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A Model for an Optical Ring Microresonator towards Nanoparticle

Detection

Faruk AHMETI

Abstract

High-Q optical resonators are very prominent bio-sensing technologies that confines light
inside a microsize system. Due to their small size and dielectric fabrication materials,
these systems can be integrated cost-effectively on integrated chips along with other
optical and electrical components. Measurement of the resonance shift proceeded by
the transmission spectrum enables observation of binding events in real time, and can
also be used to characterize particle size and type. Combination of small size and high
Q factor empowers these devices with excellent detection capability. In this thesis, an
optical microring resonator has been developed through a multiphysics model using finite
element method to solve the relevant equations. All the platform was built in COMSOL
Multyphisics software tool. The general framework of this sensor is based on a laser light
source, a straight-shape waveguide, a ring-based waveguide, and a photodector at the
end of the straight waveguide. A communication laser was used to generate the light at

a wavelength of 1.55 um.

In this thesis, it is important to achieve single particle detection inside an aqueous en-
vironment since most of the clinical samples are water based. The exact position of the
resonance wavelength is located and the transmission spectrum is recorded. A linear
correlation between the red shift in the resonance wavelength and increase in the radius
of the microring is observed. When the ring radius was increased, there was a resonance
shift in the wavelength towards higher values. It was also found that a resonance shift
for a value as small as 10 nm could be detected. The interaction between the resonator
and nanoparticles is implemented in a unique way. This implementation is performed by
modeling nanoparticles by a layer around the ring and then changing its thickness with
the corresponding refraction index of analyzed nanoparticle. This will affect the reso-
nance when it is compared to the resonator response without the layer. The resonance
shift should be in a linear trend in order to be able to use as biodetection sensor. The
interaction between a single particle and the sensor itself determine the sensing capability
within a rapid time. The detection of a mimicked titanium dioxide nanoparticle as well
as protein biomolecule with an effective size starting from around 10 nm in diameter has

been reported.

Keywords: Optical Resonators, Resonance Shift, Photonic, Biosensing



Nano Parcaciklarin Tespit Edilmesinde Kullanilan Optik Halka
Mikro Rezonator i¢in Bir Model

Faruk AHMETI
Oz

Optik rezonatorler temel yapitaglar: olarak fotonlu araglar: ve lazerler, yukselticiler, optik
suzgegler, cok duzeyli optik birlestiriciler, mantik gegitleri, anahtarlar ve sensorleri iceren
uygulamalar alaninda onemli bir potansiyele sahiptir. Bir mikrorezonator 15181 toplam ic
yansima ile sinirlandiran mikron boyutta dairesel geometri (mikrodisk, mikrokure, mikro-
tor ve mikrohalka) ile tanimlanir. Klasik tabloda, dairenin gevresinin etrafindaki dairesel
15181 uzunlugunun yolu dalga boyunun tam katina denk geldiginde optik rezonanslar re-
zonatore birlegtirilir. Halka rezonatorde, bu rezonator iletim spektrumlarindaki keskin
bir dusus olarak tanimlanir, genel olarak tonu ayarlanabilir lazer iginlarin rezonatorun
yakinlarina yerlegtirilmis koniklegtirilmis optik fiber ile rezonatore ulagtirarak elde edilir.
Rezonans dugusleri, iletim spektrumu lazer dalga boylar: uzerinde gezinirken olgulerek
gozlemlenebilir. Lazerin dalga boylar: halkanin rezonans dalga boylar ile eslestiginde,
151k optik fiberden mikrohalkaya birlesir, sonug olarak dogru dalga kilavuzunun giktist

olarak iletim spektrumunun yogunlugunda dusus olarak gozlemlenir.

Bu calismada, mikrohalka temelli bir rezonator kullanildi ve agir1 hassas biyomolekul ve
nano parcacik tespiti i¢in bu rezonatorun multifizik olgulebilir element modeli gelistirildi.
Bu model COMSOL Multiphysics v5.2 kullanilarak tasarlandi. 1.55 pum dalga boyundaki
dalga kilavuzunun girig dugumunde girig lazer 15181 kullandik ve yayilan 1s1k ¢ikig dugu-
munde gozlemlendi. Bu sure¢ boyunca, iletim spektrumunu kaydettik ve mikrohalkanin
rezonans dalga boyunun tam konumunu belirledik. Halkanin yarigapini arttirdigimizda,
rezonans dalga boylar1 daha yuksek dalga boylarima (kizila kayma) dogru kaydi. Mikro-
halkanin yaricapi ile rezonans dalga boylarindaki kizila kayma arasinda dogrusal bir iligki
oldugunu gorduk. Buna ek olarak, mikrohalkanin yaricapindaki degisiklikler 10 nm kadar

bile kuguk olsa da bu degisimi gorebildigimizi fark ettik.

Anahtar So6zciikler: Optik Halka Rezonatorleri, Rezonans Kaymasi, Fotonik
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Chapter 1

Introduction

1.1 Motivation

Considerable demand for far-reaching of sensing systems have been significantly advanc-
ing recently. These improvements make the monitoring and detecting nanoscale objects
easier and without any chemical labels. This advancement is achieved mainly for ap-
plications in health sector, land security, drug discovery, air pollution, and diagnostics.
Due to their small size and low refractive index contrast with the surrounding medium,
most nanometer size objects possess a low polarizability. It can provide only weak and
undetectable light to matter reactions, making these label-free sensing of nanoparticles
much more challenging. However, combining a high quality factor (Q) and a small mode
volume (V) lead to micro and nano-photonic devices having highly sensitive platforms.
This implementation results in the considerable enhancement of interaction between light
and matter. Optical resonators have been used to identify individual nanoparticles that
have a radius of lower than 30 nm by monitoring the transmission spectrum. Increasing
Q-factor of resonator can be reached a narrower linewidth, which leads to smaller changes

in the transmission spectrum as well as it significantly improves their performance [1].

Nowadays, new evolutions in the Micro and Nano technologies give rise to potential appli-
cations with unprecedented control in a wide range of varieties. Optical micro-resonators

with a high Q factor are excellent candidates for optical manipulation and they can be
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fabricated in low cost. They can also have significant enhancement of detection in bio-
sensing and other applications that use lasing light sources. Therefore, these advance-
ments in design and materials such as nanowires and 3-D photonic crystals are bringing
to further levels of advancements. Apparently, it will impact the future growth of broad-
band for all-optical networks, also for basic researches in quantum physics. However,
the progress of resonator-based platforms in the near future can impose strict criteria on

their design, fabrication and manufacturing process [2].

Ever since their inventions, Optical Micro-resonators set a high promise as fundamental
building blocks for a variety of applications in optics, photonics, telecommunications and
other fields. Ring resonators are proven to be very successful in sensing field. In this
manner, they are enhancing their focus on the contemporary researches [3]. One of the
main advantages of utilizing ring resonators as bio-sensing platforms is the opportunity
of fabrication in minute size. They can be used to target any sample that need to have

results in easier ways by using Raman spectroscopy and related ones.

During modeling and design process, many aspects should be taken into consideration
and should make compromises between various parameters. Common parameter combi-
nations considered are the Q factor and the size of the resonator, distance between the
waveguides, alignment in a point where the light coupling gets easily initialized. Further-
more, input lasing wavelength, core and cladding material properties (such as Refraction
Index), deformation of notch cavity, and many other properties that are other crucial

factors towards a better functional system.

In this respect, our motivation is based on the idea to develop a simulation-based high
sensitive model towards nanoparticle bio-detection. This is realized by using the phe-
nomena of lasing light that were applied in optical ring microresonators. Sensitivity
mechanism is based on the shifts which are caused by binding individual dnano-beadsa.
They are positioned in any liquid solution in a size characterization at lowest radius of
approximately 10 nm, which is the size that is approached to be a single molecule. The
graph of that resonance shift versus the transmitted light reveals information of binding

event. The binding particles can be characterized by the value of shifted resonance.

In general, an attempt to develop a highly sensitive biosensor by using optical micro-
resonator based on laser light is made. The reason for micro-resonator selection is

attributed to their label-free methods, operation in real-time and their ability to be
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characterized as small molecules by assuming them as engineering material. Important
detection restrictions are mostly set by laser linewidth, which can be adjusted to be
more narrowed than the resonance width. In the other words, these types of sensors that
utilize lasing light have the possibility to detect targeted objects that are in ultra-small

size.

1.2 Basic sensing operation

In the recent decades, we have seen an emerging transition from electronics field to pho-
tonics in both academic research and industry. Starting from electronics which was the
area that played a dominating role in semiconductors at the middle of the last century,
also photonics pretends to be a great factor of bringing the humankind in the new era
of information and technology [4]. The aim of photonics, as a discipline of science, is to
control and manipulate the optical properties of materials in analogy to electrical prop-
erties of semiconductor one. Therefore, photonics is a field of physics which deals with
the control of the light or photons, for useful applications including light generation, de-
tection and manipulation emission as well as with transmission, modulation, light signal
processing, amplification or sensing [5]. Photonics is a broad area which investigates and
develops ideas about light interaction since from the first practical semiconductor pho-
tons (light) emitters, invented in early of the 1960s and optical fiber developed in 1970s
[6]. Latest advances in artificial materials structure over and beyond the deep qualitative
understandings of the light itself as dual physical nature either as classical or quantum
physics, were a great opportunity to provide the possibility of well manipulating and

processing a light-signal.

Light is an electromagnetic radiation within a range of frequencies starting from 1 THz
to 10 pHz. Visible light, which is perceptible by the human eye consists of a scaled
wavelength range of 400-700 nanometers (nm), and is defined as the color range between
violet through red region. In this matter, it is in photonic devices interest to be able
to practically work in this range of frequencies since most of them are engineered to be
compatible in invisible and near of infrared wavelengths. Another important factor that
gives a contribution to properly functionalities to an optical wave is photon energy. For
visible light, the energy of photon lies between values of 1.7 and 3.1 eV. Moreover, pho-

tonic devices which are mainly focused in process of generating, amplifying or detection
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of the light are more important to know about the nature of the light, whereas the phys-
ical nature of the wave is essential at post-processing light-signal such as transmission,

modulation, or switching [5].

