FYS-3900
MASTER’S THESIS IN PHYSICS

Trapping of Nanoparticles with Optical
Waveguides

Firehun Tsige Dullo

May 2011

Faculty of Science and Technology
Department of Physics and Technology
University of Tromsg






FYS-3900

MASTER’S THESIS IN PHYSICS

Trapping of Nanoparticles with Optical
Waveguides

Firehun Tsige Dullo

May 2011

Faculty of Science and Technology
Department of Physics and Technology

University of Tromsg






Abstract

Over the last few years, the notion that links optical trapping with strong intensity
of light (high energy photon) not only forced the modification of optical tweezer, but
it also open up the door for evanescent wave field trapping. While optical tweezer is
merely suitable for trapping micro-sized particles, trapping by evanescent field of a chan-
nel waveguide enables both micro and nanosized particles to be trapped and propel as
well. Indeed, nowadays, various structures of channel wave guides are designed to secure
higher intensity of light for significantly better trapping purposes. The goal of this study
is mainly to examine and better understand features related to trapping of particles on
three different structures of a waveguides: straight, loop and ring resonators. We also
propose new method to characterize the ring resonator waveguide. Though there are
limitations to this method, it is possible to measure power in and out of the ring. Be-
sides, the characteristics result shows too much power loss. From the straight waveguide
experiment we confirm that gold particles of diameter 200nm and 500nm are trapped
and propelled above the waveguide by the evanescent field. The speed obtained from the
200nm diameter analysis reaches up to 420um/s for 700mW laser power, which consider-
ably faster than the previously reported values. Given the advantages of the applications
of loop waveguides, to stop particles by standing waves or counter propagating beams,
we are able to clearly observe this phenomenon in our experiment for 1.02um diameter
polyester particles, in contrast to gold nanoparticles due to weak gradient forces. Main-
taining similar analysis for ring resonator waveguides, however, the lacking of particle
trapping or propulsion is observed for gallium arsenide nanowires, due to their asymmet-
ric structure besides the low power. Weak gradient force and low power in the gold, and
low power though strong gradient force in polystyrene ring waveguides are responsible
for lack of trapping and propulsion in the nanoparticles. Even though the priority is
of this thesis is the experimental essence, the theories of optical waveguides and optical

trapping forces are briefly reviewed.
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Chapter 1

Introduction to Optical Trapping
and its Applications

1.1 Introduction

At a quantum level, light consists of particles called photons that carry linear and angular
momentum. The photons exert radiation pressure and torque on physical objects by
transferring their momentum as they strike the surface. Radiation pressure is a force
due to the transferred momentum of photons to objects of finite mass, which causes

mechanical motion.

The progresses in micro and nano system technology have enhanced the development
of miniaturized products for different applications. For the active development of these
systems the manipulation of micro and nanoscale matters is critical. Now the question

is how to manipulate them utilizing light force.

This chapter is about the interdisciplinary concept called optical particle trapping, which
is a relatively new and widely spreading field of research with lots of applications. The

applications in field of medicine and cell biology seem particularly interesting.
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1.2 Historical background

The idea of radiation force was introduced in 1619 when Johannes Kepler explained
about the tails of comets to be always pointed away from the sun due to the pressure
of the sunlight [1]. Later, in 1873, Maxwell presented his electromagnetic theory and
he predicted theoretically that the optical force is extremely small [1]. The idea of
optical force began to be considered as exciting physics, but was not very practical
until, 1901 when Nichols and Hull [2]|, and Lebedev [3] first succeeded in experimentally
detecting radiation pressure on microscopic objects and absorbing gases. This subject
essentially dropped into obscurity until the critical invention of laser (Light Amplification
by Stimulated Emission of Radiation) in the 1960s [4]. The laser effectively refuted the
comment given by John H.Poynting about the subject in 1905: ”A very short experience
in attempting to measure these light forces is sufficient to make one realize their extreme
minuteness- a minuteness which appears to put them beyond consideration in terrestrial

affairs.”

1.3 Introduction to the phenomenon of optical trapping

In the early 1970s, Arthur Ashkin [5] opened up the field of laser-based optical trapping.
In his first experiment he showed that transparent latex spheres, freely suspended in
water, could be drawn into the beam axis and accelerated in the direction of light [6]. By
using two equal, opposing beams he was able to find stable trapping of particles. During
this experiment it was possible to avoid thermal effects, which is used to be the main
difficulty while studying radiation pressure force in old times, by suspending relatively
transparent particles in relatively transparent medium. These thermal effects are caused
by the temperature gradients in the medium surrounding an object. In addition, he
proposed the idea of radiation pressure from the laser beam for atoms and molecules.
He then introduced the concept of optical levitation trap in air, in which gravity plays
an important role. In 1975, by using optical levitation techniques he observed Mie
resonances in the radiation pressure on dielectric spheres [7]. In 1986, by using radiation
pressure from a single laser beam, Ashkin and colleagues reported the first observation
of stable three dimensional optical cooling and trapping of an atom, which is the idea
that motivated a number of other researchers [3|. Ashkin continued to put his effort on
this subject and most recently he worked on biological applications of optical trapping

by trapping single cells [8], bacteria and viruses [8] and cytoplasm strands within the cell
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[9]-

An optical tweezer, phenomenon that makes use of light to manipulated microscopic
objects as small as atoms, is formed by tightly focusing a laser beam with an objective
lens of high numerical aperture (NA). The principle of optical tweezer is as shown in figure
[1.1]. It is possible to use this optical tweezer technique for a wide range of particles,
which ranges from atoms to hundreds of micrometer sized particles without any optical

damage.

During an optical trap the beam exert two types of forces on the particle (see figure
[1.1]). The force in the direction of the beam, which is due to scattering of the beam on
the particle, is scattering force. The force which is perpendicular to the direction of the
beam is the gradient force that is due to the interaction in internal field induced in the
particle and external field. The applied forces on an optically trapped particle will be

presented in chapter 3.

The idea that conformed optical trapping is due to strong intensity of light, imposed the
modification of SBT (single beam trap) [3]. And results the idea of evanescent field of

the laser beam.

In 1992, for the first time optical trapping using evanescent field was proposed by Kawata
and Sugiura [10]. In their experiment, the evanescent field at the surface of high refractive
index sapphire prism was used for manipulating both micro sized glass and latex particles.
The prism was illuminated by laser beam whose angle of incidence was larger than the
critical angle. In 1996 the idea of using evanescent field along a channel waveguide was
proposed by Kawata and Tani [11]. Recently, Tanaka and Yamamoto [11] proposed
to excite various modes in an Ag™ ion exchange channel waveguides by using Nd:YLF

laser.

1.4 Applications of optical trapping

Since the introduction in 1986, optical tweezer has become a significant tool for research
in the fields of biology, chemistry and physics. Recent advances in the field promise to
take optical tweezers out of the laboratory and into the mainstream of manufacturing

and diagnostics.

Optical tweezers are excellent tools to manipulate mesoscopic particles ranging in size
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from tens of nanometres to hundreds of micrometres, forces ranging from femtonewtons
to nanonewtons. Manipulation capability of optical tweezers for particles ranging in these
sizes makes it a new and promising science, because there are far too many particles in
biology, physics and chemistry with the indicated size. In biology, the range covers many
of inter- and intracellular processes in cells. In physics and chemistry, it corresponds to
the still puzzling interface between classical and quantum mechanical behavior. Besides,
the other advantage of optical tweezers is that, it is free from physical contact during
optical particle trapping, sorting and moving process. In optical tweezers, by holding
the particles and its medium transparent it is also possible to minimize damage due to
heat.

The Biological applications of Optical tweezers is that they have been used to probe the
viscoelastic properties of single biopolymers (such as DNA), cell membranes, aggregated
protein fibres (such as actin), gels of such fibres in the cytoskeleton, and composite struc-
tures (such as chromatin and chromosomes). They have also been used to characterize
the forces exerted by molecular motors such as myosin, kinesin, processive enzymes and

ribosomes.

The medical applications of optical tweezers are that optical tweezers offer great promise
for intracellular surgery, for instance, in modifying the chromosomes of living cells. On a
larger scale, optical tweezers are useful for selecting individual microbes from heteroge-
neous populations. In addition, their ability to transport and modify cells precisely has

led to clinical applications in such areas as in vitro fertilization.

In the physical sciences, the unique ability of optical tweezers to organize matter non-
invasively has led to a burst of activity in the field of classical statistical mechanics,
including the first direct measurements of macromolecular interactions in solution. Each
new round of measurements has led to surprises, including the discovery of anomalous
attractions between like-charged colloidal particles, oscillatory colloidal interactions me-
diated by the entropy of smaller entities in solution and hydrodynamic fluctuations that
may be interpreted as transient violations of the second law of thermodynamics. Not only
will diffractively generated optical tweezers facilitate many new experiments in pure and
applied physics, but they also will be useful for fabricating nanocomposite materials and

devices, including photonic bandgap materials and optical circuit elements|12].

The field is still young, and the scope of applications is still growing. Advances in laser
technology should further stimulate adoption of these novel manipulation methods. The

future looks bright.
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1.5 Structure of this thesis

This thesis consists of both theoretical concepts and experimental results. The theoretical
concepts are covered on chapters 2 and 3, while the experimental results are on chapters
3, 4 and 5.

The second chapter looks into optical waveguide for trapping. Here, brief theories of
waveguide supported by basic equations are stated. Geometries of the waveguide and
optimization of this waveguide for the purpose of trapping are also among the topics

presented.

The third chapter covers optical forces on a trapped particle. Different theories regarding
the optical forces applied on a trapped particle are presented. The theoretical concepts
of ray optics approach and Mie theory for both focused laser beam and evanescent field
trapping is given. While both theoretical and analytical description is given for Rayleigh
theory mainly for evanescent field trapping, as our prime interest in this project is to

trap nanoparticles by evanescent field of a channel waveguide.

The fourth chapter describes experimental setup and procedures for optical trapping.
The overview of the setup along with the detail description of each component is given.

And the characterization of the power output of the laser is also briefed.

The fifth chapter elucidate waveguide ring resonators. The structure and the parameters
of ring resonator waveguides along with coupling of light into the ring resonator will
be presented. By proposing a method the characterization of power in and out of the
ring resonators waveguide will be briefed. Quality and loss characterization will be also

discussed.

The sixth chapter covers the results of optical trapping experiments. Obtained results
from the optical trapping experiment for the three different structures of channel waveg-

uide will be reported.

