 5) is
the output port as presented in Figure (2.9). The constructive interference
between the light signals in the remaining input states takes place to
accomplish the function of the three inputs all-optical NAND logic gate, the
constructive interference occurs because all the propagated light signals are

in the same phase and propagation direction. The maximum transmission of
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the proposed structure occurs in the input states of (ON-OFF-ON), where the
transmission in this case is (0.985) which is above the transmission threshold
of (0.26). The output state of the proposed structure is (OFF) only in the case
of the inputs states are; (ON-ON-ON), where the transmission of this case is
(0.01) below the transmission threshold of (0.26).
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Fig.3. 23 Normalized transmission of the proposed all-optical three inputs NAND

logic gate as a function of wavelength for different input states

The normalized transmission of the proposed three inputs NAND
logic gate and the magnetic field distributions of the proposed gate at
different input states are shown in Figure (3.23) and (3.24) respectively. The
operation details of the proposed all-optical three inputs NAND logic gate
are presented in Table (3.13).
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Fig.3. 24 The magnetic field distribution of the proposed all-optical three inputs

NAND logic gate at the different inputs states; (a) (off-off-off), (b) (off-off-on), (c)

(off-on-off), (d) (off-on-on), (e) (on-off-off), (f) (on-off-on), (g) (on-on-off), and (h)
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Table 3. 13 The operation details of the proposed all-optical three inputs NAND

logic gate
Input Input Input Control .
Port 1 Port 2 Port 3 Port Output | Transmission ?f;gﬁ:::g%
Status Status Status Status Port Threshold n
and and and and Status Threshold T
(Phase®) | (Phase®) | (Phase®) | (Phase®)
OFF OFF OFF ON
° o o o ON 0.26 0.289
©°) ©°) ©0°) ©0°)
OFF OFF ON ON
o 0 o o ON 0.26 0.626
(9] () (9] (9]
OFF ON OFF ON
° 0 o o ON 0.26 0.451
©°) ©°) () ©0°)
OFF ON ON ON
o R o o ON 0.26 0.857
©°) ©°) () ()
ON OFF OFF ON
o 0 o o ON 0.26 0.546
(9] () ©0°) ©0°)
ON OFF ON ON
° o o o ON 0.26 0.985
©°) ©°) ©°) ©°)
ON ON OFF ON
R R o R ON 0.26 0.762
(0°) () () %)
ON ON ON ON
@) | (80 | @soy | @soy | OFF 0.26 0.01
Contrast Ratio (CR) of The Proposed Gate = 14.6 (dB)

The minimum transmission at the output port in case of the output
state is (ON) is (0.289), and the maximum transmission at the output in case
of the output state is (OFF) is (0.01), according to Equation (2.3) the contrast
ratio (CR) is equal to (14.6 dB). The performance of the proposed three
inputs all-optical NAND logic gate is very good and efficient.

3.4.4 Three Inputs All-Optical NOR Logic Gate

In the proposed structure of three inputs all-optical logic gates
shown in Figure (2.7), the realization of NOR logic gate function is done by
considering the (ports 2, 3, and 4) as inputs ports, (port 1) as a control port,
and (port 5) as an output port as presented in Figure (2.9). According to the
truth table of three inputs NOR logic gate, only in case of all the three inputs
states are in (OFF) state, the output state at the output port is (ON). In all
other inputs states, the phase angle difference between the propagating light



88

signals in the inputs and control ports is employed to generate the destructive
interference which makes the output state at these inputs states is (OFF). The
transmission threshold of the proposed NOR gate is (0.26). In the first input
state, when the three inputs are in (OFF) state, only the light signal in the
control port propagates in the waveguide and thus the transmission of this
input state is low (0.289). Although the transmission of this input state is
low, it’s the only input state which gives the output state is (ON) state where
the transmission of (0.289) is above the threshold of (0.26). The contrast
ratio (CR) of the proposed NOR gate is relatively low (2.46 dB), because the
there is only one (ON) output state with low transmission (0.289) which
gives low (CR) according to Equation (2.3). In all remaining input states, the
destructive interference is generated by inserting a phase angle difference

between the light signals.

0.28+ —— Inputs are: OFF
Inputs are: (OFF-QFF-ON)
0.261 —— Inputs are: (OFF-ON-OFF) |
Inputs are: (OFF-ON-ON)
0.24F —— Inputs are: (ON-OFF-OFF) | 7
Inputs are: (ON-OFF-ON)
0.221 — Inputs are: (ON-ON-OFF) | 7
— Inputs are: ON

0.2F

0.18F

0.16

0.1F

Normalized Transmission
(=]
—
-

0.08F

0.061

0.041

0.02

4]

A, L A. L
1000 1200 1400 1600 1800
lambda {(nm)

Fig.3. 25 Normalized transmission of the proposed all-optical three inputs NOR

logic gate as a function of wavelength for different input states
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(ON-OFF-ON), (g) (ON-ON-OFF), and (h) (ON-ON-ON) Inputs States.