One of the very considerably explored devices in recent years that combine optical and
photonic properties for their principle operation is optical microresonators. Optical mi-
croresonators as essential building blocks of devices for a wide range of implementa-
tions in the discipline of photonics have shown a high potential use in many applications
such as lasers, amplifiers, sensors, optical add/drop (de)multiplexers (OADMs), switches,
routers, logic gates, and artificial media. The simplest configuration framework consists
of a couple of standard waveguides (optical fibers), of which, one is of a straight form and
the other is circular, and are produced in micron-scale geometry such as microsphere,
microtoriod or microring (or disk, ellipse, rectangle, and circle). As the main focus of
this work lies in the microring geometry, here we will explore this model in more details.
In this manner, setting the waveguides to be aligned in the vicinity of each other, or
in some implementations as integrated ones at a point, the light will be guided through
the circular fiber, in order to channel the light that will be travelling in the closed loop
formation, leads by the shape of the resonator. Also, the loop line of the light footage
takes the waveguideés form (see Figure 1.1). If the waveguide is in the form of a ring,
the microresonator is mere a circular closed loop, forming a cavity, which can sustain

both transverse and longitudinal propagation mode |7].

Output

Coupling region

Resonator

Input

FIGURE 1.1: A schematic representation of ring resonator and coupling coefficients
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It is well known that light can be confined even in any transparent material (e.g. classic
glass) by reaching some opto-physical conditions, such as the angle at which causes the
outer edge to be lower than a specific deterministic angle, defined by the refraction index
of the inner transmitting medium and the surrounding media. While the light is reflected,
it remains inside the waveguide owing the phenomenon known as total internal reflection
(TIR). TIR occurs when the light strikes the boundary media and fails to refract through
it. In the classical picture, optical resonators deal with some specific waves known as
Eigen-modes of a wave field inside of a given smooth edges cavity. They consist of
waves circulating around the cavity, propagating through the circular waveguide and
after one round-trip they return to the same point and the same phase (modulus 2 7).
Henceforward, these waves interfere constructively with themselves, creating standing
waves and consequently meet the resonance condition. These resonances depend highly

on the resonator cavity geometry (8, 9].

Next, it induces another evanescent wave in the outer medium that propagates tangen-
tially to the surface and extends around 200 nm outward [10]. When the resonance
effects of the light within the microresonator, this light builds up an intensity inside
the ring-shaped media through multiple round-trips and is available through another

phenomenon, known as Light Coupling.

Photo Detector (PD)

Pump

Mlcrolaser

N e
VLS

o

Oscilloscope

FIGURE 1.2: A setup for application of micro-resonator-based for nanoparticle analysis.

The resonance state is very complex itself and crucial for the operation of the optical

resonators as well. In the closed loop, only some of selected wavelengths will contribute
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onto the resonance of that light. A portion of light that did not match the resonance
condition will continue its pave directly to the output bus waveguide where it performs
the light output. In this point is perform the transmitted light and measurement of the
spectra. Due to this phenomenon, the optical resonator can play the role of a filter as
well as optical sensor [11] . In this work, optical sensors are going to be analyzed more

profoundly.

Optical ring resonators operation rely on many physical principles, where three of them
are essential: Total Internal Reflection (TIR), Constructive Interference and Optical
Coupling. Each of these are independent topics related to ring resonator and will be

discussed in the following chapters of this thesis

1.3 Literature Review

In the late of 19th century Maxwell has proposed a theory called Radiation Pressure
Theory that is related to electromagnetic interaction for any given surface. The existence
of this extremely small optical force was described by a physicist, Peter Lebedev, in
1901. In the next half of century, this field has been relatively slow due to the issues
about the ways to impact in particles. Therefore, this field started to revive itself again
especially after the invention of the light amplification for stimulation of emission of
radiation, known as LASER, during the 1960s. After this invention, it took to a high
light intensity and boosting radiation pressure which opened the doors to numerous
developments in this field [12]. Optical microresonator as a waveguide-based device
was firstly demonstrated by the work of scientists Weber and Ulrich, in 1971. This
device was constructed by a 5-mm diameter glass and covered with Rhodamine-6G-
doped polyurethane. The light coupling was arranged by a prism and light was provided
by a laser at wavelength (A = 337.1nm), which come up with a laser operation. This
demonstration was then followed by another one by Haavisto and Pajer in 1980. The new
device consists of integrated bus waveguides made with a doped polymethyl methacrylate
film in the substrate of quartz. What was novel at that time is the fact that in their
work they did not use the process of lithography for their fabrication process, but only
direct-writing with a He-cd laser. Despite this method, most of the issues lied in deviceés
size, which was in a total circumference of 28.3 cm. Beyond all these pros and cons, the

essential idea had finally been established |7].
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A new demonstration at that time was firstly done by Stokes, Chodorow and Show, in
the beginning of 1980s. This was the optical glass fiber resonator [13|. These types
of resonators were not able to be integrated to the other optical blocks because of their
long circumference that was near to 3m. After this glass-based demonstration, the decade
was dominated by similar implementations, either by individuals or a group of scientists.
The main challenge for that time was optimization of the size and the issues about glass
material. By the end of this period some efforts led us to the reporting of multiring

filters, constant temperature operation and similar studies.

In the early of 90s, the science community gave huge efforts to bring about a new era
for microresonators, which started to take into consideration a new way of fabrication
by chemical elements of group III-IV of semiconductors. Developments in the semicon-
ductor industry, which has been used mostly in electronics in CMOS technology and the
similar ones, were a strategic initiative to provide a powerful basement for a new way
of fabrication in the field of photonics and related ones. With this technology, scientists
were able to think for tiny size produced elements, even in diameters that were com-
parable to or less than the wavelengths (down to micro and nanometer) itself. In 1993
for the first time it was reported about a demonstration of microdisk laser with three
InGaAs/InAlGaAs quantum wells. These lasers with 20 pum in diameter with a single
mode at 1.5 pm wavelength were optically pumped with pulsed Argon-ion and have been
fabricated by the selective etching method [14]. These early efforts did not have the abil-
ity to include bus waveguides in their operation. Therefore, they were based on fibers
that collected the light directly from the disk. Similarly, the first microring- geometry
resonator with a diameter 20.5 pum, reported to be constructed from a novel semicon-
ductor waveguide-coupled to bus waveguides, which used a material such GaAs-AlGaAs.
This was implemented in 1997 by Rafizadeh at Northwestern University [15]. After this,
many of groups were able to bring off demonstrations about literally and vertically cou-
pled ring by GaAs-AlGaAs started to be used as important integrated photonic blocks

such as switches, routers, and both multiplexers/DE-multiplexers logic operation.

With regards to ring resonators, in the last decades there are many PhD dissertations
devoted to the study, modeling and fabrication in different systems of materials. Some of
them comprised of integrated rings, spheres and disks resonators is bringing by Rafizadeh
(1997), with the material of AlGaAs/GaAs are developed and fabricated. In years of

around 2000, another resonator project based on the system AlGaAs/GaAs materials is
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conducted by Absil, with multiple coupled ring resonator configurations are manufac-
tured, with vertical and lateral coupling. For the resonator gain had been carrying on
dissertations of Djordjev (2002) and Rabus (2002), built by InP material system. Other
optical amplifiers (SOA) are presented in integrated semiconductor technology, that later
made possible of modifications as filter functions. With material of InP, those resonators
were with smallest circumference of only 20 pm, are bringing by the dissertation of Grover
(2003). A research about nonlinear properties of InP-based ring resonators is presented
in the thesis of Ibrahim (2003). After several years the author published a book with
the same thematic. A common thing for all those devices was that all of them had
been conducted in materials of semiconductors or dielectrics. In thesis of Rabiei (2003),
are fabricated ring resonators in electro optic polymers used as modulators. Polymer
resonator modulators are also demonstrated in Leinse (2005). These works are exam-
ples of currently ongoing researches about ring resonators, expanding their potential for

application and are going to deal with in following chapters of this thesis dissertation [3].

In recent years, these types of devices have become more important as potential appli-

cations due to their compatibility for integration in micro and nano sized systems.

In summary of historical context and literature review, the first proposal for micror-
ing resonator was made at the 1960s, and circumference varied at high values, started
from microns to meters. They were widely applied in communication systems as inte-
grated blocks of photonics circuits. These types of resonators became rapidly a potential
candidate for photonic devices as dropping filters, WDM de-multiplexers, and ON-OFF
switches, light-emitting diodes (LEDs). Lastly, optical ring resonators started to see high
attention by scientific community that found them attractive for scientific and engineer-
ing purposes, mostly for biochemical sensing and either in Micro/Nano particle detection

or monitoring as well [16].

1.4 Thesis Objectives

Optical ring resonators are worthwhile applicable devices that can find a wide range of
usage, in many areas of technical variety. Therefore, the main objective of this thesis

is to study and develop a simulation-based model for ring resonator as biosensor device
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for biomolecules/nanoparticle detection. A 2-Dimensional visualized model is then in-
troduced to study and simulate the ring resonator operation, to bring results in a better
perspective. Additionally, here are presented some unique results for the ring radius

value and linear sensing response for certain mimic bio-agents.

This work is divided in several parts:

i) General waveguides principles, with main focus in optical resonators,
ii) Manipulations of optical ring microresonators,

iii) The corresponding results, discussions and conclusions are based on the simulation

which is run by COMSOL Multiphysics Tools v.5.2.

The goal of this thesis work is to present a built model platform for nanoparticle sensing
as well as to optimize the performance of microresonator. The specific steps in this

research include:

1. Modeling and simulating an optical ring microresonator: The resonator radius is mod-
ified to include an extra thin layer of the same material around the ring, both inside and
outside. This is implemented in order to mimic the binding of biomolecules/nanoparticles
around the resonator. The simulations for this part are performed in the range of to in
size. It is important to note that the material of the attached nanoparticles/biomolecules
is having the same properties as the material of the ring. Hence, a linear correlation be-

tween the variation of the ring radius and the transfer function shift is observed.

