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Abstract

In this thesis, we investigate the dependence of induced optical forces on geometry of
solid-core waveguide. Simulation results predict that the thinner and narrower waveguide can
transport particles more efficiently at short wavelength. For the parallel-transport system, the
force-transmission product we used to verify the ability of particles manipulation of
waveguides at the same time. We also find that an indium-tin-oxide (ITO) layer between the
waveguide and substrate can further improve the optical forces. Experimental results show
that when 1W power is coupled into waveguide, 0.5um wide waveguide with ITO layer
underlaid can transport 2um particles for 9.65um/s, which is faster than that on the wider
waveguides, and much faster than that on similar without ITO layer underlaid. The waveguide
with ITO layer underlaid also have the greater attractive optical force in lateral and vertical
direction, then it can trap particles efficiently at the equilibrium point above the waveguide.
The particle-size dependent forces are used in the sorting experiments, and we can separate

en-mass particles in practical system.
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Chapter 1.

Introduction

1-1  Optical manipulation

Base on thetheory of photonics, light represented by wave-particle duality
possess linear and angular momentum. In 1905, J.H. Poynting had deduced that when these
momentums of light waves transfer to some objects, there will be forces and torques yielded
to affect the motion of each object. Then he addressed about the radiation pressure, or called
optical force, to the British Physical Society, “A very short experience in attempting to
measure these forces is sufficient to make .one ‘realize their extreme minuteness—a
minuteness which appears to put them beyond consideration in terrestrial affairs...” However,
manipulating objects by light'waves was not practical then, because the effects were not easy
to be detected. On the other hand, there was no _proper light source which can provide
sufficient momentum change at that time. Hence the development of optical manipulation had

come to a standstill, though it is an interesting topic.

Fortunately, C.H. Townes and A.L. Schawlow proposed the concept of laser in 1957
[1]. Later, T.H. Maiman made the first functioning ruby laser under pulse operation at 694 nm
wavelength [2]. A powerful light source eventually realized until continuous-wave operation
of laser was achieved [3], which ushered in a new era of optics. Many researches requiring
highly coherent and collimated light waves with monochromatic property thus became

achievable. Optical manipulation is one of them and started to progress rapidly.

In daily life, there are many tools such as tweezers or chopsticks we use to manipulate


http://en.wikipedia.org/wiki/Theodore_Maiman
http://en.wikipedia.org/wiki/Coherence_(physics)

macroscopic objects. However in biochemical applications, the objects to be manipulated,
such as cells and tissues, are always easy to be damaged by any mechanical contact. Optical
force with contactless and nondestructive properties thus becomes an ideal candidate for
handling fragile objects. Furthermore, with reduced scale of objects, conventional mechanical
tools have many limitations. For example, it is difficult for mechanical tools to trap tiny
objects stably and precisely without any damage. But it does not limit the utility of optical
force. Many works, as we introduce in the following sections, have shown that even
nanometer sized particles can be trapped and manipulated stably and precisely by optical
forces. Thus for researches in microscopic regime, optical force must be an indispensible tool,

and we have to investigate it thoroughly.

1-1-1.  Asingle beam optical gradient trap

In 1970, Ashkin et al. first showed that micro-particles can be trapped by using
focused laser beams with high numerical-aperture (NA) objective lens to create high optical
intensity at the focus [4]. The optical waves also accelerate the dielectric particles in the focal
region and significantly affect the dynamics of micrometer sized neutral particles. Later, it
was demonstrated that sphere could be levitated by balancing the force of radiation pressure
against the force of gravity in water environment [5]. These experiments laid the groundwork

for the rapid development of the field of optical trapping.

In the beginning, the behavior of transferred optical momentum was described by ray
optics. Figure 1-1 illustrates the typical scattering model proposed by Ashkin, in which rays of
a highly focused beam incident upon a dielectric sphere. Total force exerted on particle will be
given by the total change in the momentum of the incident photons due to scattering,

absorption, and spontaneous emission by the sphere.



Laser beam ‘|'

Fig. 1-1. Diagram showing the ray optics of a spherical Mie particle trapped in water

by the highly focused light of a single-beam gradient force trap(Adapted from reference [5]).

In Fig. 1-1, the principal part of the momentum transfer from incident light to the
particle is from rays Ato A’, which are refracted by the particle. Successive surface reflections,
such as R; and R; contribute less momentum transfer. The momentum change of these waves
result in the force F exerting on the particle. When particle is located out of the focal length,
the incident waves and the total force are inverse. /And thus the particle will be pulled toward

the focal point. This is the main mechanism-of-optical trapping by using focused laser beam.

Over the years, focused laser beam had been widely utilized in many novel optical
trapping and manipulation schemes. At that time, single beam gradient force optical trap, or
called optical tweezers, was found to be the optimal configuration for trapping particles.
Many works had shown that living biological cells can be trapped and manipulated by optical
tweezers without optical damage. However, as the objects become smaller, spatial
confinement of light must be more condensed. Finally, focusing system would meet the
optical diffraction limit of propagation wave. Compared with sub-micrometer sized objects,
such as protein, bacteria, and viruses, the focal spot is too large to trap such small particles

precisely. Thus, optical tweezers becomes insufficient as the studied object becomes smaller.



On the other hand, focusing systems are always massive compared to the space particles are
manipulated and the whole system is not portable. This may conflict with the purpose of
developing integrated optical system. Therefore, the configuration of optical manipulation

must be adapted for satisfying these requirements.

1-1-2.  Near-field manipulation

In 1992, Kawata et al. demonstrated that evanescent field at the interface between two
media can also affect the dynamics of objects in the near-field [6]. Since then, many
researches about optical trapping and manipulation started to focus on the near-field
configurations because of the following characters. The evanescent field is not limited by
diffraction and can be tailored ‘into_sub-wavelength extend by structure design. Moreover,
many structures utilizing evanescent field to manipulate particles can be easily integrated on
the same chip. These characters just Satisfy the mentioned requirements. By the function of
manipulation, near-field configurations can be categorized into two types. One traps particle
by the resonant enhanced evanescent field, and the other transports particle by the propagated

evanescent field.

1-1-2-1.  Trapping and sensing

I

polarization

Fig.1-2. Spatial distribution of (a) the light intensity (b) photon force exerted on the sphere

near the aperture (adapted from reference [8]).



