DESIGN AND RADIATION CHARACTERISTICS OF OPTICAL
ANTENNAS

ULVIHAN UGUR DUNDAR

JUNE 2018



DESING AND RADIATION CHARACTERISTICS OF OPTICAL
ANTENNAS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED
SCIENCES OF
CANKAYA UNIVERSITY

BY
ULVIiHAN UGUR DUNDAR

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE
DEGREE OF
MASTER OF SCIENCE
IN
THE DEPARTMENT OF
ELECTRONIC AND COMMUNICATION ENGINEERING

JUNE 2018



Title of the Thesis: Design and Radiation Characteristics of Optical Antennas.

Submitted by Ulvihan Ugur DUNDAR

Approval of the Graduate School of Natural and Applied Sciences, Cankaya
University. i

v
Prof. Dr. Canﬁ)GUN
Director

I certify that this thesis satisfies all the requirements as a thesis for the degree of Master
of Science.

Dr. Ozgii EAGUL
Head of Department

This is to certify that we have read this thesis and that in our opinion it is fully adequate,
in scope and quality, as a thesis for the degree of Master of Science.

Supervisor

Examination Date: 26.06.2018

Examining Committee Members ///é
Prof. Dr. Yusuf Ziya UMUL Cankaya University /

A
Dog. Dr. Nursel AKCAM Gazi University /LMM

Dog. Dr. Hiisnii Deniz BASDEMIR Cankaya University @%M%




STATEMENT OF NON-PLAGIARISM PAGE

[ hereby declare that all information in this document has been obtained and presented
in accordance with academic rules and ethical conduct. I also declare that, as required
by these rules and conduct, | have fully cited and referenced all material and results

that are not original to this work.

Name, Last Name : Ulvihan Ugur DUNDAR

Signature : %&"‘ .....

Date : 26.06.2018

iii



ABSTRACT

DESIGN AND RADIATION CHARACTERISTICS OF OPTICAL
ANTENNAS

DUNDAR, Ulvihan Ugur
M.Sc., Department of Electronic and Communication Engineering
Supervisor: Prof. Dr. Yusuf Ziya UMUL
June 2018, 70 pages

In this thesis, the design of the optical antennas and their radiation properties was
investigated. Firstly, the principle of operation of optical antennas, the relation
between structure and light and matter, design of various optical antenna designs,
calculation of radiation fields was made. These radiation fields were calculated in the
analytically using the physical optics integral. These calculations were made for each
optical antenna and radiation fields are observed. The MATLAB program was used to
examine the radiation fields and calculated the physical optic integral. In this way, the
various optical antennas designed in that their performance and their radiating

properties were shown and the corresponding drawings were included in this thesis.

Keywords: Optical Antenna, Physical Optic, Radiation Pattern.
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OPTIiK ANTENLERIN TASARIMI VE ISIMA OZELLIKLERI

DUNDAR, Ulvihan Ugur
Yuksek Lisans, Elektronik ve Haberlesme Miihendisligi Anabilim Dali
Tez Yoneticisi: Prof. Dr. Yusuf Ziya UMUL
Haziran 2018, 70 sayfa

Bu tezde optik antenlerin tasarimlar1 ve 1s1ma dzellikleri incelenmistir. Oncelikle
optik antenlerin c¢alismasi prensibi, yapilar1 ve 1sik ile madde arasindaki iligki
incelenip, c¢esitli optik anten tasarimlari tasarlanarak, isima alanlarinin hesabi
yapilmistir. Bu 1s1ma alanlar fiziksel optik integrali kullanilarak, analitik olarak
hesaplanmistir. Her bir optik anten i¢in hesaplama yapilip, 151ma alanlar
gozlemlenmistir. Isima alanlarinin incelenmesi ve fiziksel optik integralinin
hesaplanmasi icin MATLAB programi kullanilmistir. Bu yolla, tasarlanan gesitli optik
antenlerin, performansi ve 1s1ma 6zellikleri ¢ikarilmis, ilgili ¢izimler bu tezde yer

bulmaktadir.

Anahtar Kelimeler: Optik Anten, Fiziksel Optik, Isima Diyagrami.
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CHAPTER 1

INTRODUCTION

1.1 Antenna Theory

An antenna is the most important device for communication and other systems
because signals (electromagnetic waves) are transmitted through the device which is
defined in IEEE standard 145 which was published in 1983. Antenna means radiating
or receiving radio waves (electromagnetic waves) [1]. Components of electromagnetic
wave consist of electric and magnetic field. Electric field means force per load,
magnetic field means time dependent Lorentz force of moving load. Antennas enable
electromagnetic waves to travel from point to point in free space for communication

and other applications.

Theory of antenna was first studied by James Clerk Maxwell who invented the
relations known as Maxwell Equations [2]. First antenna that was designed by Marconi
in 1906, used 70 meters wood towers. Its power was 50 kW and had a wavelength of
2000 — 10000 m [3]. Its operation frequency was between 3-15 kHz. Nowadays,
technologies of antenna are developing faster year to year and antenna dimensions are
smaller, their operation frequencies and data ranges are higher. Operation frequency
range of these antennas are 1-40 GHz by area of use. Application areas of antenna are
Global System for Mobile Communication (GSM), Television (TV), Radio, Radar,
Mobile Phone (MP). Small dimension antennas are generally used in Mobile Phone,
Bluetooth and ZigBee. High frequency antennas are used in Radar, Television, GSM,

Radio towers.



1.2 Optical Antenna Theory

Many researchers have studied antennas, especially optical antennas because
traditional antennas have some problems which are narrow bandwidth [4], more
diffraction and resolution. Optical Antennas (OA) reduced these kind of problems [5].
In recent years, optical systems are dependent on bandwidth of electronic systems but
this problem is overcome through nanotechnology. Traditional antennas use
electromagnetic field which are microwave and radio for modulation. OAs are used in
lenses, mirrors [6]. Therefore, required areas of using OA are detection and imaging

such as spectroscopy, short range communication radiation thermometer, night vision.

In literature, there are a lot of problems about traditional antennas. These problems
are communication, narrow bandwidth, more diffraction and resolution, so OAs are
needed. They are converting incident laser wave (incident light) on antenna surface to
electromagnetic field with using lens and structure of small dimension. OAs were
firstly described in [7] by Synge who told Einstein about microscopic method which
defines scattered electromagnetic field as incident tiny particles from a laser source. In
1928, Edward Hutchinson Synge told about the microscopic method to Einstein
through [8] and Einstein started to study this method in [9]. Microscopy method
observes the optical frequency on antenna surface. Optical frequencies are high
frequencies that have small wavelengths which are between 100-118 nm. Other
sensing technique of these particles are Surface Enhanced Raman Scattering (SERS)

and Surface Tunneling Microscopy (STM).

OAs have small dimensions (nanometer, nm) so they can’t be measured with
traditional antenna measurement techniques. Radiating electromagnetic field is
measured by the surface current on antenna. The most commonly used measurement
device in literature is photodetector which calculates the radiation of electromagnetic
field. Specifications of optical antennas are small dimension (140-200 nm) and
wavelength (100-118 nm), high frequency (10-100 PHz) [7].



Fundamental of operation of optical antenna is the interaction between photons and
electrons which occurs when incident photons from a light source collide on the
surface of antenna. After the interaction between them, energy level of the electron
rises and the electron leaves this energy level, and moves on the surface of the antenna
as shown in Figure 1 [7].

P
///?//
A
P A
////j//é / Incident Photon
A cid oto
s 7, //
Radiat % 5
adiation //;,é/

Moving Electron

Electrons

Figure 1 Operation of optical antenna [7]

After this case, current occurs on the surface of the antenna causing the presence of

a radiation field which is sensed by photodetectors. In Ch. 3 will give details about this

event. Block diagram of Optical Antenna is shown in Figure 2 [7].

Interactions
Between Photon
and Electron

Incident Surface
Photon Antenna

Radiation of EM Excition of Moving
Detector Electrons on

Substrate

Waves Current

Figure 2 Block diagram of optical antenna [7]

In literature, several groups from Stanford University and University of Central
Florida [10] have studied different techniques, methods and experimental setups about

on OAs. There are several designs, researches and experiments on OAs such as Bow
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Tie Antenna (BTA) and Dipole Antenna (DA). In first experiment [11], near-field
optical probe is used to design a BTA which had lower diffraction limit and more

transmission efficiency. Experimental setup and BTA are shown in Figure 3.

Microwave : [llumation Beam
i Waveguide
Source T

a) = ;
Dipole Probe

\
Bowtie Antenna
b)

T

J_ Length of Bowtie
]_

Antenna

Size of Gap

Figure 3 a) Experimental setup of BTA, b) Bow tie antenna

Design parameters of experimental setup were the microwave source, the
waveguide, the illumination beam, the dipole probe and the size of the gap, BTA, the
total length. Feeding point of BTA was microwave source which had frequency of
2.20 GHz, wavelength of 13.6 cm. Electromagnetic wave travelled inside waveguide
and illumination beam. Total length of BTA (L) was 36 cm (2.61). BTA was mounted
between illumination beam and dipole probe which has a total length of arms of 0.7
cm (~A/20). Result of this experiment setup was theoretically verified and this
provided a basis of BTA for near-field optics. In second experiment, Extreme
UltraViolet (EUV) wavelength of laser in BTA was observed in [12]. BTA was
structured as arrays that is shown in Figure 4. Experimental setup had Ti: sapphire
oscillator which is a laser oscillator that has pulse duration of <10 fs and a pulse energy
of till 5 nJ centered in 820 nm. Lens was placed on focal position that has spot size
range from 20.6x13.8 to 8.2x 5.6 um. Dimensions of BTA were from 140 to 200 nm
in length and 50nm in thickness.