90

lambda(56)=1550 nm freq(1)=1.9341E14 Hz Surface: Magnetic field, z component (A/m)
mo T T T T T T T T T

lambda(56)=1550 nm freq(1)=1.9341E14 Hz Surface: Magnetic field, z component (A/m)
nm (— T T T T T T T T 1o x10°
200( 12 200
1501 1 150
100 %8 100
0.6
501 50F
0.4
of of
0.2
501 -50F
0
-100F -100+
-0.2
-150} oa 5O
2001 £ 06  -200F
250k, A . . . . . . = 08 .250f . . . . . . . =
-200 -150 -100 -50 0 50 100 150 nm -200 -150 -100 -50 0 50 100 150 nm

(€) (f)

lambda(56)=1550 nm freq(1)=1.9341E14 Hz Surface: Magnetic field, z component (A/m) lambda(56)=1550 nm freq(1)=1.9341E14 Hz Surface: Magnetic field, z component (A/m)
mo . - r . T : T — nm T T T T T T T ™=

x107
200+ 200 200
i
150+ 150
200
100+ 100+
0.5
0
50 50r 1
oF -200 of 1
0
S0 50 —
-400
100} 100+
-0.5
-600
150 -150F B
200 -800 200+ - UH - N
250t . . . : . . . i 250F . L . \ . \ R .
200 -150 -100  -50 0 50 100 150 nm 200 -150 -100  -50 0 50 100 150 nm

(@) (h)

Fig.3. 26 (Continued).

The normalized transmission of the proposed three inputs NOR
are logic gate and the magnetic field distributions of the proposed gate at
different input states shown in Figure (3.25) and (3.26) respectively. The
operation details of the proposed all-optical three inputs NOR logic gate are
presented in Table (3.14). The minimum transmission at the output port in

case of the output state is (ON) is (0.289), and the maximum transmission at
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the output in case of the output state is (OFF) is (0.164), according to
Equation (2.3) the contrast ratio (CR) is equal to (2.46 dB).

Table 3. 14 The operation details of the proposed all-optical three inputs NOR

logic gate
Input Input Input Control
Port 1 Port 2 Port 3 Port Output | Transmission | Normalized
Status Status Status Status Port Threshold Transmission
and and and and Status T Threshold T
(Phase®) | (Phase®) | (Phase®) | (Phase®)
OFF OFF OFF ON
o o o 0 ON 0.26 0.289
©°) (9] ©°) ©°)
OFF OFF ON ON
o o o N OFF 0.26 0.085
() (9] (180°) (45°)
OFF ON OFF ON
o 0 ° o OFF 0.26 0.164
©°) (180°) ©°) (45°)
OFF ON ON ON
0%) (180%) (180%) (45°) OFF 0.26 0.029
ON OFF OFF ON
o o o o OFF 0.26 0.114
(180°) (9] () (45°)
ON OFF ON ON
(180°) (0°) (180°) (45°) OFF 0.26 0.012
ON ON OFF ON
(180°) (180°) (0°) (45°) OFF 0.26 0.043
ON ON ON ON
(180%) (180%) (180%) (45°) OFF 0.26 0.01
Contrast Ratio (CR) of The Proposed Gate = 2.46 (dB)

3.4.5 Three Inputs All-Optical EX-NOR Logic Gate

The output state of the EX-NOR gate is (ON) only when; even
number of inputs is in (ON) state or all the inputs are in (OFF) state
otherwise, the output state is (OFF). In the proposed EX-NOR gate structure
shown in Figure (2.6), the input ports are (port 2, 3, and 4); the control port
is (port 1), (port 5) is the output port as presented in Figure (2.8). The
function of the EX-NOR gate can be realized by employing the phenomena
of the constructive and destructive interference between the propagating
light signals between the inputs and control ports. The transmission
threshold of the proposed EX-NOR gate is (0.26). Similar to NOR gate, the
proposed EX-NOR gate have relatively low contrast ratio (CR) of (2.46 dB)
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and thus, the performance of this gate is moderate. The normalized
transmission of the proposed three inputs EX-NOR logic gate and the
magnetic field distributions of the proposed gate at different input states are
shown in Figure (3.27) and (3.28) respectively. The operation details of the
proposed all-optical three inputs EX-NOR logic gate are presented in Table
(3.15).
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) — Inputs are: (OFF-ON-OFF)
Inputs are: (OFF-ON-0OM)
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Fig.3. 27 Normalized transmission of the proposed all-optical three inputs EX-

NOR logic gate as a function of wavelength for different input states.
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Table 3. 15 The Operation Details of the Proposed All-Optical Three Inputs EX-
NOR Logic Gate

Input Input Input Control
Port 1 Port 2 Port 3 Port Output | Transmission | Normalized
Status Status Status Status Port Threshold Transmission
and and and and Status Threshold T
(Phase®) | (Phase®) | (Phase®) | (Phase®)
OFF OFF OFF ON
° o o o ON 0.26 0.289
©°) ©°) ©°) ©0°)
OFF OFF ON ON
o o o o OFF 0.26 0.085
©0°) () (180°) (45°)
OFF ON OFF ON
o B o o OFF 0.26 0.164
©°) (180°) ©°) (45°)
OFF ON ON ON
° o o o ON 0.26 0.857
©°) ©°) ©°) ©°)
ON OFF OFF ON
o o o o OFF 0.26 0.114
(180°) () () (45°)
ON OFF ON ON
R R R R ON 0.26 0.985
(0°) ©0°) ©°) %)
ON ON OFF ON
o o o o ON 0.26 0.762
©°) ©°) ©°) ©°)
ON ON ON ON
(180%) (180%) (180%) (45°) OFF 0.26 0.01




Chapter Four

Conclusions and Future Works
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4.1 Conclusion

After designing all optical plasmonic gates many design

parameters could effect on the performance of the plasmonic gates (CR and

transmission) that are dimensions, no of the nano rings <transmission

threshold and shapes of the designed plasomnic gates. The concluded points

from this work are summarized below:

1.