After Kawata’s work in 1992, many structures utilizing evanescent field to trap
particle start emerging. In 1997, Novotny et al. used the evanescent field localized around
metallic tip to trap particles of a few nanometers in size [7], in which the field is enhanced by
surface plasma resonance. In 1999, Kawata et al. used plane wave impinging upon metallic
nano-aperture to generate strong evanescent field in sub-wavelength extend for trapping
sub-wavelength sized particles [8] which is shown in Fig.1-2. Later, the strong confinement of
light by photonic crystal structure was utilized for optical trapping. Photonic crystal cavity
consisted of hexagonal lattice in slab structure with single defect was first utilized. The
resonant characteristic enhanced the evanescent field, and particles immersed in water with
size in Rayleigh range are predicted to be stably trapped without easily disturbed by Brownian
motion [9]. Moreover, an additional function to'the optical trapping by using cavity structure
is particle sensing. Particles with proper diameter trapped near photonic crystal cavities as
shown in the inset of Fig.1-3 can:shift the cavity out of resonance. By observing the shift of
resonant peak in spectrum, we can recognize the size of particle. In other words, we would be

able to trap and analyze the particle.at the same time, and all of these are accomplished on a

chip.
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Fig.1-3. Field energy inside the bare cavity (solid line) and in the presence of a bead with
diameter of 0.5a (dashed line). The inset shows the corresponding electric field distribution.

(Adapted from reference [9])



However for the purpose of developing lab-on-chip system, there must be some
structures serve to transport particles between the integrated analyzing units on the chip.
Micro-fluidic channels had been demonstrated to transport particles efficiently on the chip,
but they require additional fluid pumping systems to make particles flow. To operate the chip
all-optically, the particles must be transported by optical force. Based on these considerations,

optical waveguide becomes the most suitable structure.



1-1-2-2.  Transportation and sorting

Attractive and Repulsive Force

Evanescent Field

Driving Force

Glass Substrate
Laser Beam )
Channeled Waveguide

Fig.1-4. Experimental configuration for optically driving particles in a channeled waveguide.

(Adapted from reference [10])

In 1996, Kawata et al. first proposed transporting particles by the evanescent wave
along a channel waveguide [10] which is shown in'Fig.1-4. The evanescent field extending
into the surrounding attracts particles toward the waveguide, and the propagation
characteristic of the guided wave transport particles along the waveguide. Compared with the
optical tweezers which traps and moves particles’one by one, the optical waveguide can
transport many particles simultaneously. And the transporting distance is not limited by the
depth of focus as focusing systems are. Only the propagation loss dominates the distance
particles can be transported. Until now, there have been many kinds of optical waveguide
proposed and used for micro-propulsion in experiment. According to the refractive index
contrast (A n as compared to silicon oxide), these waveguides can be classified. Gaugiran et
al. had compared the induced optical force on waveguides of different refractive indices under
the same guided power in Table.1-1 [11]. They found that silicon nitride (SizN4) waveguides
with moderate refractive index contrast (AN = Nwaveguide — Nsio: ~ 0.52) can transport
particles more efficiently than waveguides of lower refractive index contrast (An < 0.04) [12]
can do. In this report, they also showed the feasibility of optical-sorting applications of

micro-particles based on the different optical propulsion velocities corresponding to different



optical forces exerted upon the particles on a waveguide as shown in Fig.1-5.

F propulsion F gradient Particle
velocity
Potassium(An =0.01) 0.15 pN/W -0.9 pN/W 10pum/s/W
Cesium(An =0.03) 0.6 pN/W -4 pN /W 41um/s/W
Nitride(An =0.52) 16.5 pN/W -153 pN/W 1100 pm/s/W

Table.1-1. Calculation of the optical forces on different kinds of waveguides for glass spheres

with 500 nm diameter (n=1.55) in water (n=1.33) (adapted from reference [11]).

Fig.1-5. The propulsion of 2um glass particles and 1um latex particles on 1um silicon nitride
waveguide. The sorting application can be used by the particle velocity different. (adapted

from reference [12])

For waveguides of higher index contrast, the guided power would be well confined in the
waveguide core with little portion extending into the surrounding. And the particles would
experience only slight optical forces. That is why silicon waveguides on buried oxide layer
are not utilized to transport particles. However, the trapped particles on these solid core
waveguides only interact with the minority of the optical energy extended into surrounding in

evanescent form. In order to solve this problem, Yang et al. used slot waveguide to transport



particles in the accessible low-index slot [13]. The slot waveguide structure is shown in
Fig.1-6. The high index contrast in the slot region creates a pseudo transverse-electric mode
that exhibits large electric field discontinuities at the slot-waveguide boundaries. The effect of
the small slot size and the large field discontinuities at the high/low index boundaries
generates a high-intensity eigenmode in the slot, such that the majority of the optical energy is
confined within the accessible low-index region. And the particles would be able to interact
with the majority of guided power. Although the slot waveguide can transport particles more
efficiently, it is more difficult to couple light into a slot waveguide than into a solid-core
waveguide if there is no any coupling structure designed at the waveguide entrance. Based on
this consideration, how to enhance the optical forces for transporting particles along an easily

coupled waveguide becomes an important issue.

(a Direction of
optical
propagation

n

Fig.1-6. (a) Schematic illustrating the nanoparticles transport in a slot waveguide. (b) Mode
profile for a silicon-on-insulator 40-nm slot waveguide immersed in water (adapted from

reference [13])



1-2.  Motivation

For developing lab-on-chip integration system, resonator-like optical cavities have
shown their ability to trap nanometer-sized particles stably. By the resonant peak shift in
spectrum, the trapped particle can also be identified and sensed. However, waveguide
structures are indispensible for transporting particles between each functioning units on the
chip. Although slot waveguide had shown its ability to transport particles more efficiently
than solid core waveguides can do, it is more difficult to couple light into a slot waveguide
than into a solid-core waveguide if there is no any coupling structure designed at the
waveguide entrance. Based on this consideration, how to enhance the optical forces for
transporting particles along an easily coupled waveguide becomes an important issue.
Researchers had shown that using silicon nitride waveguide, with moderate refractive index
contrast An, to transport particles is more efficiently than using waveguides of lower An. In
this thesis, we investigate the-dependence of optical force on the geometry of silicon nitride
waveguide for yielding higher optical forces for transporting micro-particles. To our best
knowledge, this investigation had not/been-done. For further enhancing the optical forces, we
introduce an indium tin oxide (ITO) layer between the waveguide and the substrate. The
conductor-like property of ITO layer forces the evanescent field to extend upward deeper into

the water surrounding and interact stronger with the particles.
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Chapter 2.

Theoretical characterization and structure design

2-1.  Theories
2-1-1.  Optical force

In order to understand the behavior of particles around the waveguide, it is necessary
to calculate the optical force acting on a particle. Assumptions and numerical analysis are
used according to the particle size: For particles with diameter much larger than the
wavelength of scattered light, the optical forces acting on a spherical particle were presented
by Barton et al [14]. Mie’s scattering theory [15] and ray-optics [16] have been employed as

simple and excellent approximations that suffice for describing the behavior of the system.