BowTie Array
Antennas

Figure 4 Array structure of BTA

The results of analysis were measured radiation wavelength of 118 nm, frequency
of 2.5 PHz and more plasmonic field occurrence over surface of BTA. In the third
experiment on BTA, EUV light and harmonic generation wavelength of femtosecond
laser was studied in [13]. Design parameters of BTA were height of 175 nm, gap of 20
nm, thickness of 50 nm, angle of 30°. The experiment setup also included an incident
pulse laser with a bandwidth of 100 nm and a carrier wavelength of 800 nm. BTA was
defined by Debye Model (DM). Results of the experiment successfully verified 20 nm
gap, output power peak of 100 kW and pulse intensity of 10 Wcm™ from generation
of EUV. In fourth experiment, different distances of gap size, resonant wavelength and
shape of BTA were investigated in [14]. The method of Finite Difference Time
Domain (FDTD) was applied to observe the current on BTA. Design of BTA were
length of 88 nm, thickness of 24 nm, gap size from 16 to 500 nm and triangle apex has
radius of curvature at 12 nm. Structure of BTA was Gold (Au). At the end of the
experiment, resonant wavelength was observed. Result of experiment was consistent
with theoretical calculations. Especially near-field and optical probe provided low
diffraction limit. Fifth experiment in [15] used the same method as previous
experiment on BTA. In the experiment, two excited photons were used to improve
local intensity factors for surface on BTAs. Local intensity was defined in a specific

area. Experimental setup has Ti: sapphire laser with a pulse duration of 120 fs and
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wavelength of 830 nm. Design of BTA in this experiment was based on gold BTA
which had a length of 1.56 um, thickness of 60 nm [16] and another BT A with length
of 75 nm, thickness of 20 nm [17]. The end of experiment resulted in like previous

experiment. Same theory and calculation was observed in FDTD simulation.

Seen in the literature, several experiments and simulations were made about DAs.
First the experiment, Lithographic Antenna (LA) demonstrated in [18] efficient with
using mid-infrared frequency. Shape of LA was designed in the dipole antenna (DA)
which was total length 6.7 pm. Expected of the experiment was thermal and
photoelectric effect. The experiment setup had been consisted of He-Ne laser copped
at operation frequency 400 Hz and focused on focal length of 40 mm, an aperture
diameter of 22 mm. The result of the experiment was observed on wavelength of
incident wave smaller than wavelength of receive wave. Second the experiment,
observation field intensity on DA with range infrared wavelength was studied in [19].
Applied method, simulation, model is used to on Finite Element Method (FEM),
software HFSS and Drude Theory (DT). Structure of DA was separated on gold.
Design parameters of DA were arm’s length of 250 nm, width of 100 nm, thickness of
30 nm and feed gap of 30 nm. Feed gap, width, length of DA was changed dimensions
that is order 20-60 nm, 20-90 nm, raised steps 40nm between 230-530 nm. Polarization
angle of surface on antenna was increased between 0° to 90° by steps 15°. Increased
feed gap and width were reduced on intensity field but increased length of DA was
raised on intensity field over DA. Intensity field was maximum 0° on antenna.
Depending on geometry of DA was changed intensity field. In third experiment was
investigated in [20] power, radiation, latency, noise different resonant wavelengths on
DA with using FDTD method for germanium photodetector and was applied near-field
technique. Wide, thick, long of DA is in order of 50 nm, 50 nm, 160 nm. Depending
on resonant wavelength of DA is changed measurement intensity field with using

germanium photodetector.

In recent years, in literature studies about optical antennas had been done between
in 2016-2018. These were experimental setups, simulations for optical antennas. In

first was studied in [21] the simulation for dipole antenna. Design of dipole antenna
6



had been length of 1.1 um, width of 160 nm and thick of 60 nm with using gold
material. The dipole antenna was designed as a waveguide which observed on
interaction electrons and photons inside in the waveguide. Wavelength of source was
850 nm. Using the COMSOL program, the design of the dipole antenna was
investigated. The result of the simulation was observed on different the wavelength of
sources in the propagation. For example, observed on the propagation wavelength of
10 um and the wavelength of source was 900 nm. In second was studied in [22]
experimental setup for dipole antenna. Design parameters of dipole antenna were
different widths and constant length with using gold material. Widths of dipole antenna
were 30 nm, 60 nm, and 90 nm. Length of dipole antenna was 655 nm. The result of
the experiment was investigated in radiation frequency from different design of dipole
antenna. In third was studied in [23] experimental setup with using different materials
and epsilons (€). These materials were Ga:ZnO, Al:ZnO, and ZnO. Lengths of dipole
antenna from different materials were 600 nm for Ga:ZnO, 400 nm for Al:ZnO, and
800 nm for ZnO. Thick of dipole antenna from different materials was 1.4 pum for
Ga:ZnO and Al:ZnO. The result of the experiment was demonstrated in radiation
patterns for these materials and observed on radiation patterns from different epsilons.
In fourth was studied in [24] the simulation for different designs of optical antenna.
These designs of optical antenna were slot dipole antenna, slot crossed dipole antenna,
and slot bow-tie antenna. Designs parameters of slot dipole antenna were contained on
length of 0.84 pum, width of 4.8 um, and feed point width of 0.6 pm. Designs
parameters of slot crossed dipole antenna were contained on length of 5.175 pum, width
of 0.345 um. Designs parameters of slot bow-tie antenna were contained on length of
3.335 pum, width of 2.224 um, and feed point width of 0.445 um. Using material of
these antennas was gold. The result of the simulations observed in the radiation
frequencies and gains in these antennas. In fifth was studied in [25] the simulation for
hexagonal ring optical antenna. Using simulation program was CST microwave
studio. Design parameters of hexagonal ring optical antenna were inner radi at 580 nm
and 765 nm, width of ring at 115 nm. The result of the simulations observed on

radiation characteristics from different radius of curvature and radiation frequencies.



As a mentioned above, researches are worked on experimental setup, simulations
that is researched on dipole and bow-tie antenna, there is no design depending on
analytic calculation. Because of our aim of in thesis will analytic calculation, different

on type of OAs.

1.3 Organization of Thesis

This organization of thesis consists of six chapters. All analysis of analytic and
calculations are studied original design of different type of optical antenna and
observed on radiation pattern. End of this thesis shows in more efficient and new

technology which type of antenna.

Chapter 1 is an introduction to the history traditional antenna and optical antenna,
searched about literature studied on optical antennas and objectives of this thesis.

Chapter 2 includes a fundamental of light — matter which gives about information
of interaction of light — matter, photovoltaic effect, band gap, fermi energy, valance

and conduction band.

Chapter 3, detailed about operation, structure, production technique of optical

antenna.
Chapter 4, designed and calculated of optical antenna which types of shape antenna.
Chapter 5, observed in radiation pattern of different shape of optical antenna with
using MATLAB program. Result of this chapter 5 compared on types of optical

antenna.

Chapter 6 has the conclusion part.



CHAPTER 2

FUNDAMENTALS OF LIGHT — MATTER INTERACTIONS

2.1 Interaction of Light with Matter

Nowadays, light is playing very important role in our life and in technology because
is being used in a lot of application areas which are Fiber Optic, Visible Light
Communication (VLC), Free Space Optic (FSO), Light Emitting Diode (LED), Optic
Antenna, Nanolithography Technology, X-ray devices, cutting operation. Light
contains in the small particles which are photons [26]. In the Quantum Theory is
defined in photon that interact on matter’s electron that radiate electromagnetic wave.
Specifications of photons have zero mass and speed of light. Actually, light described
in [27] that was an electromagnetic wave which wavelength between 107 - 108 meter,

frequency between 10%* - 10° Hz. Electromagnetic spectrum is shown as in Figure 5.

< Increasing Frequency (v)
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Figure 5 Electromagnetic spectrum [28]



Electromagnetic spectrum is applied in the various application technologies with
different frequencies and wavelengths. There are Gama Rays, X-Ray, UV, Visible,

Infrared, Microwave, Radio and Long Radio Waves.

Matter is described that have mass and any volume an object that is consist of
atoms. Status of matter are types of solid, liquid and gas. Changed frequency and
wavelength of electromagnetic waves impact different reaction radiation waves over
matter. In this section will give about in atom models. There are atom models in the

literature such as Thomson’s, Rutherford’s and Bohr’s.

Thomson’s atom model was firstly proposed in 1904 by J.J. Thomson [29]. This
model was described in [30], because of electrons and positive loads had been pushed-
pulled each other, negative load electrons were located in the spherical around the
positive loads in atom. This model name would be Plum Pudding atom model.
According to Plum Pudding model, when atoms have low energy, electrons are fixed
their energy level. If atom has excited, electrons are oscillated around the energy level.
Because of accelerated loads propagated on electromagnetic radiation like oscillation

electrons, this event was supported in the Thomson’s atom model.

Rutherford had studied on Thomson’s atom model and had understood this atom
model. Therefore, he established in [31] an experiment using gold-foil in 1911.
Experimental setup consisted of a layer gold-foil 40 um, a and B particles. This
experiment was observed in that incident particle (a) has v velocity which follows
hyperbola path but went different v ' velocity far away from atom. This event’s name
was Rutherford’s atom model. Rutherford’s atom model became more valid than

Thomson’s atom model.

Niels Bohr was studied on [32-33-34] a new atom model in 1913 that was Bohr’s
atom model. Definition of its were given in 4 suggestions by Bohr. These suggestions
are;

1- Under Coulomb attraction an electron moves around in an atom in circular

orbit.
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2- Instead of infinity of orbits are changed an orbit representation angular
momentum and Planck constant.

3- Energy of electron is constant on location an orbit.

4- If Energy level of electron is changed, frequency of emitted radiation is found

below equation.

_ (E; — Ey)
=ttt (2.1)

where £ is the frequency of emitted radiation, E; and E, are energy of orbit levels, h

is Planck constant.

