DESIGN AND ANALYSIS OF
RECONFIGURABLE PHOTONIC CRYSTALS AND
WHISPERING GALLERY MODE RESONATORS
BASED ON OPTICAL FORCE

by

Nusrat Jahan

A thesis submitted in partial fulfillment of the requirements
of

the degree of Master of Science in Electrical and Electronic Engineering

Department of Electrical and Electronic Engineering
Bangladesh University of Engineering and Technology (BUET)
Dhaka-1000, Bangladesh

August 6, 2019



DECLARATION

It is hereby declared that this thesis or any part of it has not been submitted elsewhere

for the award of any degree or diploma.

Signature of the student

(Nusrat Jahan)



u
o

e




ACKNOWLEDGEMENT

At the very beginning I would like to express my heartiest gratitude towards the Almighty for

providing the chance to complete my Thesis.

I would like to express my sincerest appreciations and gratitude to Dr Md. Zunaid Baten, Assistant
Professor of the Department of Electrical and Electronic Engineering, BUET, Dhaka, for his all out
support and keen supervision throughout the work. It is his inspiration, encouragement and supervision
that have enabled me to finish this work wholeheartedly. I am truly benefited to have the experience

of doing research work with him.

I would also like to convey my thanks to all the superiors, teachers, colleagues and friends for their

support and encouragement during the work.

Last but not the least, [ am indebted to all my family members for thorough encouragement and mental

support to complete this work.

Nusrat Jahan

BUET, Dhaka
Bangladesh

August 6, 2019.

il



ABSTRACT

Photonic crystals (PCs) and whispering gallery mode (WGM) resonators are two of the most versatile
photonic structures in the field of photonics and cavity quantum electrodynamics. A long standing
challenge in the design of these structures has been their dynamic tunability, which is the capability of
varying their resonant characteristics without going through the fabrication process. In this work the
prospect of dynamic tunability of polystyrene (PS) microparticle based PCs and WGM resonators is
studied by spatially reconfiguring these structures employing optical force. The behavior of optical
force exerted by monochromatic illumination via dual counter-propagating Gaussian beams is
analyzed using Maxwell Stress Tensor and Finite Difference Time Domain (FDTD) analysis
techniques. Both one dimensional (1D) and two dimensional (2D) water submerged periodic PS
microsphere arrays are found to exhibit spatial re-orientation in the presence of optical force. Detailed
analysis shows that such optical force induced reconfiguration can be controlled by varying the
illumination intensity, incident wavelength, and also the surrounding medium of the PS microparticles.
For illumination with 980 nm wavelength, 1D array results in an inhomogeneous stable spacing of
microspheres whereas periodically reconfigured arrays can be attained by illuminating in direct
correlation with the resonant wavelength of the structure. Changing illumination intensity enahnces
the magnitude of optical force acting on the particles, though it does not alter their stable locations. On
the other hand, variation of refractive index of the background medium alters the stable interparticle
separation of particles. Band structures and transmission characteristics of the PS array are observed
to evolve in accordance with the spatial reconfiguration. A complete bandgap with nearly 100%
reflection is attained for the 1D array whereas nearly 94% reflectivity is obtained for the 2D array.
Besides photonic crystals, WGM resonators comprising of polystyrene (PS) microspheres are also
analyzed and their Q factors are compared with those of single solid monospherical WGM resonators.
The highest Q-factor of 91224 is obtained for a water submerged 20um monosphere WGM micro
resonator whereas for multiple microsphere based circularly symmetric structures no WGM is
observed. By changing the surrounding medium, an exponential rise in Q factor is achieved which
peaks for air witha WGM mode having Q factor of 408. For water suspended hexagonal configurations
of the microspheres, the WGM mode disappears in the presence of optical force, thereby resulting
transition from a highly reflective to a nearly transparent medium. Based on such optical force
mediated reconfiguration, conveniently tunable photonic crystals and whispering gallery mode

resonators can be designed and implemented for novel sensing, detection and lasing applications.
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Electric Field Magnitude of microsphere based rotationally symmetric
structure in air (nm=1). Particle diameter: 1um. Structure diameter =~20pm.
[llumination wavelength: (a)1.97509um (b) 2.27338um (c) 4.29221um.
Polarization type: TE. Interparticle spacing, a=1pm

Electric Field Magnitude of microsphere based rotationally symmetric
structure in air (nm=1). Particle diameter: 1pum. The diameter of the whole
circular structure =20um. Illumination wavelength: (a)2.11938um (b)
2.42396um (c) 2.88629um. Polarization type: TE. a=1.2um

Quality Factor as a function of Resonant Wavelength. The blue and red
symbols represent TM and TE modes respectively. Here, np=1.574, nm=1
and a=1um. The Q factors are plotted for multisphere model

Hexagonal Lattice Placed in dual Gaussian Beam. The center particle is
marked as HM, The other 6 particles are marked in a counterclockwise
manner: H1, H2, H3, H4, H5and H6. Here, nm:1.33. Illumination
Wavelength: 980nm

X component of Optical Force, Fx on the particles (HM, H1,....... ,H6) in a
hexagonal lattice in water medium. Illumination wavelength: 980nm. The

green arrows represent the stable ax coordinates
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Figure 4-81

Figure 4-82

Figure 4-83

Figure 4-84

Figure 4-85

Figure 4-86

Figure 4-87

Figure 4-88

Figure 4-89

Figure 4-90

Figure 4-91

Y component of Optical Force, Fy on the particles (HM, H1,....... ,H6) in a
hexagonal lattice in water medium. Illumination wavelength: 980nm. The
green arrows represent the stable ay coordinates

The direction of Particle Movement in Dual Gaussian Beam System. The
red arrows point to the direction of particles in presence of light force
Three possible stable configurations of hexagonal lattice after applying
optical force. Here, nm =1.33

Extended Version of the force tuned stable configuration of Figure 4-83(c).
Here, nm=1.33

The resonant mode of the optical force tuned extended stable configuration
submerged in water medium. The resonant wavelength AR: (a) 2.147um (b)
2.293um. Polarization type: TE

PS hexagonal lattice suspended on water and trapped in air (side view).
Particle radius: 0.5um

X component of Optical Force, Fx on the particles (HM, H1,....... ,H6) in a
hexagonal lattice in water medium. Illumination wavelength: 980nm. The
green arrows represent the stable ax coordinates

Y component of Optical Force, Fx on the particles (HM, HI.,....... ,H6) in a
hexagonal lattice in water medium. Illumination wavelength: 980nm. The
green arrows represent the stable ay coordinates

Three possible stable configurations of hexagonal lattice after applying
optical force. Here, nm =1 and particles are suspended on water.

Electric Field Profile of the resonant modes of the extended stable structure
after applying optical force. Particles are suspended on water. Here,
The resonant wavelength, AR:(a)l1.449um, (b)
2.141um, (c) 3.1958um. Polarization type: TE

a~4.23um and nm=I.
Q factor as a function of interparticle Spacing. In all three cases the

multisphere structure is in air medium and suspended on water. The

rightmost value is obtained from the optical force tuned reconfiguration
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CHAPTER 1

INTRODUCTION

1.1 Preface

Photonic crystals (PC) and whispering gallery mode (WGM) resonators have been topics of intense
interest in the field of photonics and cavity quantum electrodynamics (QED). The pioneering work of
Yablonovitch and John gifted us the key to open the gateway to PC, an optically engineered material
that provides the liberty to affect the properties of photons in much the same way that ordinary
semiconductor crystals affect the properties of electrons [1]. WGM resonator, another integral part of
today’s optical resonant systems, is a derivative of Lord Rayleigh’s work on sound waves [2]. Light
within an optical cavity if confined by continuous total internal reflection near the cavity perimeter
engenders the resonant modes called WGMs. Through the unique combination of strong temporal and
spatial confinement of light, PCs and WGMs have evolved as systems of interest for a number of

fundamental research on light-matter interaction.

PCs possess specific topology with high-index-contrast materials with a periodicity on the order of
optical wavelength. Its most significant feature is its band gap for which electromagnetic waves can
experience a forbidden range of frequencies within the plane of periodicity. The other popular feature,
WGM occurs in a smooth concave structure provided that its refractive index is higher than that of the
surrounding medium. Microsphere, microdisk and microtoroid WGMs are prominent for the
fundamental research and corresponding applications due to both the high quality factor (high-Q) and
the small mode volume (V) [3]. The fascinating features of rotationally symmetric WGMs along with
the inherently periodic PCs, have resulted in a surge in the world of research to explore multiple

applications emerging from the strong interaction between light and matter in these optical systems.

As fundamental components of optical devices, like optical cavities or waveguides, photonic crystals
have already claimed a superior position in terms of localization, tunability and efficiency. Like PCs,
WGM resonances are also highly sensitive to morphological changes (such as the size, shape, or
refractive index), as a result both of these structures have gained popularity in sensing technologies
[4]-[6]. Apart from experiments on cavity QEDs, the research community found the WGM
microresonators useful to probe the sphere environment, like temperature, pressure or chemical
composition [7]. Applications of the high quality factor resonant modes of these periodic or

rotationally symmetric structures also include ultra-low threshold lasing [8]-[10], quantum information



processing [11]-[12], probing [13], imaging [14]-[15], energy harvesting [16] and filtering [17].
Despite numerous applications, a long standing challenge in the design of PCS and WGM resonators,
has been their dynamic tunability. Dynamic tunability provides them with the ability to reversibly
change and recover their resonant characteristics by means of external stimuli. For optical
communication, information processing reconfigurable PCs and WGMs are quite fascinating as they
offer different tuning techniques of their optical characteristics [18]. Photonic materials with tuneable
and switchable optical properties can potentially benefit applications in sensing, high-density optical
memory, beam-steering, adaptive optics and light modulation [19]. There have been various methods
proposed to modulate the parameters of basic PC structures or WGM resonators to obtain dynamic or
static changes in the optical characteristics. Reconfiguration of photonic crystals have been realized
employing different techniques like plasma control [20], opto-mechanical actuation [21], contact
pressure [22], temperature [23], and nano-fluidic tuning [18]. However, an elegant approach yet to be
investigated as far as reconfiguration of microparticle based PC and WGM resonator is concerned, is

optical force induced tunability.

Ashkin et al.’s stimulating introduction to the world of optical trapping has incited the theoretical and
empirical demonstrations of optical forces. Although it has already been employed to experimentally
realize optical tweezers [24], optical force microscopy [25] [26], and optical force sensors [27], there
is a lack of research regarding comprehensive understanding of the prospect of reorganizing polymer
microparticle based photonic structures in a tunable optical force bound environment. Polymer
composites have gained much importance in the field of optoelectronics due to their unique optical
properties [20]. Also, due to their low cost, free standing nature, flexibility and relatively simple
processing method, colloidal polystyrene(PS) microparticles have become one of the most suitable
candidates for fabrication of photonic crystals or relevant photonic devices [28] [29]. However, the
case of optical force tuning employing counter propagating dual Gaussian beam illumination for
obtaining reconfigurable PC and WGM resonators still requires particular attention because of the

versatility and ease of practical implementation of this particular technique.

1.2 Literature Review

In order to realize innovative electromagnetic properties unattainable in naturally existing materials,
there has been a truly amazing amount of innovation regarding PCs over the last 30 years. The Study
of periodic structures is much older than that and dates back to 1887 with Lord Rayleigh [30] whereas
the term “Photonic Crystal” came into use in 1987 through Yablonovitch [31] and John [32]. Eli

Yablonovitch [1986] demonstrated how spontaneous emission can be rigorously inhibited in solid state



periodic dielectric structures through the formation of band gap [31]. To encourage research mostly
on semiconductor lasers, he exhibited the significance of the forbidden gap in the electromagnetic
dispersion relation of lossless, modulated dielectric structures. Sajeev John, on the other hand,
discussed that predictable strong Anderson localization of photons is possible in a certain disordered
dielectric microstructure [32]. Their pioneering works have stimulated impressive progress of
dielectric PCs for modification of light emission for desired application like lasers, sensors, optical
telecommunications, and display devices.

Microsphere based WGM resonators consisting of highly transparent dielectric media possess various
promising properties. A lot of laboratory-fabricated solid-state microspheres stemmed from the
investigation of P W Barber and R K Chang on the morphology dependent WGMs in microspheres
[33]. L. Collot et al recorded Q-factor exceeding 2x10° for coupling Mie resonance of a fused silica
microsphere into glass prism back in 1993 [34]. In 2019, Yumeki Kobayashi et al proposed a novel
diameter measurement technique of microspheres based on WGM resonant wavelength and
corresponding radial mode number which is also based on a single micrpshere [35]. However,
rotationally symmetric structures consisting multiple microspheres have not been studied that much to
realize WGM resonators.

Strong confinement of light in High Q PC cavities have found applications in many areas of physics
and engineering. Yoshihiro et al. designed high-Q nanocavity comprising 2D PC slab with air holes
and missing rods [36]. In most cases, PC microresonators with sufficiently high Q factor are realized
by introducing defects at the center of the PC slab, removing microparticles or changing the inner
radius near the middle of the periodic structure [37]. But examples of high Q PC cavity using

micropsheres is not significantly high, which is also true for WGM resonators.

Different design principles have been proposed and experimented to guide light through WGMs or in
PCs using both plasmonic or dielectric materials [38][39]. Another practical approach is to exploit
self-assembled colloidal polymer micropartilces, a promising candidate for the fabrication of photonic
structures. Organic and Polymeric microstructures with superior photoelectric properties are exploited
in various optoelectronic devices, for example, organic light-emitting diodes, field-effect transistors
(FETs), solid-state lasers, optical logic gates etc [7]. Their weak bonding leads to various self-
assembled morphologies. In contrast to inorganic microresonators, the facile, flexible and low cost
self-assembly method of fabrication inspired Yi Chen Tao et al. to investigate active WGM resonators
in self-assembled (E)-3-(4-(dip-tolylamino) phenyl)-1-(4-fluoro-2-hydroxyphenyl)prop-2-en-1-one
(DTPHP) microspheres of different diameters. For a DTPHP particle (refractive index, n,=2.6) with a

diameter of 1.7um in air, a Q factor around 90 was obtained [7]. This self-assembly of micro particles



may contribute to obtain tunable PC and WGMs and so the demand of optical force based

reorganization of such self assembled optical structures is on the rise.

Optical trapping and manipulation of microparticles is a useful experimental tool but this tool has not
yet been realized extensively for reconfiguring PCs and WGMs. In 1970 Arthur Ashkin proved that
freely suspended dielctric microparticles can be accelerated and trapped using radiation pressure or
scattering optical force [40]. More than 30 years after the pioneering work by Ashkin on the trapping
of particles with light, optical manipulation has developed into an innovative and noninvasive
technology for dynamic reconfiguration of micrometer-sized transparent particles. To exploit the
mechanical forces exerted by laser light in 2003 Wolfgang Singer et al presented their experimental
work with a theoretical model for a chain of PS microbeads confined in a counter propagating single
mode fiber trap [41]. Although their model supports their size dependent self-organization of particles
influenced by 1.064um laser light, this model is not a universal one. Using similar beam fiber trap
Metzger et al observed bistable equilibrium positions of optically bound 3um silica microspheres in
1D (2006) [42]. Marc Guillon et al. reported on the experimental and theoretical studies of strong
binding between two and three oil microdroplets (from 1 to 2.5um in diameter and n,=1.48) in air
along the direction of the beam axis in a dual coherent circularly polarized laser beam system (2006).
They claimed the high optical contrast between air and the oil droplets as the reason of stable trapping.
They experimented on the displacement of the oil microdropltes exploiting their binding force and
observed how they reach a potential minimum in presence of light force [43]. M. Kawano et al reported
non-equilibrium spacing of PS microparticles illuminated by 980 nm light through dual Gaussian beam
fiber-optic trap [44]. They utilized Maxwell Stress Tensor based Generalized Multipole Technique to
analyze the experimental equilibrium positions of microspheres within the fiber trap. The self-
assembly of polymer microparticles can lead to structures of different geometries and so was observed
in C. Renaut et al’s experimental work on 1um PS microparticles optically bound by the evanescent
field of a PC nanocavity. In their experiment on 1 to 7 self-assembled micro beads, they obtained
multiple stable configurations with different shapes like straight line, triangle, square etc [45]. All these
works were mainly carried out for a small number of particles and optical force induced

reconfiguration of microsphere based PC and WGM structures is not yet well defined.

1.3 Motivation of the Work

Important information about PCs and WGMs lie in their periodicity. Although a good number of

designs of PCs and WGM resonators have been modeled and experimented so far, incorporation of



optical force to reconfigure their periodicity has not been investigated that much. Liyong Cui et al
proposed a method to reconfigure 1D array of dielectric slabs using light scattering induced optical
binding. To construct a large scale optically bound structure they theoretically described that a stable
1D PC is obtained if illuminated by a certain frequency that points to its lower band edge [46]. But for
2D or rotationally symmetric structure and most importantly microsphere based periodic structures we
do not find any rigorous study where optical force induced reconfiguration method is experimented.
As exertion of optical force can cause PS particles to self-assemble in a kinetic equilibrium state- this

concept is used this to analyze reconfigurable PC and WGM resonators consisting of PS microspheres.