Lastly, in seventh chapter the conclusion of the whole thesis and traces for future works

are given.
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Figure 1.1: The principles of optical tweezers



Chapter 2

Optical Waveguides for Trapping

2.1 Introduction

The concept of "integrated optics” was proposed in 1960 by S.E Miller [13]. The basic idea
behind integrated optics is the use of photons instead of electrons, creating integrated
optical circuits. The solution proposed by Miler was to fabricate integrated optical
circuits through a process in which various elements were integrated in a single substrate,
combining and interconnecting them by small optical transmission line called waveguides.
The first optical waveguides, fabricate at the end of the 1960s, were bi dimensional
device on planar substrate. In the mid-1970s the successful operation of trio dimensional
waveguides was demonstrated in a wide variety of materials, from glasses to crystals and
semiconductors. For a waveguide, the basic condition is that the guiding layer should
have a refractive index higher than the substrate. The overall quality of the waveguide
is inferred from the measurement of propagation losses. A good waveguide should have

propagation loss lower than 1 dB/cm.

The principle of optical confinement using a high dielectric materials is based upon the
phenomenon of total internal reflection as shown in figure [2.1]. The condition of total

internal reflection at the core cladding interface is given by 6 < .= cos™!(n./n).

The waveguides used in this project are a critical components of the device required to
trap particles. Glass ion exchange waveguides were selected early on this project for a

number of reasons.
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This chapter mainly follows the description presented in optics books [14] and [15].

2.2 Theory of waveguiding

The theory of waveguiding is covered in many optics related books [14], [16], [17]. Here we
will review the theory of waveguiding with basic equations. To analyze and describe wave

propagation in source-free isotropic medium we begin with Maxwell’s equations:

V x E(r,t) = —uaH(;:’t) (2.1)
V x H(r,t) = eaEg;’w (2.2)

The above Maxwell’s equations are mildly complicated because of the inclusion of both
time and space dependence. For simplification time-harmonic fields are preferable, that
is, fields varying at a sinusoidal frequency w. Maxwell’s equations for time-harmonic
fields will be:

E(r,t) = ReE(r)e/"! (2.3)

H(r,t) = ReH(r)e/" (2.4)

By inserting equation(2.3) in equation(2.1) and simplifying the expression, then it will
be equivalent to:
V x E(r) = —jwuH(r) (2.5)

Similarly, substituting equation(2.4) to equation(2.2) and simplifying the expression,
yields:
V x H(r) = jweE(r) (2.6)

To obtain a compelling explanation of the type of the electromagnetic waves that may ex-
ist in a source-free medium we make use of equation(2.5) and equation(2.6). Substituting

equation(2.5) into equation(2.6) we can eliminate H(r) yielding:
V x [V x E(r)] = w?ueE(r) (2.7)

By further analysis of equation(2.7), through the application of vector identity, we ob-
tain:

V2E(r) + w?pueE(r) = 0 (2.8)
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Equation(2.8) is known as the wave equation. It represents three equations of identical
form, one for each component of E(r). E(r) is the complex representation of the electrical
field. Permeability and permittivity, i and €, respectively, characterize a given material,
and are scalar quantities. For example, X component of E satisfies the relation:

o> 9* 02

(a2 + gy2 + 2 Bal®) +PneB(r) = 0 (29)

The solution for E,(r) from the above equation will be:
E, (x) = Byge herththes (2.10)

where E_ is an arbitrary constant. Substitution of the assumed form of E, into differ-

ential equation yields to dispersion relation:

k4K + kD = w’pe = K (2.11)

The propagation of electromagnetic propagation can be expressed by poynting vector,
which is defined as:
S=ExH (2.12)

In equation (eq62), S is poynting vector. Poynting vector represents the magnitude and
direction of the power flux at a point. it has units of power per unit area. Its complex
representation, will be:

S=ExH" (2.13)

where from equation (eq63), H* is Complex conjugate of magnetic field. The time-

average poynting power density (S) is given by:

() = %Re(E « HY) (2.14)

2.3 The slab dielectric waveguide

Slab dielectric waveguide consists of a high dielectric material refereed to as the core
(waveguide) surrounded by two low dielectric regions (substrate and cover). The ge-
ometry is as shown in figure (2.1). It is worth noting that (ny> n.,ns), where: ng, n.

and ng are the refractive indexes of the waveguide, cover and substrate respectively. A
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dielectric waveguide mode is defined as a set of electromagnetic fields which maintain
their transversal spatial distribution while traveling along the direction of propagation (z
axis). The bouncing beam would be expected to have a field distribution which is stand-
ing wave in the x direction within the core and which is evanescent in the surrounding

region, decaying as moving away from x== d/2.

Y

o L= \
X= - d/2 AM \/\AegUide

\\ Substrate
% @

Guided }ay

Figure 2.1: Symmetry slab dielectric waveguide (ns=n.)

[15]

In figure (2.1), the guided rays making an angle 6§ < 6.= cos™!(n./n,), and are guided

by total internal reflection.

2.3.1 Symmetric slab dielectric waveguide
Symmetrical slab structure helps for easy understanding and analysis of the behavior of

guided-wave solution. In symmetrical slab structure n.=ns or e.=¢s, where € (permit-

tivity) is related to the corresponding medium refractive index by e=n?. The solution to

10



Chapter 2. Optical Waveguides for Trapping

the wave equation in each region consists of TE or TM polarized plane waves. Due to
the waveguide symmetry, the field solution should be either odd or even with respect to

x. The TE-mode waveguide solution is in the following form:

A, e~ (awztikzz) if x >d/2
kg .
By(1,2) =4 Ay cos(kao®) | “jks ifa] < a2 (2.15)
sin(koyx)
+ A e(@wr—7k=2) if 2 < d/2

From equation(2.15), where d is the thickness of the guiding region, &, is the propagation

constant and the constants (kg and «,) are given by

kor = y/w?pe — k2 (2.16)
ap =\ k2 — w?uey (2.17)

Furthermore, the unknown amplitude coefficients A; and As from equation (2.15) are
to be related to each other through the requirements of continuity of tangential E and
H at z = +d/2. By applying boundary conditions at x=d/2 and x=-d/2, due to the
symmetrical structure of the waveguide along x, one can find guidance conditions for
both the even and odd mode. The guidance condition for both even odd mode, is given

by equation (2.18) and (2.19) respectively.
tan(keyd/2) = oz /Koy (2.18)

cot(kozd/2) = —oy /Koy (2.19)
The TM-mode waveguide solutions is analogous to TE-mode solutions.
2.3.2 Asymmetric slab dielectric waveguide
The asymmetrical waveguide structure is the more useful (practical) one. This structure
consists of a substrate with infinite thickness, accompanied by a thin guided layer of

higher refractive index above. And the lower refractive index above the guided layer. In

this case n. # ng or €. # €. Since the guide is no longer symmetry, the solution will be

11



Chapter 2. Optical Waveguides for Trapping

neither even nor odd. The TE-mode solution will be:

Ale—(oqzw-i-jkzz) ifz >d/2
Ey(z,2) = { Ascos(kozw +p)e %2 if |z| < d/2 (2:20)
Age(a3z$—jkzz) ifx < d/2

Where the constants aq,, a3, and kg, from equation(2.20) are given by:

a1y =\ k2 — W€ (2.21)
A3y = \/kg — w2u363 (2.22)
kga; = \/w2,u262 - kg (2.23)

The constants Aj,As, Az and ¢ (constant due to asymmetry) from equation (2.20) will

be solved by using boundary conditions.

2.4 Optical waveguide for purpose of trapping

In an asymmetric waveguide where the refractive index in the cover is greater than the
one in the substrate, most of the power is confined in the guide and substrate, while the
small proportion of the wave is propagation in the cover region. Therefore, optimization
of the cover region field distribution has great importance for the purpose of trapping,and

this distribution is strongly influenced by waveguide thickness.

In this project both cladded and uncladded strip waveguides are basically used. The
cladded strip waveguide have opening (uncladded portion) for trapping. We preferred
strip waveguides than rib waveguides for nanoparticle trapping, because of higher inten-

sity in the waveguide.
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Chapter 3

Theory of Optical Forces on a

Particle

3.1 Introduction

In the previous chapters, the phenomenon to manipulate small particles by both fo-
cused laser beam and evanescent wave field for many different applications were briefly
discussed. The understanding of both theoretical and analytical nature behind optical
forces, while it interacts with small spherical particles will help for further improvement
in optical particle manipulation. There are three analytical methods to analyze the op-
tical force on a particle. These are ray optics approach, Mie theory and Rayleigh theory.

The difference between these approaches is based on the size of the particles.

Depending on the size parameter (X) it is possible to determine which optical force

approach (theory) should be used for certain particle.

B Drn

X
Ao

(3.1)

Where, D is the diameter of the particle, n is the refractive index of the surrounding
medium and A, is the wavelength in the vacuum. If X < 1, it is under Rayleigh particle
range, if X > 100 it is considered under ray optics approach and if it ranges between this

two it will be under the Mie particle range.
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Chapter 3. Theory of Optical Forces on a Particle

The study of the optical forces on the dielectric spheres was started applying a ray-optics
approach. This calculation was by using Snell’s law and the Fresnel formulas that does
not take different sphere sizes into account [18]. Extending this approach by using an
incident Gaussian beam, first for weak focusing of a laser beam to calculate radiation
beam by Mie theory was made [19]. Later, using electromagnetic field mode higher order
correction was taken to calculate the trapping force at highly focused beam [20]. By
continuing this approach, investigation for force analysis was made for the majority of
trappable particles that are at smaller range than microparticles by Harada and Asakura
[21].

This chapter studies the two approaches to analyze the optical trapping forces, which are
the geometrical optics approach (ray optics theory) and the electromagnetic approach
(Rayleigh and Mie theory). Since in this project the particles used were under Rayleigh
particles range, both theoretical and analytical derivations for Rayleigh approximation
approach will be presented in detail. However, only the theoretical parts of Ray optics
approach and Mie theory will be discussed as these approaches would only be applicable

to particles larger than those used in this project.

In the first section Ray optics approach on both focused laser beam and evanescent field
manipulation will be explained. This is followed by one of the electromagnetic approach
Mie theory, which is suitable for particle that is comparable in size to the wavelength of
the incident light. Finally Rayleigh theory, which is the primal interest of this project

will be elucidate.

This chapter mainly follows the description presented in thesis [22| and [23].

3.2 Ray optics approach

The general theory for the interaction between a laser beam and a dielectric sphere was
worked out by Roosen and co-workers [24] within the framework of geometrical optic.
These geometrical (ray) optics approach design and analyze optical systems by tracing
the ray trajectories in the medium according to a simple set of geometrical rules [15].
Ray optics is based on the short-wavelength approximation which implies that the radius
p of the sphere and the wavelength A of the laser light in the ambient medium satisfy
the condition:
2mp

LSS 3.2
y =100 (3:2)
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Chapter 3. Theory of Optical Forces on a Particle

Ray optics approach is suitable to explain the optical forces applied on large particles
when trapped by either focused laser beam or evanescent wave field. Since in princi-
ple trapping of particle by focused laser beam is different from that of evanescent field

trapping, it is important to understand ray optics approach for both cases.