The dimensions of the structure such as; the ring radii, the width and
length of the straight waveguides, the coupling distance between the
waveguides, number of Nano-rings structures, and number of straight
waveguides are strongly affect the output results.

The distribution of the structure ports (control and inputs) ports plays
important role in determining in the performance of the designed
plasmonic gates.

In the case of symmetrical structure the output normalized transmission
has no ripples.

In some cases, the output transmission may exceeds the (100%) as a
results of high constructive interference between the propagated light
signals which are all in the same phase and direction.

The designed universal plasmonics gates have compact size which is (350
nmx350 nm) which make it useful for ultra-compact all-optical systems.
Maximum (CR) of 14.6 dB is achieved in multiple inputs logic gates with
dimensions of (400 nm x 400 nm) which is related to plasmonic NAND

gate.

4.2 Future Works

This work can be expanded in the future as follow:
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. Trying to implement the designed structures practically via the
accurate fabrication methods using lithography techniques and

femtosecond lasers.

. Using different materials either metals or dielectric with that effect on

neff to perform all-optical logic gates.

. Modifying the structure and materials to increase the contrast ratio

(CR) as much as possible.

. Design, realize, and investigate the combinational and sequential all-

optical logic circuits.

. Design tunable plasmonic filter by varying the outer ring radius and

spacing distance between the waveguides.

. Design plasmonic Bragg Grating Waveguide.
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APPENDIX (A)
DESCRIPTION OF SPPs IN METALLIC
NANOSTRUCTURES WITH

ELECTROMAGNETIC FIELDS

A.1 The Optical Properties of Metals

Before explaining Maxwell’s equations and electromagnetic
waves propagation in plasmonic structures, the behavior of metals in these

structures must be demonstrated.

Metals behave in a variety of ways with respect to different parts of the
electromagnetic spectrum of the input light wave. They are highly reflective
for frequencies up to the visible part of the spectrum, preventing light from
penetrating them, which is why, for lower frequencies, they are generally
considered as good conductors [70]. On the other hand, for near infrared and
higher frequencies, the amount of field penetration of the input light into
metals increases significantly, resulting in increased absorption of the light.
At ultraviolet frequencies, metals behave as dielectric media, allowing
electromagnetic waves to propagate through them with different degrees of
attenuation. For noble metals, such as gold or silver, strong absorption
between electronic bands due to inter-band transition occur, which is why
they tend to be very lossy in this regime. Table A.1 shows the quality factors
and SPP propagation lengths for four common plasmonic metals that are the

most commonly used in plasmonic nanostructures [71].
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Table A.1. The quality factors and SPP propagation lengths for four

common plasmonic metals

wavelength regime metal  Quepr (%)  Qspp (%)  Lgpp (um)
ultraviolet (280 nm) Al 11 —12 2.5
visible (650 nm) Ag 200 250 84
Cu 120 130 24
Au 32 38 20
near-infrared (1000 nm) Ag 160 200 340
Cu 100 93 190
Au S1 61 190
telecom (1550 nm) Ag 27 480 1200
Cu 140 120 820
Au 81 95 730

Where (QLspr and Lspp) are Quality factor of Localized Surface Plasmon
Resonance (LSPR) and Quality factor of SPP, respectively. These two
factors are described by Equations (A.1) and (A.2), respectively [72]. While
Lspp IS @ propagation length of SPP which is described by Equation (A.3)
[73, 74]

Quspr = — Ere/€im (A.1)

Quspr = — &/ Eim (A.2)

L 11 . €2, {Ere + ere}3/2 43
e Zim[ﬁ] B stpp im e 2T[‘gim Ere€2 ( . )

Where ere is a real part of the complex dielectric function (permittivity) of
the metal, eim is an imaginary part of dielectric function (permittivity) of the
metal, kspp im is an imaginary part of propagation constant, and &2 is
permittivity of dielectric medium. which is related to the conductivity o as
shown in Equation (A.4) [73].

dielectric function &(w) which is a function of frequency (wavelength), The
dispersive properties of metals can be described by a complex has overcome
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other metals in the same wavelength (1550 nm). Therefore, this thesis used
this material (Silver). For these advantages it wavelengths as well as higher
Qvuspr, Qspp, and LSPP than other metals. materials in both the visible, near-
infrared (NIR) at telecommunication From Table A.1, Silver exhibits the
lowest losses of current Appendix (D). The two factors (QSPP and LSPP)

are explained and defined in

io(K,w)

EoW

cw)=1+

(4.4)

Where w is the angular frequency of an incident plane wave, K is the
wavevector and €0 is permittivity of the vacuum. € (w) can be separated into
real and imaginary parts, ere and eim as shown in Equation(A.5) related to

the complex refractive index n(w) as shown in Equation (A.6) .
e(w) = € +ig, (A.5)
e(w) =n(w)? = (Nye(w) + ki (0))? (4.6)

From the above two equations, the derivation of the following four
relationships between the real part of e(w) and n(w), and the imaginary part

of them is easy [75].