2. Optimizing the resonator operation performance: This step includes improving the
resonator operation performance at the expense of other parameters. It involves using

multiple simulation measurements, graphs, and figures for optimization process.

3. Similar to the first part, a thin layer around the ring is extended but also varying the
concentration of biomolecules. Variation in the biomolecule concentration changes the
refractive index of the modified layer. Hence, there are 2 parameters to be considered
namely the size of the layer and its refractive index. Different combinations of the size
and refractive index variations are simulated and the spectrum of the resonator response
is monitored. The Yamaguchi effect model is also taken into account for the effects
of refractive index. Simulations are performed using two kindsd materials: Titanium

Dioxide Nanoparticle (RIrp = 2.41) and Protein Biomolecule (RIpp = 1.45) [17].
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All the three objectives will be detailed out in the results and discussions chapter.



Chapter 2

Theoretical Fundamentals of Optical
Dielectric Waveguides and Optical

Microresonators

2.1 Reflection and Refraction of Plane Wave

2.1.1 Snell’s Law

For a plane wave, there are some well-known phenomena about reflection and refraction,
when light strike a plane interface between two quality different mediums. In those cases,
the light wave will be separated in two waves, the one which is transmitted straight to
the second media and the one which does not pass the boundary, remains within the first
media, or in other words is reflected. Additionally, Snellas law provides a mathematical
apparatus in order to describe the behavior of a wave light when it faces any interface of
two the different mediums. Let assume that and are refraction indices of medium 1 and

2, the magnitude of the wave numbers consists of

- - w
kil = [ke| = — xna, (2.1)

11
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|| = ‘E‘J X ng. (2.2)

Basically, these equations yield on the kinematic properties of the both, reflection and
refraction effects. Then, with and represent the corresponding incidence, reflected and
transmitted, is depicted by the letters, respectively. For the wave with respect to the

normal plane of a given interface, is described by the following expressions
nisinb; = n1sind, = nosinby. (2.3)

In this equation we can see that the angle of reflection must be equally to the angle of

incidence, from which we obtain the Snellas law:

sin;  no

sinf, ni’

Incident .
Angle Light
Ray

FI1GURE 2.1: A schematic representation of Snell’s Law. Two different media. Reflected
and refracted waves are depicted
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2.2 Reflection and transmission of s wave (Transverse Elec-

trical wave) (TE)

Transverse Electrical wave wave is known also as ’s’” wave. This is based on the fact
that electric field vector E is transverse to the incidence plane [18]. This ’s’ letter most
probably comes from the German word 'Senchreht’ which means something that is per-
pendicular to something else. In this case, all the electric field vectors are perpendicular
with respect to the plane of incidence, and magnetic field vectors are chosen to give a

positive contribution towards the direction of wave vectors.

L&
ke

=

=

E

\k‘Z

FIGURE 2.2: A ’s’ wave incoming for the medium 1, a portion of that remain in the
same media and a portion is refracted and transmitted to the second media

To reach the interface effect, it should fulfill the boundary conditions, and expression

comprises to

% X (E_(;z — Egr) X cosl; = % x Eqot x cosb, (2.5)
t

From the equation of field vectors:

Eyi + Egr = E,t, (2.6)
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we have:
E.r It x cos 0 — It x cos by
(—= . L= e Tt (2.7)
E,i e X COSTi + e X COST
and
Et 2 X It x cosb;
(To.)L T g e 0 (28)
E.i 1 X €OSs H—m X cos ¢
After regulation, we have
Eo ; X 0; —m X 0
= (o, = BEEORA T T X T (2.9)
Eqi 7; X cosO; + ny X cosmn
and
Eq, 2 X 1m; X cosb;
rL=(a)L = % e (2.10)
Eyi 1; X cos B; + ny X cos b,

By deducing the equations, we have obtained the last expressions for applying to any

media which can be linear, isotropic and homogenous. This is done under the assumption:

2.3 Reflection and Transmission of p Wave (Transverse Mag-

netic Wave) (TE)

This type of polarization is called P polarization. It is also known as TM wave because
magnetic field vector is perpendicular to a given incidence plane. Herein, all the electric
field vectors are in the incidence plane, and the other part of magnetic field vectors are

in positive plan of energy flow toward propagationas direction.

In a similar way of deriving equations as in the previous case of wave polarization, also
p type should impose the continuity of electric and magnetic field. The expression that
denote this contains the following members
Eoi  Egr  Eot
ot , Bor _ Lo

— (2.11)
il My Uy MtV

By taking the assumption:p; = p, and 6; = 6;, in order to obtain:
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Eqr f} x cosf; — ﬂf X cos Oy
= ﬁ')”:ﬂxcosew—ﬂixcos ’ (2.12)
Eo’L 1 i it Us
and n
Et 2 X tz X cos 8;
t=(z)1= T cosg- + It % cos by (2.13)
E. i P t
In the case of non-magnetic media, for the both parts we have:
EB’I‘ X cosf; —n; X cosf
Eyi 7; X cos By + n X cosn;
and
EBT 2 X n; X cosb;
P = (ot = = (2.15)
Eyi 1; X cosB; + ny X cos b,

The last two expressions represent a general application for any two given different media.
In the other words these are also known as Fresnel equations, rg, r,, are the Fresnel

reflection coefficients, t and t,, are the Fresnel coefficients of transmissions [11].

- —
g B. | Or

L

N1

FIGURE 2.3: A ’p’ wave incoming for the medium 1, a portion of that remain in the
same media and a portion is refracted and transmitted to the second media
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2.4 Reflectance and Transmittance

Despite of the fact that Fresnel formula provides the possibility to characterize the am-
plitude of the incident wave, in some cases we need to know how much energy is reflected
from the boundary and is transmitted to the next medium. For this reason, we should
take on consideration the ratios of Poynting vectors of power flow, for the reflected and
transmitted waves to that incident wave [19]. The power which circulates in a parallel
way to the boundary surface tends to be unchangeable throughout the medium. Hence,
as our main concern is to deal with reflection and transmission, we can consider only

the normal components of Pointing vectors. In this sense, reflectance and transmittance

consist of
XS] xS1
RS:|X‘91§|7 Rp:|X51p” (216)
p
and
XS5 XS5
5:‘ 525‘7 Ta: | Sp‘ (217)
XP18 X1s

From the last expressions, S represent the time-averaged vector of Poyting, and media
is denoted by number 1 and 2, as well as S and P denote s and p waves, respectively. X

is the unit vector

k ,
S=_— x|EJ, (2.18)
2w

By assuming the medium is dielectric, the refraction index - 7 is a real number, is the
wave vector, and is the amplitude of the plane wave. Reflectance and transmittance are

related to the Fresnel coefficients [19] by

R = |rs]?, Ry = |rp|? (2.19)
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Consequently, we have:

Oats|?
7, — M2 % cos 2|ts] 7 (2.20)
nyicosty

and

Oats|*
T, = ng X cos Ot (2.21)

nicosbt

1.0

0.6 +

0.4 -

0.0

00

Angle of incidence§

FIGURE 2.4: Reflectance Ry and R, as function of  for n; = 1.0 and ny = 1.5.

2.5 Optical Waveguides

Optical waveguides represent some of the basic elements for light confinement and trans-
mission throughout a variety of distance, starting from tens of micrometers, that can
find implementation in many integrated photonic devices, to hundreds or thousand miles

in long distances fiber-optic transmissions. They are important sections for connection
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of many photonic devices, some of them are fundamental such as light couplers and

modulators.

The structure of an optical waveguide consists of a longitudinally lied in a high index
medium, which is called Core. This medium is longitudinally surrounded by another
media with different characteristics, such as lower-index media and is called Cladding
[5]. An optical waveguide they can take the form of a slab, strip or cylinder that is

fabricated by dielectric material.

a) b) c)

FIGURE 2.5: Optical waveguide form where the grey space represents the high indexed
medium or core, which is surrounded by lower index media-cladding; Forms: a) Slab,
b) Strip and c¢) Cylinder

Lets consider the straight waveguide, of which the longitudinal part is given in z- direc-
tion. Specifications of this waveguide are inferred by transverse directions of its dielectric
constant , which has two freedom states in x and y direction, and are independent to
the z-coordinate. Based on this fact, we can take a characterization for both dependent

variables to a single spatially dependent transverse profile of refraction index, .

For the case of non-planar waveguide, the core is surrounded by cladding in all transverse
directions, such the characterization profile in function , which is dependent of x and y
coordinates. When it is the planar, it has a optical confinement only in one direction, the
surrounded medium is chosen to be as a sandwich-like around the core and between the
layers. The core of a slab or planar waveguide is called film. The upper part of the core
that in a form burry the core part, is called cover, and the bottom part that represent
the basement of all waveguide, is called substrate. All that terminology come into the

form during the fabrication process.
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As for index profile, a waveguide in which this element has a rapid change between the
interfaces of core and cladding, is called Step-index waveguide. In the other case which
this profile has more linear change, is called Graded-index waveguide. This differentiation
is done due to the flaw change process in the gradual trends and both of them are

illustrated in the following figure.

NEOA NOOA

ns n3 n2

Cover Film Substrate Cover Film Substrate

FIGURE 2.6: A graphically illustration of two types of waveguide in terms of Index
Profile variation: a) Step-Index waveguide and b) Graded-Index waveguide

Another characteristic is waveguide mode. Modes exist for a particular structure and is
the transverse field pattern that has an amplitude and polarization profile that is constant
during the longitudinal of z coordinate. The expressions for electric and magnetic fields

are given by

- —

E,(r,t) = E,(z,y)efrst, (2.22)

—

Hy,(r,t)= ﬁy(m,y)ew”z*im, (2.23)

where, v - represent the mode and are the mode field profiles and in this case [ is
propagation constant of the mode. For the case where waveguide has its transverse
confinement in both dimensions: x and y, with two scale of degree of freedom, the mode

index v is symbolize of both parameters of field variations of the mode fields. For the
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case of planar mode, fields do not vary with the y coordinate

E,(r,t) = &,(x)ePrs i, (2.24)
H,(r,t) = H,(z)eP=t, (2.25)

From these expressions, mode fields depend only in x coordinate. Hence, v characterize

x-coordinate.