According to these suggestion, understood relation between electron to atom and
relation between electron to photon. Bohr’s atom model was used Hydrogen atom

which has one proton which is shown as in Figure 6.

Orbit of Electron

Atom \ \
C Proton

Figure 6 Hydrogen atom

Description of Bohr’s atom model is shown as in Figure 7 that incident photon
collisions electron in the orbit and transfers photon energy to electron. After this event,
electron goes up to the top orbit. When electron comes back normal orbit, observes

emission of the electron energy.
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E=hf

S}

1=

Electron

Orbit of
Atom

Proton

Figure 7 Bohr’s atom model

According to in atoms from the periodic table, observes different emission of

energy. Interaction of light — matter depend on atom models, have various interactions.

2.2 Photoelectric Effect (PE)

Nature of light and matter based on the quantum mechanics. Photoelectric Effect
(PE) was found in [35] 1887 by Heinrich Hertz who established in the experimental
setup. The end of experiment was observed 4 results. First result, when on metals were
scattered, emitted electrons. Second result, electrons emission depended on from the
wavelength of incident light and the frequency of incident light was greater than
threshold frequency of metals. Third result, the magnetic of surface current depended
on the intensity of light. Fourth result, the energy of emit electron depended on linearly
with the frequency of incident light. Thanks to the experiment, based on fundamental
of PE. Max Planck was described in [36] electromagnetic radiation which consisted of
energy packets and transported in 1901 by them. In 1905, Albert Einstein researched
in [37] question theory of light that proposed PE. According to Albert Einstein, energy
of incident photon collided in electrons on surface metal. Electron emitted in energy
of photon and moved in case of Kinetic Energy (KE) to far away from electron in
atom. Energy of incident photon described as

Ep, = hfy (2.2)
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where E,, and f, are energy of incident photon, frequency of incident photon. Kinetic

energy of electron can be written as

K.=E,—w (2.3)
Used Eqg. (2.2) in EQ. (2.3) can be written as
Ke = (hfy) —w (2.4)

where K, and w are kinetic energy of electron, work function. Work Function (WF)
means [38] that is energy of required for moving away electron in atom. Table 1 shows
in [39] WF values for Silicon, Gold, Copper, Aluminum.

Table 1 Work Function (WF)

Material Work Function (eV)
Silicon 4.85
Gold 5.10
Copper 4.66
Aluminum 4.28

If energy of incident photon has no enough or energy of WF is greater than energy
of incident photon, electron doesn’t leave in orbit of electron so energy of WF is
smaller than energy of incident photon. Eq. (2.4) defined in the Ke of electron on the

surface metal. K of electron was described in other mathematical as
1
K, = Emvg (2.5)
where m and ve are mass of electron, velocity of electron. Known of Ke of electron is

founded velocity of electron by Eq. (2.5). Frequency of electron (f,) can be written as

_mvg
fe= 2h

In this Eq. (2.6), Frequency of electron is found electromagnetic spectrum range.

(2.6)

Application of PE are medical applications [40], led emitting diodes [41], laser [42],
nanoelectronics devices [43]. Application of medical for PE had developed in [40]
optical gain from nanocrystal quantum dots. In this research was observed on

simulation of quantum dots emission in the nanoparticles. Radius of quantum dots
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were dimension 7 nm from in the narrowband. Quantum efficiency was %50 in the
room temperature with visible spectrum. In result of this research was threshold

behavior from quantum dots.

For led emitting diodes, the new materials were developed in [41] this experiment
such as silicon especially. The experiment is used CdSe material. Researchers
observed in the advantage of the developments which contained in the preparation and
the characterization of gap semiconductors. The material was exposed a light source
which was X-ray range. Hence, the result of experiment was based on the structure of
materials which had been different photo-emission and realized on many advantageous

which were low operating voltage and high efficiencies.

For laser, established in [42] the experimental setup which features of laser were
argon-ion materials, wavelength 476.1 nm, power 0.1 mW and were used the CdSe
material. In this experiment were observed on the different wavelengths of the laser
which were optical properties, photoluminescence efficiency, transmission electron
microscopy and photovoltaic devices. Optical density was much value from low
wavelengths for optical properties and photoluminescence efficiency was found in the
range %21-24. For transmission electron microscopy observed on exciton and transfer
in the CdSe material surface. For photovoltaic devices found graph of current and

voltage in the CdSe material specifications.

For nanoelectronics devices, established in [43] the experimental setup. This
research methods were higher-resolution transmission electron microscopy and X-ray
diffraction. Thanks to the experimental realized on band gap engineering for optical
properties. In the experimental setup was contained in the shape of nanowires to use
CdS: - x Sex materials. The length of nanowires was uniform 10 pum. Results of the
experiment was observed on fundamentals of band gap engineering, emission and
refractivity in optical properties, carrier mobility and threshold voltage in the electrical
properties. Also, under different photon energies in nanowires was shown on

absorbance rate on the material.
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2.3 Energy Bands of Semiconductor

In recent years, electronics is technology of regulation the stream of electrons
however photonics is technology of regulation the stream of photons. Hence,
electronics and photonics have been combined in semiconductor optoelectronic and
electronic devices. The semiconductors are absorbed and emitted the through photons
in the undergoing optoelectronic and electronic device in different energy levels.
Operation of all semiconductor optoelectronic devices includes two processes. The
first process is the absorption of a photon can generate an electron-hole pair. The result
of charge carriers from absorption can interchange the electrical properties of the
material. The effect is photoconductivity. The second process is the combination
between an electron and a hole can observe in the emission of a photon. This process
is like the operation of semiconductors as light source. Radiative electron-hole
combination is the occurring process of light generation in the light emitting diode.

Thus, interaction of semiconductor and electrons consists of these two processes [44].

Semiconductors are used on applications of electronic which are designed structure
of capacitor, resistor, transistor, electronic chips and technologies of optic are used
application areas which are designed lens, fiber optic cable, laser. Semiconductors are
provided on electric resistivity for electronic devices and are interacted on light for
optic technologies. According to the electronic devices and optic technologies are used
popular Silicon, Gold, Copper, Aluminum. There materials have different energy gaps
[37] which are called Band Gap Energy (BGE). Band Gap Energy of different

materials are shown as Table 2.
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Table 2 Band Gap Energy

Material Band Gap Energy (eV)
Silicon 1.17
Gold 1.52
Copper 1.35
Aluminum 1.26

Band Gap Energy means that electrons are require energy between valence band
and conduction band for passing. Valence Band (VB) has highest energy of electrons
but Conduction Band (CB) has lowest energy of electrons and has widely empty of
electron [37].

!

l J Conduction Band

Band Gap

| |

Valence Band

?

Figure 8 Conduction and valence band

Valence and Conduction Bands are shown in Figure 8. When interaction of photon
and electron occurs inside of VB, energy of electron is raised. If energy of electron is
greater than Band Gap Energy, electron is transported and is moved inside of CB.
Surface current is observed on CB. If energy of electron is highest from range of CB,

electron leaves on surface in CB.
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CHAPTER 3

OPTICAL ANTENNA

3.1 Operation of Optical Antenna

In literature, many researches had studied about operation of OAs. In these
investigations included in many experiments and simulations. It observed on [45]
detection of optical radiation and frequency from OAs. In these observations were
setted several the experimental setups and were designed different shapes for OAs.
Parts of the experimental setup were used lasers, lenses, mirrors, fibers, photodetectors
to observe on propagation of optical radiation and frequency which means high
frequency between 10-100 PHz [7] and small dimension between 140-200 nm [12]. In
the first experiment was observed in [46] the optical frequency from optical patch
antenna. Design parameter of the optical patch antenna were radius 600 nm, thickness
20 nm. The observation point was 20 nm from optical patch antenna. Incident photon
had 5 wavelengths. Result of observation was gotten on 2 peaks in the optical
frequency. In the second experiment was investigated in [47] asymmetric nano-optical
antenna. Operation of as asymmetric nano-optical antenna was distribution of the
scattered photon momentum. Asymmetric nano-optical antenna was feeded with laser
that observed on radiation from scattered photon momentum. In the third experiment
was designed in [48] the nanowire optical antenna. Radiation of the nanowire optical
antenna was detected on emitting photon response. These experiments are feed on

these optical antennas with the laser.

Systems of OA has different techniques and designs in literature. According to in
the literature, are mentioned operation of OAs that are feeded from lasers which has

wavelength between 820-830 nm [12]. Feeding of OAs is focused with lens that
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photons come from the laser focusing on the OA surface. Incident photons are collided
inside of OA with the electrons. The end of collision is interaction between electrons
and photons that electrons are moved on the OA surface which is occurred on the
surface current. The resulting current causes the photon to be radiated from the antenna
surface. Collection of photons is made with the photodetector and is observed on
radiation of OA [7].

Incident photons from laser
source

Substrate

T

l

Electrons

Figure 9 Incident photons from laser source

Figure 9 is shown incident photos from laser source comes electrons in OA surface.
Feeding of OA is focused on surface through lens. Frequency of laser is between 36.1-
36.5 PHz and wavelength between 820-830 nm.

Incident photons from laser source

Interaction between photons
and electrons

Substrate
1 \\

B e e e e e e o e o o e s o s s o s oo Y Y Y

04
)4

Electrons

Figure 10 Interaction between photons and electrons
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Figure 10 is shown interactions between photons and electrons observes in OA.
Rising energy of electrons are moved on inside substrate and occurred current over
surface OA.

Substrate

L

1

Electrons

Figure 11 Electron moving in OA

Figure 11 shows electrons moves in OA surface which observes surface current.

Electrons moved on along the boundary of OA.