As the particle have a radius a which is much smaller than the wavelength of the

scattered light (a << A/20), which is so called the Rayleigh particle, can be considered as with
an induced dipole moment density P (r,t). Therefore, the electromagnetic force density can

be described as the following equation:

oP(r. 1) xB_(F,1)

f(F.t)=(P(F,0)-V)E, (F.1) +
ot 2.1)

where E_ is the electric field, B_ is the magnetic flux field in a homogeneous medium.
The dipole moment density is the polarization of the particle (in units of As/m?): P(r.t) =o

11



e, E_(F,t), is assumed to be proportional to the incident field Em and the polarizability a.

The permittivity in the medium ise = n’e . Using the vector identity and Maxwell equation,

we can rewrite Eq. (2.1) as

VIE (7.0
2

f(F.t) = ae +a€mi[ém(F,t)xém(F,t)]
ot

(2.2)

The vector product of the magnetic and the electric field is proportional to the
Poynting vector, the time-average modulus of the Poynting vector is the intensity 1(r), which

describes the number of photons per time and area in units of volt-amperes per square meter:

| (r) = <|§(F,t) |> —n e, cl2|E ()]
< 2.3)

Photons carry this energy as well as-a- momentum m per volume at velocity c/nn, . The

momentum density (Abraham’s form) given in units of nanoseconds per cubic meter is

m(r,t)=S(r,t)/c’ =z, In [E, (F,)xB,(F,0]
(2.4)
Averaging the force density 7 (F) = (f (7,t)) ~ over one temporal period T=1/w and

using Egs. (2.4) and (2.5), we can write Eq. (2.3) in the form

- an_ _ Am_(r) - _ - _
f(r,t) = VI _(r)+an_ = foa () + (1)

2c At (2.5)

In free-space, the optical forces on a small particle are often approximated by a

12



gradient force and a scattering force due to a strong field distribution near the focal point of a
beam. However, these approximations fail to describe the forces when the particles and the
waveguides are similar in dimension to the wavelength of the light used, and particles would
experience significant distribution of evanescent fields. In this case, Maxwell stress tensor

was a rigorous approach for calculating the optical forces.

The gradient and the scattering forces on a particle can be described as an

electromagnetic stress using the Maxwell stress tensor:

T, = DE + HB Lo E+H By
2 (2.6)

where Ty, represents the Maxwell stress tensor, E is the electric field, B is the magnetic flux
density, D is the electric displacement, H is the magnetic. field, and | is the isotropic tensor.
Since we are interested in the transport processes which are much longer than the optical

period on time scale, we use the time-averaged Maxwell stress tensor:

<TM>:<DE + HB 7£(D~E+H -B)I>

2 (2.7)
when expended out, the equation becomes
(DXEX+BXHX \
DE, +BH D E +B_H
‘ 1 Xy X'y X~z x' 'z |
‘—;(D-E +B-H ) |
T -l DE +BH Oy By D E. +B H |
M_‘ y « T y X \ y .t y z |
| ~-i(D-E +B-H ) |
D E, +BH

‘ DZEX+BZHX DZEy+BZHy z z z z |
L -L(D-E +B-H )J

2 (2.8)
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where the subscripts x, y, and z signify the coordinate directions. By integrating the
time-averaged Maxwell stress tensor on the surface enclosing the particle, we can determine

the total electromagnetic, Fepm, force acting on the system by

F—EM = fs (<TM > n)ds (2.9)
2-1-1-2. Hydrodynamic analysis

Since the optical forces acting on particles are independent of the hydrodynamic
properties of the fluid, the problems of optical and hydrodynamics can be decoupled. Here we
use Navier-Stokes’s theory with continuity equations to describe the motion of particle in

fluid under the influence of optical forces. At steady. state, these equations are

(2.10)

(2.11)

where v is the flowing velocity of fluid, n is viscosity of the fluid, and P is the pressure in

the system. Under these conditions the flow stress tensor T, is given by

E

'I:F = —PI +77(VV+VVT)
(2.12)

where | is the identity tensor, The hydrodynamic drag force Fpon the particle resulting from

fluid flow is described by
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Fo = f (T, -1)ds |
° (2.13

where n is surface normal vector.

Generally, hydrodynamic drag force is opposite to the optical force in direction.
Optical force balanced by fluidic drag force makes particle move with a constant speed, which
is called terminal speed and is linearly proportional to the optical force. We use Navier-Stokes
law to find the terminal velocity V; for a particle of radius a. For the simplest case, the particle
Is assumed to move through an infinite quiescent fluid. The hydrodynamic drag force Fpis
described by

F, =6maV, .10

where a is the particle radius, n is viscosity of the fluid, which in our case is water
(Mwaer=107Pa s). In the case of a particle near-a waveguide surface we make use of the
following modified expression.

F, = 6 aCVv , 2.15

where C is a constant that contains the relationship between hydrodynamic drag force and the

velocity. Fixen’s Law gives the constant term as,

(e afa) s ay_ifa)] 219

| 1s\h) s(h) 2 (h) 1.(h)

where h is the distance between the center of the particle and the surface.
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2-2. Finite element method

The finite element method (FEM) is a numerical technique for finding solutions of
partial differential equations (PDE). For complicated optical systems, it can solve the
boundary value problem, eigenvalue problem and find the steady state solution of a system by
employing variational method. To apply this method, it requires discretizing a continuous
domain into a set of discrete sub-domains, usually called elements, and the solution of each

element would be approximated by certain characteristic form to solve the problems.

Here, the wave equations in the frequency domain for the magnetic and the electric

fields are

VxRV R AR = 2R (F)
c (2.17)

{%DVXVXEG)zﬁgéU)

¢ (2.18)
where c is the vacuum speed of light. To solve the wave equation for either magnetic or the
electric field in frequency domain together with boundary conditions, standard FEM method
proceeds in three steps. First, the wave equations are identified as solutions of certain
variational problems where boundary conditions at the surface dV have been incorporated as
additional terms of lagrangian L. The most general variational formulation for the electric
field is given by

2

sE_-E_]-s-

_ 1 . 1 ~ - w
L(E):—J'dr [—(V xE)-(VxE)-
2V Y7,

JoSIe (i x £) - (i x )~ E U1 +i % /ﬂ—°fdr3|§.j (2.19)
0 &

ov ¢ 0 v

2

where p is the magnetic permeability and ¢ is dielectric function both may varied in space. In

addition, n denotes the outward normal at the surface ov and the electric field has to
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satisfy the Dirichlet boundary condition nxE = 0 on 0S. yeand u are known quantities
which are used to represent various other types of boundary conditions such as impedance
boundary conditions and Sommerfeld radiation conditions. Finally, radiation sources within

the computational domain V are described through the spatially varying current density j .