Wave guidance in inside of dielectric waveguides is mostly result of the optical phe-
nomenon called Total Internal Reflection (TIR)[7]. When the light is reflected within
the core space, it faces some striking to the core-cladding interface in an angle greater
than critical angle. For most of the waveguide cases, this condition is satisfied when
a light which comes to the input of core, at an angle smaller than waveguideas accep-
tance angle (in terms of guideds propagation axis). The critical angle is determined by
the Fresnel equations, which are combined then with Maxwell equations in order to ap-
ply boundary conditions for the electric and magnetic fields. For reflectivity, is used the

Fresnel expression for any angle of incidence inside the critical angle for TIR, as following

nycosfy — 1 n% sin? 6, — n% o
rrE = =e TE (2.26)

nycosfy +1 n% sin 6, + n%

and

i%\/n% sin? 6, — n% cos 01 ©

— = ¢~iPrnr, (2.27)
‘N 2 o2 2
ir /Ny sin 01 + nj5cos 61

Where, transverse electrical (TE) represent the light linearly polarization which the
electrical field consist of perpendicular to the incidence plane as well as transverse mag-

netically represent the perpendicular plane of wave incidence (TM), respectively.
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Regarding to reflection and refraction there are three important modes for dielectric
waveguide. For simplification, we consider the wave as a ray in terms of qualitative
behavior for an asymmetric planar waveguide. For refraction index of the waveguide
layers, we have three constants: ny ,no and nz. Based on the Figure 2.2, ny > ng > ng .
If we define the angular frequency w, and wavelength A, the mediums of the waveguide

is defined by constant:

k1 =mn1 x %, kg =mngx % ,and k3 =n3 x ¢, where , ky > ko > k3.

Since in inside of the waveguide are three different media, there are two critical angles
related to total internal reflection at upper and beneath part (cover and substrate).

Total internal reflection angles for down and upper interfaces are given by expressions,

respectively:
O.p = sin~' 2 (2.28)
ni
and
0,5 = sin~ ! 3. (2.29)
ni

Since, ny > ng also, 03 > 03 . This depends on reflected angle of the incidence angle
f, and we can get the characteristics of reflection and refraction. Based on that we get
the three characteristic modes: Guided Mode, Substrate Radiation Mode and Substrate-
Cover Mode.

1. Guided Modes, for: 0 > 6.5 > 0.3. In this case light is totally reflected inside the
core in both the upper and bottom interfaces, consisting in a guided mode. By a huge
number of reflection by the ray wave, at some points it can interfere constructively by
itself. This can occur only when a transverse resonance condition is reached, so that is
repeatedly reflected wave. The x component of the wavevector is: k; cos 6, with an angle
of incidence 6 and the z component consist of § = kysinf. For a round-trip transverse
arcade with a core thickness d, the phase shift is:2k1dsin 6 . Also, here exist phase shifts

2 and 3 for every single term of wave reflection in the upper and bottom place of the
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waveguide. Since, 9 and @3 are functions of 8 , it can be reach resonance phenomenon

for constructive interference. In a round-trip transmission part, we have

2k1d cos 0 + a(0) + p3(0) = 2mm (2.30)

where, m is an integer number. There is a characteristic case where m=0, where this case

consist in fundamental mode. For m greater than zero, are high-order modes. Figure 2.3

a) and 2.3b).
d
0 0 0 2>e L
s
N
> P

=
N3 ni N2 N3 \n‘\ N2 ? N1 Nz N3 Ns ne

a) b) c) d)

FIGURE 2.7: A represantation of Total Internal Reflection in different critic angels

2. Substrate radiation mode, for: 6.0 > 6 > 6.3 . As shown in Figure 2.3 c), total
internal reflection can be reached only for the other part of waveguide (in right side of
the graphic). Therefore, in the other part light is refracted. This wave is not confined

inside the core and after a portion of waveguide it will be disappear.

3. Substrate-cover radiation modes, for 8.5 > 6.3 > 6. In this case, we do not have
total internal reflection, at all. Light wave comes from entrance of waveguide faces some
incidence across the core, where refraction phenomenon is present in both sides. The
modes are not discrete and leave values of forming a continuum between ks and 0, Figure

2.3 d).
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With respect to the first case of reflection (the guided mode), TIR is really 'total’ in
the sense that no energy is lost along the process of reflection. Although, when this
property is performed in any real device or waveguide, there always will be a part of the
light losses due to absorption and reflections that occurs at the surfaces where the light
strikes and passes the medium. However, TIR presents a fundamental mechanism for

confining the light inside of an optical waveguide [7].

2.6 Theory of Optical Coupling

When two waveguiding structures are aligned in the vicinity of each other, an optical
power exchange between their supported modes is established. The analysis for this
phenomenon can be proceed by treating the normal modes of the waveguides as equivalent
and considering them as to be individuals. When there is only a waveguide of a single-
mode, both symmetric and antisymmetric ones contain solutions for a given coupled
structure. In general, there is a difference between the two modes and it consists of
different propagation constants. When the total power as initial condition is positioned
only in a waveguide we can approximate as one particular superposition of the symmetric
and antisymmetric wave mode, by adding them synchronously. Based on the fact that
both modes are in different wave velocities, in some wavelength (a4Beatd length) the
exchange between the guides exists and a transfer of the optical power to the other
waveguide comes in function. This effect takes part forth, while the two guides cores
maintain their closing position to each other. This phenomenon is illustrated in following

Figure 2.8 [7].

The beat lengths are some parameters that are in function of the separatiton distance to
the cores. These modes will definitely not couple in the case when the cores are far apart
to each other, and the beat length is infinitely long. Coefficients of coupling can be com-
puted via the effective indices of the symmetric and asymmetric modes or alternatively
by utilizing the modes of the individual guides and then applying a perturbation-method

approach, as describes more in details in [19].
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FIGURE 2.8: A representation of coupling effect for two slab waveguides. The horizontal

lines represent the interfaces between the core and the cladding. The direction of

propagation can be taken from left-to-right (or vice versa). Also, the beat length is
given by the horizontal lines.

2.7 Theory of Optical Microresonators WGM

Optical microcavities recently are becoming very important photonic blocks in a variety
of applications. One of the fundamental device that uses principles of light cavity are
whispering gallery modes. WGM are some specific resonances (Eigen) modes of wave
field in inside of a given resonator, or cavity. The waves which are coupled into the
cavity, they circulate around it, owing the phenomenon of total internal reflection. In
this sense, they reach the resonance condition and after one round-trip they achieve the
same position and return in the same phase (modulus 27), where they also interfere
constructively with themselves, from where the form the standing waves. Geometry of

the microresonator plays a key role on the resonance effect [18].

WGM, is a classic device of a light microcavity, as a term was introduced for the first time
by Lord Rayleigh in the 19th century to describe some gallery whispering phenomena
located inside of the dome of the Saint Paul cathedral, in England. A sound that was
propagated in a point of the dome, could be heard in the opposite part, a considerable
distance away from the source. Lord Rayleigh analyzed this phenomenon by warning
that the sound remains to the walls of the dome and circulate only within a narrowed
layer close to the concave part of the gallery (Fig 2.8). The intensity of a propagated

sound decays only in direct proportionally to the distance of from the source, comparing
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[b]

FIGURE 2.9: A picture from the inside view of the dome of the Saint Paulas Cathedral,
and a schematic representation of whispering gallery for that dome [21].

to free space at which the intensity decreased equally to the square of the distance from
the source. Thus, in WGM is slower rather in free space, which give us the possibility to
hear loudly even in a large distance out of the source. This interesting sound effect was

named as Whispering Gallery Mode [20].

Additionally, the beginning of the 20th century has shown a significant interest due to
the fact of existing of electromagnetic waves in dielectric spheres that had nearly the
same effect and structure as acoustic whispering gallery mode. Despite it took almost a
century until 90s years of last century to bring into the ’life’ any real device application

(see Figure 2.11 [6, 12].
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2.7.1 Parameters of Optical Resonators

In order to have some estimation mechanisms for general considerations regarding to
theory and implementation of optical resonators, we are going to analyze some param-
eters that in a form or another affect the performance of these devices. Some of them

are: Quality factor, Loss mechanisms, Finesse and Mode Volume.

2.7.1.1 Quality Factor (Q)

Quality factor is a dimensionless parameter that includes the energy losses inside any
resonant component modified in any mechanical pendulum, optical resonator, or any
resonant electronic circuit, such as RF circuits [22|. This parameter represents one of
the most important mechanism to describe the performance of wave resonations, and

consist of 23]

Enerqgy Stored w
Q = wo % L — T —ee Y0 W (2.31)
PowerLoss A WFWHM
From the last expression: wg = 2wy is the angular frequency. vy is the resonance

frequency, T represents the cavity ring down lifetime, which is the time necessary for the
intensity of the field to decrease by a factor of e and A wrwmy = 7! is the linewidth
of the 'uncertainty’ for the frequency of the resonance (full-width-at-maximum of any

resonance peak or FWHM) in angular frequency.

In many applications, such optical resonators, a high Q factor is crucial. Usually, we
refer as high Q-factors from around 103 to 10° as high Q-factor elements, and those with

107 and higher, as ultra-high Q-factor [24].

Another way of interpreting this parameter is whole energy circulating modes within a
resonator at equilibrium, divided by energy that has to be pumped in to the resonator in
the time of one full field oscillation, times 27 , to maintain the equilibrium. This is for a
higher Q-factor of the intensity of total field or total energy stored inside the resonator,
of the circulating mode is proportionally higher at the same pumping power. Recently,
beyond all physical nonlinearities, some ultra-high Q- factor of some optical resonant

devices can maintain the circulating intensities to reach an extremely high values, even
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with a moderate power of pumping (milliwats) which lead us to a simplification of the

study and to a higher efficacy of these devices [25].