Radiation from surface antenna

Substrate Electrons

Figure 12 Detection of radiation from OA surface
Figure 12 shows in detection of radiation from OA surface which detected in optical

radiation which means small wavelength between 200-400 nm. Optical radiation

detects through photodetector.
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3.2 Structure of an Optical Antenna

Researches are studied in several about structure of OAs which are used different
semiconductors. There are gold (Au), silicon (Si), copper (Cu), lead sulfide (PbS),
molybdenum disulphide (MoS>) and silicon dioxide (SiOz). The researches, in the first
experiment of OA was occurred in [49] the dipole antenna semiconductor layers which
were SiO2 and Au. Parameters of DA were length of 260 nm, wide of 45nm, thick of
25 nm and gap of 15nm which shows in top view OA Figure 13. Dimension of layers
were 20-150 nm thick of SiO», 600 nm thick of Si which shows in side view OA Figure
14,

| 260nm |

_f_ 4'—H<715nm

Si0,
Figure 13 Top view in optical antenna
‘ —= (~—15 nm
25 nm | Au Au
150 nm SiO,
600 nm
Au

Figure 14 Side view in optical antenna
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Result of first experiment was observed on optimum matching from thickness 80
nm. The parameter was dielectric spacer which means thickness. The result was
observation good reflectance.

Second experiment was designed in [50] the array of cubes shape. The structures
had been 4 layer which bottom layer BK7 silica glass, second layer gold (Au), third
layer germanium-antimony-tellurium (Ge2SbTes), top layer gold. Design of layers
were made that thickness of BK7 silica glass was 200 um, thickness of gold was
100nm and thickness of germanium-antimony-tellurium was 25 nm. Design of these
layer shows in side view Figure 15.

Au Au Au 100nm

Figure 16 Top view of optical antenna
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Figure 16 shows in top view of OA which dimension 140 nm in shape of square,
center distances from each other is 300 nm. Result of second experiment was observed
perfect absorber in the visible and near-infrared regions from OA. According to the

experiment, application areas found in energy harvesting, biology and optical storage.

Third experiment was designed in [51] the patch antenna. The structure of patch
antenna was included in 3 layers which were gold and substrate. The dimensions were
270x270 nm shape of square and were thickness 50 nm. The structure of patch antenna

shows in the 3D view in Figure 17. Figure 18 shows in the side view of patch antenna.

Au

Figure 17 3D view of patch antenna

270 nm

Au 50 nm

Au

Figure 18 Side view of patch antenna

Result of third experiment had realized analysis, design and operation of optical
patch antenna which was using the Cavity Model.

Fourth experiment was searched in [52] the dipole antenna trilayer semiconductors
which were lead sulfide (PbS), molybdenum disulphide (Mo0S>). This experiment was
researched in the absorptance wavelength range from dipole antenna. Reason of
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trilayer dipole antenna, the location of the semiconductors was raised amount to
absorption. Structure of layers were the bottom layer silicon (Si), the middle layer
silicon dioxide (SiOy), top layer lead sulfide (PbS) includes shape of quantum dot and
molybdenum disulphide (MoS>) includes shape of dipole. The structure of layers

shows in Figure 19.

|MOSZ
PbS ® SiO
. o9 o. 10,
®
® [ ]
® ® O
e ® o e

Si

Figure 19 The structure of layers

While layers were generating for the antenna, used to production techniques which
chemical vapor deposition and coating. Firstly, layer of SiO,was placed over Si and
PbS was shape of flakes over SiO2 and MoS; was shape of dipole over SiO». Result of

this experiment was observed absorptances in the wavelength range of 450-850 nm.

Result of structure of layers from optical antennas had used to production

techniques. Their production techniques talk next in the section.

3.3 Production Techniques of Optical Antennas

Design of OAs has been careful dimensions, shapes and layers. Production
techniques of OAs were Electron Beam Lithography (EBL), lon Beam (IB). Using

these techniques have designed the structures of OAs [53].

Electron Beam Lithography is an important technique for designing small
electronic circuits. The technique is scanned a beam of electron across a surface coated
with a resist film. The resist film is required on electrons saving energy in the substrate

[54]. The electrons energy is reacted in absorption in the substrate [55]. The features
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of EBL are very high resolution in atomic levels, an adaptable technology that is
working a different materials and infinite number of electrons. Implementation of EBL
is applied on over 2 layers which are Si and Au in Figure 20. A laser beam is sent to

dissolve the Au on the Si. The Au is provided in dipole shape in Figure 21.

Figure 20 Layers of Si and Au

Figure 21 Optical dipole antenna

lon Beam techniques is interacted between energetic ions and matter in the
semiconductor. The energetic ions are sent in semiconductor that separated in
electrons of atom and occurred electron cavity which placed different electrons in
semiconductor [56]. Implementation of IB is applied on first a layer which is Si in
Figure 22. Energetic ions are sent to deposition on the Si for electron empties. The
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electron empties are putted in rectangular shape the electron of Au in Si substrate in

Figure 23.

Figure 22 Layer of Si

Figure 23 Optical bow-tie antenna

Process of design of OAs are chosen substrate for EBL. Substrates consists of 2
layers which are Si and Au. After layer of Si is placed on the film, layer of Au is placed
on same way on the layer of Si. Laser beams are sent on the Au layer and the optical
dipole antenna occur on the Au layer. Design of OAs are process for IB. First substrate

is the Si. The substrate is given the rectangular shape though energetic ions. Electron
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empties are sent electrons of Au in the semiconductor. End of the process occur optical
bow-tie antenna on the substrate.

3.4 Application of Optical Antenna

In recent years, developing in technology had been applications of OAs which are
wide area in the literature. There are five different applications such as photodetector
[20-57], light emission [58-59], sensing [60], heat transfer [61-62] and spectroscopy
[63-64].

For photodetector, was used in [20] the germanium material. The experiment was
researched in conversion energy from photons to electrons. Photodetector was
described in dipole antenna. Research was realized on wide bandwidth in this type
photodetector. Another the research photodetector includes on [57] experiment and
simulations. This research was used on same germanium material previous in the
experiment. Photodetector was designed in the shape of nanowire which was
dimension from 245 to 280 nm for numerical simulation. This experiment was
observed on the role of interface between photonics and electronic. End of the
experiment was observed on well agreement with numerical simulation which was

high-speed operation (>100GHz) and low power consumption.

For light emission, was used in [58] the gold material. The research was included
on experiment and simulation. The research was designed on bow-tie and dipole
antenna which were shape of nanorods. These designs had small gap which was less
than 30 nm. Used laser wavelength was 830 nm. End of the experiment, researches
were studying visible, mid, and far-field, realized on that laser antenna had been many
applications of area which are optical storage data, near- field optical microscopes and
heat-assisted magnetic recording. Another light emission research was thin-film solar
cell [59]. The experiment was used the silicon material and designed of silicon-on-
insulator cell. Parameters of silicon-on-insulator were having 16 layers, designing of
dipole-waveguide model and silicon wavelength 1250 nm. Thick of layer was

separated on dimension 1.25 pum. The experiment was observed on interface between
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incident photons and was inside of silicon electron from shape of silicon-on-insulator
and occurred photocurrent enhancement. In the results of the experiment were resulted
in that smaller metal particles were provided maximum overall rising from near-
infrared for solar cell application and larger metal particles have more beneficial for

light emission from thin-film solar cell.

In the use as sensing of optical sensor which was based on [60] metal nanoparticles
and single nanoparticles. The experiment for sensing was applied on localized surface
plasmon resonance method. This method is used on sensitivity size, shape,
environment and detects molecular binding event and in molecular structures. End of
the experiment was resulted on observation molecular events for application of

chemical.

For heat transfer, was established in [61] the experimental setup which contained
of coupling mirrors, parabolic mirrors, visible light beamsplitter and infrared
beamsplitter, white light source, heater, polarizer, detector. Researchers had seen in
the observation Transverse Electric (TE) and Transverse Magnetic (TM) modes for
high temperature in the experiment. According to this result of the experimental setup
was described on TE and TM modes which were TEo/TM21 and TE-1 that was observed
lower frequencies from high temperature. In another experiment for heat transfer was
used in [62] near-field scanning optical microcopy method which applied on using
visible, infrared, terahertz, gigahertz ranges. The experiment sample was used to
technique of electromagnetic local density of states, detected heat transfer from
sample. Result of the experiment observed on sample T=170°C, had given good results

which were incident radiation wavelength 10.9 um with 1 um bandwidth.

For spectroscopy, had studied in [63] applying in the near-field technique.
Researchers were established in the experimental setup which was designed optical
dipole antenna. Cause of design of optical dipole antenna is calculations, observations
easily. The experiment was observed on the exciting field from same frequency. Result
of the experiment had understood spectroscopy technique on the optical dipole

antenna. Spectroscopy method suggested in [64] from optical antenna by Fischer &
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Pohl. The method used on gold film dipole antenna which observed on Scanning Near-
Field Optical Microscopy (SNOM) from the antenna. Result of the experiment realized
on new opportunities from the SNOM and described in the SNOM from gold film

dipole antenna.
The mentioned above applications of optical antenna include on wide application

areas in the literature. Each work resulted that would be applications of optical antenna

in the future technology and would researched on this applications.
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CHAPTER 4

DESIGN OF OPTICAL ANTENNA

4.1 Physical Optics

Physical Optics (PO) was proposed in [65] by McDonald in 1912. The method has
used on calculation for the scattered field from a conducting and high-frequency
technique. The PO has observed on surface current from perfectly conducting body.
This surface was determined in the Geometrical Optics (GO) from the obstacles. GO
means that electromagnetic waves are traveled in ray at high-frequencies. By means
of GO method, the surface current is calculated. GO and PO are related each other’s.

The supposed PO surface current can be written;

—

= ﬁxHﬂTotal , in the lit region (4.1)
and
Joo =0, in the shadow region (4.2)

where 1 is unit vector which is outward from the illuminated parts of scatter. FiTotaI IS

the total magnetic field intensity that described on the scatters field from obstacles. Lit
and shadow regions according to Eq. (4.1) and Eq. (4.2) shows in Figure 24.