Ere = nrez - kim2 (A.7)
Eim = 2Nypekim (A.8)
£ 1
Npe = % + E\/erez + £;,,2 (A.9)
€im
ki, = A.10
m ane ( )

Where k;,, is the extinction coefficient which determines the amount of
optical absorption of the EM waves propagating through the medium. It is
useful to study the permittivity of the metal for different frequency regimes
with respect to the plasma frequency: i.e for w < wpand w > w, For high

frequencies close to wp, the permittivity is predominantly real as in



4A-

Equation A.11:
w 2
c(lw)=1- w—pz (A.11)

It can be noted from the above equation that at frequencies less
than the plasma frequency p, the dielectric permittivity of the metals is

negative, i.e. the plasma of the excited electrons protects the interior of
metals from the external applied field. Thus, metals (such as silver) in this
regime tend to provide very low resistance to the external field, and therefore
have a good conductivity [76]. However, when the frequencies of the
incident plane wave are larger than the plasma frequency, metals behave as
a dielectric material with real and positive permittivity.

This thesis used Johnson and Christy data to describe the
permittivity of the metal used (Silver) because it is more practical than the
analytical equation of other models (such as Drude Model) which depend on
practical points to describe the permittivity of the metal (Rounding and
fitting do not occur). In Drude model, the rounding and fitting process will
occur and this leads to an approximation in the value of permittivity at given
point of wavelength or frequency, which results in a high approximation in
the final results. In addition, this thesis worked on frequency domain (FEM
method) and the accuracy of describing the permittivity is a very important
factor since these points vary with frequency or rather with wavelength.
Moreover, according to [77] , when the dimensions of the parts of the
structure become less than 50 nm, the Drude model becomes inefficient in
these dimensions while Johnson and Christy data were designed for

dimensions which reach to a few of Angstroms [77].
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A.2 Maxwell’s Equations and Electromagnetic Wave
Propagation
Maxwell’s equations describe the electromagnetic field for a

given system through four vectors which are strength of the electric field
(E), the displacement (D), the strength of magnetic field (H), and the flux

density (B) with the external charge and current densitiesp ext and Jext [78].

The Maxwell’s equations are described in the following four Equations:

V.D = pey (A.12)
V.B=0 (A.13)
VXE =—0B/ot (A.14)
VXH=],.+ 0D/0t (A.15)

The four fields are further linked via the polarization P and magnetization
M by [79]:

D=¢eE+P (A.16)
1

H=—B-M (A.17)
Ho

Where g and i are the electric permittivity and magnetic permeability of
the vacuum, respectively. P describes the electric dipole moment per unit
volume inside the material, caused by the alignment of microscopic dipoles

with the electric field.

The great advantage of this approach is that the macroscopic
electric field includes all polarization effects. the following limits them to
linear, isotropic and nonmagnetic media. One can define the constitutive
relations [74].

D =gy, E (A.18)

D = popyH (A.19)
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Where €, and , are electric permittivity and magnetic permeability of the

material.

In order to investigate the physical properties of surface plasmon
polaritons (SPPs), one must apply Maxwell’s equations (A.12 to A.15) to the
flat interface between a metal and a dielectric. To present this discussion
most clearly, it is advantageous to present the equations first in a general
form applicable to the guiding of electromagnetic waves, the wave equation.
In the absence of external charge and current densities, the curl equations
(A.14, A.15) can be combined to yield Equation (A.20)

VXVXE=—u,0%D/0t? (A.20)
Using the identities VXVXE =V (V-E) —V?E as well as V. (¢ E) =

E-Ve + € V.E, and remembering that due to the absence of external source V
- D =0, Eqg. A.20 can be rewritten as [74]:

V(—(EVe)/e) — V2E = —pyepe, E/0t? (A.21)

For negligible variation of the dielectric profile = (r) over distances
about one optical wavelength, Eq. A.21 simplifies the central equation of

electromagnetic wave theory [74].
V2E — (g, /c?)0?E/0t?> =0 (A.22)

Practically, this equation has to be solved separately in regions of
constant , and the obtained solutions have to been matched using appropriate
boundary conditions. Eqg. A.22 can be represented in a form suitable for the
description of confined propagating wave, there is two steps. First, assume
in all generality a harmonic time dependence. E(r, t) = E(r) exp(—t) of the
electric field, where r represents position vector. Insert into Eq. A.22 to yield
[74]:

V2E + K2e,E = 0 (4.23)
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Where K, = % = 2mAyis the wave vector of the propagating wave in

vacuum. Where c is speed of light in free space and frequency of input light.
Eqg. A.23 is known as the Helmholtz equation. The propagation geometry is
shown in Figure (A.1). Assume for simplicity a one-dimensional problem,
l.e. depends only on one spatial coordinate. Specifically, the waves
propagate along the x-direction of a Cartesian coordinate system, and show

no spatial variation in the perpendicular in-plane y-direction (see Figure A.1)
[74].