The other way of expressing the quality factor is by circulating mode from the complex
propagation constant or in wave number: ko = ‘;’—g =p —i—% xia. For g = 20—” is the phase

constant and is element of real numbers. \g is wavelength in vacuum and « represent

the the intensity of attenuation coefficient for the various cavity mechanism [26]:

_ﬁz Re(w,)
Q= 1ol = 2fImfwr) (2.52)

2.7.1.2 Loss Mechanisms

The original Q-factor takes contributions due to the losses from many real-world reasons

and in a way can be written as:

it = Qi + Qo + Qrentr + Qo (2.33)

The pure original Q-factor is known also as intrinsic (Q,,,), @mat represents the absorp-
tion of material, Qs is absorption losses of surface in the case of coatings or absorbing
material such as the surrounding material around the microresonator and is the bending

loss in resonator or radiation loss.

For illustration we can refer to the example of silica ( Si02) for Ay = 1.55um to scattering
losses in the vacuum wavelength of minimum loss for a bound of absorption, limited by
Q-factor Qups = 25—0” ~ 3 x 1010 [15]. In this expression n is the refractive index of silica

and is the coefficient of intensity attenuation [27].

Total internal reflection is one of the main contributors towards optical resonator losses
due to the fact that a curved interface is never completed and it leads to a transmitted
wave in a lower refraction index. Resulting in energy spread off to the resonator. The
resulting quality factor shows a significant dependence to resonator radius for a constant

4n &

given resonance wavelength. For illustration let us consider the sphere: Qpeng ~ € 2o

, thus, in this expression - is the radius of the sphere [28§].
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For cases when cavities in which the light is provided via an external waveguide with
total internal reflection (as in our study), quality factor is exposed to another loss con-
tributor called external(Q.s¢ ), and in general form of Q-factor is related by the following
expression:

Qiot = Qi + Qs (2.34)

2.7.1.3 Finesse(F)

Finesse is another parameter for characterizing a resonatoras performance. For finesse

approximation, usually a high range is desirable. Definition of this parameter is simply

as a ratio of the free spectral range A vpgr = 29ESE | in a side and FWHM linewidth

2|pt
resonance |23]
_ _Lwrsr :QXAwFSR<Q (2.35)
A WFWHM wo

In fact, finesse of a resonator provides us information related to the distance between
the resonance peaks in terms of the number of FWHM linewidth which goes between a
couple of resonant peaks. Comparing with the Free Spectral Range which describes the
distance between the peaks in absolute value terms. Based on this fact that resonant
frequency /wavelength are in general around equally distinguished, a resonator interfer-
ometer can only separate between frequencies that takes part in inside of any period of
length FSR. That is basically the main reason why an optical resonator we call fully
tunable due to the fact that it can be tuned over and over of free spectral range. Finesse
is a parameter which is also related to quality factor. This is realized by equating quality
factor and multiplying to the fraction of the spectrum in a resonant frequency, covered
by any free spectral range of the resonator. For this reason, finesse always is equally to or
less than 1. Therefore, finesse gives information about the effective resolution of the res-
onator as an interferometer ( number of different frequencies that it can be distinguish)

[25].

2.7.1.4 Mode volume

The last parameter that we are going to discuss over here is mode volume. Mode volume

of any field for a Eigen-mode of a resonator is defined as the ratio of the whole stored



Chapter 2. Optical Waveguides and Microresonators 29

energy inside the resonator and the maximum density of that mode:

StoredEnergy _ fu w(r)d®r
Mazx.EnergyDensity — maz(w(r))

Vers = (2.36)

1

op(r) |B(T)|2), where €, €(r) represent

In electromagnetic field: w(r) = %(eoe(r)|ﬁ(r)2 +

the total electric permittivity and po, u(r) - the total magnetic permeability. There is
e correlation between mode volume and free spectral range. This relation is inverse
proportionally, thus, lower mode volume leads to a higher free spectral range. It is also
related to lasing characteristics of a resonator due to the fact that contains a lasing
medium. This is related with spontaneous emission rates that is inversely proportional.
Another specification for mode volume is that the minimum limit for lasing effect is
directly in dependence from the mode volume and consequently a small module volume

is desirable [29].

2.8 Theory of Ring Resonators

The basic configuration, as previously mentioned is composed by unidirectional coupling
between a ring-shape waveguide with radius r and a straight-form waveguide, as shown
in Figure 2.9. By assuming that a single unidirectional mode is excited, the coupling
is lossless, considering a single polarization. Many lossless effects occur along a light
propagation within the ring resonator which are include in the attenuation constant [3|.

The relation can be described by the following matrix expression:

E t K E;
o o (2.37)
Ep —Kk* )

The complex mode of amplitudes E are normalized; hence, their squared magnitude
corresponds to the modal power. and t, represent the coupling parameters and they
depend on the specific coupling mechanisms used. The '*’ symbol denotes the conjugated

complex value of ¢t and & factors.



Chapter 2. Optical Waveguides and Microresonators 30

Ei1 Et1

\' 4

FIGURE 2.10: Model of a single ring resonator with one waveguide

For this case, the matrix is symmetric because the elements under consideration are

reciprocal. Thus,

&2 4 |t?] = 1. (2.38)

For a further simplification, Ey; is equal to 1. Then the round trip in the ring is given

by

EZ‘Q = OéejeEtQ (2.39)

where: « is the loss coefficient of the ring (if zero loss then @ = 1) and 6 = % , Lis
the circumference of the ring that is given by L = 27r , r - represents the radius of ring

measured from the center of the ring to the center of waveguide, c - is the phase velocity

o
TNeff

to the vacuum speed of light. The vacuum wavenumber k is related to the wavelength

of the ring mode ( ¢ = , fixed angular frequency w = kcg, and ¢y constant refers

Aviar k= 27” . Using the vacuum wavenumber, the effective refractive index can be

expressed into the ring coupling by

27N,
B=kners = - LA (2.40)
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and [ is the propagation constant. Then

wL  kegL
0—7— - = k2mrnepr = \

2
2mmef 1l _ Ar sy (2.41)

By Equation 2.37, Equation 2.1 and Equation 2.39 we obtain

—a +te 50
Fy=—"" 2.42
tl —at* + e_jev ( )
—aK®
Pi=— 2.43
il —at* + e_je) ( )
and

Fig=—-——. 2.44

2= 1 " atred? ( )

After this we can derive the transmission power P;; in the output waveguide, which is

a? + |t|? — 27|t| cos(0 + ¢¢)
1+ a?]t|?2 — 2cos(0 + )

Py = |Enl’ = : (2.45)

where t = |tlexp(jer), |t| represent the coupling losses and the coupler phase. In the

other side, circulating powerF;s in the ring is given by

2(1 =t
—Pi = Ez 2 = = ( H
2 = |Eia| 1+ a2[t]2 —2cos(f + )’ 240

When on resonance, (0 + ¢;) = 2mm, m- is an integer, and in following step is obtained

(o — [t])?

Py = |En* = (= alt)?’

(2.47)

and
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a?(1—|t*)

Pi2 = |Ei2|2 = (1 — Oé|t|)2 3

(2.48)

Special case is when « = |t| the transmitted power becomes zero, and this corresponds to
Equation 2.47. In literature is knows as critical coupling, and occurs because of destruc-
tive interference or light losses, in terms of transmitted to the output. By combining the
above equations, we can have a visualization of the basic configuration with only a ring

and a straight waveguide, and its behavior will looks like in the following graph.
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FIGURE 2.11: Notch type ring resonator characteristics

In conclusion, this chapter deal about general theoretical concepts about optical dielectric
waveguides as well sa optical microresonators. Their importance lies in many bases that

are related to optical resonators.



Chapter 3

Results and Discussions

3.1 Nanoparticles Sensing

Clinical diagnostics mostly rely on sensing molecular nanoparticles based on biochem-
ical assays like enzyme-linked immunoassays (ELISA), radiolabeled immunoassays, or
polymerase chain reactions (PCR). Other detection techniques include the usage of bio-
recognition elements such as antibodies or similar bioagents [30]. All of these diagnostic
methods need chemical amplification as well as labeling of the analyte in order to give
any detectable signal. They require biochemical and physical requirements by following
many procedures. Moreover, the ways of analyzing require adequate and trained profes-
sional workers [1]. Therefore, it will be too costly to have a well-equipped laboratory with
all the needed. For most of the reasons above, there is a need for real-time, portable and
cost effective analyzing techniques especially in healthcare sector [2, 9]. In this way, one
of the serious candidates for a micro &worlda biodetection is optical microring resonator
[31]. Small array usage makes the fabrication on small chips possible. This in turn helps

in doing mass production and makes the cost of production low [19].

3.2 Correlation between the Ring Radius Variation and Res-

onance Shift as Sensing Mechanism

In this thesis work, an optical micro-ring-based resonator is used to develop a simulation-
based model using multiphysics finite element method. This model is developed by

33
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using COMSOL Multiphysics software tool. An input tunable laser light at the input
node of the straight-form waveguide at a wavelength of 1.55 um was applied, and the
transmitted light at the output node was monitored. Refraction index for the core layer
and cladding of the resonator fiber was set to 2.5 and 1.5 respectively. According to the
obtained results, a linear correlation between increasing the radius of the microring and
the red shift in the existing wavelength resonances was observed. Figure 3.1 shows a

representation schematic of a microresonator and its biosensing principle of work [32].

T

Photodetector

Resonator

Laser Light a)
Source

Photodetector

Source b)

FI1GURE 3.1: A schematic for representation of microresonator biosensing principle of
work

The figure contains a laser light source, a tapered fiber, a ring-shaped resonator, and
a photodetector. Figure 3.1a) shows a possible setup for a resonator operation before
putting in any analytical process. In the graph, the transfer function indicates the trans-

mittance (T) and the minimum Lorentzian line (transmission peak) with an arbitrary
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location at the abscissa. One can determine the resonance wavelength of this optical
ring micro-resonator by sweeping the wavelength of a waveguide-coupled by tunable
laser source. The transmission spectrum can be monitored by photodetector which is
posiotioned at the output of the fiber. When it reaches the resonance state, it can be
seen that the lowest value of the Lorentzian line is shifted by A\ after the biomolecules

are added. This shift is utilized as a parameter for sensing mechanism.