Due to the difficulty of fabrication of PC based on real materials, and the inflexibility of solid PC
structures to reconfiguration for modulating the optical properties, microsphere based PC seems a good
choice. In 1998, Ryoko Shimada et al formed stable 2D self-assembled square and hexagonal close-
packed PC using colloidal PS microparticles. They attributed the attractive surface tension between
the colloidal particles to their self-assembly into ordered structures [47]. Self-assembly of
commercially available colloidal solution on solid substrate is a convenient method for fabricating PS
PC or WGM resonators. In 2003, Xiaoyong Hu et al demonstrated a continuously tunable photonic
crystal with several picoseconds response time, made of 220nm PS spheres fabricated through this
self-assembly formation method [48]. Jeong Rok Oh et al. exploited this method to form PS Photonic
crystal multilayer from monolayer self-assmebled PS mciroparticles on air-water interface [49]. A.
Yadav et al exploited the same method for forming and characterizing 3D dye-doped PS colloids with

two different diameters in nano-level [50].

The diversified application of PS microparticle both as in PCs and WGMs motivates us to look more
into the photo induced impact on their self-assembled structure. 2D and 3D PCs based on Polymer
colloids like polystyrene were explored for visual detection of chemical compounds and gas analytes
[51-52]. Ye Liu et al. obtained a response time of 10fsec for all optical switching from a 3D
monodispersed PS PC [53]. The large 3™ order nonlinear susceptibility and extremely fast response
time of organic polymer PS contributed to the ultrafast optical switching application realized by the
shift in the photonic band gap under external laser pumping. Not only in PC, PS WGM microresonator
was utilized as a refractive index sensor by Julie Lutti et al where they obtained a Q factor of 0.9x10°
for a 44um PS microparticle in water [54]. To contribute to the study of biochemical sensor based on
optical fiber integrated micro resonators, Kyriaki Kosma et al experimented on a 10.43um PS
microparticle and reported a Q factor 2.2x10* for such a WGM microresonator embedded within a

microstructured optical fiber (MOF) [55]. In the same year 2013, Alexandre Francois et al published



their experimental work on WGM sensor consisting MOF integrated dye doped 15um PS microspheres
and demonstrated an enhanced radiation efficiency with an effective Q factor of around 7700 [56]. But
all these WGM models are based on mainly single microspheres. Although the self-assembled PS
structures are investigated for PCs, they have not been explored for formation of WGM
microresonators. Intrigued by the extensive research on PS periodic and circularly symmetric
structures both in theoretical and experimental domain, the focus is set on the PS microsphere based

PC and WGM resonator configurations and also their reorganization using optical force.

Conventional solid state PC and WGM resonators do not leave us with the liberty to tune their optical
characteristics. Once fabricated the rigid behavior of these optical structures become difficult to tune
them to incorporate new phenomenon. In fact, the requirement to change any characteristics dependent
on their spatial profile or periodicity necessitates fabrication of a whole new structure. To avoid such
difficulty and to bring insight into photo induced force tunable PC and WGMs consisting self-

assembled PS microspheres, this research is carried out.

1.4 Objectives of the Work

Since in literature evidence of optical force tuned reconfiguration process of periodic and rotationally
symmetric structures is quite insufficient, the aim of this research is to shed some line on this topic
through this thesis. Inspired by the fascinating concept of optically bound PC and WGMs that can
influence light propagation and its interaction with matter and can also change their shape and
consequently optical properties, the target of this thesis is set to develop a comprehensive
understanding of the resonance behaviors of PS microparticle-based PCs and WGM resonator under
the effect of optical force. To make good use of optical binding- a versatile tool for optical trapping
and manipulation, an easy, flexible and noninvasive optical reconfiguration method of microsphere

based PCs and WGM resonators is proposed. So the prime objectives of this thesis are:

i.  To analyze the behavior of optical forces acting on systems of periodic and rotationally
symmetric dielectric microparticles in a counter propagating dual Gaussian beam system
of monochromatic illumination

ii.  To compute and compare resonant characteristics of the reconfigured PCs and WGM
resonators upon application of optical force
iii.  To investigate the change in reconfiguration process for incident light of different

intensities and wavelengths, and also for different background media



iv.  To optimize design of the photonic crystal and whispering gallery mode resonator in

order to achieve high sensitivity with respect to applied optical force

1.5 Outline of the Thesis

Chapter 2 begins with Maxwell Equations for microscopic objects. Then it discusses basic concepts
of optical force and also its different categories like Gradient, Scattering and Binding forces with some
mathematical formulation. Then the theoretic model of PC and WGM resonators are discussed
respectively. The important characteristic features of these two structures are presented along with

their different possible geometries.

Chapter 3 describes the widely used method for computing Optical force, Maxwell Stress Tensor.
Then it provides brief description of Finite Difference Time Domain (FDTD) method and formulation
of Maxwell Equations using FDTD. In the next section of this chapter the geometries used for this

thesis are presented along with the configuration of light source.

Chapter 4 presents the detailed discussion on the results obtained from the application of dual
Gaussian beam induced optical force on periodic PS PC and WGM micro resonators. It describes the
optically bound reconfiguration process of periodic PS arrays and circularly symmetric hexagonal
lattice structures described in Chapter 3. In the first section the effect of optical force on 1D periodic
PS arrays are presented. The effect of variation of illumination intensity, background medium and the
illumination wavelength on the reconfiguration process are discussed in this section. The resonant
characteristics of 1D PS PC before and after dual beam illumination are presented in terms of their
band structure and transmittance curves. The second section focuses on the optical force tuned 2D
square lattice periodic structures and the results of WGM PS micro resonators are accumulated in the
last section. The stable reconfigurations for all three cases are illustrated and the possible manipulation

of such reconfiguration method is discussed at length.

Chapter 5 draws conclusion of this work. This chapter summarizes the findings of the study and their
impacts on future experiments. It also puts forward suggestions regarding future scopes of the works

carried out in this thesis.



CHAPTER 2

THEORETICAL BACKGROUND

In order to study light-matter interaction in inherently periodic photonic crystal (PC) and rotationally
symmetric whispering gallery mode (WGM) resonator in presence of optical force, this chapter begins
with Maxwell Equations in Section 2.1. Section 2.2 describes the basic idea of optical force and also
the mathematical formulation to define photon induced force. In Sections 2.3 and 2.4, some

generalized idea about PC and WGM resonator is presented.

2.1 The Maxwell Equations

To deal with any electromagnetic problems including PC and WGM resonator it is mandatory to look

at the four macroscopic Maxwell Equations.

For time harmonic electric field, E, a vector field, and the magnetic flux density, B, a pseudovector
field, and for a given total electric charge density (total charge per unit volume), p, and total electric

current density (total current per unit area), J, the Maxwell equations can be expressed as:

Gauss’s Law V.E = sﬂo (2.1)
Gauss’s Law for Magnetism V.B=0 (2.2)
Maxwell-Faraday equation VXE=— %—]tg (2.3)
Ampere’s Circuital Law VX B =)+ €Mo g—f (2.4)

These four equations regulate the master equation to describe photonic structures like PC and also the
Helmholtz equation on which the WGMs are based on. Moreover, Maxwell Stress Tensor, the

inevitable part to study optical force- directly depends on the equations above.

2.2 Optical Force

Light carries energy and both linear and angular momenta that can be transferred to atoms, molecules
and particles. This light-matter interaction gives rise to optically induced forces that have had a deep-

seated impact in the past four decades.



Optical forces on small particles are usually expressed as the sum of two terms: the dipole or gradient
force and the radiation pressure or scattering force and these two arise directly from the incident field
[57]. The induced dipole is drawn by field intensity gradients which compete with radiation pressure
due to momentum transferred from the photons in the beam. For nanoscale particles, the origin of these
forces are attributed to the polarizability of a specimen [58]. Upon illumination by light, charges
respond to the local electric field and develop electric (magnetic) dipole moment in response to the

light electric (magnetic) field [58][59].

2.2.1 Gradient Force

The optomechanical interaction required for particle trapping and manipulation, as well as for near-
field optical imaging in scanning probe microscopy is basically provided by optical gradient force. It
can be interpreted in a number of ways. For small objects (nanoscale) the interaction of an induced
dipole with the field gradient of the focused electromagnetic field is termed to be the gradient force.
For large particles with diameter significantly exceeding the illumination wavelength, the refraction
of light by the particle exerts a force upon the object pulling it to the location of the maximal field

intensity provided that the refractive index of the particles is higher than their surroundings [57].

2.2.2 Scattering Force

The classical Maxwell theory showed in 1873 that the radiation field can exert “light pressure” on
illuminated objects and scattering from an object can change its momentum [60]. To maintain this law
followed by Newton’s third law of motion, any change in the total momentum of the electromagnetic
waves or photons must involve an equal and opposite change in the momentum of the matter it interacts
with. And Scattering forces arise mainly due to this effect. Particles confined in a beam are pushed in
the direction of the light propagation, e.g., in a single beam gradient trap, termed “optical tweezers,”
the equilibrium position of the particles are affected by the presence of scattering as it displaces the
particles toward the direction of propagation and slightly beyond the beam focus. The very first
observation of optical momentum transfer to small particles was performed in 1970 by Ashkin [40].
In another highly popular trapping geometry, that of a dual beam counter propagating (CP) trap, the
scattering force plays the key role in keeping the particle equilibrium position between the two incident
beams. The optical lattice formed by the presence of this force confines microspheres in the maxima
of light interference patterns and push them, against the top surface of the sample cell [S57]. Scattering

forces are also well known as radiation pressure forces.



2.2.3 Binding Force

Gradient and scattering forces emerge directly from the incident field while the binding forces depend
on the modification of the incident field in the presence of multiple simultaneously illuminated objects.
The light scattered from these objects consequently create a light redistribution and contribute to

organizing themselves into specific static or dynamic configurations [85].

From historical perspective, optical binding generally refers to stable spatial reconfiguration of
microparticles following light illumination which arise due to the light momentum redistribution in
the incident beam by the objects together with the light scattered from one object toward the others
[86]. The stable positions of these microparticles are somewhat well-defined and these configurations
are influenced by the interplay of the scattered photons, the physical attributes of the particles and the

surrounding medium, and most importantly the illuminating light field.

Unlike electrostatic interactions, the interparticle forces produced by light scattering are not
conservative and have a varying dependence upon the interparticle separation. The spatial shaping of
the incident beam is not necessarily the prime criterion for optical binding rather a homogeneous beam
like a plane wave can even create stable configuration between objects (at least along the beam
propagation axis). Therefore, self-arranged configurations of colloids with micrometer-scale inter
particle distances may be obtained even by plane-wave illumination of the sample and it has been
experimentally proved that redistributed light momentum can greatly impact the stable positions of

other adjacent colloidal objects [87].

The pioneering experiments of optical binding has subdivided it into two classes: transverse (lateral)
binding and longitudinal binding. For the transverse binding, the incident light field propagates
orthogonally to the direction of the binding process while for longitudinal optical binding, the light

field propagates in the direction of organization of the particle chains [88].

2.2.4 Mathematical Formulation:

The total force exerted on spherical particle placed within an electromagnetic field can be expressed
in the following form[59][62]:
F=F, +F, +Fep (2.5)
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The first two terms, F, and F,, express the electric and magnetic dipolar forces and the third one is the
result of electric-magnetic dipolar interaction. Apart from the first two terms, the force component due
to the electric-magnetic dipolar interaction, Fgy, contributes to both the radiation pressure, or scattering

force, and to the gradient force [59].

2241 Dipole Approximation:

For the subwavelength radius of a sphere (a<<}) the total force due to an external electromagnetic field
is usually split into two parts. According to the dipole approximation [62] the optically induced force

experienced by such small particles can be expressed as [63]:
1
F=(p.V)E+ ;pr (2.6)

Here the first part is the gradient force (p.V)E, which is essentially due to interaction of the particle-
induced dipole moment p with the electric field E and the second part is termed as the scattering and
absorbing forces 1/c pxB.

The time averaged total force exerted by an arbitrary time-harmonic electromagnetic field on a small

particle can be expressed as [57][62][64][65] :

(F) = %Re {Zia;E;(r)Vﬁi(r)} @.7)

where i = x, y, z in Cartesian coordinate; VE (r) is the gradient of the optical electric field, influenced
by the polarization of the particle. The polarizability of the small particle o, including the radiation

wavenumber, kK = wc/n in the medium with the refraction index n = +/pe , is described as

Qo
a =—s5——
1-— %ik3a0 (2:8)
and oy is the particle polarizability that satisfies the Clausius—Mossotti equation:
&, — €
= 4 L P 2.
ot TEYEM <€p " 28m> a (2.9)

where a is the particle radius and g, is the relative permittivity of the particle and &, is the relative

permittivity of the medium.
According to the dipole approximation, it is customary to express the gradient force acting on a

subwavelength sphere as [62]:
Fgraa = (1/2) ayVE? (2.10)
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The gradient component of the total force is proportional to the dispersive part (real part) of the

complex polarizability.

Figure 2-1: Configuration used to derive the radiation pressure. A is a planar surface parallel to the interface. [60]

The radiation pressure P can be computed by integrating Maxwell’s stress tensor on an infinite

planar surface “A” parallel to the interface [Figure 2.1]:

Pn, = % [(T (r,1)) .n,da 2.11)

For small spheres, the radiation pressure forces can also be approximated through the absorbing

(Cabs) and scattering (Cscat) cross sections as: [62]

|E|?
Fscat = 8r (Caps + Csca) K/[K| (2.12)

The terms of these cross sections can be calculated using the method mentioned in reference 66 and

k is the wave number.

2.2.4.2 Maxwell Stress Tensor:

The time averaged force (F) on the illuminated object can be calculated by integrating the Maxwell

stress tensor [67] which is derived from Lorentz force law combined with Maxwell’s equations.
1 o
(F) ZEU<T>'ndS} (2.13)
s

with surface S and surface normal n. The components of the Maxwell stress tensor T have the

following form:

1 1 1o
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where E; is the i component of the electric field, B; is the i component of the magnetic flux field

[58].

For micron sized particles, i.e. for particles way beyond the Rayleigh condition (ka>>1) the optical
force arising from the transfer of photon momentum to the microparticle, can be computed using
Maxwell Stress Tensor as computed by equation (2.13). More about Maxwell Stress Tensor are

described in a later section.

23 Photonic Crystal

A solid state crystal is a periodic arrangement of atoms or molecules. Its optical analogue is the
photonic crystal (also known as photonic bandgap materials), which enables researchers to tailor the
properties of light. Like electrons being stuck in potential wells, photons can also be confined in
modulated layers of photonic crystals (PC). Even in nature this periodic structure is found in different
forms of structural coloration and animal reflectors. In contrast to the natural crystals, in this optical
analogue atoms or molecules are replaced by macroscopic media with differing dielectric constants
and the periodic potential is replaced with a periodic dielectric function. PC has opened a gateway to
confine light within a specified volume, or to propagate them in certain directions and most importantly
it has introduced the process of engineering materials that will respond to light over certain frequencies
by perfectly reflecting them. Photonic crystals (PC), a solution to the manipulation of light, can be

designed with a periodic modulation of the refractive index that introduces a photonic bandgap.

(a) (b) (c)
Figure 2-2: Examples of (a) 1D, (b) 2D and (c) 3D photonic crystals. The color contrast represents materials with different

dielectric constants.
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2.3.1 Structure and Category

PCs are categorized by the dimension of periodicity. Depending on the geometry of the structure, PCs
are divided into three broad categories: (a) one-dimensional (1D) (b) two-dimensional (2D) (¢) three-

dimensional (3D) structures as shown in Figure 2-2.

In 1D PCs, the periodic modulation of the permittivity (refractive index) occurs in one direction only,
while in two other directions the structure remains uniform. 1D PC is generally represented by the
layered structure or a multilayer film. The very first analysis of optical properties of such a multilayer
film was presented in Lord Rayleigh’s work in 1887. The variation of the refractive index, layer’s
thickness and the number of layers within the period can obtain different periodic 1D structures [68].
A multilayer dielectric mirror or Bragg mirror is a well-known 1D photonic crystal where light wave
is partially reflected at each interface and the destructive interference of the incident wave prohibit the
forward propagation of waves. Dielectric feedback laser, Dielectric Fabry Perot Filters are also

periodic in one dimension.