Object Shadow

Figure 24 Physical optics lit and shadow regions
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PO receives the reflected as GO fields, the total magnetic field on the surface of
obstacle is double of incident field. Therefore, PO current is determined by

Joo = 2(ixH,) (4.3)
In the far field total scattering PO is described by
EPO = _joh (4.4)

where « is an angular frequency and A is magnetic vector potential. For A is written

by integral of physical optics scattering. This integral is written as

A_ Moo (7 e '
A_EJJJPO ——ds (4.5)

where 4, is free space permeability and jpo is current induced by the incident field

o~ IkR

and is wave propagation from in the outward direction [66]. The radiated field

is observed with integral of PO that are various design of OAs. These OAs are Optical
Dipole Antenna (ODA), Optical Triangle Antenna (OTA), Optical Circular Antenna
(OCA) and Optical Quarter Circular Antenna (OQCA).

4.2 Optical Dipole Antenna

Optical Dipole Antenna (ODA) observes in the X-Y coordinates. Parameters of

ODA are width 70 nm from X coordinate, length 140 nm from Y coordinate axis.

Wavelength of incident photon is 820 nm. Before incident electric field (Ei)
determines in the coordinate axis, surface current (jes) calculates through the

converting Ei to Hi on the z=0 axis. End of this process is calculated in the magnetic

vector potential (/T). ODA shows in Figure 25 in the y-z coordinates.
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Figure 25 Optical dipole antenna in the y-z coordinates

Incident electric field (Ei) can be written equation as Eq. (4.6)
E =e6 E, (4.6)

Eq. (4.6) includes in that €, is incident wave polarization, direction of incident wave
(e/¥2), the complex amplitude factor ( E;). Incident electric field (Ei) is calculated in

through these units. It requires converting E; to Hi for surface current (jes).

Converted Ei to I:Ii can be described as Eq. (4.7)

H, =———VxE, (4.7)
Jot,
Using Eq. (4.7) is placed in the Eq. (4.7) that can be written as
§ § §,
- E d
H=-—2(0 0 — ,
e 0 0
End of Eq. (4.8) is
Hy=- 5o [—éyieik2j=éyi*ejkz (4.9)
jou, dz oL,

Description of Z, can be written as Eq. (4.10)

7 Ot (4.10)
ok
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where c is speed of light equal to ¢ = k is wave number equal to k = % . Eq.

1
Veo ko'
(4.10) is placed in Eq. (4.10) that find H,;

i = gy'i*eikz (4.11)

ZO

Surface current (jes) can be defined as Eq. (4.12)

Jo, =2xH; | (4.12)

z=0

7 is the unit normal vector equal to éy. Eq. (4.12) is putted in Eq. (4.11) that find jes

in the z=0;
J,. = 2é‘zx(éy ELkejsz | (4.13)
Z0 z=0
As a result of J is found in Eq. (4.14)
j=-25g (4.14)
ZO

Magnetic vector potential Eq. (4.5) is placed in Eq. (4.14)

_ ,UoEo = x'=a Yy'=b efij . .

A=— € dy'dx 4.15
27Z, j R @1

Dimension of x* are between a to —a and dimension of y* is between b to —b. R is

x'=—a y'=—b

the ray path which Eqg. (4.16) can be written as

R=y{(x=xV+(y-y) +(z-2) (4.16)

where apply far-field approximation that x', y*, Z' equals to zero.

R= \/ (2) + (xF +(y)f +(2) —2xx'-2yy' (4.17)

Definition of x and y can be written as

X =rcos¢sin g (4.18)

y =rsin ¢sin 8 (4.19)

Calculation of Eq. (4.17) continues
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R=4r?—2(xx+yy)=r [1- 2(@) (4.20)

where x and y are placed in Eq. (4.20) that R is found in approximation Eq. (4.21)

R=r—x'cos¢gsin @ —y'sin ¢sin 6 (4.21)

Eq. (4.15) is placed in Eq. (4.21)

- 1,E g kr x=a y=b ) o
A=_L0o éx I J‘ejkxcosqﬁsm 0 ikysingsin de. dx' (422)
ﬂzo r x'=—a y'=—b

Calculation of Eq. (4.22) continues that result of 4 is Eq. (4.23)

_ HoEg e ™ sin(kasin 8 cos ¢) sin(kasin @sin ¢) (4.23)
#Z, * r  kasinfcosg kasin @sin ¢
Radiation pattern of ODA observes in Chapter 5. Calculation of magnetic vector

A=

potential observes different solution in the ODA which is described in height (h),
length (L) in the x-y coordinates that shows in Figure 25.

v

b [, —=|

Figure 26 Optical dipole antenna in the x-y coordinates

The analysis of antenna in Figure 26 is different calculation method which height

of antenna divides small pieces. These small pieces determine in delta that as

_h (4.24)
6= N

where h is height of ODA, N is segments of number of pieces. It determinesin y'=ng

which describes in how pieces of delta (o ) from height of ODA. Equations of (4.2),
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(4.8), (4.14) are used in the same solutions that are incident electric field ( Ei ), incident

magnetic field (I:Ii), Surface current (jes). Magnetic vector potential of ODA can be

written in the Eq. (4.25)
_Ln
2 y=6 efij
dy'dx' (4.25)

N-1
A_Ho 5
A=—=8
Az anzc;

X

_ Lny=0
2

where X' is length of ODA that equalsto x'= % . Magnetic vector potential describes

in with serial formula. R is the ray path for the ODA which Eq. 4.26 can be written;

R = \/(x — xl)z + (y — yl)Z + (Z _ ZL)Z (426)
where X', y*, Z' equals to zero.
R=y(x)+(y +@) +(xF +(yf + (@ -20c-2yy (4.27)
where y'=ng placed in Eq. (4.27)
R=4r?-2xx'-2ys (4.28)
where are using Eq. (4.18) and Eq. (4.19) that can be written as
R \/1_ 2(X'cosgsin @+ 5sin gsin 0 (4.29)
r
where R is found in approximation Eq. (4.30)
(4.30)

R=r—x'cos¢sin @ —5sin ¢gsin
As a result of R can be found in the Eg. (4.30). that put in Magnetic vector potential

( A) Eqg. (4.25) that can be written as

., Ln

jzjkx'cowsin&dx- (431)

, Ln

N-1 -k
Azﬁéxze T g kasingsing
n=0 r

2

Az
The exponential function converts series formula that can be describes in the Eqg. (4.32)
X’ (4.32)

n=0 n!

If x<<1, can be written;
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) X2 3 X4 (433)
" =1+ X+—+—+—+... :
24

The Eqg. (4.33) is placed in Eqg. (4.30)

1 ~—jkr i i
A:ﬂéxNie j ejkdsirwﬁsm@[]__ jkLnsin 9c03¢j (4.34)
T n=0 r 2

SN

Result of A can be resulted in the Eq. (4.34).
4.3 Optical Triangle Antenna

Optical Triangle Antenna (OTA) observes in the x-y coordinates. Parameters of

ORA are width 70 nm from x coordinate, length 140 nm from y coordinate axis.
Wavelength of incident photon is 820 nm. Before incident electric field (Ei)
determines in the coordinate axis, surface current (jes) calculates through the
converting Ei to Hi on the z=0 axis. End of this process is calculated in the magnetic

vector potential (/T). ORA shows in Figure 26 in the x-y coordinates.
y

| L |

Figure 27 Optical triangle antenna in the X-Y coordinates

The analysis of antenna in Figure 27 is same calculation method which height of
antenna divides small pieces. These small pieces determine in delta in the Eq. (4.24).

Equations of (4.6), (4.8), (4.14) are used in the same solutions that are incident electric
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field (Ei), incident magnetic field (Hi), Surface current (jes), piece of delta (o).

Angle of triangle is equal to

a= tan‘l(%h) (4.35)
Magnetic vector potential of OTA can be written in the Eq. (4.36)
_L(N-n)
_ Ly - N-1 tana  Y'=no efij L
A=—to dy'd (4.36)
&>, j I ~—dy'dx

Adr "o .
n=0 >(,=7L(N—n) y'=0
tana

R is the ray path for the OTA which Eq. (4.16) where z* = 0 in the Eq. (4.26) where
y'=no placed in the Eq. (4.26). Definition of x and y can be written polar coordinates

as

X =rcos¢sin g (4.37)

y = rsin ¢sin @ (4.38)

According to Eq. (4.37) and Eq. (4.38), R can be written as

R =/r? — 2r(x'cos gsin @+ ndsin gsin 0) (4.39)
where R is found in approximation as
R=r—x'cos¢gsin @ —y'sin ¢sin 6 (4.40)

As a result of R shows in the Eq. (4.40) which is placed in the Eq. (4.36)

_L(N-n)
— —jkr 77 tana
A - _&éxNziejknb‘singﬁsing e’} ]ejkx'sin9005¢dxl (441)
Az n=0 r X,=7L(N—n)
tana
Eq. (4.41) solves in
N-1 - jkr H : H
A= thg 3 ghmsnpsno & *(,_ JKL(N —n)sin Osin ¢j (4.42)
dr % rl tan o

Result of A can be resulted in the Eq. (4.42)
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4.4 Optical Circular Antenna

Optical Circular Antenna (OCA) observes in the X-Y coordinates. Parameters of

OCA is radius 140 nm from X coordinate. Wavelength of incident photon is 820 nm.

Before incident electric field ( Ei ) determines in the coordinate axis, surface current (

J..) calculates through the converting E; to H, on the z=0 axis. End of this process

is calculated in the magnetic vector potential ( A ). OCA shows in Figure 28 in the x-

y coordinates.