In order to find the surface plasmons which are waves bound to
the interfaces (x-z plane of input light), the magnitudes of the electric and
magnetic pharos fields can be written as [80]:

Figure (A.1) Definition of a planar waveguide geometry. The waves
propagate along the x-direction in a Cartesian coordinate system [81]

(r) = (x,2) = (2)e’P* (A.24)
(r) = (x,2) = (2)e#* (A.25)

Where £ is propagation constant, in the x direction. Creating surface plasmon
polariton depends on the type of polarization. Therefore ¢, = (z). Applied to
electromagnetic surface problems, the plane z = 0 coincides with the
interface sustaining the propagating waves. In this case, the differential
operators with respect to the coordinates x and y can be written as [80].
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a .

a =if (A.26)
i =0 (A.27)
dy

This makes it possible to express the Laplacian of any of the fields as [80]:
0%F(x,z) = 0°F(x,2)/0z% — B?> F(x,z) = 0 (A.28)

The Laplacian in Eq. (A.28) and the fields in Eq. A.24 can be used to

simplify the Helmholtz's equations to one dimension [80].
0%E(2)/0z% + (K¢e, — PP E(2) =0 (A.29)

Naturally, a similar equation exists for the magnetic field H. Eq.
A.29 is the starting point for the general analysis of guided electromagnetic
modes in waveguides, and an extended discussion of its properties and
applications and similar treatments of photonics and optoelectronics. In
order to use the wave equation for determining the spatial field profile and
dispersion of propagating waves, now there is a need to find explicit
expressions for the different field components of E and H. This can be
achieved in a straight forward way using the curl equations (A.14, A.15).
Harmonic time dependence d / dt =—iw will arrive at the following set of

coupled equations [74].

dE,/0y —0E,/0z = iwpoH, (A.30)
dE,/0z — 0E,/0x = iwupH, (A.31)
dE,/0x — 0E, /0y = iwuoH, (A.32)
dH,/0y — 0H,/0z = iwpyE, (A.33)

dH,/0z— 0H,/0x = iwyyE, (A.34)

dH,/0x —0H, /0y = iwpyE, (A.35)
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For propagation along the x-direction d/dx = ifand homogeneity in

the y-direction d/dy = 0, this system of equation is simplified to [74]:

0E,/0z = —iwuyH, (A.36)
0E,./0z — iBE, = iwugH, (A.37)
IBE, = iwugH, (A.38)
0H, /0z = iweye E, (A.39)
0H,/0z — iBH, = —iweye, E, (A.40)

iBH, = —iwegge, E, (A.41)

It can easily be shown that this system allows two sets of self-consistent
solutions with different polarization properties of the propagating waves.
The first set are the Transverse Magnetic (TM or P-Polarized) modes, where
only the field components E,,E, and Hy are nonzero, and in the second set,
the Transverse Electric (TE or S-Polarized) modes, only Hy, H; and E, are
nonzero. For TM modes, the system of governing Equations (A.36-A.41) is
reduced to [74]:

E,=— (iaHy/az)/wsosr (A.41)
E, = —BH,/weye, (A.42)
In addition, the wave equation for TM modes is:

0%H,(z)/0z* + (K§e, — B*)H,(z) = 0 (A.44)
For TE modes the analogous set is

H, = (i0E,/0z)/wp, ( A.45)
H, = BEy/wuq (A.46)
In addition, the TE wave equation is:

0%E,(z)/0z* + (K&, — B*)(2z) =0 (A.47)
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APPENDIX (B)

THE POLARIZATION OF INPUT LIGHT

B.1 Polarization of Input light

In which the plane of incidence can be defined as the x-z plane.
In these conditions, for a plane wave propagating in the x-z plane, the
magnitudes of the pharos fields are dependent on the coordinates x and z, but
constant along the y direction. The creating surface plasmon polariton is

dependent on the type of light polarization (S or P) [80].
1. S-polarization or TE-polarization

The incident electromagnetic wave which is the electric field

component E is perpendicular to the plane of incidence, this type of
polarization is called S-Polarized, and results in an evanescent wave Ey,

parallel with the y coordinate. The component of the E-field that lies in the
X-y plane is continuous as moving across the plane of the interface. Here, all
E-fields are in the y-direction, which is in the plane of the interface [80]. This

case is shown in Figure (B.1).
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Figure (B.1) S-Polarization [80]

2. P-polarization or TM-polarization

The incident electromagnetic wave which is the magnetic field
component H is perpendicular to the plane of incidence. This type of
polarization is called P-Polarized. The component of the E-field which lies
in the x-z plane is continuous as moving parallel to the plane of the interface.
Here, all E-fields are in the parallel to incident plane, which is in the plane
of the interface [80]. This case shown in Figure (B.2).
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Figure (B.2) P-polarization [80]

B.2 Existence of SPPs in Which Mode

The most simple geometry sustaining SPPs is that of a single, flat
interface as shown in Figure (B.3) between a dielectric, non-absorbing half
space (z > 0) with positive real dielectric constant and an adjacent conducting
half space (z < 0) described via a dielectric function &, (w)The requirement

of metallic character implies that Re [g,,, ] < 0. For metals, this condition is
fulfilled at frequencies below the bulk plasmon frequency p needed to look

for propagating wave solutions confined to the interface, i.e. with evanescent

decay in the perpendicular z-direction.
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Figure (B.3) Geometry for SPP propagation at a single interface between a

metal and a dielectric

At first look at TM solutions. Using the equation set (A.42-A.44) in

both half spaces yields [74].

Forz>0and

Hy(z) = Aq exp(ify) exp(—kq2)

) 1
Ex(2) = iA4 WE

kqexp(ify) exp(—kyz)
0€d

B.(2) = ~Aast—exp(ip) exp(—ka)

Forz>0and

Hy (z) = Ap, exp(ify) exp(ky,2)

Ex(2) = —iAp
0€d

Ey(2) = —Ap ——exp(iB,) exp(lmz)

0€d

k. exp(ify) exp(kpz)

(B.1)

(B.2)

(B.3)

(B.4)

(B.5)

(B.6)

For z < 0.k; =k, (i = m, d) is the component of the wave vector

perpendicular to the interface in the two media. and are the amplitude of

electric and magnetic fields in the metal and dielectric, respectively. Its a
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reciprocal value, Z = 1/|k,|, which defines the evanescent decay length of the

fields perpendicular to the interface [74].