In 2D PC, permittivity is periodic along two directions, while in the third direction the medium is
uniform. Periodically arranged system of dielectric rods in air is an example of 2D PC. They can also
be found in nature. For instance, the pattern on the butterfly’s wing and its rainbow play is caused by
the light reflection from the microstructure on the wing [68]. The last category of PC i.e., the 3D PC
is a dielectric structure that is periodic in all three directions. Drilled dielectric called Yablonovite,

inverse opal, diamond lattice of air holes- are examples of 3D PCs.

a

@
_

a =

in

(@) (b)

Figure 2-3: Unit Cell of a (a) Hexagonal lattice and (b) Square lattice of 2D PC. a; and a, define the sides of the unit cell

for (a) and a defines the lattice constant for (b)

Like solid state crystals, the dielectric unit that is repeated over and over again to form the photonic

structure is basically the unit cell of a photonic crystal. The permittivity or refractive index distribution
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inside the PC and its shape define its unit cell. Figure 2-3 contains two examples of unit cell of a
hexagonal and a square lattice. Unit cells in a reciprocal lattice space, which represents the spatial
Fourier spectrum of the photonic crystal structure is defined as the Brillouin Zone of a PC. A detailed
information regarding reciprocal lattice and Brillouin zone and their identification method is provided

in references [1] [68].

This research is focused on certain kind of one and two dimensional PC constituting spherical particles.
For 2D PC, both square and hexagonal lattice structures are studied and for each crystal the Brillouin
zone and the wave vector set are defined differently based on their structures. Square lattice array has
a square shaped Brillouin zone and the triangular inset is the irreducible Brillouin zone as displayed in
Figure 3. The three special points that define the irreducible Brillouin zone of a square shaped lattice

are: ', X and M. If kjis the in plane wave vector, then I, X and M correspond to k=0, k= g R and k)=

g R+ g §. The k-paths for both square and hexagonal lattice types are shown in Figure 2-4.

Figure 2-4: Reciprocal Brillouin zone (a) 2D square PC (b) Hexagonal PC. High symmetry points of the irreducible

Brillouin zone is marked light blue [1]

2.3.2 Photonic Bandgap and Band structure:

Photonic crystals are also called photonic bandgap materials because of their unique feature- Photonic
Bandgap. In a PC, multiple reflections from surfaces separated by a distance similar to the wavelength
prevent an optical beam from propagating through the crystal. For example, in alD mirror, forward
and backward diffracted waves give rise to a standing wave in the structure as they reach their critical
wavelength. As the waves cannot propagate, there remain no waves within a certain interval as shown

in Figure 2-5, which is known as the photonic bandgap (PBG).

Photonic bandgap is the characteristic of PC that denotes the range of energy or frequencies where
light is prevented from propagation in certain directions with specified frequencies [1]. Within this

range of energies or frequencies PC cannot have any allowed mode [1][68]. When the propagation is
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prohibited in any direction from any source and for any polarization the bandgap is termed as a
complete bandgap for that certain frequency range [68]. In 1990 Ho et al. assumed a specific dielectric

3D periodic structure that can yield complete photonic bandgaps [1].

Band structure of a PC provides the most general information about the PC properties. The band
structure shows the dispersion relations between the time frequency and the spatial frequency (wave
number k). It is represented by a number of eigen-states or eigen-frequencies of an infinite periodic
structure. Constructive and destructive interference between forward and backward waves causes
either transmission or reflection of the radiation. The allowed frequencies within the PC structure are
denoted as its eigen frequency [68]. In a PC band structure, depending on the concentration of the

energy in the modes, the upper and lower region of bandgap is named separately.

2.3.3 Origin of Band Gap

The origin of bandgap lies in the distribution of electromagnetic energy inside the PC structure. A
harmonic mode in a dielectric medium tends to concentrate its electric field energy in high dielectric

region. According to the electromagnetic variational theorem which tends to minimize the following

functional:
_(w0n)
RRRNCID)
_ (VXEVXE)
wH) = )

_ [ @r|VxE(@)?|
[ d3re(n)|E(r)?|

(2.15)

This expression reveals that to minimize the electromagnetic energy functional, us, the denominator
needs to be maximized and for highest dielectric constant the minimum value of uf can be obtained.
Thus, to minimize ug, electric field E concentrates in high € region [1]. For dielectric contrast, the
energy concentration in different bands become different and the bandgap basically arises for the
difference in the field energy location. Generally, in one dimensional photonic crystals, bandgap arises

between every set of bands [1].

2.3.4 Master Equation

Photonic bands are obtained by the similar procedure to solid state physics theory, i.e. a master
equation which is obtained from the combination of Maxwell’s equation. This equation is transformed
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into an eigenvalue equation with a periodic boundary condition and computed based on the following

four approximations [1]:

1. The field strengths are small enough and can be considered in the linear regime.

2. The material is macroscopic and isotropic so that electric field, E(r, w) and displacement
field, D(r, w) are related by relative permittivity.

3. The material is dispersion free and a certain value of dielectric constant appropriate to the
frequency range of the physical system is considered.

4. Materials are transparent, i.e., €(w) is real and positive.

Based on all these assumptions, the Maxwell’s Equations can be written as:

V-H(r,t) =0 (2.16)
OH(r,
VX E(r,t) + Y, ;)r( v =0 (2.17)
V- [e(r)E(,t)]=0 (2.18)
V x H(r, t) — g,¢(r) aE(,();' _ 0 (2.19)

For mathematical convenience, the harmonic modes of both magnetic and electric fields are expressed

as a spatial pattern times a complex exponential:
E(r,t) = E(r)exp(—iwt)
H(r,t) = H(r)exp(—iwt)

Inserting the above equations into the Maxwell Equations, the following forms of the divergence

equations are obtained:
V-H(r)=0
V- [e(ME@®]=0
Then using Fourier domain, the two curl equations can be expressed in the following manner:

V X E(r) = iop H(r)
V X H(r) = —iweye(r)E(r)
Dividing second equation by €(r) and then again taking curl on both sides the Master Equation can be

obtained:

V % (Tlr)v X H(r)> = —iwgy(V X E(r))
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( i )V X H(r)> = —iwgy(iwpyH(T))

V X < (1)V X H(r)) = w?gyuoH(T)

( o7 H(r)) = w—;H(r) (2.20)

This is the master equation where, the vacuum speed of light, ¢ = 1/+/(1y€,) .This equation can be

. 2
presented as an Eigen value problem: OH(r) = % H(r)

Where O is the linear differential operator identifying the left side of the master equation in the

following manner:

OH(r) 2 V x < (1 ) V X H(r)) (2.21)

The above equation can be interpreted as: if H is an eigenfunction of some periodic structure which is
defined by periodic dielectric function &(r), the influence of the operator ® upon this function is equal

to the multiplication of this function by the constant which is called the eigen-value [68]. The

2
eigenvectors, H(r) represent the spatial pattern of the harmonic modes while the eigen values (’:—2 are

proportional to the squared frequencies of those modes. Since the operator ® is a Hermitian operator,

they have real eigen values which are orthogonal and they can be obtained from variational theorem

[1].
2.3.5 Bloch Theorem & Photonic Crystal Spectrum

Block theorem asserts that the solution in a periodic potential is always a product of two terms:

- A periodic function
- Aplane wave
According to Bloch’s theorem, the electromagnetic modes i.e. the eigenvector, Hi () can be expressed

as a plane wave modulated by a periodic function that shares the periodicity of the optical lattice :

Hy (r) = e*Tuy (r) (2.22)

where uy (r) is the periodic function on the lattice.
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The photonic crystal spectrum is nothing but the presentation of all the eigen values derived from the
Master equation. The eigen waves obtained from this equation are allowed to propagate along z

through the periodic structure and these EM waves are called the modes of the photonic crystal.

For a photonic crystal with discrete periodicity, all the information of its modes are contained within
the periodic Bloch function uy(r) and the wave vector k. To solve for ug(r), the Block states need to

be inserted into the Master equation [1]:

w(k)?
c?

@Hk = Hk

1 . w(k)? .
ikr — ikr
V % e V x e™Tu(r) 2 e

ik L _ ok)?
(ik+V) x m (ik+ V) X uk(r) = 2 uy(r)

uy(r)

2
B (1) = 2, (r) .23)

The above equation is helpful to determine uy, i.e., the mode profiles. Here @y 2 (ik + V) X ?1” (ik +

V) X, the new Hermitian operator which depends on k has been substituted.

Here k is a continuous parameter and for each value of k, it is possible to find an infinite set of modes
with discretely spaced frequencies that are labeled as band index n. For a given n, a continuous
variation of k yields a similar variation in frequency and thus a set of continuous function w(k) or the
mode profiles are obtained. The information derived from these functions are mainly termed as the

band structure of the photonic crystal [1].

For three different lattice type, band structures are plotted in Figure 2-5. Two different forms of
reduced Maxwell equation i.e., TM and TE are considered based on different radiation polarization.
TM polarization has non zero Ez, Hx and Hy and TE polarization has Hz, Ex, Ey components of the
field. These polarizations are defined based on which field vector has the component perpendicular to

the plane of photonic crystal.
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(d) (e) ()

Figure 2-5: (a) 1D array, (b) 2D square array, (c) 2D hexagonal array and (d-f) their band structures. Particle permittivity:12

and radius: 0.2a.

As already mentioned depending on the modulation of permittivity, at some specific range of
frequencies, the radiation cannot propagate inside the PC and in Figure 2-5 for all three cases there are
significant amount of gap is observed in between the bands marked with solid fill of colors. These are

the complete band gaps for each kind of crystal.

2.4 Whispering Gallery Mode Resonator

Whispering gallery modes (WGM) or waves are the electromagnetic surface oscillation in optical
cavity that correspond to waves circling around the periphery. The circulating waves interfere
constructively when the resonance condition (after one roundtrip they return to the same point with
the same phase (modulo 2m) is met and hence form standing waves. High Q-factors, low mode
volumes, small size, the ability to operate at optical (and telecommunication) frequencies of light and
the ease of fabrication and on-chip integration- are some of the intriguing features of WGM resonators.

[69]
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2.4.1 Historical Background

The term “whispering gallery waves” was introduced by Lord Rayleigh in the 19™ century to explain
the phenomenon of the whispering gallery located under the dome of St. Paul’s cathedral in London
[2][69][70]. Whispering gallery mode resonators were named after the path that the resonant light
follows as it circulates in the cavity. It was known that a sound (a whisper) uttered at one end of the
dome could still be heard loudly at the opposite end of the dome, a large distance away from the source.
By direct experiments using a whistle as a sound source and a burning candle as a detector, Lord
Rayleigh described this phenomenon as: sound seemed to cling to the rigid reflector like dome of St.
Pauls’ and creep only inside a narrow layer near the surface of the concave wall of the gallery [Figure
2-6]. The smooth, curved walls guiding the sound waves around the periphery of the gallery made it
possible. Also, in this case sound should decay in intensity only as the inverse of the distance while in
free space sound intensity decreases proportionally to the square of the distance from the source
radiating in all directions. Because of this slower decay rate in free space, whispers became audible
near the edges of the gallery. Sound waves taking any other path to the listener generally get dissipated

or scattered en route. [70]

\@) W) V)
Figure 2-6: (a) A view of the dome of St Pauls Cathedral from below. (b)A sketch of the whispering gallery and (c) the
sound intensity profile showing the whispering gallery phenomenon that Lord Rayleigh studied [69]

In the beginning of the 20™ century its was found that like sound waves, WGMs also exist for light
waves where specific resonances (or modes) of a wave field get confined inside a given resonator
(cavity) with smooth edges due to continuous total internal reflection (TIR). So in other words, WGM
optical resonators are dielectric structures capable of trapping light in paths around the periphery like

the one happened in St Pauls’ [70].
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Apart from light waves, whispering-gallery waves have also been demonstrated for other
electromagnetic waves such as radio waves, microwaves, terahertz radiation, infrared radiation,

ultraviolet waves and x-rays. [71].

2.42 Modeling WGM Resonator

A circular cross section can typically contain WGM enabling light to be trapped as it propagates near
the periphery. Electromagnetic whispering gallery waves propagate in the concave region if it has
larger permittivity than the surrounding region. In order to excite WGMs, there should necessarily be
a concave interface between two dielectric media with different permittivities defined as ¢, = €] —
ie] and &, = €}, — i€}, . For example, a dielectric cylinder with €] > 1 surrounded by air with €,=1 can
sustain WGM. To excite WGM, the interface must have a shape of the solid of revolution, i.e., rod,

sphere, hemisphere, toroid or cone [71].

Figure 2-7: Magnetic Field profile (Hz) of a 1um Polystyrene microsphere in air medium at (a) 341 nm (b) 370 nm. Particle

is illuminated by point dipole source.
For a 1um polystyrene microsphere whispering gallery mode profile is observed as shown in Figure

2-7. The difference between the refractive index at the interface between the particle and surrounding

medium is met as the particle is kept in air medium.
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2.4.3 Resonance:

Whispering gallery modes have extraordinary optical field intensity and their energy is mainly
confined to the region near the boundary. Total internal reflection at the interface between the resonator
and the surrounding medium confines light in WGM resonators as displayed in Figure 2-8.

In a spherical structure, optical resonance occurs for light that has an optical path length to complete a
round trip in the sphere as a multiple integer of the light wavelength, A. So, for a sphere with refractive
index n and equatorial radius R, resonance condition is met when

2mRn = mA (2.24)

where m is an integer representing the azimuthal mode number and m>>1 [71]. Constructive
interference occurs under these conditions, allowing the circulating intensity to grow until the rate at
which light is coupled into the cavity is balanced by the rate at which it is lost. This phenomenon is
referred to as resonance and the electromagnetic field profile that describes the path the resonant light

takes is called the mode.

Figure 2-8: Ray of light propagation by TIR in a spherical cavity. (a) on resonance (b) off resonance

Any change in R and n affects the resonant wavelength in the following manner [71]:
dR 4 dn dA
R n A

Thus, any perturbation of the refractive index or cavity path length will change the resonance

(2.25)

wavelength of the WGM resonator. Since the spatial field profile depends on the wavelength of light,
the effective refractive index changes as well as the mode number for a certain resonator. In Figure 2-

7, for two different resonance wavelength, WGM profile shows two different mode number for a lum
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polystyrene particle in air medium. The change in the effective index profile accounts for this
phenomenon and it supports the above equation.
For more accurate consideration of the distribution of optical intensity that spans both the resonator
and the surrounding medium, n in equation (2.24) can be replaced with n.g which is defined as:
_ [n()E@)*dr
Teft = T TE@2dr (2.26)
2.44 WGM Mode Structure

The true mode frequencies within a circular resonator are given by the eigenvalues of the appropriate
wave equation. In this regard, an example of scalar wave can be considered in an idealized whispering
gallery namely a 2D circular cavity of radius R [Figure 2.9]. The electromagnetic field profile for such

a WGM resonator with refractive index n can be described by the Helmholtz equation:

2,2

w
V2E +

—E=0 (2.27)
C

The resonator is placed in a medium that affects its field profile. For a WGM cavity like the one shown

in Figure 04, a jump in n(r) results in two separate Helmholtz’ equation: [2][69][72]

(1)21'12
V’E+——E=0forr <R

- (2.28)
5 wnj
V°E + p E=0forr >R

n; and n, are the refractive index of the resonator and the surrounding medium. The above equations

can be written in terms of H also.

Figure 2-9: A disc with radius R and refractive index n;, refractive index of the background medium: n,

Time harmonic oscillation of the field is a mandatory assumption to obtain the resonant solution to the
equation of a whispering gallery profile and this oscillating behavior is defined by a time dependence
of e71®t in this case w can be a complex number. Since the field of such a cavity is generally lossy,

the physically relevant solution should have the same decaying nature. Therefore to obtain the desired
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decay, the real part of —iwt will be negative with a positive imaginary part of w. For the target

2mc
"

wavelength A, the relationship between w and A can be expressed as: Re(w) =
For a circularly symmetric structure, the fields can be expressed in terms of cylindrical coordinates (r,
¢). To get the desired resonance the fields should be exactly equal to the original fields after making
one roundtrip. This results in an angular dependence e'™? of the electric field, where m is an integer.
Hence, the electric field associated with TE polarization (Ey, Hx and H,) has the form E(r; @; t) =

E,(r) elmé-0t qupstituting this into the Helmholtz equation of equation 2.27 [70]:

G . 229
or2 ror 2 pz | v 2.29)
Multiplication of the above equation by r? gives the Bessel equation
92 a w?n?
2_— — 2 —_ 2 = 2
[r 52 +r ar+r > m ] E,(r)=0 (2.30)

Solutions of this equation are the Bessel functions J and Y. Based on the boundary conditions, a
suitable combination of the fundamental solutions J and Y has to be chosen for each region. A detailed

description of the mode equation and its solution can be found in reference [2][70].

2.4.5 Optical Modes and Mode numbers:

Electromagnetic modes that are of whispering gallery type have the property that their energy is
mainly confined to the region, i.e. highly localized near the boundary. Due to the effect of total
internal reflection these modes are much better confined inside the cavity (higher Q-factor) than

(most) other eigen modes of the cavity [2][69].

The spatial structure and the resonance frequency of each WGM is characterized by a unique set of
numbers, i.e. the polar, the azimuthal, and the radial mode number 1, m, and n, respectively. 1
corresponds to angular mode number that depends on the equatorial length, expressed in number of
wavelengths, m is azimuthal mode number and n represents the number of maxima along the radial
direction [73]. Figure 2-10 and 2-11 show the mode profile of two different sized microsphere. In
Figure 2-10 the azimuthal mode number varies with the effective refractive index of the cavity. In
Figure 2-11 for a slightly larger polystyrene particle different mode numbers are observed with

evolution of resonance wavelength.