Fig.2-1. The maodel (a) before (b) after mesh generation.

The second step is the'most demanding step which consists of the discretization of the
Lagrangian. The computational domain-V-is divided into.a number of small-volume elements,
the so-called finite elements. Within.each element, the electric field is expanded into a series
of certain elementary functions with “unknown coefficients. It becomes possible to
approximately enforce the div-conditions of the electric field within a given element as long
as the dielectric function does not vary within this element. Fig.2-1 shows the model

with/without mesh generation in someone case.

In the final step, these expansions facilitate the transformation of the variational egs.
2.19 into a sparse set of linear equations via the Galerkin method. This matrix system can
subsequently be solved via advanced linear algebra methods, either for obtaining
eigenfrequencies and eigenmodes of the system of interest or to determine scattering cross
sections of complex structures as well as transmittance and reflectance through functional

elements.
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2-3. Simulation results

Fig.2-2 illustrates the model system and computational domain used in this study. The
model represents a silicon nitride waveguide which is on glass substrate and clad in water
environment. As the evanescent mode from this hybrid system appeared, the suspend particles
will be attracted by the extended field in the water medium, and thus the particle can access
the mode and interact with the waveguide. Generally, the optical force can be divided into

trapping and propulsion forces, which attracts and propels the particle, respectively.

F

propulsion

Fig.2-2. The schematic of modeling system. A particle near the waveguide would experience

a combination of trapping and propulsion force.

To characterize the trapping situation as well as the maximum trapping force in all
three dimensions in our system, we used the commercial software package (COMSOL) to
carry out the detailed three-dimensional finite element numerical analysis. The material
properties of the waveguide structures, the glass substrate, and the surrounding water medium

were taken into consideration while solving for the electromagnetic field distribution.

To determine the force exerted on a particle, a virtual spherical surface which enclosed
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the entire particle was necessary to calculate the electromagnetic field on this surface. In this
work, we assume the particle is separated from waveguide surface by 60nm and 1W input
power is launched as the initial condition. The waves were launched into these waveguides
with the boundary mode, in other words, we do not to take into account the contribution of the
coupling loss. By using Maxwell stress tensor and integrating it over the surface enclosing

particle, then we are able to obtain the optical forces exerting on a particle [17].

2-3-1. Waveguide geometry dependence of optical force

In order to investigating the dependence of optical force on waveguide geometry, we
build the waveguide structures with_different cross-sections here. Geometric parameters for
the simulations used in our investigation are list in Table.2-1. The polystyrene particle with 1
and 2 um in diameter dispersed«in water can-mimic most biological cells. We launch the

transverse-electric (TE) polarized fundamental mode into each one to transport particles.

domain material Domain size Refractive index
Waveguide | Silicon nitride | width(w)xthickness(t) 2.2
(w=0.5,1and 2um,
t =200 and 300nm)

Substrate Silicon oxide | lower subdomain 1.45
cladding Water indefinite 1.33
particle polystyrene lum, 2um 1.59

Table.2-1. Simulation and geometric parameters

Fig.2-3 illustrates wavelength dependence of the propulsion force (Fx) for a 2um
polystyrene sphere which is displaced at the horizontal center and separated from waveguide
surface by 60nm. For each curve (waveguide of w = 0.5 um and t = 200nm for example), the

propulsion force first raises along with red-tuning the wavelength (region 1) because the
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evanescent field with longer wavelength extends deeper into water surrounding and interacts
stronger with the particle. Then the force reaches a peak value when the interaction becomes
the strongest. Furthermore, as the wavelength keeps red-tuning, the force drops gradually
(region I11), it is resulted from evanescent field extending beyond the particle and thus less
evanescent field interacts with the particle. We use wavelengths A of 1000nm, 1500nm and
2000nm to describe these profiles. Fig.2-4 shows the y component of electric field

distribution at y = Yparticle center With the corresponding wavelengths.

LI TR == t=200nm/w=0.5um
o= t=200nm/w=1um
200 4 I

e t=200NnM/W=2pm
== t=300nm/w=0.5pm
=t t=300nm/w=1um
== t=300nm/w=2um

150 <

100 4

504

Proplusion Force Fx (pN/W)

L) L] L] L) L) L]
1000 1500 2000 2500 3000 3500 4000
Wavelength (nm)

Fig.2-3. Wavelength-dependent propulsion force Fx for these geometries.

Fig.2-4. The distribution of y component of electric field at y=Yparticle center fOr (2)A=1000nm (b)

A=1500nm(c) A=2000nm. Inset shows the streamline of power flow, respectively.
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When launching wavelength is 1000nm, the y component of electric field distribution
iIs more condensed in the waveguide than others. Thus the particle experiences less interaction
with the evanescent field. For the condition with 2000nm launching wavelength, although the
amplitude of the y component of electric field is relatively small, the extend part of
evanescent field interacts sufficiently with the particle. The propulsion force became larger
than the previous condition. However, the losses also increased because of the more scattered
wave. Here the most suitable wavelength is about 1550nm. Its evanescent field can provide

the greatest interaction with the trapped particle.

Glass substrate

Fig.2-5. Diagram showing the ray optics of a spherical Mie particle trapped and propelled on
the waveguide in water surrounding. The evanescent wave driven forces is separated by

propulsion force and downward trapping force.

These profiles can also be explained by the momentum transfer in the system. The
proposed model is shown in Fig.2-5. The principal part of the momentum transfer from
incident light to the particle is due to the scattered rays which are refracted by the particle.
The force exerted on a particle is given by the total change in the momentum of the incident
photons. Because the momentum change of the ray from Ato A’, we get a combination force

which consisted trapping and propulsion forces. It also shows that a larger scattered angle 6
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will result in stronger propulsion component of optical force on the particle in x direction.

Fig.2-5 also illustrates that the trapping force -Fz will be greater than the propulsion force Fx.

The streamline of the power flow have been showed in the inset of Fig.2-4. It is
obviously that the incident light wave is scattered by the particle with the largest scattered
angle when the A=1500nm compared with other conditions, thus there is the strongest

propulsion force.

Fig.2-3 also suggests that the thinner and narrower waveguide can reach stronger peak
propulsion force at shorter wavelength. Base on this concept, we would be able to build an
efficient transport system on a chip. For better coupling efficiency in experiments, we choose

the thickness of 300nm instead of 200nm as our-main.parameter.