/

Figure 28 Optical circular antenna in the x-y coordinates

The magnetic vector potential ( A ) describes on from OCA;

p'=ap'=2r qu

A-telog | pip'dg (4.43)
p'=0 #'=0
R is the ray path for the OCA which equals to
R=y(x=x)+(y-y)+(-2) (4.44)
where X, y and o are described in
X =p cos® (4.45)
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y=p sing (4.46)

p =71 sinf (4.47)

Eq. (4.45) and Eq. (4.46) is placed in the Eq. (4.44) where z'=0

R =+/(pcosg— p'cos g’} +(psing— p'sin '} + 22 (4.49)
where calculation of Eq. (4.49) continues
R=1/p? +22 +(p') —2pp'cos(4—¢) (4.50)
where neglectable (p')? and Eq. (4.47) place in the Eq. (4.50)
R=+/r2=2p'rsin @ cos(p— ¢ (4.51)
where R is found in approximation as
R=r — p'sin @cos(p —¢') (4.52)

As a result of R shows in the Eq. (4.52) where is placed in the Eq. (4.43)
g Ikr pRad 2z

J'ejkp'5|nacos(¢—¢‘)pudp-d¢- (453)
p'=0 ¢'=0

where a is radius of OCA which equals to

,&:ﬂO_I()§¢
4 r

a=ns (4.54)
where § describes in that radius of this OCA divides in small pieces which equals to

s_2 (4.55)
N

Included in the Eq. (4.53) convert in the Bessel Generate Function which described as

I e (4.56)

where z and t are equal to; _
z=Kkp'sin @ (4.57)
t = cos(4 — ¢') (4.58)
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Eq. (4.57) and Eq. (4.58) are putted in the Eq. (4.56) which can be written as

g lkosinocos(y-¢') _ i Jo(k p'sin 9)((:03(¢ _ ¢))” (4.59)

N=—o0
As a result of Bessel Generate Function can be written;

pikpsinocos(g—¢) _ iJo(kp'Sin 9)272' (4.60)

N=—00

Eq. (4.60) is placed in the Eq. (4.55) as

—jkR p'=nd

A:“O—")é¢2;re [ 3o(kp'sin 6)p' dp! (4.61)
47 o
The definition of derivative described in
. A+a . F(x+A)+ F(x
lim [ 1 (o= lim T2 ¢qa) (4.62

According to the Eq. (4.62), resulted of the Eq. (4.61) can be written as

e—jkr N-1

A= 1l €,

nad,(kndsin 6) (4.63)

r'—=

End of the magnetic vector potential ( A) is in the Eq. (4.63).
4.5 Optical Quarter Circular Antenna

Optical Quarter Circular Antenna (OQCA) observes in the x-y coordinates.

Parameters of OQCA is radius 140 nm from X coordinate. Wavelength of incident

photon is 820 nm. Before incident electric field (Ei) determines in the coordinate

axis, surface current (jes) calculates through the converting Ei to Hi on the z=0 axis.

End of this process is calculated in the magnetic vector potential ( A). OQCA shows

in Figure 29 in the x-y coordinates.
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[ oe
A

Figure 29 Optical quarter circular antenna in the x-y coordinates

Equations of (4.44), (4.45), (4.46), (4.47), (4.52), (4.54), (4.55) are used in the same
solutions that are incident electric field (Ei), piece of delta (o ). Resulted in their

equations are described in magnetic vector potential ( A)

- | & P=ALI=h ikosingcos(—4) 14 1 p
Ao ,L;:)ﬂo ¢T p.zOL.zo o lkpsingcos(p ¢)p dp'dg (4.64)

where a equals to nd that can be written as

- IUOIO & e ke N jknssin Ocos(g— 4.65
A= z nee) )4 (4.65)
T n=1

The Eq. (4.33) use in the Eq. (4.65) which can be written as

A=tolog ijrr'_% Nin&(l+ jknssin Ocos(p - ¢))dg’ (4.66)
47[ $ r ¢'=0 n=1

where calculates in the Eq. (4.66) for @* as

N —jkr N-1
A='Lf4°—|°é¢eT nS(¢, — jknasin &(sin(g — ¢, )—sin ¢, )) (4.67)
T n=1

Bessel Generate Function form converts in the Eq. (4.67)

A= ﬂolo e

16— o(kndsin )¢, — jknssin O(sin(¢ — ¢, )—sin ¢,))  (4-68)
T
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As a result of the magnetic vector potential ( A) is in the Eq. (4.68).

The radiation diagrams of different design of optical antennas will be examined in
Chapter 5 in the direction of these Eq. (4.23), Eq. (4.34), Eq. (4.42), Eq. (4.63), Eq.
(4.68). These different designs of optical antennas will be observed in the radiation
diagrams that are advantages and disadvantages. These observation parameters are

coverage range, radiation intensity.
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CHAPTER 5

RADIATION PATTERN OF OPTICAL ANTENNAS

5.1 Radiation Pattern of Optical Dipole Antenna

This section is focused on two solution analysis radiation pattern of Optical Dipole

Antenna (ODA). First, the solution analysis with using the Eq. (4.23) at radiation

patterns in different angles of 4 , lengths (b), heights (a) are observed in the ODA. In

addition, radiation patterns are observed in the various angles which were 5°, 10°, 30°,

45°, 60° and 90° on the angle axes.

Optical Dipole Antenna
90

0.004
120 60
0.003
150 0.002
.001
180
210
240 300
270

Figure 30 Radiation pattern of optical dipole antenna for ¢* =s°and ¢' =10°

[ d):so
$=10°

30

330
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Figure 30 shows on the radiation pattern of optical dipole antenna for 4 = s5°and
#' =10°. The ODA is represented on wide coverage range by ' =5°. When g*is

raised, the coverage range is reduced.

Optical Dipole Antenna

_— o
9 0,004 .
120 60 $=45
0.003
150 0.00Z 30
0.001
180 0
210 330
240 300
270

Figure 31 Radiation pattern of optical dipole antenna for 4 = 30°and 4 = 45°

Optical Dipole Antenna $=60°
9% 0.004 —— $=00°
120 60
0.003
150 0.00z 30
0.001
180 0
210 330
240 300
270

Figure 32 Radiation pattern of optical dipole antenna for 4 = 60°and g* = 90°
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Figure 31 shows radiation pattern of optical dipole antenna for &' = 30°and
#' = 45°. The ODA is represented on wide coverage range by 4 = 30°. Especially,

wide small beams are visible in the radiation pattern between the angles 60° to 330°

from 4' = 45°. The maximum radiation is the angle 0° from 4’ =30°and g* = 45°.
Figure 32 shows radiation pattern of optical dipole antenna for 4' = 60°and 4* = 90°
. The ODA is figured on wide coverage range by 4* = 60°. The small beams are visible
in the radiation pattern between the angles 60° to 330° from &' = 60°. As shown in
Figure 32, small beams are composed of two pieces for 4 = go°. The small beams are

visible in the radiation pattern between the angles 30° to 60° and 300° to 330° from

@' =90°.

The using the Eq. (4.23) at radiation patterns are observed on different lengths (a)

and heights (b) from ' = 30°and 4 =90°. These parameters are constant height,

decreasing lengths and constant length, decreasing height. In the first observation is

constant length and decreasing heights from 4 = 30°.

Optical Dipole Antenna for length = \/3

%0 0015 height= 4.2
120 60 height= 3.2
0.01
150 30
0.005
180 0
210 330
240 300
270

Figure 33 Radiation pattern of optical dipole antenna for length of 1/3, heights of
422 and 3.24 from 4' = 30°
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Optical Dipole Antenna for length = \/3

90 5004 height= 1.2
120 60
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150 0.002 30
0.001
180 0
210 330
240 300
270

Figure 34 Radiation pattern of optical dipole antenna for length of /3 and height of
1.24 from ¢ = 30°

Figure 33 shows radiation pattern of ODA for length of 4/3, heights of 4.24 and

3.24 from 4+ = 30°. Asseen in Figure 33, the radiation field is decreasing at constant

height and decreasing length. Small beams are primarily visible between the angles
30° to 330° and these beams approach the main beam at the 0° and maximum radiation
is the angle 0° from heights of4.24 and 3.24 . Figure 34 shows on radiation pattern
of ODA for length of A/3, height of 1.24 from 4' =30°. As seen Figure 34, the
radiation field is decreasing as Figure 33. Main beam was the angle 0° from height of
1.24 . Side beams are small in the height of 1.24 . In the second observation is
constant height and decreasing lengths from &' = 30°. Figure 35 shows on radiation
pattern of ODA for length of A and height of 3.24 from ¢4 = 30°. Figure 36 shows
on radiation pattern of ODA for height of 3.24, lengths of A/4 andA/8 from

#' = 30°. As seen Figure 35 and Figure 36, the radiation field is decreasing at constant

length and decreasing height. Small beams are primarily visible between the angles
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60° to 300° from lengths of 1/4 and 1/8.Then, these beams approach the main beam

at the 0° and maximum radiation is the angle 0° from lengths of A, A/4 and 1/8.
Optical Dipole Antenna for height = 3.2\

120 60
0.03
150 0.02 30
0.01
180 0

210 330

240 300

270

Figure 35 Radiation pattern of optical dipole antenna for height of 3.24 and length
of A from 4 = 30°

Optical Dipole Antenna for height = 3.2\

9 0.008 length= /4
120 60 length= \/8
0.006
150 0.004 30
0.002
180 0
210 330
240 300
270

Figure 36 Radiation pattern of optical dipole antenna for height of 3.2 , lengths of
Al4 and 118 from 4 = 30°
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In the third observation was constant length and decreasing heights from 4' = 90°.
Figure 37 shows on radiation pattern of ODA for length of 1/3, heights of 4.2
and 3.24 from g* = 90°.