25



\a) V) )
A A A

Figure 2-10: Whispering Gallery Eigen mode profile across the cross section of a Ipum polystyrene microparticle.

Azimuthal mode number, m ()6, (b)8, (¢)10 (d)12, (e)14, (f)16.

\\) \<) \1)

Figure 2-11: Electric Field Profile of a Polystyrene sphere (refractive index=1.574) in water medium, radius 1.6um. Mode
number and resonant wavelength(Ar): Top row: (a) m=6,n=1.Ag= 2.62um;(b) m=4,n=2, Ag= 3.9um; (c) m=6, n=2, Ag=
2.58 um. Bottom row : (d) m=8, n=2, Azg= 1.92pum; (¢) m=6, n=3, Ag= 2.53 pm; (f) m=8, n=3, Ag= 1.88um.
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2.4.6 Resonator Parameters

The resonant parameters of a WGM resonator quantifies different aspects of the resonant cavity and

help to describe its spectrum obtained from the eigen frequencies.

2.4.6.1 Quality Factor:

To determine the efficiency of a resonator for confinement of light and the optical intensity in the
resonant cavity of a WGM, the quality factor Q acts like a figure of merit. The Q factor is proportional
to the decay time of the waves, which in turn is inversely proportional to both the surface scattering
rate and the wave absorption in the medium making up the gallery. It can be defined as:

Stored Energy Wy
% Power Loss " 7 Awpwam

where w, = 2mv, is the angular frequency, here v, is the frequency of the resonance, T is the time
required for the field intensity to decay by a factor e, Awpwym = 1/7 is the linewidth of the full width
at half maximum of the resonance peak.

Since Q factor provides an estimation of the decay time of the energy stored inside the resonator in
terms of the number of total field oscillation (times 21), high-Q basically denotes a longer decay time
for the electromagnetic field stored within the resonator cavity [69]. In a WGM resonator, a high value
of Q is generally obtained as total internal reflection ensures almost perfect guiding of the light waves
near the periphery of the resonator cavity [69]. This means, the higher the Q factor, the higher the

energy stored inside the resonator.

The limiting factors of Q are dielectric, metal and radiation losses [71]. Different loss mechanics that
can impact the Q factor can be expressed as [69]:

1 1 1 1 1

Q" Quat ' Qourt  Qocart * Qena

Qmat: describes intrinsic material absorption
Qgurf: surface absorption losses (due to surface coatings or adsorbed material, for example due to
adsorbed water or due to other contaminants)
Qscatt: scattering losses (intrinsic and inherent to the surface of the cavity, such as imperfections in the

form of surface-roughness).
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Qpend: bending loss (or whispering gallery or tunnel or radiation loss). WGM is generally termed as a
leaky mode as incomplete total internal reflection ultimately results in transmitted waves that leak in

the lower refractive index region.

2.4.6.2 Mode Volume:

Apart from temporal confinement of light defined by Q-factor, mode volume is an important
performance parameter that defines the extent of spatial confinement of a WGM mode. Small mode
volume is a requirement for a gopod WGM resonator. The ratio of energy stored inside the resonator in
that mode to the maximum energy density of that mode is termed as the mode volume of a field
eigenmode in a resonator [69][74]

Stored Energy Density [ e(r)|[E(r)|?d®r
Maximum Energy Density ~ max( &(r)|E(r)|?)

VMode =
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CHAPTER 3

MODEL AND GEOMETRY DESCRIPTION

3.1 Maxwell Stress Tensor and Optical Force
The time averaged optical force acting on a particle due to harmonic fields may be calculated from the
Maxwell Stress Tensor (MST) which is already mentioned in Chapter 02. In this work, the net force
on individual microparticle is computed by integrating the MST over a closed surface surrounding the

particle.

MST is a symmetric second-order tensor used in classical electromagnetism that models the interaction
between electromagnetic forces and mechanical momentum. This is one of the most extensively used
methods in calculating optical force and torque functioning on an illuminated object. MST method is
based on the conservation laws of electromagnetic wave momentum involving the current densities of
linear and angular momentum [76-77]. For a trapped spherical particle, the total electromagnetic force

may be determined by applying MST in the space surrounding the particle [77].

Figure 3-1: Lorentz force (per unit -volume) f on a continuous charge distribution (charge density p) in motion. The current

density J corresponds to the motion of the charge element dq in volume element dV and varies throughout the continuum.

MST is derived from the Lorentz force law. According to this law, the total electromagnetic force, F

on the charges in volume V is expressed as:

F=q(E+v XB) (3.1)
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Dividing equation (3.1) by V, Force per unit volume is obtained as:

f=p(E+v xXB)=pE+] XB

Eliminating p and J using Maxwell’s equations (2.1) and (2.4):
1 OE
f= .E)E (— X B) — —)xB
o (V.DE+ (- (VX B) — g0
Now, using the law of vector products:

a(E><B)— aExB+ E xaB
at T ot at

And also from Faraday’s Law:

aB— VXE
ot

So,
a(E><B)— aExB E X (VXE
ot T ( )
Thus,

f= ¢[(V.E)E —E ><(VxE)]—i[Bx(VxB)]—soi(ExB)
Ho ot

Just to make things look more symmetrical, a new term is introduced since: V.B = 0
And from product rules:

V(E?) =2 (E.V)E + 2E x (VX E)
1
Ex (VXE) = EV(EZ) — (E.V)E

And the same goes for B. So now f can be rewritten as:

f=c¢ [(v E)E — 1v (E®) + (E V)E] +i[(v B)B — 1\7 (B®) + (B.V)B] —¢ i(E x B)
—_ 0 . 2 . . uo . 2 . . Oat

1 1 1
= g[(V.E)E + (E.V)E] + —[(V.B)B + (B.V)B] — =V [SO(EZ) + — (BZ)]
Ho 2 Ho

It can be simplified by introducing the Maxwell stress tensor [78]:

1
5 8ib?]

1.1 1

i)
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where: 1,j=Xx,y,zorl,?2,3;i.e.thei,jindices of Maxwell’s stress tensor physically correspond to

the x, y, z components of the E & B-fields.

It can also be expressed in the following form:

TXX TXy TXZ T1 1 T1 2 T1 3
T = Tyx Tyy Tyz = (TZ 1 Tz T3 )
sz sz Tz z T3 1 T3 2 T3 3

The Kronecker delta, 8, is 1 if the indices are the same (8;; = 8yx = 8yy = 6,, = 1) and zero otherwise

(Sij = 6xy = 8yz =8,x=0).

1 1
Tex = 5 go(EZ — EZ — E2) +u—O(B§ — BZ - B2)

1
Ty = €0(ExEy) + E(BXBy)

The divergence of T has its jth component:
= 1 1 2 1 2
V.T = &o[(V. D)E; + (E.V)E}] + — [(V.B)B; + (B.V)B;] — 3 V; [0 (%) + - (B?)]
Thus the force per unit volume, f can be written in the much simpler form:
f=V.T 0 (E x B)
= V.T—¢g—
0at
Then the total force, F on the charges in V is evidently:
> a
F= j V.TdV — gy —(E X B)
v ot

The first term of the force equation can be transformed into a surface integral using divergence

theorem:

> a
F—j{;T.ndS—soa(ExB)
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The field momentum is zero when it is averaged over one oscillation period. In the static case the
second term drops out and so the time averaged electromagnetic force on the charge configuration can

be expressed entirely in terms of the stress tensor at the boundary.

So, the time averaged optical force:

(F) = f(f).nds (3.3)
S

n is the unit normal of the closed surface S.

The force is entirely determined by the electric and magnetic fields on the surface dS. It is interesting
to note that no material properties enter the expression for the force; the entire information is contained
in the electromagnetic field. The only material constraint is that the body is rigid. If the body deforms
when it is subject to an electromagnetic field the electrostrictive and magnetostrictive forces need to

be included [60].

3.2 Numerical Solution of Maxwell Equations and FDTD method

In this thesis work, electric field distributions of all the systems considered are computed in the near
field employing Finite Difference Time Domain (FDTD) analysis of Maxwell’s equation of
electromagnetics. The obtained field distributions are then applied to Maxwell Stress Tensor in order

to estimate three dimensional (3D) optical forces acting on individual particles [79].

Finite-difference time-domain or Yee's method is one of the simplest and most popular numerical
techniques, in electromagnetics for modeling nanophotonic devices, processes, and materials which
provides the solution of Maxwell’s equations in the time domain. The technique was first proposed by
K. Yee and then improved by others in the early 70s. The time-dependent Maxwell's equations (in
partial differential form) are discretized using central-difference approximations to the space and time
partial derivatives. The resulting finite-difference equations are solved in a leapfrog manner: first the
electric fields, then the magnetic fields, are computed at each step in time; calculation is continued
until all field values have decayed to essentially zero (at least 60dB down from the peak) or a steady-
state condition has been reached. In addition to time domain, FDTD can also obtain the frequency
solution by exploiting Fourier transforms, thus a full range of useful quantities can be calculated

[79][80].
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Figure 3-2: Yee cell for FDTD method

As already mentioned, the FDTD method solves Maxwell equations on a discrete spatial and temporal
grid. Each field component is solved at a slightly different location within the grid cell (Yee cell). Each
FDTD cell has six field values associated with it: three electric fields and three magnetic fields.
Additionally, each cell has six flags associated with it to indicate the material type present at each of
the six field locations. When many FDTD cells are combined together to form a three-dimensional
volume, the result is an FDTD grid or mesh. FDTD simulation uses a rectangular, Cartesian style mesh.
Fundamental simulation quantities (material properties and geometrical information, electric and
magnetic fields) are calculated at each mesh point. The FDTD solver provides a number of features,
including the conformal mesh algorithm, that provides accurate results, even when using a relatively

coarse mesh.

Figure 3-3: FDTD Algorithm
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Thus the objects are discretized in space using Cartesian Grid, then using FDTD cell called Yee cell
the locations of Field components are defined. Then the continuous derivatives are replaced with
differences i.e., the derivatives in time and space are approximated as differences. By time marching
difference equations solution evolves. This method is known as leapfrog algorithm [79]-[81]. Figure
3-3 shows schematically the algorithm and Figure 3-4 presents the MST based optical force

computation technique used in this research.

Figure 3-4:Maxwell Stress Tensor based Optical Force computation technique.

When calculating MST by the FDTD method, the structures are surrounded by Perfectly Matched
Layers in all three directions, x, y and z directions. After FDTD modeling of the Maxwell’s equations,
MST is computed based on the calculated electric and magnetic fields Lumerical FDTD is used to

carry on all FDTD simulations required for this research.

3.3 Geometry Description

The influence of optical force is considered for the reorganization of the following configurations. For
all periodic and rotationally symmetric structures, the PS micro particles with diameter Ipum are
considered. Based on the dispersion calculation for PS, the particle refractive index, n, is considered
1.574 at 980nm [82]. The refractive index of the surrounding medium is water with refractive index,

nm of 1.33.

3.3.1 Geometry of Polystyrene (PS) Photonic Crystal
Polystyrene(PS) microparticle based on one and two-dimensional periodic arrays submerged in a
liquid medium are considered for photonic crystals. For both 1D and 2D PC, the investigation on their

reconfiguration process using optical force is carried out for PS particles with diameter of which is of
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the same order of magnitude as the wavelength of the trapping Gaussian laser beam. The illumination

wavelength is denoted as ho=0.980pum.

For a 1D PC, a 1D periodic array is considered which consists N no of PS particles aligned along the
beam axis submerged in liquid medium, water (nm=1.33). For an array consisting 2N+1 particles, the
center particle is placed at (0,0) point and named “M”. The particles to the right of “M” are marked as
R1,R2,....... ,RN and the ones to the left of “M” are marked as L1,L.2,L3,......... ,LN. The set-up used
for 1D PS PC is displayed in Figure 3-4.

Figure 3-5: 1D array of 2N+1 no of PS particles in a dual Gaussian beam system. “a” is the interparticle spacing between

the PS spheres. M is the center particle.

For 2D PC, two dimensional (2D) arrays of NxN PS particles arranged in a square are considered and
submerged in water (background medium refractive index, nn=1.33). In Figure 3-5, a PS 2D PC is
demonstrated which is periodic along x and y direction and homogenous along z. This material consists
of square lattice of columns consisting PS spheres with diameter 1um. For 2D PS PC, two different
sets of polarization are taken into account: TE and TM modes unlike 1D. In TE mode, H is normal to

the plane of PC while for TM polarization E is normal to the xy plane.

Figure 3-6: 2D Square PC with PS particles submerged in water medium. It is periodic along x and y with lattice constant
a. The square black box denotes the unit cell of the square lattice and the blue arrow marks the lattice constant, a. Particle

radius is 0.5um
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Three different set of arrays: 3x3, 5x5 and 7x7 are investigated to study their reconfiguration process
in presence of light force exerted from dual Gaussian Beam system. For a NxN square array of PC
microparticles, the middle row is always aligned with the beam axis. The only difference from 1D set
up is that now the particles are not confined only in one direction rather in two. The interparticle
spacing, a now denotes the center to center distance from each other in both x and y directions. Figure
3-6 shows the arrangement used for exerting optical force on 2D square arrays using monochromatic

Faussian beam light sources illuminated from two opposite ends.

Figure 3-7: A N by N Arrow of PS (ny=1.574) particles in a dual Gaussian beam system. Particles are submerged in water

(nn=1.33) medium. The array is periodic along x and y direction. Particle radius 0.5um. In this case, N=7.

3.3.2 Geometry of Polystyrene (PS) Whispering Gallery Mode Resonator
Whispering Gallery mode resonators are designed using similarly submerged rotationally symmetric
arrays of PS microparticles. Also a 2D hexagonal array of PS particles are considered to study their

resonant characteristics.

Whispering gallery mode (WGM) resonators are designed using similarly submerged rotationally
symmetric arrays of PS microspheres. For observation of the impact of optical force in a dual Gaussian
beam system, the unit cell of such a large WGM consisting PS microparticles arranged in a rotationally
symmetric manner is taken into account. Figure 3-8 shows such an arrangement for 7 PS microparticles
arranged in a hexagonal manner with a particle at the center position. The centered row aligns with the

dual beam axis.
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Figure 3-8: 2D hexagonal PC with PS particles submerged in water medium. It is periodic along x and y with lattice
constant a. The hexagonal black box denotes the unit cell of the hexagonal lattice and the blue arrow marks the lattice

constant, a. Particle radius, r=0.5um.

Figure 3-9: Unit Cell of a hexagonal photonic crystal placed in a dual counter propagating Gaussian Beam. The centered

array is aligned with the beam axis. Particle radius: 0.5um.

For all the geometries studied in this thesis, the interparticle spacing “a” mainly points to the center to

center distance between particles.

3.4 Counter propagating Dual Gaussian Beam System

In order to exert optical force, the counter propagating monochromatic Gaussian beams with equal
power are used. Each of them has a beam waist, o= 3pum. The beam waists are separated by a finite
amount, D.

In our set up of counter propagating dual Gaussian beam [Figure 3-9], X axis is termed as the beam
axis connecting the two beams. Gaussian beams are aligned with centers at x=—D/2 for the forward
field and x=D/2 for the backward field, where D denotes the distance between beam waists. In this set

up D is 160um and the beams are identical except their propagation direction is opposite to each other.
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The dielectric sphere is illuminated by time harmonic incident EM field, E;,. = EoX exp(ikz —iw t) +

EoX exp(—ikz — iwt) modeled by the Gaussian monochromatic beams of the same intensity, with

angular frequency ® and wave vector, k=w/c.

X

Figure 3-10: A single polystyrene microparticle placed in between two Gaussian Beam with D=160um. Propagation

direction is along X axis. Polarization angle: 0 degree.

All the structures considered for analysis are placed in between the dual beam system. Commonly, the

illumination intensity of each beam is taken to be 127.6mW/um?. A generalized idea of the Gaussian

beam waist radius is displayed in Figure 3-10.

Figure 3-11: Gaussian laser beam profile showing the beam waist as a function of distance from focal plane. The X axis is

the propagation axis. The beam waist or the spot size is 2w, In our set up. waist radius, wo=3um.
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CHAPTER 4

RESULTS AND DISCUSSION

According to the models and formulations described in the previous chapter, optical force tuned
reconfiguration of the Polystyrene(PS) microsphere based periodic and rotationally symmetric
structures is analyzed. In this chapter the behavior of optical forces acting on the geometries mentioned
in Chapter 2 are investigated and their resonant characteristics with and without the effect of optical

force are discussed with illustrations.

4.1 Optical Force Tuned One Dimensional (1D) Polystyrene Array
In this section the behavior of optical forces acting on 1D array of periodic dielectric microparticles in

a dual counter propagating dual Gaussian beam system are studied.

4.1.1 Monosphere Optical Trap

Figure 4-1: A single PS microparticle at the center of dual Gaussian Beam with D=160um. Particle radius: 0.5um and

refractive index, ny=1.574. The particle is fully submerged in water.