3.2.1 Ray optics approach for focused laser beam trapping

The optical forces applied on a large particle trapped by focus laser beam is exhibited in
figure [3.1]. From figure [3.1], rays a and b are applied on high refractive index dielectric
sphere, which is placed off the axis of Gaussian beam in water of low refractive index.
The direction of forces for ray a when the ray undergoes Fresnel reflection and refraction
(deflection) at the input and output faces, which result a radiation pressure forces is as
shown in figure [3.1]. The radial (r) components of the deflection forces are much larger
than reflection forces. Clearly, all forces give acceleration in +Z direction. The force due
to reflection cancel radially to the first order, while those due to reflection add radially in
the -r direction. Therefore, the net for the stronger ray a, is inward, toward higher light
intensity. Similarly, the symmetrical weaker ray (b) give a net force along +Z and a net
outward but weaker radial force. Thus the sphere as a whole is accelerated inward and
forward as observed in Ashkin experiment where, in this case the sphere acts as focusing
lens. If the relative magnitude of the indices of the media are reversed, the sphere become
diverging lenses, the sign of the radial deflection forces reverse and the sphere tends to

push out of the beam.This was checked experimentally [25].

Generally, the resultant forces can be divided into two components: gradient force, which
is directed toward higher light intensity and scattering force, which is directed in the

direction of light propagation

The dominance of this gradient force which pull the particles toward the small focusing
point, over the scattering force that push particles away from the focus in the direction
of the incident beam will result to the stability of the particles. This simple approach

can be used to understand how optical tweezer works [25].
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+ beamT

A > +Z
axis : ok, l

=i +r
rrf__

Figure 3.1: Geometry of an incident ray giving rise to gradient(Fy) and scattering
force(Fs)

In Figure(3.2), taken from reference [18], the action of the trap on a dielectric sphere
with the assumption of zero surface reflection is described in terms of the total force due
to a typical pair of rays a and b of the converging beam. In this approximation the forces
F, and Fj, are entirely due to refraction and are shown pointing in the direction of the
momentum change. One sees that for arbitrary displacements of the sphere origin 0 from
the focus fthat the vector sum of F, and Fj, gives a net restoring force F directed back
to the focus, and the trap is stable. The refraction forces F, and Fj whose vector sum
F'is always restoring for axial and transverse displacements of the sphere from the trap

focus f.
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Laser beam

CX_ Objective lens )
A b

Figure 3.2: Qualitative view of the trapping of dielectric spheres

3.2.2 Ray optics approach for evanescent field trapping

In geometric optics approach the incident electromagnetic wave is treated as a set of

parallel rays. When this rays strike the surface of the sphere, it will be divided into a

reflected and a transmitted ray. The direction of the transmitted ray (into the sphere)
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Chapter 3. Theory of Optical Forces on a Particle

follows from Snell’s law, whereas the amplitude and phase of both rays is obtained using

the Fresnel formulas.

A ray optics approach was used to calculate the forces and the torque exerted on a di-
electric sphere in the evanescent field produced by a linearly polarized Gaussian beam
[26]. According to J.Y. Walz [26], the particle was assumed to be immersed in a di-
electric fluid next to a solid dielectric plate with the evanescent field produced at the
solid fluid interface. Comparisons with calculations performed by use of more rigorous
electromagnetic wave theory show that the ray optics results agree to within a factor of
2 even for particle radii as small as twice the incident wavelength (27 p / A > 50). The
resultant force was divided into two components. One is pulling the particle toward the
surface and the other one is pushing it along the direction of the real component of the

evanescent wave vector.

3.3 Mie theory

The Mie theory is used to explain the optical forces applied on a particle that is compa-
rable in size to the wavelength of the incident light. In the beginning of 20th century,
Mie and Debye proposed their first work on the scattering of a plane wave by a spher-
ical particle. Later on Almaas and Brevik [27] came with more complex theory called
Arbitrary Beam Theory (ABT) than conventional Mie - Debye theory to describe the
interaction between the light field and sphere, when the light field is considered as evanes-
cent field.

3.3.1 Mie theory for focused laser beam trapping

Depending on the earlier work by Lorenz, both Mie and Debye presented their classical
solutions for the scattering of a plane wave by a spherical particle. To cover Mie regime
particles solution of Maxwell’s equations with the appropriate boundary conditions is
required [28]. The Lorenz Mie Theory (LMT) which is basically correct, is valid for
arbitrary particle size, refractive index, and wavelength. Even though the Lorenz Mie
theory (LMT)is basically correct, for plane wave approximation, it has limitation to
describe a Gaussian beam produced by a laser. Describing a Gaussian wave becomes the

main point of interest to accurately describe laser-induced forces.
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Generalization of the Lorenz Mie theory (LMT) has been considered by many researchers.
The most extensive work is presented in Generalized LMT (GLMT) [29]. GLMT intro-
duces an infinite set of beam-shape coefficients as a partial wave expansion to describe
the nonplane wave nature of the illuminating beam.In contrast to ray optics, GLMT can
predict the presence of resonance effects, signifying the creation of electric and magnetic
multipoles in the particle. These effects cause fluctuations in the trapping forces as a

function of the wavelength and particle size [28].

3.3.2 Mie theory for evanescent field trapping

Here, wave theory is used to describe the interaction between the evanescent field and
the sphere. Almaas and Brevik [27] theory is more complex than the conventional Mie—
Debye theory, because an evanescent field is considerably more complex to describe than
a plane wave. Their works was inspired by experiments Kawata and Sugiura carried in
1992 [10]. Since this complicated theory is not the primal interest of this project, we will

only make use of the conclusion drawn.

In their paper, Almaas and Brecik argue on Kawat and Sugiura’s paper that claimed ”
the particle is forced to float from the substrate surface and to slide along the surface”.
And by using volume force density f they suggested that ”a particle has t suck toward

the substrate surface by radiation force”.

The volume force density f can be found as the divergence of Maxwell’s stress ten-
sor:

f= _71E2Ve (3.3)

By using equation (3.3), they thus concluded the intensity of the evanescent field E?
is diminished greatly at the height of the center of the sphere, and the forces of major
importance are those acting at the lowest-lying parts of the sphere surface. The total
radiation force should accordingly be downward directed. Almaas and Bervik explain
the particle behavior on Kawat and Sugiura’s paper as it was caused by the fact that the
horizontal force caused by the evanescent field is strong enough to overcome the friction
associated with the attractive force between sphere and substrate. The work done by
Almaas and Bervik does not provide an explanation for the observed phenomenon of
particle being expelled from waveguide region. However, the work by kawat and Sugiura

predicts the optical force which could change its direction from pushing away to pulling
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toward the surface is where an evanescent field is formed.

By using Arbitrary Beam Theory (ABT) it is possible to calculate guiding velocities for

spherical particles in the evanescent field of an optical waveguide [30].

3.4 Rayleigh theory

The Rayleigh theory is used if the radius of the particle is sufficiently smaller than the
wavelength of the light (p < A/20). Since the particle is sufficiently small compared
with the wavelength, the instantaneous electric field which it experiences due to the
electromagnetic beam is uniform over its extent. As a result, the particle can act as an

induced single dipole at the center of the particle [21], as shown in figure(3.3).

The force on a dipole divides itself naturally into two components: a so-called scattering
force component pointing in the direction of the incident light and a gradient component
pointing in the direction of the intensity gradient of the light. For a strongly focused
Gaussian beam, the optical forces are determined mainly by the gradient force, which
draws the particle to the point of the highest beam intensity. When a Gaussian standing
wave is used, even weak focusing can be used to achieve a stable trap. The force analysis

on a dipole was executed by stenholm [31], [32].

3.4.1 Forces on the Rayleigh particle trapped in a laser beam

Figure 3.3: The interaction between light wave and spherical dielectric particle
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The electromagnetic and mechanical force for a dipole of +Q and -Q separated by r (see

figure (3.3)) is given by:

r=ri—rs (3.4)
mitfy = Q[E(I‘l, t) + 17 X :B(I‘l7 t)] +F (35)
mg.fz = —Q[E(I‘g, t) + f‘z X B(I‘z, t)] —F (36)

Where F is the mechanical binding force between the two particles, mq,o are the masses
of the particles, E and B are the applied electrical and magnetic fields respectively and

r is the position vector. The center-of- mass coordinate for these dipole is:

R = %I‘l + %1‘2 (37)

where M =m;j+mgy. By substituting equation (3.7) in equation (3.5) and then by ex-

panding about r:

miRetm, i = QUE(R, )+ 2 VE(R, 0 +[R+ 221 x[B(R, 0+ Z2r.VB(R, )]} +F+0(r%)
(3.8)

Similarly by substituting equation (3.7) in equation (3.6) and then by expanding about

r

moR—m, ¥ = Q{E(R, t)—%r.VE(R, B)+[R— ”;41 #]x[B(R, t)—%r.VB(R, B} —F+0(r?)

(3.9)
where
my =
r M 2
Adding equations (3.8 and 3.9) yields:
MR = Q[r.VE(R, t) + v x B(R, )] + v x [p.VB(R, t)] (3.10)
Introducing the dipole moment
p=Qr (3.11)
and
vV=r (3.12)
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The above equation can be manipulated to:

d(p x B)

(3.13)

The subscript e and n are used with the force to show the force is exerted on both charge
carriers electron and neutron respectively. This force can be divided into gradient and
scattering components. These forces will be in detail on the evanescent field section

which is our main concern for our work.

3.4.2 Forces on the Rayleigh particle in an evanescent field

By using equation (3.14), it is possible to manipulate the force applied to a Rayleigh

particle in the evanescent field. Rewriting equation (3.14) gives:

d(p x B)

Fen=(VE)p+ V(v xB).p+ 7

(3.14)

From the above equation it is clear that, the general Rayleigh force equation has three

components.

The scattering force

The scattering force, which is the time derivative of the cross product of electrical and
magnetic components, acts in the direction of light propagation. It is the last term of

equation (3.14) and is proposed [33]:

n
Fgcat = 62‘;”561”&’2 (3.15)

Where n.yy is the effective index of the propagation mode, 3y is the propagation constant,
« is the polarization of the given particle and [ is the intensity of the light. The scattering
force along Z direction will be (see figure 5.10):

n _ _
Fscat»= 6j5k4|04|2—706 20T g=272 (3.16)
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3.4.3 The gradient and absorption forces

According to Stenholm [31], the term V(vxB).p in equation (3.14), is the correction to
the electromagnetic force and is order of v/c¢ (where v is the particle speed and c is the
speed of light). Since v < ¢ this term will be discarded and the Rayleigh particle force
in a radiation field is given by:

F = (VE).p (3.17)

which is the gradient or Lorentz force acting on induced dipole. While p is the dipole

moment which can be expressed by:
P = €10 (3.18)

where ¢, is the permittivity of free space and €; is the relative permittivity of the medium.