100 4

80+

60 +

40 4

Transmission (%)

L] . L] * L] b4 L] - L] hd L] il
1000 1500 2000 2500 3000 3500
Wavelength (nm)

Fig.2-6. The diagram shows the wavelength-dependent transmissions for these waveguides in

the single trapped particle system.

For the purpose of parallel manipulate, the guide wave must be strong enough to
interact with other particles attracted subsequently after passing by one particle. We thus have

to take into consideration that the transmission declines due to the existence of trapped
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particle. We include this consideration by multiplying the propulsion force with transmission
(T). The transmission is the percentage of guided power transmitted through waveguide
section nearest to a single trapped particle. Fig.2-6 shows the transmission as functions of

launching wavelength. It declines as red-tuning the launching wavelength.

The Fig.2-7 illustrates the propulsion force-transmission products as functions of
launching wavelength. The high product guarantees that the waveguide will be able to
transport a large amount of particles efficiently at the same time. Each peak wavelength is
shorter than its counterpart in Fig.2-3. It means that we may sacrifice the propulsion force

slightly for higher force-transmission product.

204

Proplusion force (a.u.)

-
o
[ A
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1000 1500 2000 2500 3000 3500
Wavelength (nm)

Fig.2-7. The products of propulsion force and transmission as functions of launching

wavelength.

Similarly, we calculate the wavelength-dependent downward trapping forces Fz for
these waveguides as shown in the Fig.2-8. The downward trapping force has a valley which
represents the particle will be trapped most stably at the corresponding wavelength for each
curve. It is worthy to note that, for each curve, the peak wavelength of the product almost

coincides with the valley wavelength of the downward trapping forces. Hence we can
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transport many particles simultaneously along the waveguide efficiently without easily

disturbed when operated at the peak wavelength of force-transmission product.

-200 4

-400 4

-600 4

Downward Trapping Force Fz (pN/W)

T M T v T v T v T v T v T v
900 1200 1500 1800 2100 2400 2700 3000
Wavelength (nm)

Fig.2-8. Calculation of the downward trapping forces Fz on different width of waveguides for

a wide range of wavelength with 300nm thickness.

Among these waveguides, 0.5um wide waveguide is the most efficient and stable one.
As we operate the launching wavelength which near 1500nm, the better downward trapping
and propulsion forces exerting on the particle are 614 and 142 pN, respectively. At the same
time, the forces are much stronger than what wider waveguides provide near 1500nm in
wavelength. Here we also calculate the resultant of forces of gravity and buoyancy is

2.05x107°pN, and it is not at all affected for stable trapping.

24



2-3-2.  Particle position dependence of optical forces

Y position

Glass substrate

Fig.2-9. The diagram of cross-section of the system

To investigate stability of the trapped particle, we construct the system as shown in
Fig.2-9. By the numerical calculation, we can-detail-the. three-dimensional electromagnetic
forces acting upon particle as functions of the position of particle at 1500nm and 1550nm in
wavelength, which are upper anddower limits of the‘available wavelength in our measurement,
respectively. From the force analysis, we were able to extract a parameter commonly used to

describe optical traps: the trapping stiffness S which is defined as [18]

oF.
S = (_I)e uilibriu m 2'20
) e (2-20)

it is the derivative of the restoring force with respect to the position of particle perturbed

around the equilibrium point. We also note that the decay length (defined as the length where

the force declines to e™ times) for the force decreases in the z direction.
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Fig.2-10. Comparison of the downward trapping forces Fz on a particle with 2um in diameter
using different waveguides and launching wavelengths (1500 and 1550 nm) at varying

vertical positions.

Z=60nm A=1500nm A=1550nm
Width(um) 0.5 1 2 0.5 1 2
Z-axis stiffness 4.1 3.8 2.7 3.8 3.7 2.9
(PN nm™*w™)
Decay 143 105 88 153 111 92
length(nm)

Table.2-2. The characteristic trapping stiffness and decay length of the force profiles in

Z-direction.

We calculate the forces at different positions in the lateral directions (perpendicular to
x direction). These values are computed for 1W. We first compute the downward trapping
force along z direction (Fz) at horizontal center of the waveguide as shown in Fig.2-10. A
feature we observe is that the maximum Fz of these waveguides located at the position nearest
to the waveguide surface. Fz declines fast once the particle separates from the waveguide
surface for a few hundreds of nanometer. The trapping stiffness and decay length of the force

profiles are shown in Table.2-2. The trapping stiffness for the 0.5um wide waveguide is an
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order of magnitude higher than that of silicon waveguide [19] (1.34pN nm™ W™ for 2000nm

particle). And it is also larger than the stiffnesses for wider (1um and 2um) waveguides made

of silicon nitride.
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Fig.2-11. Comparison of the propulsion forces Fx at varying vertical positions.

Fig.2-12. The distribution of y component of electric field at y=Yparticle center for (a) 0.5 um (b)

lum (¢) 2um wide waveguides.

We can also get the propulsion force distributed along z direction at horizontal center
of the waveguide as shown in Fig.2-11. It similarly depends on width. The narrower
waveguide have larger propulsion force. This situation can be explained in Fig.2-12. When

the wavelength is operated at 1500 nm, the narrower waveguide have the stronger evanescent
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field extending into water surrounding. The 0.5 um wide waveguide exhibited the highest

stiffness and propulsion forces.
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Fig.2-13. Comparison of the transverse trapping forces Fy on a particle with 2um in diameter

using different waveguide at A=1500.and A=1550 nm.

Fig.2-13 illustrates the surface transverse trapping force (Fy) as a function of y
position when particle is 60nm ‘above the waveguide surface. Fy is weaker at the horizontal
center of the waveguide, and becomes stronger when the particle is near the edge of the
waveguide. For the same particle size, the narrower waveguide exhibits stronger Fy. This is
due to the discontinuity of electric field at the edge of the waveguide, which is necessary for

maintaining the continuity of electric displacement.

Y=0nm 2=1500nm 2=1550nm
Width(um) 0.5 1 2 0.5 1 2
Y-axis Stiffness
ord 0.34 0.21 0.08 0.35 0.22 0.09
(PN nm~W™)

Table.2-3. The characteristic trapping stiffness of the force profiles in Y-axis

The characteristic trapping stiffness of the force profiles are shown in Table.2-3. The
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transverse trapping stiffness for the 0.5um wide waveguide is higher than that of silicon
waveguide (0.12pN nm™ W™ for 2000nm particle). And it is also larger than the stiffnesses for

wider (1um and 2um) waveguides made of silicon nitride.
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Fig.2-14. Comparison of the Propulsion forces Fx using different waveguide at A=1500 and
A=1550 nm.