Additionally, it was found that we can detect resonance shift for very small changes in
micro-ring radius, as low as 10nm. In this manner, it is assumed that biomolecules are
attached to the ring and the graph of transmission function with respect to resonance
shift (A)) is displayed. Also, it is assumed that nanoparticles size is much lower than
the thickness of the resonator ring and when they are around the ring, they act like a
monolayer structure. This resonance shift can be detected as is shown in Figure 3.1 b)

in the upper-left graph, which is illustrated with the red line.

By increasing the accumulation of bound molecules, it will reduce the intermolecular
splitting distance and then its size becomes comparable to the light wavelength. Even-
tually, an optical closed monolayer is created which causes an extension for merging, in
both sides of the ring. Consequently, the wave function follows a circular orbit with a
larger radius. In this manner, it can be modeled as nanosized monolayers around the
resonator with the aim to mimicks the material of biomolecules. All of the process is
realized by assuming the refractive index (RI) of the microring resonator and RI of the
biomolecules will be homogenous. Based on this approximation, the reactive resonant
shift in wavelength coordinate was monitored. Accordingly, the maximum monolayer
density of the dielectric properties to the accumulated biomolecules and the ring mate-
rial will be equivalent [30]. From the optical point of view, this dielectric ring resonator

is grown in thickness.

The model with different size of thickness of the layer around the ring is simulated.
Simulation starts from 10nm and is then increased to 20nm, 30nm,..., and so forth
until200nm. This process is performed in order to characterize the size of mimicked

bimolecules that is supposed to be detected.

Figure 3.2 shows the variation of the electric field inside of the resonator. Gradient
colored bar in the right side denotes the values for the electric field, from the negative

and positive range. The width of both vertical and circular fibers is 2 ym. The light
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wave circulates to the larger ring radius (R), which in this case is R=83.00 ym, and a

wavelength of A = 1.550 um.
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F1GURE 3.2: The out-of-plane component of the electric field for the resonant wave-

length.

The bottom part of the vertical waveguide represents the source of tunable laser light,

which is labeled as Port 1. The other end is labeled as Port 2 and the transfer function

of the transmitted light is monitored at this position.

Condition to reach the resonance effect is given by

(3.1)

Where n represents refractive index (RI) of the ring, m is an integer number for orbital

wavelength. From this expression, it is obvious that any change in either the radius (R)

or in the effective refraction index (n.ss) of the optical mode will impact the wavelength

that satisfies the condition of the resonance effect (AR).

Equation 3.1 states that the changes of the resonance wavelength caused by the changes

in radius AR. The impact can be seen more clearly from the below expression
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AN @ Angyy
AN, R Neff

(3.2)

Increasing the radius of the ring leads to a red shift in the position of the impacted
resonance wavelength. This enhances the hypothesis that any small change in effective
refraction index (RI.;f) must be balanced by an equally small shift in the resonance
wavelength. Also, here obviously can be seen that the behavior of this resonance shift is

the fundamental parameter on the sensing process.

To use this resonator as a sensor, the values of resonance shifts needs to be quantified
in a linear trend. In another words, when we look at the wavelength coordinate those
values are going to be positioned successively, with respect to its position value in the
x-coordinate. Measurements are realized by monitoring the transmitted light intensity
passing through the straight waveguide. After the light propagation around the ring,
some light couples back to the straight waveguide and interferes with the incident light.
At the resonance state, a completely destructive interference can be obtained at Port-
2, with no any transmitted light. Therefore, these characteristics make an optical ring
resonator an ideal sensor by monitoring the light intensity at the resonant wavelength.

Another advantage is that can be used in real time.

In this thesis work, one of the challenging parts has been the determination of an adequate
ring radius. The term adequate radius is the resonator having linear response. There
have been many tests required to reach that level of response. The tests have started
with radius of 20 pym, and then increased to 30 pm, 40 pm, and so forth, until around 200
pm. Most of the responses from the simulations did not match the criteria to provide a
linearly successive response in order to quantify those values in linear trend. Then these
values are to be used in characterizing the size of the layer. Interestingly, it was found
that these successive responses for the respective resonant wavelengths can be acquired,
in a range between 80 pm and 90 pm. It started to give a linearly scaled responses
with every 0.5 pm increment from a range between 83um and 85um (see Figure 3.3).
Radius changes need to be more narrowed, and then has to be continued by the changes
between 83.00 um and 83.10 um, with an increment rate of 10nm. By this model, we

could obtain information that can help to specify the size of bind nanoparticles around
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the ring. Nanoparticles in this model are represented by the extended thin layer (the

layer thickness).

The resonance wavelength shift depends sensitively on changes on the optical length
path of the travelling light in a linear trend. This effect occurs due to the binding of
biomolecules around the micro-resonator at outer part of surface (molecules positioned

at the vicinity of the ring) which in fact increase the thickness of the ring.

Graph

|
1559 15595 1.58 15605 1561
Wave Length

FIGURE 3.3: Linear successive responses, compiled for the simulations of the microres-
onator by varying the ring radius, starting from 83 pym to 85 pm.

In Figure 3.3, the responses are compiled for the range values 83.00 pum, 83.05 ©m,84.00
um, 84.05 um and 85.00 um. This data compilation is performed using Matlab software
tool. Later, the same graph is used to read values of the spectrum in order to locate the
exact minimum position, based on different colored lines. These lines correspond to the
exact resonance wavelength position of the resonator response. The same procedure is

followed for more increments between these values (see Figure 3.4) [32].
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FIGURE 3.4: Linear successive responses, compiled for the simulations of the mi-

croresonator by varying the ring radius, starting from 83.00pm, 83.01pm, 83.02um,4,

83.10um. The measurement is performed by tuning a laser near one of the resonances
of the ring and detecting the change in the spectrum.



Chapter 3. Results and Discussions 39

From Figure 3.4, the exact resonant position can be determined, which has been started
from the first resonance value (red line). Wavelength of 1.5543 pm corresponds to the
first resonance in the first model, or 1.5563 um on second part of modes. The binding
nanoparticles are assumed to be in size of 10nm and they are approximated as straight
layers that cause a resonance shift. First mode wavelength shift corresponds to value of
1.5545, or 1.5565 pm for the second mode. This resonance wavelength shift continues to
be increased sequentially in a linear fashion for every single time we increased the width
of the ring by an increment of 10nm in both sides of the ring. For instance, the last
resonance shift in the same figure consists of a shift which is caused by biomolecules of
the size of 100nm. The corresponding resonance wavelength value for this case is 1.5559
pm or 1.5579um second mode. Another characteristic for this graph is the resonance
amplitude of the transmitted light, which in this case happens to be from 0.8 to around

0.4.

Figure 3.5 shows a way of data presentation from Figure 3.4, which represents the reso-
nance shift as function of the thickness of the resonator. In the beginning, the shifting
curve starts from zero. Then, it can be observed that for a layer size around 10 nm causes
a shift of 0.4nm. The simulation can be performed for all the sizes of the extended layer,
but only 3 cases have been displayed in this graph. The second case has the shift value
of 1.9nm and 40 nm is the corresponding layer size. The largest value which is shown in

this graph has 100 nm layer thickness and consequently shift of 3.4 nm [33].
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FI1GURE 3.5: Evaluation of sensitivity in function of the layer thickness

Simulations revealed that the same trend continues for higher values of the ring thickness.

Simulations are performed until value of 220nm, as shown in Figure 3.6. The only
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difference between Figure 3.5 and Figure 3.6 is relies in the transmitted light intensity
that has slightly gone towards minimum values. All the radius responses can be read from
the graph when it is plotted. However, Figure 3.6 are shown with data from R = 83.11um
until radius value of R = 83.22um.
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FIGURE 3.6: Resonance shift for radius 83.11 um to 83.22um

As for illustration, a direct plot for a random simulation on COMSOL Multiphysics can

be seen from following Figure 3.7.
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FI1GURE 3.7: Transmittance of the light as a function of wavelength. The sharp dip
shows transmitted light intensity drop (resonance wavelength peak)

In order to have a full picture for all the shifts for the outer ring radius values of 83.00

pmto 85.20 pum, all the data are collected and compiled in a single graph in Figure 3.8.
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FIGURE 3.8: Resonance shift for radius 83.0um to 83.23um

3.3 Q factor, Transmittance as a Function of Distance Be-
tween the Waveguides, FSR and FDHW Parameters

Optimization

This section refers to the operation and performance of the micro-resonator itself. The
model is explored out to have a clearer picture that will help in ring resonators principle
of work and their parameters performance. An interesting characteristic consists of the
fact that when the diameter of the ring is increased, it causes a decrease in the Free
Spectral Range (FSR) parameter. FSR denotes the distance between two successive
resonances. Figure 3.9 shows a typical transmission spectrum of a ring resonator with
radius of 60 ym. In the simulations is to be positioned in a free medium. For 60 pm
resonator radius, the Q factor was calculated 15.5 % 10 at a resonant wavelength of
1550nm, and approached round-trip loss of 10%. The corresponding full width at half
maximum (FWHM) was 0.3 nm and the free spectral range is 2.8nm. The resonance
amplitude for this transfer function varies between maximum 0.8 and a minimum value

of 0.43.
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FIGURE 3.9: Response for resonator ring radius 60 ym and its FSR value of 2.8 ym

Figure 3.10 shows the spectrum for a ring radius of 80 pm. In this case, the Q factor was
20.2%103, at a wavelength of 1550 nm and approached a round trip-loss of 10 %. FSR for
this case is 2.1nm and is smaller than the previous case for 0.7nm. The corresponding
full width at half maximum is 0.3nm. The spectrum resonance amplitude was between

value of 0.81 and 0.42.
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F1GURE 3.10: Response for resonator ring radius 80 pm and its FSR value of 2.1 um

For resonator ring radius of 100 um Q factor was 25.4 * 103, with the same percentage
of the round-trip loss approximation, 10%. FSR for this spectrum corresponds to 1.6nm
and FWHM was 0.35nm. Comparing to the previous case, it is a difference of 0.5nm in

parameter of FSR and a 0.01nm difference in the FWHM. This spectrum is shown in
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following Figure 3.11. The minimum and maximum values for the resonance amplitude

varies between 0.79 and 0.42.
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FIGURE 3.11: Response for resonator ring radius 100 ym and its FSR value of 1.6 pm

The last case that was studied towards optimization of some of the resonator parameters
consists of a 120 pm outer ring radius. Spectrum for this transfer function is shown in
Figure 3.12. The Q factor was 30.6 %103 at a wavelength of 1550nm. Corresponding FSR
is 1.3nm, and FWHM of 0.4nm. Comparing to the previous case, there is a difference of
0.3nm for the FSR characteristic. For FDHM parameter, there is a difference of 0.05nm.