Assuming a complex « will be:
a=a +id = |ale? (3.19)

where 0= tan~! (o / o), which is the phase in complex polarizability. Polarizability
is an important parameter for trapping and propelling of Rayleigh particles on channel

waveguide. It can be represented as:

€1 — €2

3y =2
“ €1 + 269

(3.20)

€1—€2

s s Clausius-Mossotti

In equation (3.20), €; is complex permittivity of a particle and

factor.

The time averaged force for equation (3.17) can be expressed by:

Fe,n = coec[(VE).aE] (3.21)

By further analyzing equation (3.21), it will give two force components [33]:

—_ 1 1
Fe.pn = coccR[0'VE? + Sa BV (3.22)

The first part of equation (3.22) is a real part which depends on the spatial variation of

the intensity known as the gradient force, as it varies with the gradient of light intensity
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and the second part is an imaginary component relating to the spatial variation in the

phase given by known as the dissipative or absorption force.

The gradient force is given by:

1
Fgrad = Zeoelo/V|E(:U,y, 2)|? (3.23)

The absorption or dissipative force is given by:

1
Fiiss = ifoﬁla/,v‘E|2(P(xay7z) (324)

While the evanescent field in the cover is assumed to decay both in the transverse direction
and along the direction of wave propagation the first one varies transversely according

to:

1 .
ng"adaz: _550610/(]0|E(:anv Z)’QI' (3'25)

while the second component acts in - Z direction where it gives:

1 A
Fgrad7z: —560610/’7’E(.T,y,2)‘22 (326)

Since Ey(z,y) is given by:
Ey(x,y) = I,e”*%e 7* (3.27)

Then substituting equation (3.27) in equation (3.25) it yields:
1
Fgrada:r = _ieoela/QOlge_mzoze_g’yzi (328)

or this equation can be written as:

€1

- ffcqoalloeﬂq"xefwz (3.29)
€

Fgradaz = -
And similarly substituting equation (3.27) in equation (3.26) yields:

1
Fyrad,z = —5606104'71026_2‘1"%‘27% (3.30)
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The above equation will be:

€1 _ -
Fgrad,z = _n ffC’YO/Ioe 20T o =277 <3'31)
e
R SRV A (3.32)
grad>y — 2wy €10 L€ € € .

which has a maximum at y = +w,/2 and thus substituting this in equation (3.32), a

maximum force will be:

1 /
2 _—2qox ,—2vz ,—1/2
Fgraduymax: _2w €o€1¥ Ioe ToTe™1%e / (333)
Yy

Or this equation can be:

Fgradaymaac = _671CVIIoeimlogCeiQ’yzei1/2 (334)
Nef fCWy
The dissipative force can be solved as:
€
Faiss,. = ! 05///80[06_2(](@6_272 (335)
Neffc

3.4.4 Stable trapped gold nanoparticle

As mentioned on the above equations, the important parameters for trapping and pro-
pelling nanoparticles are: the polarisabilty and the width of the waveguide. For stably
trapped nanoparticle, Fyeqr,. = Fyrady. The directions of the forces are as shown in figure
[3.4].
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grad

Particle F. ... (into the plane)

Waveguide \
\ e — Fgmi_._,

Fi
i A
D (diameter of the particle) Wy (width of the waveguide)

Figure 3.4: Applied forces on a particle trapped on the waveguide

From equations (3.16) and (3.34), the ratio of the forces (Fiact,»/ Fyraa)is given by:

2 4] 412
Fscat,z o neffk |a’ w
Fyrad 6rerale—1/2 Y

(3.36)

Equation for the beam radius or half width of a waveguide (wy), that could stably trap

gold nanoparticles can be analyze by:

Fyradsymar = Fgeat (3.37)
By substituting the equations:
eV R 2 (3.38)
Nef fCWy 6me

In equation (3.38), the negative sign represents only direction and the width of the

waveguide is given by:

ad’e YV26n

W,y ~2
Y ngffk:4|a|2

(3.39)
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Now, by substituting the values in equation (3.39), for gold nanoparticles let us ap-
proximate the beam radius or the half width of the waveguide that is suitable to trap
gold nanoparticle stably. The polarizability (o = o’ +ia” ) of gold nanoparticle is
(3.1 +2.40).1072m3, from (23], nerr = 1.77, 1 = (ns)? = 1.77 and k* = 27n/\ =
2.08 * 1024 /m?*.

By inserting the above values in equation (3.39), the approximated beam radius or width
of waveguide that can stably trap gold nanoparticles is: w, ~ 190nm. From this approx-

imately 380nm width waveguide is necessary to stably trap gold nanoparticles.

Now, lets relate the force ratio with the radius of the particle. Equation (3.36) can be

written as a function of a?:

Fscat,z _ ngffk4wy ‘ ’2 (3 40)
Fyrad 6rerale—1/2 '
By substituting the values of the constants in equation (3.40), it will be:
Fscat,z o 13,12 -3
=3.67% 107 |a|*(m ™) (3.41)
Fgrad
Polarizability («) is represented by:
€1 — €2
=3V—— 3.42
@ €1 + 2¢€9 ( )

In equation (3.42), €; is complex permittivity for the particle, ez is complex permittivity

for the for the medium and V is the volume of a sphere, which is V=4mr3 / 3., and

L% 33594 0.0281i ~ 3.35 (3.43)
€1 1+ 2¢2
is given in [23].
a ~ 3.35199  V = 3.35199 + 4713 /3 = 14.02320r (3.44)

By inserting equation (3.44), in equation (3.41) it yields:

F,
—seatz _ 367 % 10" af? = 723.47 % 10319 (3.45)
Fgrad
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Equation (3.45), is the relation between the force ratio and particle radius.

In general, the direction of the forces that act on Rayleigh particles in the evanescent
fields is as shown in figure [3.5]. From the figure, there are two forces in z direction
besides scattering force which are dissipative or absorptive forces that act in positive z
discretion and the gradient force in the negative z direction. The remaining gradient
forces act in negative x direction, pulling high refractive index particle toward the region
of high radiation intensity. In addition to optimizing the waveguide structure, radiation

forces can be maximized by maximizing the polarizability of a Rayleigh particle.

X
4;
Fgradc
Fscat + Fdiss
n; (Cover) e —>
X=d/2
ng (Waveguide) > 7
X=-d/2 )

ng (Substrate) /
Y /

Figure 3.5: Particles in the evanescent field of the waveguide, where n, > n. and ngy >

Ng > Ne
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Chapter 4

Experimental Setup and Procedures

for Optical Trapping

4.1 Overview of the set-up

In the first section of this chapter, the overall experimental setup and its procedures
are presented. This is followed by the description of the attempt made to find the best
Gaussian output beam profile from the laser by arranging the setup within the laser. In

the last section of this chapter the characterization of the laser is reported.

The overall setup used for the experimental work is as shown in figure [4.1]. The detailed
descriptions and explanations of these apparatuses will be presented by categorizing them
into three sections, on the basis of their function for the setup. These are the optical
components, used to shape the laser beam, microscope for observing the particles and
fluidic apparatus used to put the particle solution under the microscope reference to

waveguide.
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X Protection box

)_'Y Laser
z

Single mode fiber

Beam splitter Mirror 1

Lens 2

Mirror 2

Power meter

Figure 4.1: Schematic diagram of the experimental setup used for optical trapping

4.1.1 Optical components

The collimated output beam from this laser is incident on a beam splitter, which is an
optical component that splits the incident beam into reflected and transmitted beam.
The reflected and transmitted beams from the beam splitter will pass to Mirror 3 and
mirror 1 respectively. Mirror 3 will reflect the beam and coupled via 40x objective lens
into single-mode optical fiber. The optical fiber will transmit the light to the wave meter
for measurement of wavelength and power. The beam transmitted from the beam splitter
goes through the protection box (for safety) and then to Mirror 1. The reflected beam
will pass through two lenses, which are placed at a distance of f1+ fa, to expand the beam
to the match input of the objective (Lens 2). This high power beam will be reflected
by Mirror 2 and coupled by 80x input objective lens to the waveguide. By using 40x
output objective lens and focusing the output power from the waveguide it is possible to

measure the guided power with power meter.
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4.1.2 Fluidic apparatus and waveguides

In this project we do not fabricate waveguides, rather we used ready Tantalum pentoxide
(T'a205) waveguides. During the processes of trapping particles we sealed cell to the
surface of substrate to contain the particles and cover it with cover glass (18mm x 18mm)
for the purpose of imaging. Finally we place it on the substrate holder (stage), which has

two degree of freedom that is perpendicular to the axis of the input objective lens.

Waveguides used in this experiment are T'asOs waveguides. Both strip and rib waveguides
are used with thickness 0.2(um) and width of (1pm and 1.5um). These waveguides was
having different structures like: straight, tapered, loop and ring resonators. Details of

these waveguide structures will be presented in the coming chapters.

Having clean and good- facet, waveguides and cells are vital to make the trapping process
work. We used fluidic cells made of poly-dimethyl siloxane (PDMS) with refractive index

of 1.45 because of its easy characteristic to clean and apply.

The design limitation for the cell was that the refractive index must be less than the
effective index of the waveguide used to avoid loss. By taking this limitation under
consideration the fabrication of the PDMS cell was an easy task. The steps used for
fabrication of PDMS was first mixing PDMS and hardener in a ratio of 10:1 and then
pouring it over a dish, during this process care must been taken to keep uniform thick-
ness of the PDMS throughout the dish and finally allowing it to settle for at least an

hour.

4.1.3 Microscope

Microscope having a CCD (charge coupled device) digital camera is held above the silicon
substrate for recording digital images and videos to a computer, which is directly connect
to the microscope with data cable (see figure [4.1]). The mostly used CCD digital camera
for this experiment was black and white INFINITY 2 digital camera. By moving the
microscope in all three axes it is possible to focus, and to approach from both transversal
and lateral sides of the waveguide axes. This microscope operates in two modes: bright
field and dark field. Bright field is when white light is incident on the waveguide and
reflected, while the dark field is when the white light is switched off and light from the

laser is observed due to scattering on the waveguide surface or by particles.
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4.2 Laser

The lasers used for the experiments are a tunable diode laser and Ytterbium Fiber laser.
In this section first Ytterbium fiber laser will be presented. This is followed by discussion

and characterization of a tunable diode laser.

4.2.1 Ytterbium Fiber laser

The laser source used for the optical trapping experiments on straight and loop waveg-
uide structures was a 5W, continuous wave, linearly polarized, Ytterbium doped, diode
pumped, fiber laser (IPG-Photonics,PYL-5-1064-LP) with an output collimator. It sup-
plies a Gaussian output beam with beam quality factor(M?2) ~ 1.1 or with 1.6mm

waist.