Optical Dipole Antenna for length = \/3
90 0015

height= 4.2\
120 60 height= 3.2
0.01
150 30
0.005
180 0
210 330
240 300
270

Figure 37 Radiation pattern of optical dipole antenna for length of 1/3, heights of
4.24 and 3.24 from 4' = 90°

As seen Figure 37, the radiation field is decreased at constant height and decreasing
length. Small beams are primarily visible between the angles 30° to 330° from height
of4.24 and 3.24 . Then, these beams approach the main beam at the 0° and maximum
radiation is the angle 0° from heights of4.24 and 3.24 . Figure 38 shows on radiation
pattern of ODA for length of 1/3, height of1.24 from Small beams are primarily
visible between the angles 30° to 330° from height of 1.24. Then, these beams
approach the main beam at the 0° and maximum radiation is the angle 0° from height

of 1.24.
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Optical Dipole Antenna for length = \/3

90 (004 height= 1.2
120 60
0.003
150 0.002 30
0.001
180 0
210 330
240 300
270

Figure 38 Radiation pattern of optical dipole antenna for length of 1/3, height of
1.22 from 4 = 90°

In the fourth observation is constant height and decreased lengths from 4 = g0°.

Figure 39 shows on radiation pattern of ODA for height of 3.2 , and length of A from
#' =90°. Small beams are primarily visible between the angles 60° to 300° from
length of A . Then, these beams approach the main beam at the 0° and maximum
radiation is the angle 0° from height of A . Figure 40 shows on radiation pattern of
ODA for height 3.24, lengths of A/4 and A/8from &' =o90°. Small beams are
primarily visible between the angles 60° to 300° from length of /8. Then, these beams
approach the main beam at the 0° and maximum radiation is the angle 0° from lengths
of A/4 and A/8. As a result, radiation intensity was decreased in these observations,
when heights and lengths were taken small dimension. Also, radiation intensity was

increased in these observations, when heights and lengths was taken great dimension.
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Optical Dipole Antenna for height = 3.2\
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Figure 39 Radiation pattern of optical dipole antenna for height of3.24 and length
of A from 4 = 90°

Optical Dipole Antenna for heigth = 3.2\
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180 0
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Figure 40 Radiation pattern of optical dipole antenna for height of 3.24 and lengths
of /4 and A/8from 4 = 90°
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Second the solution analysis, the using the Eq. (4.34) at radiation patterns different

in angles of &+, constant segments of number (N ), lengths (L), heights (h)were
observed in the ODA. The first observation was in different angles of 4* segments of
number which were N =25 and N =100. Figure 41 shows on g* =5°, #* =10°and
¢' =30° for N=25.

Optical Dipole Antenna for N=25

90 o5 — $=5°
120 60 |—¢=10°
20 °
$=30
15
150 30
10
5
7,
180 - 0
N
210 330
240 300
270

Figure 41 Radiation pattern of optical dipole antenna N =25 for 4' =5°, ' =10°

and 4' = 30°

As shown in Figure 41, radiation patterns are same graphs from N =25 for 4 = 5°
, ¢' =10°and 4* = 30°. Small beams were primarily visible between the angles 60°

to 300° from N =25 and maximum radiation is the angle 0°. Figure 42 shows on

¢ =45°, ¢ =60°and g =90° for N =25. As shown in Figure 42, small beams
were primarily visible between the angles 60° to 300° for 4* = 45°and other small
beams were primarily visible between the angles 60° to 300° for 4* = 60°. Radiation

patterns for N =25 had been wide area for 4 = 90°.
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Optical Dipole Antenna for N=25

0 25 T 9=45°
120 60 |—— $=60°
20 4=00°
15
150 30
10
5
180 0
210 330
240 300
270

Figure 42 Radiation pattern of optical dipole antenna N = 25 for 4* = 45°,
¢ =60°and 4 —90°
Figure 43 shows on 4' =5°, 4* =10°and g* = 30° for N=100.

Optical Dipole Antenna for N=100
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120 60 —_4p0
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180 —— -~ 0
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270

Figure 43 Radiation pattern of optical dipole antenna N = 100 for 4* =5°,
¢ =10°and 4 = 30°



Optical Dipole Antenna for N=100
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Figure 44 Radiation pattern of optical dipole antenna N = 100 for 4* = 45°,
¢ =60°and 4 —90°

As shown in Figure 44, radiation patterns are same graphs as Figure 43 from
N =100 for ¢ =5°, ¢ =10°and g’ = 30°. Figure 44 shows on ¢' = 45°, ¢’ = 60°
and ' = 90° for N=100. As shown in Figure 44, radiation patters are same graphs as
N =100 forg' = 45°, 4' =60°. Therefore, radiation patterns for 4’ = go°have wide

area. The reason for N =100, when the value of N increases, the accuracy of the

radiation pattern is observed in this ODA.

In the second observation is included constant height, become less the value of

lengths, angle of ' =30° and segment of number N =25 for the second solution
analysis. Figure 45 shows on height of 3.24 and length of A from g =30°and
N =25. As shown in Figure 45, small beams are primarily visible between the angles
60° to 300° for ' =30°. Maximum radiation is the angle 0°. Figure 46 shows on
height of 3.24 and lengths of A/4and 1/8 from 4' = 30°and N =25. As shown in
Figure 46, small beams are primarily visible between the angles 30° to 330° for 4/8.
Therefore, beams for A /4 have smaller than A /4 . Maximum radiation is the angle
0°.
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Optical Dipole Antenna for N=25 and height= 3.2\
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Figure 45 Radiation pattern of optical dipole height of 3.24 and length of A from
¢ =30°andN =25
Optical Dipole Antenna for N=25 and height= 3.2\
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Figure 46 Radiation pattern of optical dipole height of 3.24 and lengths of 1/4 and
Al8 from 4 =30°and N =25
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In the fourth observation is included in constant height and decreasing lengths for
¢' =30°and N =100 . Figure 47 shows on height of 3.2 and lengths of A/4 and

Al8 from 4 =30°and N =100 .

Optical Dipole Antenna for N=100 and height= 3.2\

90 100 lenght= \/4
120 60 lenght= \/8
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40
20
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210 330
240 300
270

Figure 47 Radiation pattern of optical dipole height of 3.21 and lengths of 4 /4 and
Al8 from 4 =30°and N =100

As shown in Figure 47, small beams are primarily visible between the angles 30°
to 300° for A/8. Therefore, beams for A /4 have smaller than A1/4 . Maximum
radiation is the angle 0°. Figure 46 and Figure 47 are similar radiation patterns for
height of 3.24 and lengths of A/4and A/8. Another observation is included in
constant length and decreasing heights for 4 = 3o0°and N =25. Figure 48 shows on
length of 3.24 and height of A/4 from 4 =30°and N =25. Figure 49 shows on
length of 3.2 and height of 1/8 from &' =30°and N =25. As shown in Figure 48
and Figure 49, radiation patterns are same graph each other. Because observation of
radiation patterns are not affected constant length and decreasing heights. If number

of segments are N =25, radiation patterns was same as Figure 48 and Figure 49.
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Optical Dipole Antenna for N=25 and length= 3.2\
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Figure 48 Radiation pattern of optical dipole length of 3.24 and height of 1/4
from 4+ =30°and N =25

Optical Dipole Antenna for N=25 and length= 3.2\
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Figure 49 Radiation pattern of optical dipole length of 3.2 and height of 1/8 from
¢ =30°and N =25
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As a result of these observations, when the length and height values decrease with
respect to the first solution analysis, the radiation field is decreased. On the other hand,
when the height and length values of the optic antenna increase, the radiation field
increases. At the same time, the maximum radiation at all observations is zero degrees.
According to the second solution, as the height is taken constant, as the length value
decreases, increasing in the radiant field is observed. But when the length is taken
constant and the decreasing height, all the radiation patterns are the same. When the
segment values increase, the accuracy of these antennas increase. In the last
observation, the radiation diagram is the same even though the number of segments
increases as in the Figure 48 and 49.

5.2 Radiation Pattern of Optical Triangle Antenna

In this section observes on radiation pattern from Optical Triangle Antenna (OTA).

The using the Eq. (4.42) at radiation patterns different in angles of 4+ constant segment

of number (N ), different lengths (L) and height (h) are determined in from ORA.
Optical Triangle Antenna for N=100

90 4500 —— §=5°
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Figure 50 Radiation pattern of optical triangle antenna N =100
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Optical Triangle Antenna for N=100
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Figure 51 Radiation pattern of optical triangle antenna N =100

In the first analysis is for different angles of 4+ and constant segment of number (
N ). Figure 50 shows on 4’ =5°, ¢' =10°and g' =30° for N =100. As shown in

Figure 50, the observation radiation patterns have been different radiation area from

N =100 for 4 =5°, ¢* =10°and ¢* =30°. The radiation patterns of OTA have
widest at 4' =5°, lowest at ¢* = 30°. Figure 51 shows on ¢' = 45°, ¢ =60° for
N =100 . As shown in Figure 36, the observation radiation patterns have are different

radiation area from N =100 for ¢4 =a4s5°and ¢ =e0°. The radiation patterns of
ORA are widest atg' = 45°, lowest atg' = 60°.Figure 52 shows on N=100 for

¢ =90°.
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Optical Triangle Antenna for N=100
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Figure 52 Radiation pattern of optical triangle antenna N =100

As shown in Figure 52, the observation radiation patterns are different radiation

area from N =100 for 4 =90°. Maximum radiation is the angle 0° but radiation

intensity is between 0 to 100 from 4' = 90°.