Corresponding resonance amplitudes were between 0.67 and 0.36.
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FIGURE 3.12: Response for resonator ring radius 120 ym and its FSR value of 1.3 pm
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Conclusively, for the last four cases of resonator ring size, it was found that the amplitude
of the resonance was proportional to the size of the resonator rings. With increase in
the radius, the resonance amplitude range is increased (Figures 3.9-3.12). Also, by
increasing the size of the ring it almost linearly decreased the FSR characteristic, but a

slightly decreased the FDHM.

Figure 3.13 shows a plotted data graph for FSR as function of the ring size, for radius
of 60.00pm, 80.00pm, 100.00pm and 120.00pum respectively.
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FIGURE 3.13: Distance between the resonances peaks (Free Spectral Range -FSR) as
function of ring radius

The following figures are plotted with the data which reveal information about the linear
variation of the ring size. The tests have been started with an increment of 10nm
from radius 60.00um to 60.10um, 80um - 80.10um, 100um — 100.10um and 120um —
120.10um. These data are plotted in following Figures 3.14 - 3.17. A correlation between
the increasing the ring radius and the wavelength red shift is observed. Figure 3.13
shows the value of this ring size and wavelength increasing in a linear trend for radius

R = 60.00pm, R = 60.01um,...,R = 60.10um.

Figure 3.15 shows simulation results that have been plotted for resonance shift as a
function of wavelength, and ring size correlation for radius of R = 80um. Here also, a

10nm increment is applied.

The last concept that is studied regarding to the resonator performance and optimization
is the coupling effect. This phenomenon occurs between the waveguides and the ring
itself. Some suggestions are given related to the distance between the straight waveguide

and the ring-form waveguide. It is worthwhile mentioning here that the parameter of light
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FIGURE 3.17: Transmittance as a function of distance between the waveguides.

coupling is one of the main processes towards a proper operation for any given optical
resonator. In this manner, it is interesting to come up with some of the engineering
decisions such as the distance between the straight and circular waveguide. During the
modeling step as well as fabrication process, it should be very careful to spend sufficient

time and energy.

Some tests are performed about the distance between the waveguides and how it affects
the resonance spectrum. The collected data are presented. They can be utilized to index
some of the records for an optimal coupling intensity between the waveguides. In order
to have a better performance of an optical resonator waveguides should fulfill some of
the requirements. One of the criteria is the core part should not overlap each other
for both of the waveguides. Only the cladding parts can be overlapped. Figure 3.18 a)
shows the coupling effect between the waveguides that is not in normal form to be able
to establish coupling effect. This deformation is faced because the distance between the
straight-form and ring-form waveguide is zero. The measurement is done in the point
where they interact to each other. Thus, their core part corresponds to an overlapping

to each other.

In the following graph, Figure 3.18 b) an immediate normalization in the transfer function
of the resonator response is noticed. These tests are performed by slowly increasing the
distance between the waveguides. It can be read from the figures all transfer functions
for different distance values. In figures 3.18 ¢), d), e) the curves does not contain any
important change since the distance between the waveguides in these cases are between

0.84um and 0.94um. A sharper dip can be noticed in Figure 3.18 f) and it corresponds
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to a distance of 1.12um. The penetration of the dip is only 0.5, or 50 %. In Figures 3.18
g) and h) can be seen the best quality of Lorentzian line shape out of all the graphs.
Its intensity at resonance goes even until value of 0.15 of that amplitude. Increasing the
distance between the waveguides leads to a deformation of the transfer function. This
increase leads to a deformed shape of the curves and they are presented in Figures 3.18

i-3.18 k.
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Up to this time, all the transfer functions presented here for the resonator simulations
have been implemented in a high resolution. Beside this, for illustration a lower resolution
is applied in order to include more spectrum modes. Figure 3.19 shows three groups
of modes that oscillate and they describe the behavior of the ring resonator. They
take different form in different points and the variation of resonance amplitude can be

observed.

Global: Transmittance (1)

— freq=1.9854E14, Transmittance

] i |
i

Transmittance (1)

1 | 1 L | I . |
1.51 1.52 1.53 1.54 1.55 1.56 1.57 1.58
wavelength (um)

FIGURE 3.19: Simulations results for the resonator model with a lower resolution:
1.51pum to 1.60um.

In conclusion, this section presents some of the test results regarding to modeling of
optical ring resonators. The aim is to reach a better performance in terms of their usage

and optimization, either as scientific or researches subject.

3.4 Size and Refractive Index Variation using The Effective

Medium Approximations - Yamaguchi model

This section presents the last part of the research for optical ring resonators. As it
was presented on the first section of this chapter, only the thickness of the ring was
changed. Similarly, here it is continued with simulations where the thickness of the
ring and also the concentration of the biomolecules is changed in the same time. This
extension is implemented since in real life there exists a difference between the material
of the resonator and amateriala of nanoparticles or biomolecules. This process was

implemented through a refractive index change and the thickness change in the additional
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ring. In this manner, an additional thin layer is added around the resonator which
represents the biomolecules attached to the surface of the resonator and checked out
the resonance spectrum. The approach for the effective refraction index was applied
using Yamaguchi effect model. These simulations have included two cases: i) Titanium
Dioxide Nanoparticle (RIri0, = 2.41) and ii) Protein Biomolecule (RIpp = 1.45) [17].
The effective medium approximations can be used to identify the average field that
has been propagating within a homogeneous medium and was described by an effective
refractive index [34]. There are many mathematical approximations for calculating the
effective permittivity of a composite medium and some of them are: Yamaguchi Model
[33], Maxwell-Garnett Model[35, 36|, Bruggeman Model [37], etc. In our study, the model
of Yamaguchi is chose to evaluate the effective refraction index (RI). This model is used
also for the moaterial that will surround the layer of resonator and sensing the particles

in medium, as it is more accurate for 2-Dimensional plan.

Yamaguchi Model. Since the model of Maxwell-Garnett considers that the composites
that are positioned in a three-dimensional distribution of inclusions in the host medium,
the mixtures with two-dimensional distributions of inclusions in any host medium can
be evaluated in many times. In these cases is an approximation for this refraction index
based on the work of Yamaguchi, and his model can give an excellent prediction [33].
The model relies on some of the hypothesis for similar spheroidal nanoparticles whose
axis is perpendicular to any layer that is going to be analyzed. Those particles are
considered as point dipoles presenting an isotropic and homogeneous in-plane distribution
or systematized as a square, or hexagonal lattice [38, 39]. Figure 3.20 shows the height
(h) of the composite that is equal to the diameter of nanoparticles, a is the distance
between neighboring particles. The effective dielectric function of this composite layer is

[37]

(3.3)

Where the height h of the composite equals the diameter of the nanoparticles, N repre-
sents the number of particles per surface unit; V represents volume of one single particle,

and in this case is the in-line plane polarization of the dipoles is equivalent to
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F1GURE 3.20: Mixture with spherical particles distributed in the host medium layer
with a configuration in two dimensions.

Ever since the effective optical index of the composite is known by using the numerical
models that were presented above, the optical properties such as absorption can be
compute. After this, we will discuss the optical properties influenced by the concentration

of some of the nanoparticles and Plasmon coupling.

.:>.
3 3

FIGURE 3.21: Yamaguchi model for the 2-Dimensional Effective Medium.

Since this work is going eventually to lead in further levels in optimization and realization
of a real physical device, it is decided to work with dimensions and refractive index that

correspond to the mimicked nanoparticles.
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Previous parts were talking about changing only the size of the layer that was modeled
to be around the ring. Now, it will be moved this in a more advance level by putting

this study in morphologic changes: size and refraction index, at the same time.

The first step in modeling process is to simulate the optical response of nanoparticles
embedded in the medium that surrounds the space of micro-resonator. Therefore, the
focus is to calculate the response spectrum of the sample to implement it in the built
model, and then to monitor how it will affect that spectrum in the end of process. After
the size and refraction index of the layer are changed, probably resonator qualitatively
will not behave same anymore. Simulations are performed with finite element method

and Yamaguchi model approximation for effective refractive index is used.

Based on [17], values of refractive index are used for some of the nanoparticles and
biomolecules that are listed. In this part of the study, effects for two nanoparticles
are analyzed: Titanium Dioxide nanoparticle and Protein biomolecule. Both og these
elements are considered as “dead” materials in order to come up with the engineering

results for their sensing effects and the study to be more practical.

Titanium Dioxide Nanoparticle. This nanoparticle is becoming part of all our ev-
eryday lives. It can be found in a wide range of consumer goods and products of daily
usage, such as cosmetics, paints, dyes and varnishes, textiles, paper and plastics, food,
drugs, and even paving stones. 4.68 Million tons of titanium dioxide have been produced
worldwide in 2009 and 1,5 million tons per year are produced in the European Union
alone [40]. These are some characteristics that have made Titanium Dioxide nanopar-
ticles very useful nanomaterials for academic researches, or especially for medical and

industrial products.