4.2.2 A tunable diode laser

The laser source used for the optical trapping experiments on the ring resonators waveg-
uide structure was a tunable diode laser. It was in Littman/Metcalf configuration with
maximum output power 50mW, wavelength 780nm and verified wavelength range from
769-794nm. The tuning for the tunable diode laser is obtained by simultaneous transla-
tion and rotation of the mirror with the master laser, either by tunning the wavelength
adjustment screw inside the laser or electrically by a piezo actuator. The beam quality
factor(M?) for tunable diode laser is 1.7, which is not best quality factor. In the whole
experimental processes the problem facing was to find the exact Gaussian beam profile
(circular spot beam) at the output of the laser. The output beam profile of a laser at

different distance from the laser is as shown in figure (4.2).
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A B

Figure 4.2: The Gaussian beam profile from tunable diode laser at three different spots

Figure [4.2], the beam image is taken by using two filters with optical density (od=4),
unless the camera will be saturated. In figure [4.2], image A is taken close to the output
laser, while image C is the farthest from the laser. There are two or more than two modes

on each image, in principle it was suppose to be a circular spot (perfect Gaussian beam
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profile).

4.2.3 Characterization of tunable diode Laser

A part of the laser beam is coupled to a wave meter, which is directly connected to the

computer for reading of wavelength and power.

The wave meter used for this experiment was a Berleigh model 621 wavelength and
power meter reader with maximum input power 10mW. The relationship between the
wavelength and power of this laser for two currents was measured by using both screw
and piezo. During tuning the wavelength by using screw the laser was unstable, therefore
it is preferable to plot the wavelength to power graph for both increasing and decreasing
the wavelength. The current used were 1500mA, which was most commonly used in this
experiment and 3800mA, which is the maximum current for this laser. The graphs that
show wavelength to power relationship for both 1500mA and 3800mA currents by screw
are as shown in figure (4.3) and figure (4.4) respectively. And the graph that shows the

voltage, wavelength and power relationship by piezo is as shown in figure (4.5).

an
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Figure 4.3: Power versus wavelength plot for tunable diode laser at 1500mA current.
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Figure 4.4: Power versus wavelength plot for tunable diode laser at 3800mA current.

From the above figures (4.3) and (4.4) it is clear that wavelength range is from 775nm
to 790nm, which is 15nm, when we used screw. And the power in figure is a fraction of
maximum output power. The maximum output power is 2.3W at 3800mA and 0.26W
at 1500mA.
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Figure 4.5: Voltage, wavelength and power for the laser by using piezo actuator.

From figure (4.5),the range of wavelength is 0.1nm when we use piezo. And the rate for

piezo is 3.83nm/v.

4.2.4 Output power

In this section, measurements of output power of laser at different positions and mea-

surements of output power from the different width of waveguide is presented.

Different power measurements before and after objective lens with different powers from

the laser were as shown in table (4.1).
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Current (mA) || Power before the input O.L (mW) || Power after the input O.L (mW)
2000 830 275
2500 920 295
3000 1100 375
3500 1300 391

Table 4.1: The power measurement before and after objective lens for different currents

from the laser

The measurement of output power from the waveguide by using 80z objective lens is
illustrated in table (4.2). This table is with 2500mA laser power, which is 295mw power

after objective lens, and for different waveguide diameter.

Waveguide diameter(um) || Output power (mW)
1 0
1.5 0.55
2 1.7
2.5 2.8
10 7

Table 4.2: The output power for different waveguide diameters at 2500mA laser power

From table (4.2), for waveguide with width resonator 1um it is not possible to measure

output power with power meter. This forced us to analyze another method to measure

output power for this waveguide width, this method is illustrated in chapter 5.
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Chapter 5

Waveguide Ring Resonators

5.1 Introduction

As it is described in chapter 1, optical tweezers are useful tool for moving, sorting and
trapping of particles [34, 35]. Due to this many researches have been done on increasing
optical trapping force on a particle by using the evanescent field of planer waveguides.
Among the methods proposed for increasing optical trapping force the most common are
slot Waveguides [36], plasmonic [37], hollow-core [38] and liquid-core/liquid-cladding [39]

structures.

The other alternative way to achieve high optical intensities is to incorporate different res-
onator structures with a planar waveguide. Among these different resonator structures,
the most widely used were a spherical WGM resonator structure for nanoparticle trapping

[40] and integrated microring resonator switch for microparticle trapping [41].

The aim of this chapter is to use waveguide ring resonators to get high intensity for
optical particle trapping. But the characterization of these ring resonators is the first

task to be carried out.

In this chapter the structure and the parameters of the circular ring resonators used
will be described. This is followed by coupling of light into the ring resonator to find
resonance. Finally characterization of the ring resonators is carried out by tuning the
wavelength and recording the power as a function of wavelength. The Quality factor (Q),

finesse and loss will also be discussed.
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5.2 The Structure and the Parameters of the Ring Res-

onators used in this work

An optical resonator is an arrangement of optical components which allows the beam
of light to circulate through the closed loop. As a result it confines and stores light at
resonance frequencies determined by its configuration [15]. It is the optical counterpart
of electronic resonant circuit. There are various kinds of optical resonator configurations;
among these the most widely used are the fiber ring resonators and integrated optics ring

resonators. In this chapter waveguide ring resonators will be characterized.

The input waveguide to resonator is straight waveguide with width 1um. While this
input waveguide form Y-junction around the ring resonator as shown in figure (5.1).
There is a separation between the curved waveguide and ring resonator. There are two
sets of resonators for each radius and separation (see table[5.1]). The coupling length is
where the coupling of light from the curved waveguide to ring resonator is took place.
This structure of resonator has two outputs. The parameters of these ring resonators is

as shown in table [5.1].

Coupler is a waveguide placed next to resonator, which is used to measure the coupling
in the waveguide. The coupling length and separation between the upper and lower

waveguide in coupler is the same as the resonator.

The structure of resonator and coupler is as shown in figure [5.1].

Coupling length for coupler

Coupling length for resonator

Input to coupler

. et * Two outputs from coupler

InpuEtoresontoal Two outputs from resonator

Y-junction Circular resonator

Figure 5.1: The structure of resonator and coupler
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The structures of the waveguide having ring resonators and couplers used for this exper-

imental work is as shown in figure [5.2].

Curved coupler,input clockwise

Cureed couplerinput counter dodkwise

A)

L TR TN Y e -

'_-d__ﬂ_-_r_-!lv.__l-fq--n N .:‘.".".‘D'.'.E CJ

war iy = 1 0| e

Carwed B tep = 12 8D, s | —//_-\L—

e i R P Curvesh rempler, impar siiastee dhark wise

T e B P e T e D}

Separation

g

Curved coupler,input clockwise

Figure 5.2: The structure of ring resonator on the waveguide

From figure (5.2), B is input from left side with two outputs, ¢ is input from upper right

hand side with single output and D is input from lower left side with single output.
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Radius (pm) || Separation (um)
500 2
1.5
1.2
1
500 idem
400 idem
400 idem
300 idem
300 idem
200 idem
200 idem
100 idem
100 idem
50 idem
50 idem

Table 5.1: The Parameters of circular ring resonators on T'asO5 waveguides

5.3 Coupling of light into circular ring resonator

A tunable diode laser is used to find the resonant wavelength. Resonance occurs when
incoming light is in phase with light in a resonator that has completed a revolution around
the structure. This is on or bold resonance state. In this state the optical intensity will
drop in the output waveguide and increase in the ring resonator. The wavelength at
which light is most confined within the ring is known as the resonant wavelength. The

on resonance and off resonance states of ring resonators are as shown in figure (5.3).

41



Chapter 5. Waveguide Ring Resonators

(of f — resonance state)

(on = resonance state)

Figure 5.3: off resonance and on resonance state of ring resonators

If the ring waveguide is sufficiently close to the curved outer waveguide, due to optical
field overlap, light can be coupled into the circular resonator from the curved waveguide.
The coupling of light into the ring waveguide is influenced by three different parameters.
These parameters are: the separation between these two waveguides, the coupling length

and the refractive index.

If the separation between the two waveguides, which are the curved waveguide and ring
resonator waveguide, is minimized the optical field overlap will increase. As a result,
more light will be coupled into the ring from the curved waveguide. In principle, at
resonance wavelength and for optimal separation, all the light can be coupled into the
ring resonator from the curved waveguide. In our case the minimum separation is 1pm
(see table[5.1]), which is not enough to produce best field overlap. That is why we did
not find the situation in which all the light was coupled into the ring from the curved
waveguide at resonance wavelengths. As the separation between the two waveguides
increase the field over lap will be smaller and the coupling of light into the ring resonator
will decrease. Even it will be difficult to find resonance for ring resonators with separation
S > 1pm, which is the reason why we have only characterized ring resonator of separation

S= 1lum.

As the coupling length become longer, the coupling of light into the ring from the curved
waveguide will increase. This is because, as the coupling length become longer there will

be more optical field overlap than that of the smaller once. As a result light will easily
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be coupled into the ring resonators from the curved waveguide.

Effective refractive index will influence coupling of light into ring resonators. To aid un-
derstanding on how refractive index influence coupling see figure (5.4), n is the refractive
index of medium between the two waveguides. Coupling between the two waveguides
depends on the difference between the refractive index of the waveguide and n, which
is An=ng4 — n, where n, is the refractive index of the waveguide. If An is small, much
of light will be confined in the waveguide, which results good coupling. And if An is
big, less light will be confined, which is not good for coupling. Therefore, by calculat-
ing An for different conditions between the waveguides as shown in table (5.2), we can
suggest the influence of refractive index on coupling. The refractive index (n) between
the waveguides can be: n =1 for air, n = 1.33 for water, n = 1.43 for silicon cladded,
n = 1.46 for oil 1 and n = 1.54 for oil 2.

Refractive index(n) || An=ng4 —n
Air 1 1.1
Water 1.33 0.77
Silicon cladded 1.45 0.65
Oil 2 1.54 0.56
Oil 1 1.46 0.64

Table 5.2: The effective refractive index for different covers

From the above table (5.2), we will find minimum An for oil 2 (n=1.54), then we can
conclude much of light will be confined into the waveguides when we use oil 2 (n=1.54)
on top. And the worst coupling with respect to refractive index will happen when air
medium is used as cover, because An here is maximum which results less confinement of

light into the waveguide.

Circular ring waveguide S (Separation) Curved waveguide

/ =
/{Coupling length)

N

Figure 5.4: Coupling between two waveguides with separation (S)
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To aid more understanding how refractive index between the waveguides influence the

coupling, in this case between the circular ring resonators and curved outer waveguide,

see figure (5.4).

Air(n = 1) Water(n = 1.33)

Oil (n = 1.46) il (n = 1.54)

Figure 5.5: On-resonator state of ring resonator when air, water and oil is on the top of

the waveguide

From figure [5.5], it is clearly observed that high intensity in the circular ring is obtained,
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when waveguides have oil (n=1.46) on the top and low intensity in the ring when is has
air on the top. From this observation we decided to use silicon cladded waveguides for

trapping of particles on the ring resonators.

5.4 Characterization of ring resonators

In this section the characterization, such as power in ring resonator, output power, quality
factor, finesse and loss, of ring resonators will be presented. The method used for these

characterizations will be discussed in the next paragraph.