In the second analysis is included in constant length and decreasing heights from
N =100 . Figure 53 shows on length of 4/3, heights of 4.24 and 3.24 for ' = 60°
and N =100 . As show in Figure 53, the observation radiation patterns have been wide
coverage area and wide small beams. These small beams were primarily visible
between the angles 90° to 270° for ¢' = e60° and height of3.24 . Another height of
4.2 have narrow beams. Maximum radiation is the angle 0° both of heights. Figure

54 shows on length of 1/3, heights of 1.24 for 4 = e0°and N =100 . As shown in

Figure 54, the observation radiation patterns have been wide coverage and high

radiation intensity. Minimum radiation is the angle 0°.
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Optical Triangle Antenna for N=100, length = \/3
90

100 height= 4.2
120 60 height= 3.2
80
60
150 30
40
2
180 0
210 330
240 300
270

Figure 53 Radiation pattern of optical triangle antenna length of 4/3, heights of
4.2 and 3.24 for 4' = 60°

Optical Triangle Antenna for N=100, length = \/3
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Figure 54 Radiation pattern of optical triangle antenna length of 4/3, height of
1.24 for ' =60°
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In the third analysis is included in constant height and decreasing lengths from
N =100 . Figure 55 shows on height of 3.2, lengths of A/4 and /8 for 4' = 60°
and N =100. Figure 56 shows on height of 3.24, length of A for 4 =e0°and
N =100. As seen Figure 55, the observation radiation patterns have been wide
coverage area and wide small beams. These small beams are primarily visible between
the angles 90° to 270° for 4' =60° and length of /4 . Another height of 1/8have
narrow beams. Maximum radiation is the angle 0° both of lengths. As seen Figure 56,
the observation radiation patterns are wide coverage area and have high radiation

intensity.

Optical Triangle Antenna for N=100, height= 3.2 X
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Figure 55 Radiation pattern of optical triangle antenna height of 3.24 , lengths of
Al4and 1/8 for 4 =60°
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Optical Triangle Antenna for N=100, height= 3.2 \
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Figure 56 Radiation pattern of optical triangle antenna height of 3.24 , length of A

for 4 = 60°

As a result of these observations, the length is fixed, while the height is reduced,
the radiation field is higher. When the height is taken very low, the radiation field has
a wide and a scattered area which is seen. The height is fixed, while the radiation field
is the same when the length is reduced.

5.3 Radiation Pattern of Optical Circular Antenna

In this section observes on radiation pattern from Optical Circular Antenna (OCA).
The using the Eq. (4. 63) at radiation patterns constant segments of number (N ) and
different radius (a) are determined in from OCA. Figure 57 shows on radius of 1.24
for N=100. As seen Figure 57, the radiation field was contained in small beam which
were primarily visible between the angles 60° to 300°. Maximum radiation is the angle

0°.
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Optical Circular Antenna for N=100
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Figure 57 Radiation pattern of optical circular antenna radius of 1.24 for N=100

Optical Circular Antenna for N=100
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Figure 58 Radiation pattern of optical circular antenna radius of 3.24 for N=100
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Optical Circular Antenna for N=100
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Figure 59 Radiation pattern of optical circular antenna radius of 4.24 for N=100

Figure 58 shows on radius of 3.24 for N=100. As seen Figure 58, the radiation field
IS contained in small beam which were primarily visible between the angles 30° to
330°. Maximum radiation is the angle 0°. Figure 59 shows on radius of 4.24 for
N=100. As seen Figure 59, the radiation field was contained in small beam which were
primarily visible between the angles 30° to 330°. Maximum radiation is the angle 0°.
As a result of these observations, when the radius increases, the radiation field has a

narrower composition and radiation intensity is increased.
5.4 Radiation Pattern of Optical Quarter Circular Antenna

In this section observes on radiation pattern from Optical Quarter Circular Antenna
(OQCA). The using the Eq. (4. 68) at radiation patterns different angles of circular (

#, ), observation angles (4") and constant segment of number (N ) are determined in

from OQCA. In the first analysis from OQCA, observation parameters are angle of

circular 4, = 60, Observation angles ' =30° , constant segment of N =100 and
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decreasing radius (a). Figure 60 shows on radius of 4.24and 3.24 from 4, =60,

¢ =30° and N =100.
Optical Quarter Circular Antenna for N=100,$=30° and ¢ =60°
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50
180 0
210 330
240 300
270

Figure 60 Radiation pattern of optical quarter circular antenna radius of 4.24 and

3.24from 4 =60, ¢ =30° and N =100

Optical Quarter Circular Antenna for N=100,¢$=30° and ¢ =60°
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Figure 61 Radiation pattern of optical quarter circular antenna radius of 1.24 from

#, =60, ¢ =30° and N =100
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As seen in Figure 60, radiation pattern is observed on same direction and wide of beam
but the coverage area of radius 3.2 is smaller than the coverage area of radius 4.2 .

Figure 61 shows on radius of 1.24 from 4 = 60 and ' = 30°. As seen in Figure 61,

radiation pattern is observed on wide coverage area and low radiation density. Small
beams are visible between the angles 60° to 330° from radius of 1.24 . Maximum
radiation is the angle 0° all of them. In the second analysis from OQCA observation
parameters are angle of circular 4 =60, observation angles of 4 —30° and
#' =90° , constant segment of N =100 and radius of 1.24 which shows on Figure

62. According to Figure 62, radiation pattern is observed same both of observation

angles. The observations of 4 = 30°and g' = 9o°are inside and outside of antenna.
The radiation field are the same the angles for ' = 30°and #' = 90°. The size of the

beams is different from each other.

Optical Quarter Circular Antenna for N=100,radius=1.2\ and ¢0=60°
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120 60 $=90°
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210 330
240 300
270

Figure 62 Radiation pattern of optical quarter circular antenna radius of 1.24 from

#, =60, ¢' =30°,¢' =90° and N =100
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In the third analysis from OQCA, observation parameters are angle of circular
#, = 300, observation angles #' =30° , constant segment of N =100 and
decreasing radius (a). Figure 63 shows on radius of 4.21and 3.24 from ¢ = 300,
#' =30° and N =100. As seen in Figure 63, radiation pattern is observed on same
direction and wide of beam but the coverage area of radius 3.2 is smaller than the
coverage area of radius4.21 .

Optical Quarter Circular Antenna for N=100,$=30° and ¢ =300°

90 150 Radius=4.2 )\
120 60 Radius=3.2\
100
150 30
50
180 0
210 330
240 300
270

Figure 63 Radiation pattern of optical quarter circular antenna radius of 4.24 and

3.24from ¢, =300, ¢' =30° and N =100

Figure 64 shows on radius of 1.24 from 4 — 300, ¢' =30° and N =100. As

seen in Figure 64, radiation pattern is observed on wide coverage area and low
radiation density. Small beams are visible between the angles 60° to 330° from radius
of 1.24 . Maximum radiation is the angle 0° all of them. In the fourth analysis from
OQCA observation parameters are angle of circular 4, = 300, observation angles of
#' =30° and ¢ =330° , constant segment of N =100 and radius of 1.24 which
shows on Figure 65. According to Figure 65, radiation pattern is observed same both

of observation angles. The size of the beams is different from each other.
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Optical Quarter Circular Antenna for N=100,$=30° and ¢ =300°
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Figure 64 Radiation pattern of optical quarter circular antenna radius of 1.24 from

#, =300, ¢' =30° and N =100

Optical Quarter Circular Antenna for N=100,radius=1.2\ and ¢o=300°
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Figure 65 Radiation pattern of optical quarter circular antenna radius of 1.24 from

#, =300, ¢' =30°,¢4' =330° and N =100
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As aresult of these observations, the radiation field is expanded when the radius of
the OQCA is increased. Therefore, the radius of the OQCA increases the radiation

field. Also, the same radiation field is observed on the inside and outside of the OQCA.
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CHAPTER 6

CONCLUSION

In this thesis, the various design and the radiation patterns were investigated on the
about optical antennas. These designs in the optical antennas were Optical Dipole
Antenna, Optical Triangle Antenna, Optical Circular Antenna, and Optical Quarter
Optical Antenna. The radiation patterns of these antennas have been calculated in the
analytically with using integral of Physical Optics and were observed on them. The
about thesis contents, contained in the six chapters. First chapter, in the literature were
researched in about the optical antennas and the traditional antennas. Primarily, about
the history of traditional antennas and specifications of optical antennas were
mentioned. Then, in the works of literature were told in the properties of optical
antennas. These the properties were contained in operation, techniques, the using
materials, experimental setups and simulations in the optical antennas. The end of the
chapter was told organization of this thesis. Second chapter, in the literature were
researched in about fundamentals of light-matter interactions which were mentioned
in the atomic models, the Photoelectric Effect, the energy bands of semiconductor.
Researches about the atomic models were explained in. Applications of PE and the
energy bands of semiconductor were given in about the information. Third chapter,
operation, structure, production and application of the optical antennas were given in
about the informations. The operation of optical antennas was mentioned on about
interactions between electrons and photons. Behavior between electrons and photons
were examined on the optical antennas. Structures of optical antenna were shown in
and the production techniques of optical antenna were told. The end of the chapter,
applications of optical antenna were told in about the studies in the literature. Fourth
chapter, radiation pattern of optical antenna was calculated in the analytically with

using integral of PO. These radiation patterns in the optical antennas were calculated
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in for ODA, OTA, OCA, and OQCA. The radiation patterns in the ODA were observed
in the different lengths, constant height and in the different heights, constant length for

the angles of &+ and the segment of number N . The radiation patterns in the OTA

were observed in the different lengths, constant height and in the different heights,

constant length for the angles of 4+ and the segment of number N . The radiation

patterns in the OCA were observed in the different radius for the segment of number
N . Fifth chapter, the radiation patterns in the OQCA were observed in the different

radius for the angles of 4, the angles of circular (4, ) and the segment of number N

. Result of these observation were observed on radiation patterns different these
parameters. These observations were told in the fifth chapter. Sixth chapter was

conclusion.

As a result of this thesis, in these observations are available for every frequency
and are observed that in these optical antennas changes in the length, the height, the
radius, the angle that change radiation fields. In the literature, several researches have
been done on the optical antennas, but these researches are experimental setups and
simulations. In this thesis, the radiation fields are calculated analytically with using
integral of PO. Therefore, Therefore, the thesis is an analytical solution with using

integral of PO while working until this thesis.
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