At first the optical force acting on a single PS particle is computed using Gaussian beam system
exerting wavelengths of light within the range of 0.4um to 1um. For the configuration showed in
Figure 4-1, the force components acting along x, y and z direction are plotted in Figure 4-2. As the
particle is placed along the beam axis, the y and z components of force are almost negligible. This
supports the fact that the Gaussian input beams supply strong enough confinement to direct the motion

of the sphere motion along the beam axis [2] and so the x component of the force becomes the point
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of interest in 1D case. Here, positive Fx denotes a force acting along positive x direction and negative
Fx means the opposite. This plot infers that for light above 850nm, the magnitude of optical force is
almost zero and the current position of the single PS particle, i.e., x=0 is its equilibrium position in this

dual beam trap.
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Figure 4-2: Optical Force acting on a PS microsphere in a dual Gaussian Beam and submerged in water. Black, red and

blue lines represent X, Y and Z component of the Optical Force.

To check the force dynamics with the variation of particle position from -6um to 6um i.e., from
negative x axis to positive x position the optical force acting on this mircoparticle is computed for
monochromatic illumination of 2 = 980 nm with same light intensity. Figure 4-3 shows that at x=0
position, the force along x direction is perfectly zero. The equal segments of positive and negative
force marked by the green dotted arrow also marks x=0 as the stable position of this single
microparticle in dual beam trap. It also conforms to Figure 4-2 as it shows that an illumination
wavelength of 980 nm can stabilize a single PS particle at the center of the dual beam trap. The
alternating attractive-repulsive nature of force is the indication of the phase of the EM fields that

evolves with the particle position [83].
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Figure 4-3: X component of Optical Force, Fx at various position of X axis. The symbols represent the computed value

and the solid line represents the interpolated values. Green dotted circle marks the stable position of the particle.

4.1.2 Equilibrium Positions of N-particle array
Before discussing the reconfiguration process of a N particle 1D array by the application of optical
force, a set of three particles is considered at the first stage. The PS micrsopheres are arranged along
the counter-propagating beam axis with initial interparticle spacing, a=2um with the same

configuration of light source [Figure 4-4].
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Figure 4-4: Three particle array of PS particles in a dual beam system. Particles are submerged in water.

The value of a is varied from 2 pm to 20pum with an interval, A of 2um and the force acting on M, R1
and L1 positioned particles are computed for each “a” and plotted in Figure 4-5. The force on the
middle particle is negligible and so the center position is the stable position of the particle marked M.
The forces on the other two particles (L1 and R1) are symmetric. They provide multiple zero crossing
points as they alternate sign. The interplay of the scattered photons by the three particles influence
each other’s stable position followed by the redistribution of the incident light [57]. Therefore, the
force acting on each particle becomes different in presence of other two particles. Since the equilibrium
spacing for an N particle array are obtained by calculating the optical force as a function of interparticle
spacing and locating a point where the optical forces are zero and dFx/dx<0 [41][83], the same

procedure is followed for this 3 particle array.

Stable positions marked using green arrow in the Figure 4-5 correspond to zero-force positions but the
more stable case is when a=4.2pm around which the negative and positive force segments are
equivalent. An increase in the interparticle separation from the stable position would induce an
attractive restoring force, whereas a reduction would induce a repulsive restoring force as illustrated
in Figure 4-6. Initially at a=2pum R1 faces a positive force while L1 faces a negative Fx. So they try to
move away from each other weakening this repulsion. At around 4.2pum, the photoinduced force on all
three particles become zero and they remain stable at this point. If the interparticle spacing is changed
from 4.2um to 6pum an attractive force is induced on the R1 and L1 particles that act along the negative

and positive x direction respectively and draw them toward M.
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Figure 4-5: Optical force along X direction, Fy as a function of distance between neighboring particles in a 3 particle PS

array. Stable positions are indicated by green arrow.

Figure 4-6: Force direction in a 3 particle system. The top row presents the direction of force before reaching equilibrium
position, the middle row shows the equilibrium position and the bottom row presents the force direction after crossing the

equilibrium position.
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Figure 4-7: 1D array of 13 PS particles in a dual Gaussian beam system. Here, a : Interparticle spacing between the PS
spheres. The ones along right of center particle, M are marked as R1, R2, R3..... and those are left areas L1, L2, L3....and
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Figure 4-8: Optical Force as a function of interparticle spacing. Here, Fx is the X component of force acting R1 positioned

PS particles and, N=no of particles in the system. Stable positions are indicated by green arrow.

Now the equilibrium positions of an array consisting more than three-particles are investigated. For
increasing N from 3 to 13, the force magnitude goes higher accordingly as displayed in Figure 4-8 to
4-13. For symmetric nature of optical force, only the force components acting along x direction and
on right hand sided particles are plotted. As there are more number of scatterers in the system, the
force magnitude of each particle goes up for the additional contribution from the new scatterer
introduced in the system. For each N in the dual beam trap, the stable interparticle spacing, “a” is

identified using the same method described above.
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Figure 4-8 records the Fx on all R1 positioned particles for N=3,5,7,9,11 and 13. Within the considered

range, two zero crossing points are obtained for the same R1 particle.
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Figure 4-9: Optical Force as a function of interparticle spacing. Here, Fx is the X component of force acting R2 positioned

PS particles and, N=no of particles in the system. Stable positions are indicated by green arrow.

As shown in Figure 4-9, all the force curves obtained for R2 positioned PS microparticles go from
positive to negative near a=8.5um. The curves change their shape from the ones obtained for R1
particles. It is an indication that the electromagnetic(EM) waves change phase from particle to particle

depending on their position from the source and also from the center of the beam axis.

The pattern of optical force changes for R3 particles too but there is a similarity of the pattern of optical
force curves with the one obtained for R1 particles in Figure 4-8. According to Figure 4-10, around
a=4.47um there is one equilibrium position for all R3 positioned particles in the systems with N=

7,9,11 and 13.
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Figure 4-10: Optical Force as a function of interparticle spacing. Here, Fx is the X component of force acting R3 positioned

PS particles and, N=no of particles in the system. Stable positions are indicated by green arrow.

Figure 4-11 portrays the change in optical force acting on R4particles when the size of the 1D array is
9,11 and 13. It shows that the curves interpolated from the data points computed for R4 positioned
particles with different “a” shows similar trend as the ones obtained for R2 positioned microspheres.
Observing such trends of optical force in a 1D array, it can be inferred that the shape of the force curves
repeats itself in a periodic manner along with the change in phase of EM waves depending on the

particle position.
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Figure 4-11: Optical Force as a function of interparticle spacing. Here, Fx is the X component of force acting R4 positioned

PS particles and, N=no of particles in the system. Stable positions are indicated by green arrow.

For two 1D arrays with N=11 and 13, Fx component of optical force is plotted as a function of
interparticle spacing in Figure 4-12. It shows that for “a” = 4.73um, the R5 positioned particles become
stable in a dual beam configuration. And also in a similar manner the shape of the interpolated curves

obtained for RS particles match the ones plotted for R1 and R3.

Next in Figure 4-13, the Fx component of optical force acting on R6 positioned particle resembles the
shape observed for R2 and R4. When N=13, Fx becomes zero with a negative slope when their

interparticle spacing is around 4.9pum.

From all the force components plotted above, one thing is evident that depending on the position of
each particle in the system the force directions i.e., phase of the electromagnetic waves change but this
change maintains a repetitive nature. Also this investigation points to the fact that, a certain particle
depending on its position from the center of the beam axis, always maintains same stable interparticle
spacing irrespective of the total number of particles present in the 1D structure. But there might be

several possible equilibrium positions for the same microsphere as was observed by v. kar’asek et al.
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in their Coupled Dipole Method based force model [84]. Based on these stable points predicted from
the force curves, Figure 4-14 is plotted for N=13 which exhibits inhomogeneous spacing of the

particles.

0.8 —4— N=11

i l\.\ —»— N=13
0.0
-0.8 | -

Optical Force, Fx (pN)
[\
N

2 4 6 8 10 12
Interparticle Spacing, a (um)

Figure 4-12: Optical Force as a function of interparticle spacing. Here, Fx is the X component of force acting R5 positioned

PS particles and, N=no of particles in the system. Stable positions are indicated by green arrow.

Dielectric objects like PS particle with a refractive index larger than the index of the surrounding liquid
(in our case water) are drawn toward the high field intensity region, so each particle behaves like a
seeker of local intensity maximum of the electromagnetic field nearby [41]. However, apart from the
combination of two force components exerted by the two counter propagating, slightly divergent light
beams emerging from the two opposing ends, another force component termed as the scattering force

play a key role in this regard.

In a multiparticle configuration, each particle acts as a scatterer and rearranging itself in the light field,

each object changes the field distribution for the other objects in the trap. Thus the objects eventually
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rearrange themselves in patterns of low potential energy with respect to the gradient force in a self-
organized way. In our case the particles placed along the beam axis align axially and are suspended in

space by the application of light force exerted by the counter propagating laser beams [41].
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Figure 4-13: Optical Force as a function of interparticle spacing. Here, Fx is the X component of force acting R6 positioned

PS particles and, N=no of particles in the system. Stable positions are indicated by green arrow.

Two force components: scattering and gradient force result from the beams from the two opposite ends
and also by the spherical particles present in the system. The reflection of photons at the boundary of
the particles cause them to move along the beam direction. This is termed as longitudinal trapping
while the gradient force is responsible for transverse trapping that arises due to the refraction of
photons. Gradient force holds the particles on the beam axis. When a single PS particle (2r=}) is
considered to be submerged in water medium, the contribution of these two forces push the particle at

the center of the two beams as shown in Figure 4-2 and 4-3.
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Figure 4-14: Stable positions of a 1D array of 13 PS particles (n,=1.574) submerged in water medium. Illumination

Wavelength: 980nm.

As the number of particles in the system is increased, N from 1 to 3 to 13, there are now more number
of scatteres of the incident beam. Therefore, the built-in feedback mechanism between the distribution
of the particles and the distribution of the light field align them in a self-consistent manner that
corresponds to the minimal energy solution realized by the system [41]. The PS spheres spaced with a
certain interval within the water medium acts like a diffraction grating whose grating constant is the
interparticle spacing, a. In fact, the refractive index contrast between the PS and water creates a
modulated potential function and the self-consistent approach leads a to value so that each sphere is
located in an optimally shaped potential minimum [41]. However, it is observed that the zero crossing
points do not point to the same “a” for each particle in the system. Therefore, if a periodic array of PS
particles submerged in water medium is illuminated by dual Gaussian wave of 980nm, it will
eventually be rearranged in an aperiodic manner in presence of photo-induced forces provided that
other parameters like background Brownian motion, medium viscosity, thermal expansion are

neglected.
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Figure 4-15: An Array of 21 PS particle submerged in water medium in a dual Gaussian Beam trap. All the particles are
not explicitly displayed.

As a second attempt, an array of 21 particles submerged in water medium [Figure 4-15] is illuminated
with light of same intensity and wavelength. But this time, the value of A is reduced to 0.5um for better
resolution and better prediction of the stable positions. Figure 4-16 shows that for both N=3 and 21 the
stable points coincide for R1 positioned particle whereas instead of one stable points within the same
interval now 3 possible points are obtained. In a similar manner the other equilibrium points are

computed and plotted in Figure 4-17 for all other particles present in a 1D array of 21 microspheres.
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Figure 4-16: Optical Force, Fx of R1 positioned particle in the 1D array of 21 PS particles (n,=1.574) submerged in water
medium. [llumination Wavelength: 980nm. Here, gap between each data point, A=0.5um. The black and red symbols

represent data points for N=3 and 21 PS particles in the system.
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Figure 4-17: Stable positions of a 1D array of 21 PS particles (n,=1.574) submerged in water medium. Illumination
Wavelength: 980nm.

Both Figure 4-14 and 4-17 represent aperiodic arrangement of the PS microparticles due to the exertion
of optical force upon them. This phenomenon points to the fact that, no matter how closely spaced the
stable points are, the reconfiguration process under 980 nm illumination cannot yield a periodic

configuration.
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4.1.3 Intensity Profile of Optical Force in a 1D array
The light induced force is considered to be proportional to the intensity of the incident light [83]

Incident light intensity is related to the Electric field by : [ = %csonmEZ, where E is the magnitude of

the electric field of the incident light, ny, is the refractive index of the background medium and c is the

velocity of light.
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Figure 4-18: Optical Force vs Incident Light Intensity in a 5 particle system. Particles are arranged in a row with a=1.5um

and particle radius is 0.5 um. Incident light wavelength is 980nm.

To investigate the change in photon induced force with increased light intensity Figure 4-5 is presented
where a periodic array of 5 PS microspheres with a=1.5um are placed in the dual beam set up and
illuminated by 980 nm light but with different intensities. The magnitude of force is recorded for all 5
particles. When the incident light intensity is increased from 10mW/um? to 1000mW/um?, the
magnitude of light force increases in a linear manner. A similar phenomenon is observed when the
array is extended to a 21 PS microspheres submerged in water medium. Figure 4-19 shows the change
in Fx for various intensities of incident light on R1. Both Figure 4-18 and 4-19 represent that increasing
intensity leads to a larger magnitude of optical force. But the zero crossing points coincide for all
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incident light intensities. Ultimately, this proves the fact that intensity variation of the axial beam
profile does not influence the longitudinal optical binding [57] and hence the reconfiguration process

of a 1D array.

Interparticle Spacing, a (um)

Figure 4-19: Optical Force, Fx acting on R1 positioned particle as a function of Interparticle spacing for different incident
light intensities. The blue, green and violet curves are 45x, 15x and 5x zoomed for better representation. Here N=21 and
nm=1.33 (water).

This is further illustrated in Figure 4-20 which shows that even after increasing the intensity from
ImW/um? to 10*mW/um?, the equilibrium positions remain same and results in the same aperiodic

configuration as is obtained for 127.6 mW/um? illumination.
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Figure 4-20: Stable Positions of different Microspheres after applying Optical Force of Different Intensity. N=21 and nm

=1.33. For symmetry considerations L1, L2......... L10 particle positions are not shown.

4.14 Different Background Medium and Reconfiguration of 1D array
Difference in refractive index between the microparticle and background medium is an important
optical parameter to be considered for the reconfiguration of a periodic structure. The variation in “a”
for different nm is displayed in Figure 4-21. The average interparticle spacing,

a,+a,+ag+a,tagtagt.... . +ay o S(a—aa0)?
Aay= and the standard deviation, o= — from the mean value are
N

plotted for a 1D array of 21 PS microspheres illuminated by 980nm wavelength of light with an
intensity 127.6mW/um?. For all values of np, the particles are considered periodic with an “a” of 2um

before the exertion of optical force from the dual beam system.
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Since the redistribution of light depends very much on the refractive index of the background medium,
the computed optical force changes accordingly. In fact, the distribution of potential minimum, i.e.,

the equilibrium positions of microparticles are dictated mostly by the difference between np and nm.
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Figure 4-21: Average Stable Position, a., and Standard deviation, ¢ of their stable positions for different background index

in a Dual Gaussian Beam System. For each case, N=21, Illumination Wavelength, Ao=980 nm. Initial a=2um.

As a result, the value of a,y and ¢ become different for different nm. For changing the background
medium within the range of 1.24 to 1.6, no certain trend is observed in the stable configurations and
the aperiodic nature of the reconfigured 1D array still exists. However, among all the data points,
nm=1.42 yields the minimum standard deviation and can obtain an almost periodic structure for a 1D

PS microsphere array after applying 980nm light using the dual beam system.
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4.1.5  Different Illumination Wavelength and Reconfiguration of 1D array
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Figure 4-22: Average Stable Position, a,y and Standard deviation, ¢ of their stable positions for different incident
wavelength of light in a Dual Gaussian Beam System. For each case, N=21, Here L;=980 nm. The left column represents

aay and the right column shows o. Initial a=2pm.

Next the change in reconfiguration process is studied for incident light of different wavelengths. So
far the investigations are carried out in the Mie regime as the PS microparticle of 1um in diameter is
comparable to the incident wavelength, ko = 980 nm. For different multiples of Lo, the average stable
interparticle spacing, asv and the standard deviation from aay, 6 are computed and presented in Figure
4-22. For variation of illumination wavelength, ¢ almost follows aav. For wavelength below Lo, the aay
exhibits a downward trend but for higher multiple of Ao, there is an almost sinusoidal trend. For,
3h0/4=735nm ¢ is the lowest and for this wavelength of light a quasiperiodic structure is obtained with
the least amount of deviation from a.y. However, to reconfigure a periodic array into another periodic

structure applying optical force, a different approach needs to be followed.
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Figure 4-23: Optical Force as a function of Illumination Wavelength. The X component of force is plotted for right hand

particles of an array of 21 PS particles in water medium. The violet arrow points to the stabilizing wavelength for a= 1.1um.