In this way, Titanium Dioxide nanoparticles were used to characterize the interaction
with the optical ring resonator model. The layer is modeled around the ring and Yam-
aguchi model has been chosen to obtain the effective refraction index (R.sy). Based on
[17] refraction index for Titanium Dioxide nanoparticle is nrio, = 2.41. It is assumed
that the shape of these particles are spherical and the amount of those are positioned in a
medium with refraction index of 1.33, and a distance between nanoparticles of a = 20nm.
Radius of nanoparticles for the first case: Ryp = bnm and a height of layer: h = 10nm,

applying to the effective dielectric function
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It has an effective refraction index of n.ry = 7.99, and black colored component is the

corresponding response curve in Figure 3.22.

For the second case,Ryp = 10nm, h = 20nm and separated distance between neigh-
boring particle: a = 30nm , it was obtained an effective refraction index: n.py = 7.23.
Violet is the corresponding curve in Figure 3.22. Therefore, the size of nanoparticle is

Ryp = 20nm.

The third case consists of Ryp = 15nm, a layer height of h = 30nm and distance between
neighboring particle a = 30nm, is obtained an effective refraction index:n.r;r = 6.95.

Brown colored is the corresponding curve in Figure 3.22.

The fourth case consists of Ryp = 20nm , a layer height of h = 40 and distance between
neighboring particle a = 50nm, is obtained an effective refraction index n.ss = 6.81 .

Yellow colored is the corresponding curve in Figure 3.22.

The fifth case consists of Ryp = 25nm, a layer height of h = 50 and distance between
neighboring particle is a = 60nm, is obtained an effective refraction index of n.ys = 6.73.

Blue colored is the corresponding curve in Figure 3.22.

The sixth case consists of Ryp = 30nm, a layer height of h = 60 and distance between
neighboring particle is a = 70nm, is obtained an effective refraction index of n.ry = 6.67.

Green colored is the corresponding curve in Figure 3.22.

The seventh case consists of Ryp = 35nm, a layer height of h = 70 and distance between
neighboring particle is a = 80nm, is obtained an effective refraction index of n.ry = 6.63.

Pink colored is the corresponding curve in Figure 3.22.

The eighth case consists of Ryp = 40nm, a layer height of h = 80 and distance between
neighboring particle a = 90nm, is obtained an effective refraction index of n.sy = 6.60.

Orange colored is the corresponding curve in Figure 3.22.
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The ninth case consists of Ryp = 45nm, a layer height of A = 90 and distance between
neighboring particle a = 100nm, is obtained an effective refraction index n.ry = 6.57.

Green (dark) colored is the corresponding curve in Figure 3.22.

The tenth case consists of Ryp = 50nm , a layer height of h = 100 and distance between
neighboring particle a = 110nm, is obtained an effective refraction index of n.rs = 6.55.

Blue (dark) colored is the corresponding curve in Figure 3.22.

Graph
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08 —30nm
40nm
0.75

Trans. = 50nm
0.7 e 60NM
70nm
0.6 80nm
— 90Nnm

0.55
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1.558 1.5585 1.559 1.5595 1.56 1.565

Wavelength(um)

FIGURE 3.22: Resonance shift for Titanium Dioxide Nanoparticle-TiO5-NP.
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Based on this figure, it can be concluded that there exists a resonance shift for a size as
low as 10nm, 20nm or 30nm. By increasing the thickness of the layer slowly is increased
the value of the shift and also the dip amplitude of the resonance is enhanced. For

instance, comparing 10 nm to 100 nm, an obvious difference between them exists.

Figure 3.23 shows the values variation as function of the thickness layer size. This case is
for the Titanium Dioxide nanoparticle that is bound around the resonator. This graph
is deduced as a different method to present the measurements from Figure 3.22. For 10
nm particle size it has been a shift of 0.05 nm from zero value. For a 50 nm particle
size it has a shift of 0.175 nm, and for 100 nm particle size it has a shift of 0.3 nm.
Therefore, the total shift for the size between 10nm to 100 nm is in the range of 0.05

nm and 0.3 nm, respectively.

Shift AA,(nm),

0.3 qoquareosaceneeet m
0.175 P I _Qo0000000,

0.05 e
.................... ! ! ‘ e

FIGURE 3.23: Resonance shift for Titanium Dioxide Nanoparticle used to describe the
size of the attached particles.

Protein Molecule. Protein is a type of molecule that is a fundamental building element
of every living organism. They are expressed in different ways and are structural building
blocks within every organism. They execute many duties inside of the organism relating
to a certain aspects of transportation of a living body. Additionally, they are crucial

factors for immune system in a living organism [41].

This was an introduction-like for protein molecules, however we are interested in their
physical and especially their interactions with light as physical object. Therefore, to give
the model another application it has been studied for their properties and based on the

reference [17], refraction index for these “materials” are n = 1.45.

Also here is the same procedure as the previous one and it will be analyzed for every

single step each.
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In first case we have, R,,,,; = 5nm, the height of the layer h = 10nm and separate distance
center to center between neighboring particle is a = 20nm, it is obtained an effective
refraction index n.fr = 4.8. The black colored component (line) is the corresponding

curve in Figure 3.24. Therefore, the diameter of this supposed molecule is 10nm.

For second case, R,,,; = 10nm and h = 20nm separated distance between neighboring
particle a = 30nm, it is obtained an effective refraction index n. ¢y = 4.35. Brown colored
component is the corresponding curve in Figure 3.24. Therefore, the size of biomolecule

is 20nm.

The third case consists of R,,,,; = 15nm, a layer height of h = 30nm and distance between
neighboring particle a = 40nm, is obtained an effective refraction index n.s; = 4.18. Red

colored component is the corresponding curve in Figure 3.24.

The fourth case comnsists of R,,,; = 20nm, a layer height of h = 40nm and distance
between neighboring particle a = 50nm, obtained an effective refraction index nqry =

4.10. Green colored component is the corresponding curve in Figure 3.24.

The fifth case consists of R,,o; = 25nm, a layer height of h = 50nm and distance between
neighboring particle a = 60nm, is obtained an effective refraction index n.ry = 4.04.

Blue colored component is the corresponding curve in Figure 3.24.

The sixth case consists of R,,,; = 30nm, a layer height of A = 60nm and distance between
neighboring particle a = 70nm, obtained an effective refraction index n.yy = 4.01. Violet

colored component is the corresponding curve in Figure 3.24.

The seventh case consists of R, = 35nm, a layer height of h = 70nmand distance
between neighboring particle a = 80nm, obtained an effective refraction index nqrs =

3.98. Orange colored component is the corresponding curve in Figure 3.24.

The eighth case consists of R,,,; = 40nm, a layer height of h = 80nm and distance
between neighboring particle a = 90nm, obtained an effective refraction index nqry =

3.97. Green (dark) colored line is the corresponding curve in Figure 3.24.

The ninth case consists of R,,,; = 45nm, a layer height of h = 90nm and distance between
neighboring particle a = 100nm, obtained an effective refraction index n.yr = 3.95. Gold

colored component is the corresponding curve in Figure 3.24.
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The tenth case consists of R,,,; = 50nm, a layer height of h = 100nm and distance
between neighboring particle a = 110nm. An effective refraction index n.ry = 3.94 is

obtained. Grey component is the corresponding curve in Figure 3.24.
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FIGURE 3.24: Simulations for Protein Moleculeresonance shift.

These shift variations are quantified and plotted in Figure 3.25. In this graph, those
variations contains slightly higher shift comparing to the graph of Titanium Dioxide

Nanoparticle.
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FIGURE 3.25: Resonance shift for the Protein Molecule.
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In this section, all the information are presented to conduct some of the test results
regarding to modeling of optical ring resonators. The aim is to reach a better performance
for these devices in terms of usage and optimization, either as scientific or researches

subject.



Chapter 4

Conclusion and Future Work

This study has been conducted with the aim to exploring the characteristics of micror-
ing resonator as label-free platform towards biomolecules and nanoparticles detection.
A computation-based model with the finite element method has been developed. This
model is performed to simulate the optical ring resonator in order to solve its equations.
Nanoparticles are approached as nanosphere and when they are aligned with each other
they are supposed to create a structure layer-like around the ring. In the simulations, an
increment of 10 nm for the ring radius between 83.00 pm and 83.10 pum was applied. A
linear correlation between increasing the ring radius and the red shift of the wavelength
resonance is found. The linear decrease between increasing the size of the ring and de-
creasing FSR was observed. The last part of this thesis shows the modification of the
layer in different size as and more important with different refraction index, simultane-
ously. This morphological change is realized to mimic the material for titanium dioxide
nanoparticle and protein biomolecule. The size of nanoparticles is mimicked by thickness
of the layer, which is performed until 100 gm thickness, and the corresponding graph of

resonance spectrum was introduced.

Moreover, the distance between nanoparticles and their number in an assembly have
been demonstrated to affect their transient dynamics, approximated with 2-D Yam-
aguchi Model. The closer the particles are to each other the larger are in number. The
results that are revealed in this work can be very promising for industrial and biomedical
applications. A large number of projects are devoted recently to such developments that

are being carried by using nanostructures as optically-controlled.

60
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Optical microresonators have shown a great potential for commercialization with a huge
superior ultra-high sensitivity, even for single nanoparticle detection. Another advantage
of micro-resonators consists of the effective way of delivering sample material in to the
sensing place, which lead to a high reduction of clinical analysis time. Resonators used
as biosensors are foreseen to have a bright future in clinical diagnostics since they are

label-free analytic detectors and can be integrated on a chip-scaled devices.

The future aim consists of developing this model in further steps and potentially to
proceed in real-world applications such as sensing tool prototype. However, in this
project much more work is still to be done . One of them is to modify the layer by
applying different properties of material in order to mimic different biomolecules that
may be attached from the sample. Furthermore, an original idea consists of to consider
this platform as Microelectromechanical (MEMS) system. This step can be implemented

in the future terms.

It would be implemented by applying an electrical field around the ring, and by adjusting
the intensity of electrical field in order to manually change the diameter of the ring. After
this procedure, the resonator would not behave the same anymore. In this way, it would

be an interesting research to check how it would react.
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