5.4.1 Method for characterization of ring resonators

The method (procedure) used to characterize power in ring resonators is as shown in the
figure [5.6]. The first step is to find a good resonance by coarse-tuning of the wavelength.
This is followed by taking images of the waveguide /resonator while tuning the wavelength
using piezo. Afterward, the images is imported to a matlab program. And then matlab
code that can make some structure of circular mask on the ring resonator is written. The
use of this mask on the ring is for integration of pixes- values in the portion, which will

be power in our case. Finally the power versus wavelength graph is plotted.
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&,

B. Captured images of resonance by tuning the

Image of good resonance
wavelength using piszo

®
HL

i———

C. Mazsk for integration of pixel values

to matlab program

B. Importing images

MW MEE MM T

E. Power vs. wavelenzth plot

Figure 5.6: The procedures used for characterizing power in ring resonator

The method depends on scattering and laser power. The principle is that light in waveg-
uide scattered by surface roughness and it is detected with camera on microscope. Power
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versus scattered power is linear.

The problems of this method are saturation, noise and small portions of the waveguide

is imaged for the ring resonator (R=300um and R—=400um), which is due to capture

resolution of camera we used.

After having the power versus wavelength graphs it is possible to analyze the spectral

width and the quality factor (Q-value). The quality factor will be discussed in section

(5.5) of this chapter, while spectral width and free spectral range will be covered next.
The spectral width (6)) is a full width at half maximum (FWHM) of resonance peak.
Graphical analysis of spectral width is illustrated in figure [5.7].
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Figure 5.7 FWHM of resonance peak
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The first step is finding the maximum and minimum power to get the half maximum.
This is followed by drawing straight horizontal line from this half maximum point that
crosses our graph at two points. Finally draw vertical lines from these two points to
get the two wavelengths. The difference of the two wavelengths is the spectral width
(ON).

Since this method depends on scattering, we did not find P,,;, = 0 in any case, therefore
the P,,;n we found for this method is not the exact value rather it is an approximation.
They way I did to find P, is that: for power versus wavelength graphs that have
Gaussian profile I took P,,in see figure [5.7] and for the power versus wavelength graphs

that does not have Gaussian profile I took the shoulder as P,,;,.

Free spectral range (A)), which is the spacing between modes, is calculated by equation
(5.1). From this equation, it is clear that the free spectral range is inversely proportional
to the radius of ring resonators. Therefore, the free spectral range for bigger radius ring

resonator is small compared to the smaller ones (see table (5.3) ).

)\2

AN =
wDn

(5.1)

In above equation (5.1), \p="785nm, n=2.1 (Ta205 waveguides) and D=diameter of the

ring resonators.

5.4.2 Characterization of power in the ring resonator

In this section, by using the above described method for the characterization of power
in ring resonators, we will characterize the power in the ring for all radiuses of ring res-
onators. These characterizations are done for three different conditions. These conditions
are: when air is on top of the waveguide, oil (n=1.46) is on the top of the waveguide and

for silicon cladded waveguide.

Next, we will try to characterize the power in the ring resonators for all radiuses (R=50um,

100pm, 200um, 300pum and 400um) in all three conditions.
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Resonances with air(n=1) on top of resonators

Xindex

200 400 600 800 1000 1200
Y index

Figure 5.8: Image for resonance at R=50um and air on top of the waveguide

From the above figure (R=50um), we can see that to find coupling of light into the ring
the light into curved waveguide must be saturated because of weak coupling into the
ring. And the mask used to analyze the power in the ring only cover the small portion

of the ring where the power is not saturated. Which is true for all cases.
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Figure 5.9: Power versus wavelength for R=50um and air on top of the waveguide

The above power versus wavelength graph at R=50um looks good, because there is not
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A. Image for resonance at R=100 um
and air on top of the waveguide

Figure 5.10: Characterization of power in the ring at R=100pum and air on top of the
waveguide

much noise and it is has good Gaussian profile. And by using FWHM, the spectral width
(0A) is = 0.04nm.

From figure (5.10), the image of resonance shows that more light is coupled into the ring
than for R=50um, but still the light in the curved waveguide is saturated. In power
versus wavelength graph it is difficult to find the spectral width as it is FWHM of the

resonance peak, but we took approximation and d\ is =~ 0.017nm.

From figure (5.11), the image of resonance shows that there is light throughout the mask
than that of R=50pum and R=100pum . Here in power versus wavelength graph it is better
to find the spectral width relative to R= 100pum graph and the graph has good profile.
By using FWHM, the spectral width (6)\) is &~ 0.014nm.

From figure (5.12), we see small portion of the image of the resonance which is because
of small capture resolution of the camera used. The same case is true for R= 400um.
In this case also the mask only cover the portion that do not have saturated light. In
the power versus wavelength graph the graph looks ok, and the spectral width is (dA\==~
0.012nm). From figure (5.13), the mask is covers small portion which are portion in
which the coupled light is not saturated. From the power versus wavelength graph the
spectral width is (0A=~ 0.009nm).

50
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A. Image for resonance at R=200 pm B. Power vs. wavelength for R=200 um and air on top of the waveguide
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Figure 5.11: Characterization of power in the ring at R=200um and air on top of the
waveguide
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Figure 5.12: Characterization of power in the ring at R=300um and air on top of the
waveguide
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Figure 5.13: Characterization of power in the ring at R=400pum and air on top of the
waveguide

Resonances with oil(n=1.46) on top resonators

From figure (5.14), the image of resonance shows that there is good coupled light into
the ring than that of waveguides with air on top. This shows how much refractive index
influence coupling of light between two waveguides as it is described in the coupling
section of this chapter. And this case it true for all radiuses of the ring resonators. In
the power versus wavelength graph the structure of the graph is not interesting and here
it is difficult to find the spectral width by FWHM, by approximately using FWHM the
spectral width is dA~ 0.0Inm. Much noise is there, but the peak signal is more than

10% of the noise.
From figure (5.15), shows that much light is coupled in the ring resonator.

From figure (5.16), the power versus wavelength the spectral width is A~ 0.016nm. And

the peak signal is more than 10% of the noise.

From figure (5.17), power versus wavelength figure, in which radius is R=200um, the
spectral width will be dA~ 0.018nm. And there is much noise, but the peak signal is

more than 10% of the noise.
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A. Image for resonance at R=50 um
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Figure 5.14: Characterization of ring resonance at R=50um and oil (n=1.46) on top of
the waveguide
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Figure 5.15: Image for resonance at R=100pm and oil (n=1.46) on top of the waveguide
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Figure 5.16: Power versus wavelength for R=100um and oil (n=1.46) on top of the

waveguide
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Figure 5.17: Characterization of power in the ring at R=200um and oil (n=1.46) on top

of the waveguide
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78416
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Image for resonance at R=3|30 um B. Power vs. wavelength for R=300 ym and oil on top of the waveguide
and oil on top of the waveguide

Figure 5.18: Characterization of power in the ring at R=300um and oil (n=1.46) on top
of the waveguide

From figure (5.18), power versus wavelength figure, in which radius is R=300um, ap-

proximately the spectral width will be A~ 0.015nm. And there is much noise, but the

peak signal is more than 10% of the noise.
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Figure 5.19: Characterization of power in the ring at R=400um and oil (n=1.46) on top
of the waveguide

From figure (5.19), power versus wavelength figure, in which radius is R=400um, the

spectral width will be d A= 0.013nm. And there is noise, but the peak signal is more
than 10% of the noise.

Resonances of silicon cladded resonators
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Figure 5.20: Image of resonance at R=50um for silicon cladded waveguide
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Figure 5.21: Power versus wavelength for R=50um of silicon cladded waveguide

Figure (5.21- 5.25),shows that the resonance is found even at low power of light for silicon
cladded waveguides. Which is better than that of waveguide using air on top, because in
the case of waveguide using air on top we find the resonance we have to use high power

or the coupling in the curved waveguide must be saturated. This is true for all radiuses
of silicon cladded waveguides.

From the above figure the spectral width is 6\ = 0.021nm.
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5.4.3 Output power from ring resonator

As illustrated in table ([4.2]) of chapter 4, we were able to measure the output power for
waveguides only with width greater than 1.5um by using power meter. And it is clear
that, since the width of the ring resonator waveguide is 1um, we can not measure the
output power by using power meter. Therefore, it is necessary to use another method to

measure the output power from ring resonator waveguides.

The proposed method (procedure) is virtually the same as the one used for measuring
the power in the ring of resonator. The difference is that, in this case we are not looking
for the power in the ring rather we are looking at power out of the ring resonator. The
structure of the mask, which uses for integration of the pixel- value, is rectangular. In
this case there are two outputs. Therefore, with two rectangle covering the two output

waveguides it is possible to analyze the output power as shown in figure (5.26).

By using the above method we only characterized silicon cladded waveguide, because it
has resonance with higher intensity than the others. Characterizing the output power for
waveguide with oil on top of it is not important because we will not use it for trapping

purpose.

In principle, at peak of resonance the measurement of output power from ring resonators
is expected to be zero. But we did not find any in our case this might be because of
that our method depends on scattering. Here, in our output power of ring resonators
measurement the dipp values are all at peak of resonance. This is because there is no

much power in the ring at peak resonance.

The experimental results for different radiuses of silicon cladded waveguide are as shown

below:
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Figure 5.26: Image of the output for silicon cladded waveguides at R=50um

From the above figure, which is the image of the output waveguide at R=50pm, we used
small rectangular masks to analyze the output power for both upper and lower output

waveguides. The same is true for all radiusus.
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B. Output power vs. wavelength at R=300 pm for silicon claded waveguide

Image of the output for silicon claded
waveguide at R=300 um

A

Figure 5.30: Characterization of output power at R=300um for silicon cladded waveguide

From the above shown figures (5.27) to (5.30), the dipp of upper and lower waveguides at

R=100pum and R=300um, are not at same point. This might show that our waveguide is
not single mode. And for all figures from (5.27) to (5.30), it is clearly seen that the dipp
of the power for radiusus of ring resonator is only a few percent or there is low power in

the ring.
5.5 Quality factor and loss of ring resonators

The two parameters to characterize the quality of ring resonators are: the quality factor
and the finesse. The Quality factor is determined by observing stored energy lost per
unit time. And it can be calculated by equation (5.2). This equation show that the

quality factor (Q- value) is inversely proportional to the spectral width, therefore as the
spectral width decrease the Q-value increase (see table (5.3)). Larger quality factor is
related with low-loss resonator.

(5.2)

Quality factor(Q) = 5

Now by using equation (5.2), we will calculate the Q-value for all radiuses of ring res-
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onators in the three different conditions. These conditions are: air on the top of waveg-
uide, oil on the top of waveguide and silicon cladded waveguide. The result is shown in
table (5.3).

Finesse, which is the ratio of free spectral range to spectral width, can be calculated by
equation (5.3).