Instead of changing illumination wavelength as a multiple of ko, a certain incident wavelength is
searched for that can stabilize the particles in their own periodic position rather moving them. Figure
4-23 and 4-24 represent optical force, Fx as a function of the incident wavelength in dual beam system.
These graphs show that a periodic array of 21 PS particles maintain their interparticle spacing, a at 1.1

and 1.5um respectively if they are illuminated by 2.95um and 4.01pum monochromatic light.
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Figure 4-24: Optical Force as a function of Illumination Wavelength. The X component of force is plotted for right hand

particles of an array of 21 PS particles in water medium. The violet arrow points to the stabilizing wavelength for a= 1.5pm.

When “a” is varied from 1.1um to 1.5um, there is a red shift in the stabilizing wavelength. So to obtain
a stable periodic structure with a=2pm, the stable point is searched within a higher wavelength range.
As shown in Figure 4-25, instead of one zero crossing points, a small range of wavelengths is obtained
illumination by which can lead the particles to a stable condition. So for higher value of “a”, it is
difficult to maintain the periodicity of the PS particles in water medium using monochromatic
illumination. Therefore, to reconfigure a certain periodic array within small range of “a” i.e. for
nanoscale interparticle spacing, these wavelength profiles are helpful to identify what monochromatic
light can help us achieve a certain periodicity in 1D PS microsphere structure. Moreover, to tune the
lattice constant of a 1D periodic array using the optical force tuned reconfiguration process this

observation can play a significant role.
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Figure 4-25: Optical Force as a function of Illumination Wavelength. The X component of force is plotted for right hand

particles of an array of 21 PS particles in water medium. The violet arrows point to the stabilizing wavelength for a= 2pm.

4.1.6 Resonant Characteristics of 1D Polystyrene (PS) Photonic Crystal (PC) and
Impact of Optical Force:

The 1D periodic arrays of PS microparticles discussed so far constituted a finite amount of N. In this
section 1D PC consisting PS microparticles with infinite N is analyzed. Computing definite frequency
eigen states of Maxwell’s equations using MIT Photonic-Bands (MPB), the photonic band structures
of these 1D PS PCs are determined.
For changing the interparticle spacing of water submerged PS PC, i.e. the center to center distance, “a”
between 1.05um to 10pm, the nature of bandgap between the first two bands are recorded in Figure 4-
26.
When the particles are in touching condition i.e. for r/a =0.5, there is no gap between band 1 and 2.
The peak is obtained when r/a is around 0.25 i.e. when the lattice constant is approximately 2um. For

this value of “a”, the highest percentage of gap is found between Band 1 and 2
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Figure 4-26: Percentage of Bandgap as a function of interparticle distance of a 1D PS array. Background Medium is water

(1.33). The percentage is given for Bandgap between Band 1 and 2. The radius of each particle is 0.5um.

Wavevector ka/2m Wavevector ka/2r Wavevector ka/2r

(a) (b) (c)
Figure 4-27: Band structure of a 1D PC consisting PS particles in water medium with lattice constant (a)a= 1.05 um (b)

a=2pum (c) a=8um. The light green shade marks the region of bandgap in each case.

The band structures of the 1D PS PC computed for three different lattice constants: 1.05um, 2um and
8um are plotted in Figure 4-27. As already shown in Figure 4-27, there is a very narrow bandgap for
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the first case which is marked by the light green line between band 1 and 2 in Figure 4-2. When the
lattice constant increases from 1.05 to 2um, around 10.62% band gap arises between the first two
bands. Next for increasing the interparticle separation to 8um, the percentage of bandgap goes down

as shown in the right column of Figure 4-27.

Now, the effect of refractive index of background medium on the band structure is checked for a 1D
PS PC where for each case “a” is considered fixed at 2um. Only the background index, nn is varied
from 1 to 3 with an irregular interval. It is already known higher refractive index contrast between the
particle and submerging medium yields higher percentage of Bandgap [1]. For further illustration, the
band structures calculated for three different background index are shown in Figure 4-29. For the left
column, the bandgap is much higher than the case with water as submerging medium. The band gap

vanishes when the medium has a refractive index of 1.6 and again the bandgap appears when the

refractive index is 3 as displayed in the center and right column of Figure 4-29.
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Figure 4-28: Percentage of Bandgap as a function of refractive index of the background medium. The interparticle

separation is 2um and the particle radius is 0.5um.
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Figure 4-29: Band structure of the 1D PS PC with lattice constant 2um and particle radius 0.5um. The refractive index of

the background medium is (a) 1 (b) 1.6 and (c) 3. The particles are identical in each case.

Next the resonance frequency obtained from the band structure computed for the case stated above is
compared with the one obtained from the following approximation and it yields Figure 4-30. Here the
resonance frequency denotes the midgap frequency which is the frequency at the middle of the first
band gap and also termed as the resonant frequency. Based on the generalized equation provided by
Joannopoulos et al. [1] for a multilayer stack consisting two materials, one with refractive index n, and

the background index nm, the midgap frequency is given by:

n, +n c
fn = ﬁ X~ (4.1)
where a is the lattice constant of the 1D PC, and for a PC consisting PS particles n; is the particle
refractive index and nm is the medium refractive index. Here the value of n,, is 1.574. Figure 4-30 shows
that the results obtained from the computed band structure using MIT photonic band and the one
calculated using the approximation in equation (4.1) almost coincide. As the theoretical approximation

is for multilayer slabs and the 1D PC considered in this case contain spherical particles, the results

show slight variation.
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Figure 4-30: Resonance Frequency as a function of the background medium of the 1D PC. The interparticle separation is

2um and the particle radius is 0.5um.

Now the previous discussion is resumed from here where spherical particles are fully submerged in
water medium. For this structure the Resonance frequency, fm and corresponding resonance
wavelength, Am are shown in Figure 4-31 for different “a”. The results conform with equation (4.1)
where the midgap frequency i.e., the resonance frequency is found to be inversely proportional to the
lattice constant. So for higher interparticle separation the resonance frequency decreases in an

exponential manner while the resonance wavelength linearly goes higher.
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Figure 4-31: Resonance characteristics of the 1D PS PC with water as background medium. The left side scale of Y axis

(black) is resonance wavelength and the right scale (blue) is resonance frequency. Particle radius is 0.5pum.

To verify the resonant behavior of the 1D PS PC obtained from Figure 4-31, the transmission and
reflection spectra are investigated for a 1D periodic array of 27 identical PS particles submerged in
water medium. When “a” is 2um, a normalized plane wave is incident along the direction of the array
and the recorded transmission and reflection curves are plotted in Figure 4-32. As for normally incident
light, T=1-R, T=0 means 100% reflectance. At around 5.71um, there is a dip in the normalized
transmission curve and at this point there is almost 100% reflection obtained from this structure. From
Figure 4-31, the value of An is found to be around 5.8pum for a=2um. So the resonant behavior obtained
from the study of transmittance reflectance coincide with the ones derived from the photonic band

structure computations.
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Figure 4-32: Normalized Transmission and Reflection Spectra of a 1D PS PC with 27 spherical particles in an array. The
lattice constant “a” is 2um. The left Y scale (marked red) denotes normalized transmission and the right Y scale (marked

blue) is the reflection spectrum. n,=1.33 and n,=1.574.

For various interparticle gap, the transmittance curves are recorded in Figure 4-33 which shows that
for increasing separation the resonance wavelength red shifts. This phenomenon supports the results
plotted in Figure 4-31. For further illustration a comparative picture is presented in Figure 4-34 where
the resonant wavelengths obtained from both the bandstructures and the transmission characteristics
are displayed as a function of the interarticle gap in a 1D array. An identical linear trend is prominent
for both cases. So to obtain resonance at higher wavelength the variation in interparticle separation can

play a significant role.
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Figure 4-33: Transmission spectra of 1D PS array of 27 particles for different a. The solid curves are the normalized

transmission curves and the dip denotes reflection at that wavelength.
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Figure 4-34: Resonance Wavelength as a function of interparticle separation a. The black and red lines are respectively the

resonance wavelength obtained from band structure and the Transmission spectra.
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Figure 4-35: Relationship between stabilizing wavelength and resonant wavelength of a 1D PS photonic crystal.

In the previous discussion on the wavelength profile of optical force in dual Gaussian beam system, a
similar red shift was observed in the stabilizing wavelength for increasing “a”. In Figure 4-35, a
relation between the resonant wavelength obtained from Figure 4-34 for a 1D Polystyrene PC in water
and the stabilizing wavelength obtained from the study of wavelength profile of optical force is
presented. It reveals that to reconfigure a PS PC using Optical force, an incident wavelength almost
0.5um (which is equal to particle radius) less than its resonant wavelength needs to be applied from

the dual Gaussian source.

4.2 Optical Force Tuned Two Dimensional (2D) Polystyrene Array

The self-assembly of polymers like PS can form 2D PC [47]. This section mainly focuses on 2D PC

constituting PS microparticles of 0.5um in radius.
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4.2.1 Band structure of 2D Square Lattice Polystyrene (PS) Photonic Crystal (PC)
For PS particles submerged in water medium and arranged in 2D square lattice, no complete band gap
is found rather it shows a narrow partial band gap within the region from X to M in its Brillouin zone.
Figure 4-36 demonstrates the band structures for three different lattice constant a. For all three cases
it is observed that there is no complete bandgap like the 1D case. The low refractive index contrast
between PS (n,=1.574) and water (nn=1.33) in this 2D system does not possess a complete band gap
but a partial band gap. In 2D layers of colloidal particles, the EM field in the layers become
considerably delocalized depending on the sphere size and strong interparticle coupling of the EM
field. This might be one possible reason for not getting any gap between the consecutive bands of 2D
PS square lattice [12]. The relatively small refractive index difference between n, and nm(An=0.244)

also accounts for the narrow partial gap [1] as shown in Figure 4-36.

Wavevector k Wavevector k Wavevector k

Figure 4-36: Band structure of 2D Square PS PC (a) a= 1.05um (b) a= 2pm (¢) a=6um. The red lines are for TE bands and

blue curves are TM bands.

As the small intrinsic dielectric contrast between the PS microparticles precludes the formation of large
photonic band gaps in such materials [44][83], the minimum dielectric contrast is identified for which
bandgap appears in this 2D model. Figure 4-37 shows the effect of the variation of refractive index of
the background medium on the band gap of the 2D square PC. Increasing the dielectric contrast
between n, and nm changes the amount of reflection occurring within the 2D plane and for nn=3.9 and
TM polarization there is a very narrow complete bandgap found in PS periodic structures which is
almost 0.025%. So to obtain band gap a minimum refractive index contrast, An=2.33 is required

between the background medium and the PS particles. When the background index is 4.1 the bandgap
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in both TM and TE mode is around 1% and it denotes that to obtain a complete bandgap for both TE
and TM polarization the value of An needs to be 2.53. As the background index is increased from 4.1
to 12, the contrast between the percentage of gap found for TM and TE polarizations gradually

increases for this 2D square PC. But in practical cases, no such high value of ny, is possible.
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Figure 4-37: Percentage of Bandgap as a function of the refractive index of the background medium of 2D square PC
consisting of PS spheres. Lattice constant, a = 1.2um and particle radius, r=0.5um. Here the bandgap between the first two

bands are computed. Red and blue curves represent TE and TM polarization respectively.

Based on the plot shown in Figure 4-37, band structures for three different background medium are
plotted in Figure 4-38. The left panel shows when the PS particles are placed in a medium with
nm=1(air). The center panel show the band structure for n,=4.1 and the right panel shows structure for
nm=7. As already mentioned in Figure 4-37, for higher refractive index contrast the amount of band

gap for TM and TE polarizations become higher and the position of this gap changes.
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Figure 4-38: Band structures of 2D PS square lattice with three different background index (a) ny=1 (b) nn=4.1 (¢) nm=7.
The blue lines represent TM bands and red lines present TE bands. The blue and red filled area represent the bandgap from
TM and TE polarization respectively.

4.2.2  Optical Force Tuned Reconfiguration of 2D Square Array
As it is observed that one-dimensional optically coupled array of colloidal particles is formed by two
counterpropagating Gaussian light beams, the discussion is now moved to two dimensional (2D) arrays
of PS particles arranged in a square lattice. In the beginning, a 3x3 array of PS particles is considered
and mark them based on the array position as shown in Figure 4-39. The particles have the same
dimension and they are fully submerged in water medium as before. The interparticle spacing, “a” now

denotes the center to center distance from each other in 2-D.

Figure 4-39: A 3by3 Arrow of PS (ny=1.574) particles submerged in water (nn=1.33) medium. Particle radius 0.5um. Here

“a” is the interparticle spacing that represents the center to center distance between spheres.
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The 2D array is illuminated by the Gaussian beam from two opposite ends and both the X and Y
component of photo induced force, Fx and Fyare plotted in Figure 4-40 and 4-41 respectively. Although
the Gaussian beams are X-polarized, unlike 1D array there is a significant amount of force acting along
Y direction in this case. The slightly divergent Gaussian beams now push the particles in a way so
that they are confined in Xy plane rather than in a single line aligning the beam axis. The number of
scatterer plays a significant role in this case. The arrangement of the particles in the xy plane
redistribute the light source and in a similar manner to the 1D case, the zero crossing points of both Fx
and Fy are identified. Initially all 9 particles are arranged with a=2pum and for changing “a” from 2um
to 4.8um several zero crossing points are obtained. Unlike 1D array, the potential is now modulated
both in x and y axis and thus the stable conditions i.e., the (x,y) coordinates of the particle upon the

application of optical force are now computed based on the zero crossing points of both Fx and Fy.
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Figure 4-40: X component of Optical Force, Fx on a 3x3 PS Array in water medium. I[llumination wavelength: 980nm. The

green arrows represent the stable x coordinates.
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From Figure 4-40, it is found that the particles along the centered column feel negligible amount of
force acting along X axis. Therefore, the particles marked M1, M2, M3 will not change their position
due to Fx. But the other particles will try to rearrange their position to reach their energy minimum. In
Figure 4-41 that same situation occurs for Fy acting along the particle in the mid row. So L2, M2 and
R2 particles do not move along y axis rather they remain confined to the x axis. For R1, R2, R3 (L1,

L2, L3) when Fx goes from positive (negative) to negative (positive), stable conditions are achieved.
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Figure 4-41: Y component of Optical Force, Fy on a 3x3 PS Array in water medium. Illumination wavelength: 980nm.

The green arrows represent the stable y coordinates.

From Figure 4-42 it can be seen that the same value of a that obtains stable x coordinates in the previous
case does not yield stable y positions of particles. Rather the green arrows in Figure 4-40 and 4-41
show that at (x,y)=(4.34, 3.28), R1 particle becomes stable. In the similar manner, other stable (x,y)
coordinates are identified. Thus, upon illumination the square shape is not conserved anymore. Based

on the results obtained from Figure 4-40 and Figure 4-41, Figure 4-42(a) provides a clear picture in
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what direction the force components act just before the stable position and also the stable configuration

obtained through the application of optical force is presented in Figure 4-42(b).

Figure 4-42: (a) Direction of Force acting on a 2D PS array. Particles are in Xy plane. The two end beams are counter
propagating Gaussian beams. The red arrows represent the force direction just before reaching the stable condition. (b)

Stable configuration.
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Figure 4-43: The stable 3x3 array of PS particles in water medium (nn=1.33) after applying optical force. The

Ilumination wavelength: 980nm. Initial a: 2um.Particle radius: 0.5um.
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After analyzing the 3x3 array of PS particles in presence of optical force, a 5x5 PS microparticle array
is studied. Figure 4-44 shows the configuration containing the labels of particles used in this manner.
The particles are arranged in a periodic 2D square lattice structure with an initial a=2pm and placed in

between the dual Gaussian beam to apply the photoinduced force.

Figure 4-44: A 5by5 Arrow of PS (n,=1.574) particles submerged in water (nn=1.33) medium. Particle radius 0.5um. Here
each row and column is marked in a matrix format. The first row is marked as P11,P12,.....P15 and second row as P21,

P22,.....,P25 and the rest of them are marked accordingly.

Figure 4-45 to 4-49 record the Fx acting on each particle in the matrix after monochromatic
illumination of 980nm wavelength. And in the next three figures: Figure 4-50 to 4-52 display the Fy

component of the total optical force acting on the particles of periodic 5x5 array.
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Figure 4-45: X component of Optical Force, Fx on the first row of particles (P11,.....,P15) a 5x5 PS Array in water medium.

Illumination wavelength: 980nm. The green arrows represent the stable x coordinates.
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Figure 4-46: X component of Optical Force, Fx on the first row of particles (P21......,P25) a 5x5 PS Array in water medium.

Illumination wavelength: 980nm. The green arrows represent the stable x coordinates.
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Figure 4-47: X component of Optical Force, Fx on the first row of particles (P31,......P35) a 5x5 PS Array in water medium.

Illumination wavelength: 980nm. The green arrows represent the stable x coordinates.
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Figure 4-48: X component of Optical Force, Fx on the first row of particles (P41.,.....,P45) a 5x5 PS Array in water medium.

Illumination wavelength: 980nm. The green arrows represent the stable x coordinates.
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Figure 4-49: X component of Optical Force, Fx on the first row of particles (P51......,P55) a 5x5 PS Array in water medium.