This quantifies the confinement of the wave. Continuity of and at the

interface requires that A; = A,,, and. Thus

ka/km = —€a/em (B.7)

Note that with the convention of the signs in the exponents in (B.1-B.3)
and (B.4-B.6), confinement to the surface demands Re [¢,,] <0 if ;> 0. The
surface waves exist only at interfaces between materials with opposite signs
of the real part of their dielectric permittivity, i.e. between a conductor and
an insulator. The expression for H, further has to fulfill the wave Equation

Eq. (A.44), yielding [74]:
K2 = B% — KZep (B.8)
Ki=pB*—Kieq (B.9)

Combining Equations (B.8 and B.9) with Eq. B.7will arrive at the central
result of this section. The dispersion relation of SPPs propagates at the

interface between the two half spaces that is:

B =K, |4 (B.10)

Eméd

This expression is valid for both real and complex em, i.e. for conductors
without and with attenuation. For (TE) modes, the corresponding fields can

be written as:

Forz>0and

E,(2) = Ay exp(if;) exp(—kyz) (8.11)



B-6

Hy(2) = —iAg — kaexp(ify) exp(—ky2) (8.12)
WHo
Hy(2) = Ag—o—exp(ify) exp(~ky2) (8.13)
WHo
Forz>0and
Ey (z) = Ay, exp(iBy) exp(—kqy,2) (B.14)
. 1 .
Hy(z) = i, w_‘uo kmexp(iBy) exp(k;,2) (B.15)
H,.(z) =iA iexp(iﬁ ) exp(k,,z) (B.16)
X m wﬂo X m

A gain from the boundary condition (continuity of Ey and Hy) at the interface

may yield:
C(Ke+Km)=0 (B.17)

Where C is a constant. As the surface waves require that Re [ k;] > 0
and Re [k,,] > 0, so Eq. (B.17) is obtained only when (4,=0) and because (
A= A, =0). It means no surface wave can exist for (TE) modes. As a result,
existence of SPPs is only possible with TM polarization. The following
flowchart shown in Figure (B.4) describes the equations, on which SPP is
dependent.
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Figure (B.4) Flowchart for describing the equations, on which SPP is dependent
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APPENDIX (C)

SPPS EXCITATIONS MECHANISMS
C.1 SPPs Excitations Methods

The mechanisms of SPPs excitation are explained in the following sections.
A. Prism coupling

This technique, also known as attenuated total internal reflection,
involves the coupling of the SPPs to the evanescent electro-magnetic field
established upon total internal reflection of a light beam at a surface in an
optically dense medium [74]. Two different geometries for prism coupling
are possible as shown in Figure (C.1). In the Kretschmann configuration, the
metal film is steamed on top of a glass prism. The film is illuminated through
the dielectric prism at an angle of incidence greater than the angle of total
internal reflection. The wave vector of light is increased in the optically
dense medium [74]. At a certain angle of incidence where the in-plane
component of the photon wave vector in the prism synchronizes with the
SPP wave vector on an air-metal surface, resonant light tunneling through
the metal film occurs and light is coupled to the surface polaritons as
depicted in Equation (C.1) [74].

. . ‘ saile

(a) (b)

Figure (C.1) Prism coupling: (a) Kretschmann, (b) Otto configuration [74]
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Under these resonant conditions, a sharp minimum is observed in
the reflectivity from the prism interface as light can be coupled to SPPs with
almost 100% efficiency [74]. When increasing the metal film thickness, the
efficiency of the SPP excitation reduces as the tunneling distance increases
[74]. SPP on an interface between the prism and metal cannot be excited in
this geometry becuase the wave vector of SPP at this interface is larger than
the photon wave vector in the prism at all incident angles. To be able to
excite SPP on the internal metal interface, an additional dielectric layer with
a refractive index smaller than of the prism should be deposited between the
prism and the metal film [74]. In such a two-layer geometry, the photon
tunneling through this additional dielectric layer can provide resonant
excitation of SPP on the inner interface. Thus, both SPP modes (on the
surface and the interface) can be excited in such a configuration at different

angles of illumination [74].

When the thickness of metal (or surfaces of bulk metal) is increased,
the Kretschmann configuration cannot be used, SPP can be excited in the
Otto configuration. Here, the prism where total internal reflection happens
is placed close to the metal surface, so that photon tunneling occurs through
the air gap between the prism and the surface [74]. The resonant conditions
are analogous to those in the Kretschmann configuration. This configuration
is also favored when direct contact with the metal surface is unwanted, e.g.

for studying the surface quality [74].
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B. Grating coupling

The mismatch in wave vector between the in-plane momentum kx = k sinf

of impinging photons and  can also be overcome by using diffraction
effects at a grating pattern on the metal surface [74]. For a one-dimensional

grating of

grooves with lattice constant a, as depicted in Figure (C.2), phase-
matching takes place whenever the condition in Equation (C.2) is fulfilled
[74].

f =ksing + nG (C.2)

Where G = 2m/a is the reciprocal vector of the grating andn=1, 2, 3.....As
with prism coupling, excitation of SPPs is detected as a minimum in the
reflected light [74]

Figure (C.2) Grating coupling of a light with wave vector k impinging on a

metal grating surface of period a [74]