The dependence of propulsion force Fx on the position along y-axis is shown in
Fig.2-14. It displayed the 0.5 um-wide waveguide.can.propel the particles with a wide range

of transverse distance more efficient than the other waveguides.
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2-3-3.  Enhancement of optical forces by Indium Tin Oxide layer

In order to further improve the efficiency and the stability of particle manipulation,
here we introduce an indium tin oxide layer between the waveguide and the glass substrate.

The schematic is shown in Fig.2-15.

Y position

]

Silicon nitride WG

ITO layer

Glass substrate

Fig.2-15. The-cross-section of the system-with the ITO layer.

Because of the conductor-like optical property of ITO layer with complex dielectric
function (e= -2-0.51 near 1500nm in wavelength [20]), the guide mode will be forbidden
extending into ITO film, and thus it distributes asymmetric in z direction with stronger
evanescent field extending into water surrounding as shown in Fig.2-16(d) (with 1TO film)
compared to Fig.2-16(e) (without ITO film). A thicker ITO layer can force the guided mode
to extend deeper into the upper surrounding as shown from Fig.2-16(d) to (a). The resulting
optical force (Fx for example) upon 2 um particle on 0.5 um wide waveguide as a function of

the thickness of ITO layer is shown in Fig.2-16.
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Fig.2-16. Comparison of guided power distributions on 0.5 um wide waveguide for (a) 300

nm (b) 200 nm (c) 100 nm (d) 30 nm (e)none thicknesses of ITO layer.

The indium tin oxide layer is conductor-like film, so the electromagnetic field is
affected by the boundary condition of the conductor. It also involves surface plasmon
polariton which is the coherent electron-oscillations that exist at the interface between metal
and dielectric materials. Fig.2-17 shows the interaction of free electrons on metal surface and
the electromagnetic field, we.can see that the surface plasmon polariton is the TM wave only
upon the metal surface which.is caused by the-tangent of electric field must be continuous.
However, the fundamental mode of the-used waveguide is the TE-like mode, there is no field
distribution within the metal and at the interface between metal and dielectric materials, and

hence the mode will be propelled upward.

AYANAN

TG

Fig.2-17. The scheme of the electromagnetic field distribution of surface plasmon polariton
at the interface between metal and dielectric materials.
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Fig.2-17. The dependence of ITO layer thickness propulsion force Fx for 0.5 um wide

waveguide. (Operated at 1550nm)

In order to achieve better propulsion forces in experiments, we have to choose a
feasible thickness to increase thevinteraction between-particles and evanescent field. We see
that the value increased rapidly as the thickness reached 200nm, and then the propulsion force
became saturated. Due to that the customized ITO.substrate we already have is 200nm thick
in the ITO layer, the following simulation investigating the merits of using ITO are conducted

with 200nm thick ITO layer. In this condition, it still has a great enhanced propulsion force.

Similarly, we compute the downward trapping force Fz as the particle position varied
along z axis at the horizontal center above the waveguide with 200nm ITO layer as shown in
Fig.2-17. Compared with Fz on particle above the waveguide without ITO layer (Fig.2-8), the

ITO layer does enhance Fz significantly.
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Fig.2-18. ITO layer enhanced downward trapping force Fz at varying vertical positions.
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Fig.2-19. ITO layer enhanced propulsion force Fx at varying vertical positions.

Here we emphasis the enhancement of propulsion force which is associated with the
particle velocity in experiments. Fig.2-19 shows the substantial increments of the propulsion
force. Notably, the 0.5 um wide waveguide exhibit the more excellent propulsion forces than
others. The calculated optical force in y direction (Fy) is shown in Fig.2-20. The transverse
trapping ability described by Y-axis stiffness is shown in Table.2-4. The 0.5um wide

waveguide also have the highest stiffness in transverse direction by enhanced optical force.
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Fig.2-20. ITO layer enhanced transverse trapping force Fy at varying transverse positions.

Y=0nm A=1500nm A=1550nm
Width(pum) 0.5 1 2 0.5 1 2
Y-axis Stiffness 1.02 0.72 0.30 1.15 0.78 0.31

(pN nm*w™)

Table.2-4. The characteristic trapping stiffness of the force profiles in Y-axis

Although the conductor-like property of ITO layer also causes additional propagation
less, the ability to further enhance optical forces is still beneficial for short distance

transportation on a chip.

Finally, we use 0.5um wide waveguide as example to show the enhancement caused
by ITO layer. Compared the effects with and without the existence of the 200nm thick ITO
layer, we summarized the force in three dimensions in Fig.2-21. The particle all moved from
the equilibrium point. It is obvious that the forces are enhanced by ITO layer, and then the
particles would be trapped more stably. The characteristic trapping stiffness and maximum
forces of these force profiles are shown in Table.2-5. We observe that the Y-axis stiffness and

the forces almost increase by at least 2 times enhancement. Especially, the propulsion forces
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are enhanced by almost 3 times. It indicates the waveguide with ITO layer underlaid can

manipulate particles more efficiently.
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Fig.2-21. Comparison of the forces for 0.5um wide waveguide with 1TO layer or not in three
dimensions.

1500nm 1550nm
ITO layer w/o w/ w/o w/
Z-axis S 3.9 3.8 4.1 2.2
(pPNnm™*w™)

Max Fz (pN/W) 617 1262 618 1173
Decay length(nm) in Z 143 310 153 396
Y-axis S (pNnm™*W™) 0.34 1.02 0.35 1.15

Max Fx (pN/W) 142 445 156 473

Table.2-5. The characteristic trapping stiffness and maximum forces of the force profiles
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2-4, Summary

In this section, when operating at the peak wavelength of force-transmission product,
the waveguide will provide efficient and stable parallel-transport of micro-sized particles. We
also observe that these waveguides with ITO layer underlaid can attract and propel the
particles with improved downward trapping force and propulsion force, respectively. These
forces further exceed what waveguides without ITO layer can provide. Among these
waveguides, 0.5um wide waveguide with ITO layer is the most efficient and stable one in this
analysis. Especially, it has three times enhancement of propulsion force compared with the

counterpart without ITO layer.
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Chapter 3.

Fabrication and measurement

3-1 Fabrication

The waveguides are made of ITO glass substrate covered by silicon nitride strips. The
ITO layer is 200nm in thickness. Our waveguide structures are fabricated from silicon nitride
film. At first, silicon nitride film is deposited on the ITO glass substrate by using
plasma-enhanced chemical vapor deposition (PECVD). The film thickness is 300nm. Then a
240 nm polymethylmethacrylate (PMMA) layer is spun on the sample by a spin coater. The
strip pattern is defined on the PMMA layer by using electron beam lithography (EBL) with

three different widths (w = 0.5,1, and-2um). The first process flow is illustrated in Fig. 3-1.