FAY.)

Finesse(f) = SN (5.3)

From the above equations (5.2) and (5.3), we will have (Q » f) because ), is much greater
than mode spacing (A\). As finesse ( f >> 1), the spectral response of the resonator is
sharply peaked.

The spectral width, free spectral range, the quality factor and finesse for all radiuses of

ring resonators and in the three different conditions are as shown in table (5.3).

OA(nm) Q (Q-value) f ‘
R(pm) || AXnm) || Oair || ONoit || OAsitica | Qair || Qoit || Qsitica || fair || foir || Fsitica
400 0.116 0.009 || 0.013 | 0.016 | 8.10° || 6.10° || 5.10° 13 9 7
300 0.155 0.012 || 0.015 | 0.017 | 6.10° || 5.10° || 5.10° 13 10 9
200 0.233 0.014 || 0.018 || 0.019 || 5.10° | 4.10° || 4.10° 17 13 12
100 0.467 0.017 || 0.016 || 0.011 || 4.10° || 5.10° || 7.10° 27 29 42
50 0.934 0.040 || 0.010 || 0.021 || 2.10° | 8.10° || 4.10° 23 93 44

Table 5.3: Spectral width, free spectral range,quality factor and finesse for all radiuses

of ring resonators in the three different conditions

From the above table (5.3), for each conditions we can suggest which radius of the waveg-
uides has low loss resonator. As larger quality factor is related with low-loss resonator,
for waveguides of air on top at R=400um we have low loss resonator. In similar way, for
waveguides with oil(1.46) on top and for silicon cladded waveguides we will have low loss

resonator at R=50um and R=100pm respectively.

From table (tab4), the value of finesse mainly depends on spectral width than the Q-

value.

Losses associated with scattering and absorption in optical waveguide is presented next.
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Finesse as a function of attenuation factor (|r|):

Finesse(f) = f ||T||
—Ir

(5.4)

From equation (5.4), the attenuation factor (|r|) is a quadratic equation and can be

calculated as:

22 a2 4 a2)? 4
_ s

7] (5.5)

Having, the values of finesse from table (5.3), the calculated attenuation factor (|r|) is as

shown in table (5.4). The loss («) and |r| is related with equation:
Ir]? = (1 —c)e 2™ (5.6)

From above equation (5.6); c is the coupling, r is radius of the ring resonators and |r|? is
attenuation factor. The loss (a), from equation (5.6) will be:

2

ln(%)

2rr

a=— (5.7)
To find the loss from the equation (5.7), the coupling value must be analyzed first. The
coupling is calculated from the coupler, here in our case it was easy to find the coupling
ratio only for silicon cladded waveguide and the coupling for different radiusus is as shown

in table (5.4). The method to find the coupling ratio for R=100um is as illustrated next
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Figure 5.31: Powers on the coupler for analyzing coupling

Then from above figure, by the integration the pixel-values in box piandps by using
matlab, which will give power pjandps in our case, the coupling is given by: ¢ = p1/po,
which is 4%. By using this method the coupling ratio can be calculated for all radiuses

of silicon cladded waveguide.

By using the above equations, the values of |r|, coupling (c¢) and « for different radiusus

of the silicon cladded ring resonators waveguide is as shown in table (5.4).

r(pm) || Finesse(f) || Coupling (c%) |7] a(m™1) || a(dB/cm)
50 44 0.001 0.966 423 18
100 42 0.04 0.897 173 7
200 12 0.06 0.788 366 16
300 9 0.08 0.731 325 14
400 7 0.09 0.706 317 14

Table 5.4: The loss characterization for all radiuses of ring resonator

Then the graphs for loss versus radiuses of the ring resonators is as shown in figure
(5.32).
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Figure 5.32: Radius versus loss and loss versus finesse graph

In figure [5.32], waveguide of R=100um has loss 7 dB/cm, which is wrong as loss versus
radius graph is expected to be exponential decreasing graph. This might be due to, the
limitation of our method to find exact spectral width, because loss depends mainly on
attenuation factor, which in turn depends on finesse. As finesse is a function of spectral

width. Generally, there is too high power loss in the ring resonators.
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Chapter 6

Optical Trapping of Particles

6.1 Introduction

After describing about optical waveguide and the overall experimental setup for optical
trapping experiment in the previous chapters, now the intention is to conduct optical

trapping experiment mainly for gold nanoparticles.

This optical trapping experiment was conducted for three different structures of optical
waveguides. These three structures of optical waveguides are: straight, loop and ring
resonators. In this chapter we investigate the experimental results obtained for each of
these three different waveguide structures. And also characterization of speed of particles

propelled above the waveguide will be presented.

The basic aim of this chapter is to prove that 200nm and 500nm diameter gold nanopar-
ticles will be drawn into waveguide axis and propelled in the direction of light propaga-
tion. Beside, this chapter aid understanding on how good trapping will be for different

structures of optical waveguides.

The first part of this chapter describes optical trapping of gold nanoparticles on straight
waveguides. This is followed by discussion on gold nanoparticles and polystyrene particles
trapped on loop waveguides. Finally optical trapping on waveguide ring resonators will

be presented.

68



Chapter 6. Optical Trapping of Particles

6.2 Optical trapping on straight waveguides

As mentioned in earlier chapters, in this project our aim is to trap particles by evanescent
wave field of a channel waveguide. Particles may behave in different ways when they are
exposed to evanescent field of a channel waveguide. To understand better how particles
behave when they interact with the evanescent field of a channel waveguide, see figure
(6.1).

t=0Oms t=15ms t=30ms

X position (pm) X position (pm) X position (pm)

Figure 6.1: Three different 500nm diameter gold nanoparticles exposed to evanescent

field of a channel waveguide for 30ms

From figure (6.1), particle number 1 is trapped and propelled throughout 30ms, particle
number 2 stay only for the first 15ms and then moved out of the waveguide axis, and
particle number 3 only shows Brownian motion throughout the 30ms. These differences
in way particles behave when they expose to evanescent field is due to the difference in
evanescent field strengths. This differences in evanescent strength is due to the difference
in positions of particles on the waveguide. There is a fluctuation in both y and x axis

position of particles.

The trapping experiment conducted on straight waveguides was for both 500nm and
200nm diameter gold nanoparticles with different input powers. The speed of the parti-

cles for different powers was also analyzed.
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6.2.1 Gold particles with diameter 500nm

500nm diameter particles start to gather on the waveguide, where light is coupled in.
After the waveguide was excited, particles on the top of the waveguide start to scatter the
guided light from the laser. With time, the number of particles would increase gradually.

The image of 500nm diameter gold nanoparticles scattering the guided light from the

1070nm wavelength laser is as shown in figure (6.2).

Figure 6.2: Nanoparticle with diameter 500nm trapped on waveguide (x20,DF, 200mW)

On the above figure (6.2), only particles scattering the guided light are seen. After these
particles start to interact with the evanescent field of the channel waveguide then they
will start to move forward or in the direction of propagation. A sample of a 500nm

diameter gold nanoparticle which is trapped and propelled in a propagation direction

70



Chapter 6. Optical Trapping of Particles

for different time is as shown in figure (6.3). The speed of the particle is 140pm /s with

700mw power of laser.

D001 .23

O0:02_393

OO0:04. 90

000509

oD:05.57F

Figure 6.3: Nanoparticle with diameter 500nm trapped and propelled on a waveguide
(x20,DF, 300mW)

Here, the speed is not uniform for all particles, therefore by measuring the speed for 5 or
6 particles we took the average speed. The average speed of the 500nm diameter gold
nanoparticle was measured for different input powers, as shown in figure (6.4). From
figure (6.4), it is obvious that the speed of the particles depend on the input power.
Increasing input power yield high speed, while decreasing input power results in low

speed of the particles.
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Figure 6.4: Average particle speed versus input power from laser for 500nm diameter

gold nanoparticle. The slop is of the line is 195um /sW

In this experiment, we were not able to trap and propel 500nm diameter gold nanopar-
ticles for long duration as for polystyrene particles. This is because of the gradient force
is smaller than the propagation force (see section 3.4.4 of chapter 3). In chapter three,
under a section entitled stable trapped nanoparticle, we found that for gold nanoparticles
to be stably trapped the width of waveguide is approximately 380nm, while in our case
it is 1pym that is too big. The diameter of the particle compared to the width of the
waveguide, is small. As a result the propagation or scattering force will be greater than

the gradient force.

6.2.2 Gold particles with diameter 200nm

The experiment was also conducted for 200nm diameter gold nanoparticles. 200nm
diameter particles are very small and difficult to see with 20x objective lens. 60x water
immersion objective lens was used to image the particles in this case. Much of the
particles are in cluster form with high speed, therefore it was not an easy task to identify
whether single particles were stably trapped and propelled. Only few particles were
visualized to be trapped and propelled. One of it is illustrated in figure (6.5). The speed
of the particle is 420 pm/s with 700mW input power from laser, which is considerably
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faster than the previously reported value.

00:02.00
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Figure 6.5: Nanoparticle with diameter 200nm trapped and propelled on a waveguide
(x60,DF, 300mW)

The average speed of the 200nm diameter gold nanoparticle was measured for different
input powers. The power versus average speed graph for 200nm diameter gold nanoparti-
cle is as shown in figure [6.6]. In similarly way like 500nm diameter gold nanoparticle, the
average speed increase with increasing input power.From this experiment we were able
to trap and propel 200nm diameter gold nanoparticles for short duration than 500nm
diameter gold nanoparticles. This is also with the same reason as 500nm diameter gold
nanoparticles the gradient force is much less that the propagation force. Again referring
chapter 3, as the diameter of the gold nanoparticles decreases the gradient force also

decrease.
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Figure 6.6: Average particle speed versus input power from laser for 200nm diameter

gold nanoparticle. The slop is of the line is 643um /sW

6.3 Optical trapping on loop waveguides

The aim of using loop structure of waveguides is to trap or stop particles in the loop by
using counter propagation beam or standing wave. Before reporting the experimental
results found for loop waveguide, let us see the concept of trapping by standing wave.
The concept of standing wave is that to get stationary wave at some point due to same
beams moving in opposite directions. This concept is briefly discussed next. The image

of loop waveguide with intensity and wave distribution is as shown in figure (6.7).
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Region A: I, > 14

Regionc: [y ¥ I,

Figure 6.7: The amplitude (intensity) distribution on the loop waveguide structure

From figure (6.7), I and Iy are the intensities of clock wise and counter clock wise wave
respectively. Region A, B and C shows the intensity distribution in the region of the

loop. The wave equations are; with ujandus the amplitude after the Y-junction:
o u(z,t), = uped@W=k2)

and
o U(z,t)ee = uged@With2)

where the z-axis is taken to follow the waveguide clockwise. Then the sum of two waves
will be:

U(z,t) = U(z,t)e+U(2, 1) e = w1 @02 fuped WHR2) — 01wty 07782 gy et7K2) (6.1)

From above equation (6.1), when Iy >> I, which is in region A of the loop as seen in
the figure (6.7), the equation will be:
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Ul(z,t) = e/t (uget7k%) (6.2)

And when I; >> I, which is in region B of the loop as seen in the figure (6.7) the

equation will be:

Ul(z,t) = e/t (uyetik?) (6.3)

where u; = Iie 7% anduy = I,e7%*

if Iy = Iy = Iy, which is in region ¢ of the loop as seen in the figure (6.7) then equation
will be:
Ul(z,t) = 2L’ (cos(kz)) (6.4)

The intensity of the wave (I) is given by:

I(z) = |U> = |u1 + us|? = I + I + 2¢/T1 Ircos(kz) (6.5)

Therefor for Iy ~ I; the intensity (I) is given by:

I(z) = 2I1(1 + cos(kz)) (6.6)

In above equations:
e U(z,t). is the amplitude for the wave moving clock wise on the loop
e U(z,t)c is the amplitude for the wave moving counter clock wise on the loop

e U(z,t) is the total amplitude

I is the intensity of the wave

w is the angular frequency

k is the wave number (k = 27 /)\)

e 7 is variable for position along the waveguide clock wise and t is variable for time
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Since the equation for the intensity is the cosine function, we can find the gab between
the standing wave in the loop or the distance between the maximum points., which is
(Ao/2negf), where nesy is 1.77, and Ag is 1064nm. The gab between the standing wave is
around 330nm, which in principle can trap nanoparticles. The standing wave is mainly

in region ¢ of figure [6.7].