C. Near field excitation mechanism
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In contrast to the macroscopic SPPs exciation schemes such as
prsim or grating coupling, near-field optical microscopy represents a point
source to provide local excitation of SPPs over a subwavelength area [82].
In the typical near-field SPPs excitation configuration depicted in Fig. C.3,
the illumination light from a small probe tip of aperture size (a) (a < Aspp <
Ao ) has wave vectors kO< kspp < k, thus allowing a nearfield coupling of
the phase-matched subwavelength aperture diffracted light into SPPs. Using
such probes in near-field scanning optical microscopy (NSOM), SPPs at

different positions of the metal surface can be locally excited.

e

Figure (C.3) Excitation with a near-field scanning optical microscopy (NSOM)

Probe

D. Excitation using surface features diffraction

When the surface is randomly rough in the near-field region, the
diffracted light components possess all wave vectors and thus SPPs can be
excited by conventional illumination without any special arrangements.
Unlike using the diffraction grating, this is a non-resonant excitation.
Similarly, SPPs can also be optically excited through light diffraction from

surface features as shown in Figure (C.4) [83]
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Figure (C.4) Diffraction on surface features [84]

E. Excitation using highly focused optical beams

A typical setup of using highly focused optical beams for SPP

excitation is sketched in Figure C.5. Instead of using a prism to satisfy the

total internal reflection and SPP resonance condition, a high numerical

index, which matched oil-immersion microscope objective, is brought into

contact with the glass substrate, on which a thin metal film is deposited.

Owing to the high numerical aperture of the lens, the broad angular spread

of the focused illumination beam is large enough to have the resonance wave

vector for SPP excitation at the metal-air interface. The highly focused

illumination beam provides localized SPPs excitation over a diffraction—

limited area

Oil

- Silver film

Incident

white-light

continuum beam

2
>
ld

Leakage radiation

Glass |

Reflected beam

- ~

e - -

CCD
camera

N
Tube
— lens

|

Figure (C.5) Excitation with highly focused optical beams [85]
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APPENDIX (D)
PARAMETERS PERFORMANCE OF PLASMONIC
WAVEGUIDES

D.1 Definition of Confinement, Propagation Length, Quality Factor
and Figure of Merit

A. Definition of confinement

The rapid evolution of PWs with strongly confined SPPs
demonstrated their ability to achieve the sub-wavelength of the conventional
DWs [86]. Basically, the sub-wavelength confinement of light in the
plasmonic waveguide is associated with engineering the evanescent fields
outside the core of the waveguide. When an optical ray traverses a flat
interface between two different dielectrics which can be seen in Figure (D.1
(@), the light is partially reflected back to the core medium and is partly
refracted in the cladding medium. Snell’s law governs the angle of reflection

and refraction. If n1> n2 (nl and n2

are the refractive index of the two dielectrics) and the incident angle is
greater than the critical angle 8c, as shown in Equation (D.1), light is totally

reflected

back to the core medium and evanescently decays in the cladding medium.

This process is known as total internal reflection (TIR)

0, = sin~122 (D.1)

ng

However, if the cladding is a metal (e.g. Au or Ag), the SPP can be excited
when certain phase matching conditions are met, and the energy from the
excitatory light wave can be transferred to the free electron to form an SPP
which spreads at the metal - insulator surface. SPP has a shorter wavelength

than a free excited light. Moreover, a very small skin depth can be achieved
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where the energy is rapidly degraded in the metal as can be seen in Figure
D.1 (b). In a more complicated sandwich structure, the dielectric waveguide
(Figure D.1 (c)) could not achieve sub-wavelength of light confinement
because the diffraction limit phenomenon. For the plasmonic waveguide as
shown in Figure (D.1 (d)), which can be described as a MIM structure. In
this type of structure, the wavelength of the resonance, the thickness of the
core layer and the skin depth of the evanescent waves in the cladding
medium achieve the sub-wavelength light confinement in the waveguide
core. While, the confinement factor in IMI PWs is less in MIM PWs as

shown in the comparison between them

(a) \ (b)

™ e .
s H 1 5 “d
. P A o A
—
(c) ‘\ (d) |
\ 1, ‘\ ‘ ) gnl
= \Strong confinement
1y f;d
‘/,
/ 11, / €m

Figure (D.1) (a) TIR happens when n1 >n2 (b) In a One dimensional

subwavelength light confinement in a metal-dielectric interface, ey, is the
permittivity of the metal and &4 is the permittivity of the dielectric (c) Two-
dimensional light confinement in a sandwiched DW (d) Two dimensional

sub-wavelength light confinement in a sandwiched PW [87]
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B. Definition of propagation length

The propagation length is defined as the distance space where a
mode can travel before the energy density decays to 1/e of its original value
[88]. It described by Equation (A.3) in Appendix A.