' Deposit silicon nitride

[ PMMA layer

PMMA spin

C— siNx layer ’
coating

L

I ITOglass
substrate

E- beam lithography

Fig.3-1. The first part of fabrication process

Then the pattern defined on PMMA is transferred to silicon nitride layer by using
reactive ion etching (RIE). The residual PMMA layer can be removed by O, plasma. The
second process flow is illustrated in Fig. 3-2. The SEM image of finished optical silicon

nitride waveguide structures after these steps are shown in Fig.3-3.
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Waveguide pattern
‘ transferred to SiNx layer
I PMMA layer

1 siNx layer

EEEE 1ITOglass
substrate

Remove
PMMA layer

Fig.3-2. The second part of fabrication process

Fig.3-3. The top- and tilted-view SEM pictures of these structures (a) w=0.5um (b)

w=1lum (c) w=2um

Because the patterns are defined by EBL in the 600x600um? field size, the total length
of each waveguides is limited around 550um. It is necessary to make an entrance for coupling
light at one end of the waveguide. Generally, we used to cleave the substrate to complete this
step, but there are a lot of difficulties for cleaving the glass substrate because there is no
crystallographic orientation on it, and it is too hard to be cleaved. So we use the process of

mechanical polishing to make a waveguide entrance for light coupling. After the waveguide
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structures are defined on silicon nitride layer, the process of mechanical polishing has two
steps. The polishing reagent is water. The cross-section of waveguide entrance is shown in

Fig.3-4.

Fig.3-4. The cross-section of entrance of 2um wide waveguide.
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3-2. Measurement setup

The measurement setup is schematically illustrated in Fig. 3-5. A cell made up of
~0.11 mm thick double-sided tape and a cover slip is glue on the sample surface for forming a
chamber, which contains the particles dispersed in de-ionized water. Thus the waveguides are
covered by water surrounding. We use polystyrene micro-spheres (with 1 and 2 pm in
diameter, n = 1.59) with standard deviation smaller than 1% suspended in de-ionized water
and add 1%-by-volume Triton X-100 non-ionic surfactant to the particle solution to prevent
aggregation of the nanoparticles and to minimize adhesion between micro-particles and the

surface of the devices.

Camera

[ Substrate (glass) J

Fig.3-5. The diagram of the experimental setup

The continuous laser source is given by HP 8168 tunable laser with erbium doped
fiber amplifier, and it operates at the range from 1480nm to 1580nm. The fiber is mounted on
micro-positioning stages. Light is injected into the waveguides through a fiber with tapered
tip, which is directly immersed in water. We use continuous laser source with 1500nm and
1550nm in wavelength to do the measurements. The output powers of 1500nm and 1550nm at

the tapered end of fiber are 57mW and 55.6mW, respectively.
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The measurement setup is shown in Fig. 3-6. An optical microscope with illumination
from above and a microscopic objective lens with 20 times magnification were used to
observe the motion of particles. A CCD camera was mounted on top of the microscope and

the images were captured on a computer.

Fig.3-6. The experimental setup
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3-3. Measurements and discussion

3-3-1.  Particle transportation velocity

All particle transportation velocities are measured at 100 um away from the input
ports of the waveguide. Fig.3-7 (a)-(c) shows the 2um particles move as time evolves on 0.5,
1, and 2um wide waveguides, respectively, when the continuous-wave laser source operated

at 1500nm. Fig (d)-(f) shows the same system under condition of 1550 nm in wavelength.

(a) * l(b) v o) ‘

t=0.0s t=0.0s t=0.0s

v ¥ d
t=0.2s t=0.2s t=0.2s
v ¥ v
t=04s t=0.4s t=0.4s
¥ v v
t=0.6s t=0.6s t=0.6s
v 7 v

t=0.8s T | t=0.8s "'_:" t=0.8s T
(d) Seile] (f) :

t=0.0s t=0.0s t=0.0s

¥ v v
t=0.2s t=0.2s t=0.2s
v ¥ ¥
t=0.4s t=0.4s t=0.4s
¥ v ¥
t=0.6s t=0.6s t=0.6s
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t=0.8s 20 pm t=0.8s “2opm t=0.8s T2owm

Fig.3-7. Motion of 2um particles (indicated by red arrows) as time evolves on (a) 0.5, (b) 1,
and (c) 2um wide waveguides in 1500nm waveguide. (d) (e) (f) shows the same system which

under condition of 1550 nm in wavelength.

We average the velocities among more than five samples for each experiment. In order
to understand the contribution of optical force by optical waveguides, we measured the
velocity without any structure on the substrate as the background velocity (V}) caused by the

wave scattered from the fiber tip. The background velocity is about 37um/s for 2um
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velocity and background velocity are shown in Table.3-1.

polystyrene particles. The average velocity (Vay) and the difference (Vap-Vp) between average

A=1500nm A=1550nm
width Vav Va —Vp | width Vav Va —Vp
(pm) (pm/s) (pm/s) (nm) (pm/s) (pm/s)
05 70 33 0.5 60 23
78 41 79 42
75 38 70 33

Table.3-1. The measured velocities of 2um particles

We noticed that the relation between waveguide width and the measured particle
transport velocity itself conflicts with the theoretical prediction. Because there is no coupling
structure designed at the input ports.of these waveguides, the power ratios coupled into each

waveguide are different.

domain Diameter
Cladding 125um
Fiber core um
Tip 2um (radius of curvature)

Table.3-2. Simulation and geometric parameters of taper fiber.

In order to estimate the coupling efficiency, we construct a three-dimensional coupling
model in FEM simulation which consists of a fiber tapered by 30° at the tip, as manufacturer
specified, and a waveguide structure on glass substrate. The distance between the fiber tip and
waveguide is assumed to be 3um. The geometric parameters of the single mode taper fiber
specified by the manufacturer are list in Table.3-2. In order to prevent the simulation out of

the computational memory, here we did not introduce the 200nm ITO layer between the
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waveguide and substrate. The efficiencies are estimated to be 0.006, 0.012, and 0.028 for the

cases of 0.5, 1, and 2um wide waveguides, respectively.