[llumination wavelength: 980nm. The green arrows represent the stable x coordinates.
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Figure 4-50: Y component of Optical Force, Fy on the particles (P11, P21, P31, P41, P51, P15, P25, P35, P45, P55) ina

5x5 PS Array in water medium. I[llumination wavelength: 980nm. The green arrows represent the stable y coordinates.
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Figure 4-51: 'Y component of Optical Force, Fy on particles (P12, P22, P32, P42, P52, P14, P24, P34, P44, P54) in a 5x5

PS Array in water medium. [llumination wavelength: 980nm. The green arrows represent the stable y coordinates.
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Figure 4-52: Y component of Optical Force, Fy on the particles (P13, P23, P33, P43, P53) in a 5x5 PS Array in water

medium. [llumination wavelength: 980nm. The green arrows represent the stable y coordinates.

79



In a similar manner, all stable (x,y) coordinates of all 25 particles marked P11, P12,......... P54, P55
constituting the 5x5 PS array are located. The new reconfigured array is presented in Figure 4-53 which
shows a similar arrangement of PS particles to that shown in Figure 4-44. The reconfiguration of both
3x3 and 5x5 array reveal that the previous square configuration will now rearrange the particles in a
slightly rectangular manner influenced by the photoinduced force. Following the same identification

process, the equilibrium arrangement of a 7x7 array is studied and is shown in Figure 4-55.
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Figure 4-53: The stable 5x5 array of PS particles in water medium (nn=1.33) after applying optical force. The Illumination

wavelength: 980nm. Initial a: 2pm

Looking closely at the pattern of all three reconfigured structures displayed in Figure 4-43, 4-53 and
4-54, a common trend is observed that can help predict the stable structure of more than such small
number of particles or of a larger 2D array. The center particle positions itself at (0,0), while the others
are affected by the scattering caused by the presence of neighboring particles and the Gaussian source
from two opposite ends. The intensity gradient holds the particles in the x-y plane and inhibit them to
move along z direction. Since the dual beam resides along the beam axis, the particles remain more
confined along x axis and the outermost particles gradually disperse as they go farther from the beam

axis.
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Figure 4-54: The stable 7x7 array of PS particles in water medium (n,=1.33) after applying optical force. The Illumination

wavelength: 980nm. Initial a: 2um.

In order to predict the position of the incoming particle position in such a 2D square array, three lines
are drawn as marked in Figure 4-55. As particles position themselves following a symmetric manner
with respect to X and Y axis, only particles of the first quadrant are marked as 1,2,3 etc. The three
lines marked as A, B and C pass along X, the diagonal and Y direction. The all three trend lines are

expressed using the following equations:
A:4.25m+.03
B: 0.2707m? +5.4497m -0.1388
C: 0.2145m?+3.3475m+0.02

where m is the particle index marked as 1,2,3 and so on.
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Figure 4-55: Prediction lines A, B and C. The red, green and blue dotted lines represent A, B and C along which the

prediction is performed. Particles are marked as 1,2,3 for each case.

Line A depicts that the incoming particle will stay stable at a position that is linearly spaced along X
axis, e.g., along A, the particle marked “1” will be at 4.25%1+0.03=4.28, “2” will be at
4.25%2+0.03=8.53 and so on. Line B and C represent that a slight nonlinearity is introduced along
diagonal and Y direction. So the particles will not maintain the square structure as more particles are
introduced along X and Y axis. The amount of deformation can also be predicted using these three
lines. Although only one sided particle positions are predicted based on these three equations, the

particles on the opposite side are assumed to occupy a mirror-symmetric position.

4.2.3 Resonant Characteristics of the 2D Reconfigured Photonic Crystal (PC)
As the reconfigured stable structure of an initially periodic 2D array is now available, the effect of
optical force is discussed on their resonant behavior. According to the band structure of 2D square

lattice changing “a” does not yield any band gap as well as any well-defined resonant wavelength for
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2D PS PC in water medium. A 2D finite array of PS in water with interparticle spacing, a=2pum when
illuminated by plane wave, displays no broadband reflectance region as well both in TM and TE mode.
But between 2um to 3um, almost 94% reflectance is obtained at around 2.76pum from such a finite 7x7
PS array at for TM polarization and 83% at 2.73um for TE [Figure 4-56]. As the application of photo-
induced force causes displacement of particles, their transmission characteristics are affected as well.
Figure 4-56 shows that before applying optical force using dual Gaussian beam system, the periodic
array exhibits a dip for both TM and TE polarized plane wave. But force induced reconfigured 2D
array shows a completely different picture. For TM mode, at around 2.48um, =33% reflectance occurs
while for TE mode no such pronounced dip is observed. In fact, the 2D array becomes almost

transparent to all incident wavelengths for plane polarized TE illumination.

Normalized Transmission (T)

) Before applying OF, TM
’ —— Before applying OF, TE
L - - - After applying OF, TM

- - - After applying OF, TE

0.0 [

20 22 24 26 2.8 3.0
Wavelength (um)

Figure 4-56: Transmission Characteristics of 2D PS array, before and after illumination. A 7x7 array is considered
submerged in water medium. The red and Blue solid and dashed lines represent TE and TM polarization before and after

applying optical force(OF) respectively. Before applying optical force (OF), a=2um.
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To further illustrate the resonant behavior of this 2D array before and after going through change in
their spatial configuration, the Q factor is computed and a comparative picture of the quality factor
corresponding each resonant wavelength is presented in Figure 4-57. Since narrower bandwidth yields
better Q, TE polarized light results in Q=4470 which is almost 6.5 times higher than that obtained from
TM mode. The stable configuration does not provide any resonant mode for TM polarized plane wave
illumination but for TE mode, it shows a Q= 2021 at around 2.48um. This resonant mode corresponds

to the small dip observed in the transmittance curve in Figure 4-56 marked by the dotted blue line.
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Figure 4-57: Quality Factor (Q) of a 2D square PS 7x7 array submerged in water medium. The red & blue droplines
represent Q before applying Optical force(OF) for TE and TM polarized cases. The orange marked dropline is for Q factor
after applying OF. Before applying optical force (OF), a=2pm.
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4.3 Polystyrene Whispering Gallery Mode (WGM) Micro-Resonator and Optical Force Tuned
Reconfiguration

After the discussion on the design and optical force tuned reconfiguration of 1D and 2D square lattice

PS PC, this section focuses on the design of Whispering Gallery Mode Resonator based on rotationally

symmetric PS microspheres and their optical force tuned reconfiguration process.

4.3.1 2D Hexagonal Lattice Polystyrene (PS) Photonic Crystal (PC)
Before discussing the rotationally symmetric PS microstructure and formation of WGM resonators,
the band structure of PS hexagonal PC is briefly studied in this sub-section. Hexagonal close-packed
monolayers of monodispersed PS microparticles were fabricated for practical experiments exploiting
the self-assembly of colloidal PS [6][9]. The configuration of such 2D PC and its unit cell are presented
in Chapter 3.

(@) (b) (c)

Figure 4-58: Band structure of 2D Hexagonal PS PC (a) a= 1.05pum (b) a=2um (c) a=6um. The red lines are for TE bands

and blue curves are TM bands.

For an infinite 2D array of PS microparticles with a hexagonal lattice, band structures for three
different interparticle spacing, “a” are showed in Figure 4-58. Same as the square 2D PC, there is no
complete bandgap within M to K in its Brillouin zone for the variation of r/a ratio. Although the
Brillouin zone of such hexagonal 2D PC is more circularly symmetric than the square one, PS-water
configuration does not yield any pronounced gap. But if the background refractive index is changed

from 1.33 to 2.25, a bandgap for TE polarized light is obtained for PS 2D hexagonal PC as shown in
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Figure 4-59. But for TM mode, changing the background medium refractive index from 1 to 3.5, does
not yield any such gap.

For three different background medium the band structures of hexagonal 2D lattice are showed in
Figure 4-60. For nn=1, there is a very narrow TM band gap which is almost invisible whereas for
nm=2.3, a narrow TE gap is observed. From the previous graph in Figure 4-59 it is seen that above
nm=2.25, TE gap gradually appears but TM gap vanishes. For nn=3.4, a much larger band gap for TE
mode is displayed in the right panel of Figure 4-60.
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Figure 4-59: Percentage of Bandgap as a function of the refractive index of the background medium of 2D hexagonal PC
consisting PS spheres. Lattice constant, a = 1.2um and particle radius, r=0.5um. Here the bandgap between the first two

bands are computed. Red and blue curves represent TE and TM polarization respectively.
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Figure 4-60: Band structures of 2D PS hexagonal lattice with three different background index (a) n,=1 (b) nn=2.3 (c)
np=3.4. The blue and red lines represent TM and TE bands respectively. The area filled with light blue and red color present
the bandgap from TM and TE polarization. Here, lattice constant, a= 1.2um.

4.3.2 Polystyrene Monosphere and Multisphere WGM Resonator
To begin discussion on self-assembled PS microsphere based WGM resonators, first of all the

formation of WGM resonance is studied in a solid microsphere of PS in water medium [Figure 4-61].

Figure 4-61: A solid PS microsphere with radius r. Particle refractive index, n,=1.574.
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A solid PS microsphere when illuminated using a point dipole source exhibits WGM mode within
optical wavelength. At around 415.633nm, the single sphere shows a high-Q WGM resonance with an
m (azimuthal mode number) of 114 when fully submerged in water medium. As already mentioned in
Chapter 2, for a microsphere with ny>nm resonance condition is fulfilled when: 2R'n, = mA, where
np is the particle refractive index, R’ is the effective radius of the particle which measures the distance
from center to the point where the WGM modes appear and m is the azimuthal mode number.
According to Figure 4-62, For the PS particle with radius 5um, R’ around 4.75um and m=114, the
approximated resonant wavelength is 412.07 nm which almost matches the resonant wavelength
415.633nm obtained from FDTD simulation. The mismatch between these two wavelengths arise due

to the effect of refractive index in the vicinity of the resonator which is water in this case [56].

Figure 4-62: (a) Electric Field magnitude and (b) Ez profile of PS monosphere submerged in water (1.33). Particle radius,
r=5pm. Resonant Wavelength: 415.633nm. Polarization type: TM. R’ is the effective radius: the distance from center to

the point of formation of WGM.

For closely spaced resonant peaks at 415.633nm, 419.126nm and 433.748nm, all three Electric field
profile exhibiting WGM resonances are plotted in Figure 4-63. So, for PS-water combination TM
polarized electric dipole source can excite high-Q WGM resonance along the circular periphery of the
solid microparticle. However, TE polarized point source, i.e., magnetic dipole source is not good

enough to induce such WGM in a solid PS microparticle with water as background medium.
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Figure 4-63: Electric Field Magnitude of a single PS microsphere in water medium. Particle diameter: 10um. Illumination

wavelength: (a) 415.633nm (b) 433.748nm (c) 419.126nm. Polarization type: TM.

A layer of uniform PS microparticles if self-assemble into a circular shape, looks like the one shown
in Figure 4-64. To compare multisphere based structures with single solid microparticle a circular array
of PS microspheres is considered to be in touching condition so that the diameter of the whole

rotationally symmetric structure is also 10pm, same as the solid monosphere considered above.

Figure 4-64: Rotationally symmetric structure of PS microspheres. Particle diameter: 1um. The diameter of the whole

circular structure ~10um.

The morphology dependence of WGMs inhibits the formation of such resonant modes in
multispherical rotationally symmetric structures. The 10pum multi-sphere structure fails to show strong
WGMs when illuminated either by electric or magnetic dipole source. The results are displayed in

Figure 4-65 where it is observed that the WGMs leak out into the surrounding region when illuminated
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by the same resonant wavelength that yields well-structured WGMs for a solid microsphere. The field
magnitude also goes much lower even by fourth order for this multisphere model as evident from
Figure 4-65.

Next WGM resonance is checked in a much larger solid microsphere with diameter 20um. Under the
same coupling method at around 403.638nm, a single PS sphere displays WGM when excited by the
same electric point dipole (TM mode) placed at the center of the PS microparticle. Figure 4-66 displays
the WGM resonance profile for such a monosphere. This large solid sphere yields a Q factor of around
91224.23 which is comparatively much higher than the ones reported in literature for such smaller

resonators (below 20pm in diameter) in liquids [56].

@) D) (C)

Figure 4-65: Electric Field Magnitude of microsphere based rotationally symmetric structure. Particle diameter: 1pum. The
diameter of the whole circular structure~10um. Illumination wavelength: (a) 415.633nm (b) 433.748nm (c) 419.126nm.
Polarization type TM.

Figure 4-66: Electric Field profile of PS microsphere submerged in water (1.33). Particle radius, r=10um. Resonant

Wavelength: 403.638nm. Polarization type: TM.
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In a similar manner another 20um multisphere structure is investigated where the Ipum PS

microspheres are assembled with a=1pm. Both of these PS models are displayed in Figure 4-67.

Like the 10pum multisphere structure, this 20pum multiparticle circular model also fails to show any
strong confinement of EM waves along its periphery. In Figure 4-68 for TM polarized case the electric

field profile is presented for 403.638nm illumination, where no WGM resonance is observed.

Figure 4-67: (a) A solid PS microsphere with diameter = 20um (b) Rotationally symmetric structure of PS microspheres;

Particle diameter: 1um; The diameter of the whole circular structure =20pum.

Figure 4-68: Electric Field Magnitude of multiple microsphere based rotationally symmetric structure submerged in water
medium(ny,=1.33). [llumination Wavelength: 403.638nm. Particle diameter: 1um. The diameter of the whole circular

structure =20um. Polarization type: TM. Interparticle spacing, a: 1um.

The resonant characteristics of this 20um multi-sphere PS structure shows very weak WGM at higher

wavelengths as shown in Figure 4-71. The Quality factor, Q also degrades because of their low
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confinement capability and leaky nature. Figure 4-69 displays the field profiles corresponding to its
three different resonant modes: (a) 604.345nm (b) 1.14637um (c) 2.45643um when coupled by electric

dipole point source.

\«@) () Wy
Figure 4-69:Electric Field Magnitude of microsphere based rotationally symmetric structure submerged in water medium.
Particle diameter: 1pum. The diameter of the whole circular structure =20um. Illumination wavelength: (a) 604.345nm (b)

1.14637um (c) 2.45643um. Polarization type: TM. Interparticle spacing, a=1um.

Changing the coupling source from electric to magnetic dipole (TE), no significant improvement is
obtained in the resonant characteristics for this PS-water combination. Figure 4-70 shows weak WGM

profiles with low Q at three different resonant modes of this 20um multisphere structure under TE

polarized condition.

@) (D) (C)
Figure 4-70: Electric Field Magnitude of microsphere based rotationally symmetric structure submerged in water

medium(nn=1.33). Particle diameter: 1um. The diameter of the whole circular structure =20um. Illumination wavelength:

(2)629.928nm (b)994.603nm (c)1268.23nm. Polarization type: TE. Interparticle spacing, a=1pm.
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Figure 4-71: Quality Factor as a function of Resonant Wavelength. The blue and red symbols represent TM and TE modes
respectively. Here, n,=1.574, n,=1.33 and a=1pm.

A comparative picture of the Q-factors of the all four structures discussed in this regard is presented
Figure 4-71. In this plot all the Q factors corresponding to the resonant modes displayed in the previous
pictures are recorded for both solid and multi-sphere based PS models submerged in water medium.
So in water medium for solid single PS microspheres, WGM resonances yield a Q-factor which is

higher than the ones obtained from multisphere structure by a factor of 3.

Figure 4-72: Electric Field Magnitude of microsphere based rotationally symmetric structure submerged in water
medium(ny,=1.33). Particle diameter: 1um. The diameter of the whole circular structure ~24pum. Illumination wavelength:

2.96121 um. Polarization type: TE. Interparticle spacing, a=1.2um.
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So water is not a good background medium to obtain high-Q WGM:s from PS multisphere model. Even
for increasing the interparticle spacing from Ium to 1.2pm does not show any improvement in this
case. Figure 4-72 shows the Electric field profile of the PS multisphere structure with a=1.2um. This
is a resonant mode for this structure when submerged in water medium but this mode doesn’t result in

WGM resonance.

4.3.3  Different Background Medium and WGM Resonance

(@) (e) ")

Figure 4-73: Electric Field Profile of multisphere rotationally symmetric structure for different background Medium. The
diameter of the whole circular structure =24um. ny=1.574. Polarization type: TE. Illumination wavelength(iz) and
background medium refractive index (nm): (a) 2.42396um for nn=1 (b) 2.20999um for nn=1.1 (¢)2.207704 for n,=1.2
(d)2.11956um for ny=1.25 (e) 2.1432um for ny=1.28 (£)2.961um for n,=1.33.

In this section the WGM profiles are investigated for different background medium. According to this
investigation, it is observed that when nm >1.28, no WGM resonance can be obtained for a multisphere
PS structure. Figure 4-73 illustrates this fact where WGM profiles are plotted for different background
medium. It is evident from these figure that for decreasing the contrast between nm and ny, i.e., An, at
resonance mode the magnitude of the Electric field as well as the strength of WGM becomes weaker.