C. Definition of quality factor

The quality factor is the ratio of twice propagation length to the
resonance wavelength of SPPs. It is described in Equation (D.2) in addition

to previous description in Equation (A.2).
QSPP =2m Lspp/lspp ( D. 2)
D. Definition of figure of merit

The figure of merit (FoM) is a quality measure for surface plasmon
waveguides. It is defined as benefit-to-cost ratio where the benefit is
confinement and the cost is attenuation for a particular mode. It can be

described by Equations below

FOMconfinment = Ao / & (D.3)
Where § is a skin depth of the medium in meters

FOMpropagation = Lspp / Aspp (D.4)
Substituting Eq. (D.2) in Eg. (D.4), yields:

FOMyropagation = Qsep / 21 (D.5)
When applying the definition of FoM, the result is the following equations:
FoM = FOM confinment / FOMropagation (D.6)

FOM = (Ao / &) / (Lspp / Aspp) =( Ao Aspp) / (8 Lspp) = (21 o) / (6 Qspe) (D.7)



-

AadAll
¢ @l ae A guall B el ol Aig SV B el Ao Wla cVlatVl dalail aaiad
¢ 3 3¢y padii ) Adla) 4818 (8 g e e slaall (o aS) Gl Jail 32y Yiall dalad)
o Lealaaly Ll 15k Gl e poall dal g8 4 geall 5 4 S 5 5eaY) Jaa
axa Qi I dilal aa e cilily 085 Jane e Jgemnll laa Conall (g 4ild ¢ diaiall
Aliey a3 Al 5 plasmonics 4 (oo X bagas 4085 () sialll ) sl Al 2,0l 3 ) o2
O LS g gall a5 Gy 5 Jalag Waaa 55 o LS A g 5SIY) 5 jeaY) 5 4 saall 3 3¢ o Al
Plasmonics 4 Jaa 4le jraall b Lalisd) 45 51 5 5eal) aa Jaladll o L 508
surface plasmon =2 L ae dalady by pead) ale (& shie 5 naa s Jlaw (o
Jand) 138 8 JalSIL 4 guall 3 5LEY1 dallae Jlae A las el s Clindai L ) polariton
Ahaiall Gl gl Baisd mjal @l (Jlle-diase-dle) Jull S5l aladiul 5
L ge Clensay sl il o g ging (ol (o) 2 i) aeaill e plasmonic
Y 5 oLl Jabaill 5 als Cinla g8 JMA (e dainse

¢ Opafise Gua se g baalg Ay el Adla o Jaadl 13gd i) apaaill (5 giay
4 il il Alia) DA (e s disial) apebiaill i) apacail) dlie apanaill 138 iz g
ol sl (Baias a3 Glld DA e ¢ M) (i ) avenaill ) daiise Cilga s 5 B00a
VLAY Baarie diaiall colyl gall dalca) cpallAaY) Cold 43 gual) dikaial)
JSaell a5 8 il ilinne (pln ladiiualy JalSIL A5 sucall NOT 4l 52 (i o
>3 Jshy dany (L5l 200 x e sili 180) 2 JsY) araaill dlayl ¢ 2l AY) =il e
o JheY) Aie aa ¢ (Lie sl 350 x e sili 350) 5o (AU apenaill dlad ¢ (Ui sl 1550)
Sl G las il (558 & jedal BlSlaall il ¢ JSLiedl e JS1(0.5)

& EX-NOR ¢« EX-OR «(NOR (NAND <OR ¢« AND ¢« NOT &l s
x el 350) S apeaill dlay) Gty g Jaall 138 G G araadl) 8 JalSIL Lediias
(0.5) Jw ¥l ddie a5 (Ui sl 1550) (o2 50 Jshay L gall 038 Jaat (e 536 350
EX-NOR 5sNOR sNAND s AND s NOT Yoy saasia 4 suall dsdaial) ) gl

o> 30 Jsh g (ia s 400 x e it 400) ks Janl 138 (g gl Sl el b Lgisin o
(0.26) Juw Y ie 2a 4 (iaili 1550)



o aranaill L) i) e il Lald o il Jal gl o) slSkaall il < gl
¢ araadll 8 Aeadiiall ) gall 5 olaall £ 3 ¢ apanaill 3y Ll ¢ apanaill il dleg¥l ¢
esanailly Lualdl) Adlaiall il gl Mie a3 53

I3Ltosl Lgd (Sa8ail) g JlSIL daanaaall 4y puandl A 3000 dihaiall L) sl ool L) o
BlSlaall il el Badaall Al sall AuSlaall VLAl G i) A s 5 jlmal) Sl Y
b il Jl Y1 (5 s Cum ¢ OR Al s i doanaall YIS (a8 1 lias Lpida Yaw)
O oLl Jalail) dlead dain Gl 5 (7100) 4l sl (e e ) ) g) (7127) 4l sl o2
AUls O 133 3 (ol A Aeanaall ) sl (mny el ¢ (5 AT Lali (e A guall il JLEY)
Jaall s Lo ¢ ) 5l B 1031 J g 1550 a3l 5 a3aall 41 51 (OFF) 5 (ON)
(13 14.6) 2 L) 5l NAND 22iall JAadU ol A ¢

ilall Baias 8 daul) Ll i o da yial) A gaall dilaiall ) sl e
LIl A5 seall ) HLEY) dallae 5 JalSIL Ay yeadl ALK



alall il g Mad) aglail 505 g

33y daala

Lilad) @b jall J}gﬂ\ KV

(B Al g D) A gudal) e ) iyl gall Julad g ananaald
4 gual) LAty dalal) da s

ujthmh“ht
(o Adaudd o) 383 Balgd Ju cilallatia JlaSiad [ 135y daaly [ Ladad) ciladd pall ) 5all) agaa
ENLaiy) g dad g KN dwaigd) [ 5all)

Ji (e
Cpll AR e 38 G
2010 - <YLY dwdia (g )y AL
2014 - YL g el g yiSIV Ay jriwala

) il
osaia sla o al 3 gisall o lual) 2N

22020 4 1441