For fair comparison, we normalize the velocities by the estimated powers coupled into
the waveguides. Here we used the wavelength at 1500nm for instance. The 2um particle
transport velocities when per watt power coupled into 0.5, 1, and 2um wide waveguides are

shown in Table.3-3.

width (pm) V.V,
(cm/s/W)
0.5 9.65
1 5.99
2 2.38

Table.3-3. The 2um particle transport velocities when per watt power coupled into

waveguides

The theoretical velocities, are calculated -by egs. (2-15) is 1.2cm/s, 0.32cm/s, and
0.29cm/s, respectively. These differences-may-result from three causes. First, the existence of
ITO layer fundamentally affects the boundary mode in simulations. Second, the distance
between the waveguide and the fiber is variable in each experiment. And finally, there may be
some deviations between the approximated hydrodynamic model and the practical waveguide
system. Although the measured velocities are faster than those predicted theoretically, the
result coincides with the predicted relation that a narrower waveguide can transport particles

more efficiently.

Fig.3-8 shows the 1um particles move as time evolves on 0.5, 1, and 2um wide
waveguides, respectively, with launching wavelength at 1500nm and 1550nm. The lum

particles average velocity (Va) and the difference (Vap-Vp) between average velocity and
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background velocity are listed in Table.3-4. In many observations, we find 1um particles is
easier to be disturbed than 2um particles, because the size-dependent downward trapping
force becomes weaker. It is obvious that the 1 pm particles has velocities much slower than 2
um particles. This is because the evanescent field and the particle cannot interact significantly.
Thus the transported velocity of 1 um particles degrades severely. It is almost that the wave
directly scattered from the fiber tip transports the 1 um particles. Therefore, the difference

(Vap-Vp) between average velocity and background velocity may close to zero or even smaller

that zero.
(a) v (b) V(o) v
t=0.0s t=0.0s t=0.0s
v v n
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Fig.3-8. Motion of 1um particles (indicated by red arrows) as time evolves on (a) 0.5, (b)1,
and (c) 2um wide waveguides in 1500nm waveguide. (d) (e) (f) shows the same system which

under condition of 1550 nm in wavelength.

A=1500nm A=1550nm
width Va Va—Vp | width Vav Vav — Vi
(nm) (pm/s) (pm/s) | (um) (nm/s) (pm/s)
0.5 30 3 0.5 23 -4
56 29 51 24
48 21 44 17

Table.3-4. The measured velocities of 1um particles.
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3-3-2.  Sorting application

Here we mix 2um with 1um particles in water surrounding. The motions of particles
are shown in Fig. 3-9. Due to that the optical forces depends on the size of particle, the mixed
particles are separated by the difference of transporting velocity on the waveguide. Moreover,
due to the weaker trapping force, the 1um particle flow away from the waveguide and slow
down after a few tens of micrometers. This function can be used to classify the particles by

their size.

¥ t=0.0s

*
¥ t=1s

4
¥ t=2s
4
* t=3s
4

t=4s

4

Fig.3-9. Motion of mix of 1um and 2um particles (indicated by red and blue arrows) as time

evolves 1 pum wide waveguides in 1500nm waveguide.
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3-4. Summary

Due to the enhancement caused by ITO layer, our waveguide under a lower input
power can transport particles much faster than that done by waveguide of the same width on
silica film (as compared in [11]). With properly designed coupling structure, silicon nitride
waveguide on ITO layer would be potential for developing efficient transport system on
integration chip. Moreover, the propulsion efficiency of different size particles on silicon
nitride waveguides open the way to sorting application, the classification of mixed particles

by the size can be realized.
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Chapter 4.

Conclusion and Future work

4-1.  Conclusion

In this report, we attempt to construct an efficient particle transportation system by an
easily coupled waveguide structure. The simple geometry of solid-core photonic waveguide is
more suitable for easy-coupling than slot waveguides. Among various materials, silicon
nitride waveguide with moderate refractive index had been proposed to yield stronger
interaction, between particles and the evanescent field, than waveguides with higher or lower
refractive index can do. How to improve the efficiency and stability of particle transportation
on silicon nitride waveguide ‘is ‘what we ‘devote to do. We have found that the narrower
waveguide can reach stronger peak propulsion force at shorter wavelength. We investigate
this relation by FEM simulation suggest that for  parallel manipulation of particle
transportation, a factor more important than-propulsion force itself is the force-transmission
product. Simulation results show that peak value of force-transmission product just coincides
with the maximum downward trapping force in wavelength, where many particles could be
transported simultaneously without easily disturbed. The better Y and Z-axis stiffness of 0.5
um wide waveguide, compared with wider waveguides, also emphasize that a narrower

waveguide can transport particles more stably.

For further improve the efficiency and stability of particle transportation, we introduce
an ITO layer beneath the waveguide, which can forces guided wave to extend upward deeper
into the water surrounding and enhance the interaction between particle and the evanescent

field. The simulation results show that the ITO film do largely enhance the propulsion force
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and trapping forces. Although the conductor like property of ITO film will induce additional
propagation loss, the better transporting efficiency and stability still attractive for short-term
particle transportation on integration chip. We fabricate the waveguide structures on ITO glass
and measure the velocity of particle transportation. At 1500nm wavelength, the 0.5um wide
waveguide with ITO layer underlaid can transport 2um particle with velocity of 9.65cm/s/W,
which is much faster, as simulation predicted, compared with silicon nitride waveguides with
the same geometric parameters without ITO film beneath. We also show that the waveguide

we proposed is able to serve sorting application.
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4-2. Future work

In our present works, the coupling configuration between input fiber and the
waveguide is not efficient. Most power are scattered from the fiber tip but not coupled into the
waveguide. Therefore the particles are not solely propelled by the guided wave. For solving
this problem we have to include a coupling design at the waveguide entrance. We regarded
grating coupler as a potential candidate for two reasons [21]. First, the fiber and waveguide
are aligned nearly perpendicular to each other. This would eliminate the influences caused by
the waves scattered directly from the input fiber. Second, there is no need to cleave the sample
for coupling, which enables wafer scale testing and increases the amount of available devices

on the sample. The grating coupler is shown in Fig.4-1.

single-mode fiber

photonic wire

adiabatic taper /
X1 l’ 1 ]

T
_ .
e to integrated
/ circuit

grating

10um wide waveguide

Fig.4-1. Coupling principle between fiber and photonic wires by means of a grating.

Except the coupling problem, we also attempt to transport real biological cells and
integrate the waveguides with other devices into a chip for developing lab-on-chip system.
Moreover, we can use the microfluidic system [22] to sort the different size particles. As the
particles flow through the region of waveguide, the size-dependence of the optical force
causes larger particles to be guided into a separated flow channel in Fig.4-2(a). Fig.4-2(b)
shows that the parallel waveguides with different trapping abilities will transport the different

size particles respectively.
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(a) !

(b)

Fig.4-2. (a) Passive optical sorting.of micro-particles by using the suggested waveguide.
(b) The particles will be guided-and separated by the each waveguide which have different
trapping abilities.
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