After visualizing how standing wave trap looks like, let us come back to the trapping
experiment results. The experiment was conducted for gold nanoparticles and 1.02um

polystyrene particles.

6.3.1 Gold nanoparticles
The experiment was conducted for both 200nm and 500nm diameter gold nanoparticles.

The image of 500nm diameter gold nanoparticles scattering the guided light from the

1064nm wavelength laser on the loop waveguide is as shown in figure (6.8).
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Figure 6.8: Nanoparticle with diameter 500nm propelling on loop waveguide (x20,DF,
300mW)

In figure (6.8), the 500nm diameter gold nanoparticles are moving in both clock wise and
counter clock wise direction of the loop as expected in regions A and B in figure (6.7).
From our experiment for 500nm diameter gold nanoparticles on loop waveguide, we were
not able to stop any particle along the loop. Particle propel along the loop waveguide

and eventually knock out of the loop due to weak gradient force.

The same experiment was conducted for 200nm diameter gold nanoparticles repeatedly,
for which we got better results than for 500nm diameter gold nanoparticles. Here we
were able to stop particles. We were not sure whether they were stopped because of

standing wave, counter propagating wave or hot spot. But from the result it seems that
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they were stopped due to hot spot or waveguide imperfection. This is illustrated in figure
(6.9).

_a

200nm Diameter particle on loop waveguide

with R = 100,W =1 and Gap =0 Laser on Laser off

Figure 6.9: Nanoparticles with diameter 200nm trapped or stopped on loop waveguide
(x60 water immersion, DF, 300mW)

The above figure (6.9), the resolution is not good and it is not clearly seen. The reason is
that 200nm diameter particle is too small though we used x60 water immersion objective

lens.

6.3.2 Polystyrene particles with diameter 1.02um

The trapping experiment for loop waveguide with 1.02um polystyrene particles was suc-
cessful. Trapped or stopped 1.02um polystyrene particles on the loop waveguide is shown
in figure (6.10). The image A shows that the particles start to be excited by evanescent

field of waveguide at t=1sec. While image B shows that after 5 minutes many particles
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are trapped along the waveguide. Here the particles are moving in both clockwise and
counter clock wise direction, but they are only move along the waveguide up to they feel

the standing wave or counter propagating beams. And then particles start to align.

A t=1sec particles start to be excited B. t=5min particles start to align nearby on waveguide
by evanscent field of channel waveguide

Figure 6.10: 1.02um polystyrene particle trapped and stopped on loop waveguide (x20,
DF, 300mW)

6.4 Optical trapping on ring resonators waveguides

This section closely follows chapter 4, which was characterization of the ring resonators,

here the intention is to trap particles on the ring resonator waveguide.

The aim of using waveguide ring resonator is to stop or propel particles on the ring
resonator, due to high intensity of light in the ring at resonance wavelength. In principle,
at the resonant wavelength, light inserted into the curved waveguide will be amplified into
the ring resonators. Then the resulting of high optical intensities in the ring resonator
generate a gradient force that diverts particles trapped on the curve waveguide. In

waveguide ring resonator it is possible to stop or propel particles as shown in figure (?7)
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Figure 6.11: The directions of light coupled in the ring resonators

From the above figure (6.11), in part A the light is going in both directions then the
particles will stop due to standing wave or counter propagating wave. While in part B

of the figure the particle only propel one direction (counter clockwise).

As mentioned in chapter 4, there is less intensity in the ring resonators compared to the
curved input waveguide. The reason to have less intensity in the ring might be because

of the separation (the minimum separation is 1pm in our case).

Based on chapter 4, here we used silicon cladded waveguides with an opening in the

cladding for trapping particles.

The optical trapping experiment on waveguide ring resonator was conducted for gold

nanoparticles, polystyrene particles and nanowires (gallium arsenide (GaAs)).

6.4.1 Gold nanoparticles

The experiment was conducted for both 200nm and 500nm diameter gold nanoparticles.
We were not able to trap and propel any particle. In both 200nm and 500nm diameter
nanoparticles, there were high Brownian motion of particles around the uncladded portion
of silicon cladded ring resonator waveguides. The reason, why we are not able to achieve

is due to weak gradient force and low power in the ring resonator.
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t=lsec t=15sec t=45sec

-

Silicon cladded Waveguide ring

resonator at R=100, $=1 with particle on top Particles on the uncladded portion of silicon

claded waveguide with time difference

Figure 6.12: 500nm diameter nanoparticles on ring resonator waveguide (x20, BF)

Figure [6.12], shows that for both t=1sec and t=45secs there is no change in particle

position. Particles here, only have high Brownian motion.

6.4.2 Polystyrene particles

The experiment was conducted for polystyrene particles. This was not achieved, because

of low power in the ring resonator and weak gradient force.

82



Chapter 6. Optical Trapping of Particles

t=lsec t=45sec

Waveguide ring resonator at R=100
,» $=1 with polystyrene particle on top polystyrene particle on top waveguide

after, 45 sec

Figure 6.13: Polystyrene particles on ring resonator waveguide (x20, BF)

From the above figure, polystyrene particles are grouped around the ring with time

diffrence, but they are not trapped or propelled.

6.4.3 Nanowires

Lastly, trapping experiment on waveguide ring resonators was conducted for nanowires
(GaAs). 50nm diameter and 2mm long gallium arsenide (GaAs) was used, which is easier
to understand how it behaves on the ring resonators than nanoparticles and polystyrene

particles.
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t=1lsec t=15sec bl b2 t=45sec

Silicon cladded Waveguide ring

resonator at R=200, $=1 with particle on top Particles on the uncladded portion of silicon
claded waveguide with time difference

Figure 6.14: Nanowire particles trapped and changing their position with time on ring

resonator waveguide (x20, BF)

From figure (6.14), on image A nanowires are excited with evanescent field and they
start to feel the light from the uncladded portion of silicon cladded waveguide. While
on image B at t=15 sec and t=45 sec more particles start to be excited around the
uncladded portion of ring resonators. From figure [6.14], the boxes b; and by shows that
a nanowire is changing its position on the ring resonator with time. We were not able
to stop or propel any nanowire due to the asymmetric nature of the particles and low

power in the ring resonators.
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Conclusion and Future Work

7.1 Conclusion

In this thesis we studied the manipulation of nanoparticles with evanescent field of chan-

nel waveguides, which basically have different structures.

We presented the overview of optical waveguides. In addition, waveguiding was in-
spected and explained through the application of both theoretical and experimental

frameworks.

Several theories, which address phenomenon pertaining to the optical force on a trapped
particle were discussed. Given the fact that the primary interest of this thesis is to
trap nanoparticles by evanescent field of a channel waveguide, we gave emphasis to the
Rayleigh theory, while still incorporating the theoretical discussion on ray optics and Mie

theory.

We presented brief discussions on the experimental setup and procedures, including the
over view of the setup, for optical trapping of particles. It is of interest to note that
the intensity in the optical waveguide is the most important parameter for the trapping
experiment, which in turn implies much weight should be attached on the power out
put from the laser plus the coupling light into the waveguide. We manipulate laser
characteristics as a function of power versus wavelength by tunning the wavelength with

both screw and piezo.

Our main results for 3 different structures of optical wave guides; the ring, the straight
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and the loop are as follows:

1) The principal objective behind the application ring resonator waveguides is to secure
sufficient amount of intensity of light in the ring at the resonance wavelength to stop
or propel particles on the ring resonator. We first gave considerable attention to the
characterization of the ring resonator, because of the difficulty to measure power in and
out of the ring resonator with power. We proposed an alternative technique, which
despite its limitations furnishes valuable insights for trapping experiment. Experiment
coupled with this characterization made clear that there was no enough power in the ring
to trap and propel particles. We believe the reason is the limited output power from the
785nm tunable diode laser and the separation between the coupler and ring being too
large. We have found that both 200nm and 500nm diameter gold nanoparticles are not
stopped or propelled in the ring resonators because of the low power in the ring and the
weak gradient force. Though polystyrene particles are believed to have strong gradient
force, we were not able to trap them on the ring resonator due to the low power in this
resonator waveguide. Lastly, similar results were achieved for gallium arsenide (GaAs)
nanowires but the reason now is due to asymmetric nature of the gallium arsenide and

the low power in the ring resonators.

2) The trapping experiments on straight waveguides was successful for both 200nm and
500nm diameter gold nanoparticles. The speeds achieved for 200nm and 500nm diameter

gold nanoparticles at 700mW laser power was 420um/s and 140pm/s respectively.

3) The aim of using loop waveguides was to stop the particles by standing wave or
counter propagating wave. This experimentation was not successful for both 200nm and
500nm diameter gold nanoparticles. Both gold nanoparticles are propelled on a loop and
eventually knocked-out of the loop due to weak gradient force. The trapping experiment
on loop waveguide was however successful for 1.02um polystyrene particle, in which the
gradient force is strong, because the diameter of the particle is greater than the width of

the waveguide.

7.2 Future work

In the future we believe, based on the insight gained from this work several experimental
works can be performed to improve the results of this thesis. We suggest that it is

necessary to have wave guides with widths less than 1um for loop waveguide trapping
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experiment. If affordable waveguides around 400nm wide are preferable. Where as for the
ring resonator wave guide experiment, a tunable diode laser with higher output power
and waveguides with smaller separation than 1pym between the coupler and the ring

resonator are indispensable.
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