In Figure 4-73(a), for air medium (nm=1) the electric field magnitude is the highest and also the
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confinement is better. As the value of nn, is gradually increased from 1, the magnitude goes lower and

in Figure 4-73(f) for nn=1.33, the WGM profile vanishes completely.
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Figure 4-74: Quality Factor as a Function of the refractive index of the background medium. Interparticle Spacing,
a=1.2um. Particle refractive index, n,=1.574. The Black symbols denote the Q factor and the red dotted curve shows the

exponential trend.

The Quality factor corresponding to the resonant wavelengths mentioned in Figure 4-73 are computed
and from Figure 4-74 it is observed that for increasing nm, the downward trend is also applicable for
“Q”. The red trend line shows an exponential decay of the Quality factor for increasing nm for this
multisphere 24pum PS circular model. So to obtain WGM with the minimum “Q” An needs to be at

least =0.241. And the highest Q is obtained when nn=1.
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4.34 Polystyrene WGM microresonator in Air Medium
Rarefied media like air offers better confinement of whispering gallery modes due to less damping and
the high optical index contrast between the microsphere and the background medium [43]. In this

section the multisphere PS WGM resonators placed in air medium are analyzed.

(@) (b) (c)

Figure 4-75:Electric Field Magnitude of microsphere based rotationally symmetric structure in air (nn=1). Particle
diameter: 1pm. Structure diameter ~20um. Illumination wavelength: (2)2.27903um (b) 3.41752um (c) 4.42102um.

Polarization type: TM. Interparticle spacing, a=1pum.

Figure 4-75 accumulates the Electric Field profile of =20um circular structure for TM polarized point
source when the microparticles are in touching condition. At around 3.41752um, the electric field
profile shows higher magnitude than the other two plotted in Figure 4-75. A similar comparison is

presented in Figure 4-76 for TE polarized light source.

\q) W) )

Figure 4-76: Electric Field Magnitude of microsphere based rotationally symmetric structure in air (ny=1). Particle
diameter: 1um. Structure diameter ~20um. Illumination wavelength: (a)1.97509um (b) 2.27338um (c) 4.29221um.

Polarization type: TE. Interparticle spacing, a=1um.
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Figure 4-77:Electric Field Magnitude of microsphere based rotationally symmetric structure in air (np=1). Particle
diameter: 1um. Structure diameter =24um. Illumination wavelength: (a)2.11938um (b) 2.42396um (c) 2.88629um.

Polarization type: TE. a=1.2pm.
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Figure 4-78: Quality Factor as a function of Resonant Wavelength. The blue and red symbols represent TM and TE modes

respectively. Here, ny=1.574, ny=1 and a=1um. The Q factors are plotted for multisphere model.

Figure 4-77 shows the field profile when the microparticles in the rotationally symmetric structure are
maintaining an interparticle gap of 1.2pum and excited by a magnetic dipole (TE) source. For TM mode

this value of a does not yield any WGM resonance condition. For PS-air combination the highest Q
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factor =1100 is obtained for a=I1um, i.e., when the fill factor is the highest for this multisphere
structure. For increasing “a” to 1.2um the computed Q factors are comparatively lower. So in order to
excite a WGM mode in air medium with Q factor on the order of 103, the particles need to form a close
packed structure with minimum interparticle gap and must be coupled with magnetic dipole (TE

polarized) point source.

4.3.5 Optical Force Tuned Rotationally Symmetric Structure
In order to analyze the optical forces acting on systems of rotationally symmetric dielectric
microparticles like PS, the hexagonal lattice is illuminated by 980nm wavelength of light exerted by
the dual Gaussian Beam. In water medium, this rotationally symmetric dielectric structure can assume

different stable structures in presence of optical force.

Figure 4-79: Hexagonal Lattice Placed in dual Gaussian Beam. The center particle is marked as HM, The other 6 particles

are marked in a counterclockwise manner: H1, H2, H3, H4, H5and H6. Here, nm:1.33. Illumination Wavelength: 980nm.

The interparticle separation, i.e., the hexagonal unit cell lattice constant, a is varied from 1.2 to 4.8um.
The resulted curves of optical force containing the Fx and Fy components are presented in Figure 4-
80 and 4-81. Based on the zero crossing points of Fx and Fy, the stable x coordinates are approximated
as ay for H1 and H4, as a,/2 H2, H3, HS, H6 and the y positions are estimated as \/3/2ay, where ay is
where Fx=0 and ay is where Fy=0. In both cases the negative slopes are used to approximate the stable
positions. To further illustrate their force dynamics, the direction of particles due to the presence of

light force are plotted in Figure 4-82.
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Figure 4-80: X component of Optical Force, Fx on the particles (HM, H1,....... ,H6) in a hexagonal lattice in water medium.

[lumination wavelength: 980nm. The green arrows represent the stable a, coordinates.
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Figure 4-81: Y component of Optical Force, Fy on the particles (HM, H1,....... ,H6) in a hexagonal lattice in water medium.

[lumination wavelength: 980nm. The green arrows represent the stable a, coordinates.
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Figure 4-82: The direction of Particle Movement in Dual Gaussian Beam System. The red arrows point to the direction of

particles in presence of light force.

For the hexagonal array, from dual Gaussian beam illumination, three different possible stable
configurations are obtained as shown in Figure 4-83. Among these three, the one in (c) resembles the

hexagonal structure more than the other two.
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Figure 4-83: Three possible stable configurations of hexagonal lattice after applying optical force. Here, n, =1.33.

Since the force computation is performed on the hexagonal unit cell, when optical force is applied to
the multi-sphere model due to their rotational symmetry it should look somewhat like the one in Figure

4-84.
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Figure 4-84: Extended Version of the force tuned stable configuration of Figure 4-83(c). Here, n,=1.33.

When excited either by a point electric dipole or a magnetic dipole source, no Whispering Gallery
resonance mode is obtained from this extended model. Two resonant modes of this force tuned stable

extended structure are shown in Figure 4-85.

Figure 4-85: The resonant mode of the optical force tuned extended stable configuration submerged in water medium. The

resonant wavelength Ag: (2)2.147um (b) 2.293um. Polarization type: TE.
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nce air medium yields the highest Q factor for WGM profile with a=1um, the effect of force on the
hexagonal lattice is also analyzed when placed in air medium. But the microparticles cannot be
stabilized in air medium. So they are suspended on water with air as its background and optical force

is exerted using dual Gaussian beam system. The configuration used for this case is shown in Figure

4-86.

Figure 4-86: PS hexagonal lattice suspended on water and trapped in air (side view). Particle radius: 0.5um.

For illuminating with 980nm wavelength, the computed force acting along x and y direction are plotted

in Figure 4-87 and 4-88.
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Figure 4-87: X component of Optical Force, Fx on the particles (HM, H1........ ,H6) in a hexagonal lattice in water medium.

Illumination wavelength: 980nm. The green arrows represent the stable a, coordinates.
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The stable configurations are estimated following the same procedure stated for water submerged PS

microspheres. Within the range of “a” between 1 to Sum, several possible stable structures can result

from the exertion of optical force, among all possible configurations three cases are displayed in Figure

4-89.

I 1 1 I 1 I 1 I 4 I
—a— HM
0.15 —o— H1
—A—H2 |
—v—H3
0.10 —4— H4
. —»—H5 |
pd —o—H6
£ 005} s
>
I
g
5 0.00 | & & & & & & & 8
w
©
5]
5 -0.05 -
(@)
-0.10 .
_015 1 1 1 " 1 " 1 1 1 " 1 " 1
1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0

Figure 4-88: Y component of Optical Force, Fy on the particles (HM, H1,

Interparticle Spacing,a (um)

....... .H6) in a hexagonal lattice in water medium.

[llumination wavelength: 980nm. The green arrows represent the stable a, coordinates.

15
@ " 3_ L ] ]
10}
2.
05} 1l
g 00} o ° e E ol o ° °
> -05} > -1t
L8 . . 21 ° °
Aglo sy .5 s . & .4 31 , , t
18 12 06 00 06 12 18 4 = o 32 4
X {um) X (um)
(a) (b)

1.5

1.0r
0.5¢

—
=1
~

|> -05}
_1_0,

-1.5

0.0f

L L]

-1.8-1.2-06 00 06 1.2 1.8
X (um)

(c)

Figure 4-89: Three possible stable configurations of hexagonal lattice after applying optical force. Here, n, =1 and particles

are suspended on water.
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The reason behind choosing these three possible reconfigured structures is their similarity with
hexagonal lattice. In a similar manner the WGM mode is searched for within the extended version of
these structures. Among all three, the expansion of the stable configuration of Figure 4-89(b) results

in a similar formation as in Figure 4-84.

\Qq) V) W)

Figure 4-90: Electric Field Profile of the resonant modes of the extended stable structure after applying optical force.
Particles are suspended on water. Here, a=4.23pum and ny=1. The resonant wavelength, Ar:(a)1.449um, (b) 2.141um, (c)
3.1958 um. Polarization type: TE.

Now the resonant characteristics of this expanded structure is investigated and no WGM mode is
obtained. For TE polarized case, three different resonant modes are plotted in Figure 4-90. But any of
these resonant modes denotes WGM resonance. Similar phenomenon occurs for TM polarized point

source.

A comparative picture of the resonant characteristics before and after illumination using dual Gaussian
beam is presented in terms of Q factor in Figure 4-91. According to this representation, Q factor
becomes very low for the optical force induced multi-sphere structure. Before illumination, the self-
assembled rotationally symmetric multisphere structure provides a Q factor around 1100 for the
highest percentage of fill factor but as an outcome of the photoinduced reconfiguration Q becomes
lower than 100. The larger interparticle spacing, i.e., decrease in the percentage of fill factor due to the
effect of optical force results in such low Q. Since no WGM modes also result from the resonant modes

of the force induced stable structure, the quality factor degrades too.
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Figure 4-91: Q factor as a function of interparticle Spacing. In all three cases the multisphere structure is in air medium

and suspended on water. The rightmost value is obtained from the optical force tuned reconfiguration.

Analyzing all these results for both water and air medium, it can be concluded that photoinduced force
is capable of changing the configuration of a hexagonal close-packed structure consisting of dielectric
PS microspheres. To change the interparticle gap of a rotationally symmetric multisphere structure,
illumination of a certain wavelength can result in different possible stable configuration depending on
the medium where it is placed. At the same time, the application of force reconfigures the resonant

behavior of such structures as well as reconfigures their periodicity.
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CHAPTER 5

SUMMARY, CONCLUSION AND SUGGESTIONS FOR FUTURE
WORKS

5.1 Summary of Present Work

In this work one and two dimensional periodic polystyrene photonic crystals (PC) and whispering
gallery mode (WGM) resonators are designed and counter propagating light field induced
reconfiguration process is investigated for all these configurations. Three dimensional optical force
exerted by the dual Gaussian beam system of monochromatic illumination is computed using Maxwell
stress Tensor computed from the FDTD modeling of Maxwell’s Equations. The effect of optical force
on the periodicity of 1D, 2D and rotationally symmetric hexagonal structures is studied along with a
comparative analysis of their resonant characteristics before and after the application of photo induced

force.

Starting with a single microsphere, the possible displacement of water submerged Ilum
Polystyrene(PS) particles of a 1D N particle array is estimated from the analysis of resulting forces
exerted by the monochromatic counter propagating beams. Monochromatic illumination of 980nm
wavelength with an intensity of 127.6mW/um? yields inhomogeneous equilibrium spacing of particles
and this inhomogeneity arises from the interplay of incident light beam and the dielectric particles. For
an optically bound 1D structure, there is no unique stable configuration obtained rather multiple
possible equilibrium arrays can result into for any number of microspheres present in the system. For
left and right handed PS microspheres, the optical force patterns are mirror symmetric with respect to
the particle at the center. Irrespective of the total number of particles in a 1D array, all possible stable
positions remain same for a particular constituent but change for the others depending on their position
from the center and also from the source. The inhomogeneous spacing of particles remain identical
even after varying the illumination intensity from 1 to 10*mW/um? Under 980nm dual beam
illumination, Increase of intensity only alters the magnitude of the exerted optical force in a linear
manner while replacement of water with a different background medium results in different stable but
still aperiodic configurations. Another important parameter that can contribute to the reconfiguration

process as well as variation in interparticle separation is the incident wavelength from the dual
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Gaussian beam. For changing the incident wavelength as a multiple of 980nm, an almost sinusoidal
modulation is observed both in the mean stable spacing and the standard deviation of the microspheres
from their mean equilibrium position. To further exploit this parameter for periodic reconfiguration, a
relationship between the resonant wavelength of a periodic 1D PS array and the illumination
wavelength required to maintain that periodic spatial configuration is established. Following this
particular relation, the periodicity along with the resonant behavior of a 1D array can be periodically
tuned by tuning the illumination wavelength while maintaining periodic interparticle spacing. To
illustrate the resonant nature of 1D PS microarrays before and after illumination, their band structures
are explored as well as corresponding transmission characteristics are studied to compare. These
investigations are repeated for 2D square lattice periodic configurations. Unlike 1D array of water
surrounded PS microparticles, no complete band gap is found in 2D structures but a dip in
transmittance curve is observed between 2 to 3um plane wave illumination. The application of optical
force weakens and shifts the dip as well as decreases their quality factor. Besides this, the frequency
domain analysis of optical force on three different square array: 3x3, 5x5 and 7x7 shows a predictable
deformation pattern of their square shape and formation of a slightly rectangular configuration. In the
last section the rotationally symmetric hexagonal lattice structures of PS microspheres are studied. A
single polystyrene microsphere displays high-Q WGM resonance in water medium but this mode
weakens and even vanishes for multisphere PS circularly symmetric configuration as an outcome of
the decrease in the percentage of fill factor. In a water submerged 20um solid single PS microsphere,
WGM resonance yields a Q-factor of 91224.23 which is higher than the ones obtained from
multisphere structure by 3 orders in magnitude. The quality factor improves for replacing the
background medium with much lower refractive index than water and for increasing the refractive
index contrast an exponential rise is obtained. The highest Q is obtained for placing multisphere PS
structure in air with an interparticle spacing of 1um. Next the effect of dual beam induced optical force
on a hexagonal PS lattice is studied for cases when submerged in and suspended on water medium.
Among the resulted multiple stable forms the ones resembling more with the hexagonal lattice are
checked for whispering gallery resonant modes. For larger separation of microspheres in the
rotationally symmetric optically bound multisphere structures, the quality factor goes down along with

absence of WGM modes.
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5.2 Conclusion

In conclusion, for reorganizing polymer microparticle based photonic structures in a tunable optical

force bound environment, our design and analysis of optical force tuned photonic crystal and

whispering gallery mode resonators can play a significant role. The possibility of reversibly change

and recover the resonant characteristics of these photonic structures and the ease and versatility of the

practical implementation of such systems are reflected in this research.

5.3

Suggestions for Future Work

There are numerous scopes of future work on the areas of this study. In fact, the convenience of such

optical force tuned reconfiguration method can remove the long standing challenge in the design of

PC and WGM resonators and also can pave the way for research in the following sectors:

Because of limited resource and opportunity to validate this optical forcr based reconfiguration
technique, practical implementation of this method was not possible in this research. So, in future
optical manipulation of the resonance behavior of a photonic crystal can be investigated and
verified via practical experiment provided that there are enough available resources. Practical
implementation of this method can contribute to reconfigure large photonic structures avoiding the
hassles of re-fabricating the whole structure.

The Relationship between the resonant condition and optical binding force in reconfigurable PC
and WGM resonators can be checked for other dielectrics and also for plasmonic particles of
different shapes and sizes. The effect of temperature can also be studied for such reconfiguration
method.

The dual beam Gaussian trap can be practically investigated to study the efficiency of optically trapping
large number of microparticles. Depending on such experiments, the reconfiguration of microsphere
based large PCs and WGMs can be implemented. The beam parameters can be explored too to tune the
reconfiguration process.

The reconfiguration method described in this work can be extended to explore three dimensional (3D)
PC and WGM resonators. For efficient trapping in three dimension research on required beam shape
and surrounding environment can be carried on.

Based on the study of the effect of background medium in photoinduced reconfiguration as well as in
resonant characteristics of two different photonic structures, different liquid and gaseous medium can

be experimented on to obtain desired reconfigurations.
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e Since optical force is capable of tuning the resonant behavior as well as the Quality factor of the
microparticle based photonic structures, it can be implemented to design gain medium which can be
further extended for lasing applications. The aperiodic reconfiguration via optical force can be further
explored to apply it in design of random lasers.

e The dependence of quality factor as well the resonant behavior on the interparticle gap of the
microspheres and the medium surrounding them can be exploited in detection and novel sensing
schemes. The relationship between quality factor and the refractive index contrast can be implemented

to design refractive index sensor consisting rotationally symmetric dielectric microspheres.

Apart from developing a comprehensive understanding of the optical force induced tunability of PS
microparticle based PC and WGMs, our work can contribute to shed light on the necessity of the
practical implementation of optical force tuned reconfiguration process as well as its further

application in novel sensing, detection and lasing.
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