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Abstract

The study and applications of surface plasmon ftotes (SP) — also known as
plasmonics — has attracted the interest of a waage of researchers in various fields
such as biology, physics, and engineering. Unfately, the large propagation losses of
the SP severely limit the usefulness of plasmofdcsnany practical applications. In this
dissertation a new wave guiding mechanism is preghos order to address the large
propagation losses of the plasmonic guides. P@ssaiigplications of this guiding scheme

are also investigated.

The proposed hybrid plasmonic waveguide (HPWG) ists1®f a metal layer separated
from a high index slab by a low index spacer. Aadetl analysis is carried out to clarify
the wave guiding mechanism and it is establishedl e mode guided by the HPWG
results from the coupling of a SP mode and a dietewaveguide mode.

A two dimensional HPWG is proposed and the effedtvarious parameters on the
HPWG performance are analyzed in detail. This #inec offers the possibility of

integrating plasmonic devices on a silicon platform

The proposed waveguide supports two different modesiybrid TM mode and a
conventional TE mode. The hybrid TM mode is conadrt in the low index layer,
whereas the conventional TE mode is concentratethen high index region. This
polarization diversity is used to design a TM- an@iE-pass polarizer and a polarization



independent coupler on a silicon-on-insulator (S&d}form. Moreover, the performance
of a HPWG bend is investigated and is compared plabmonic waveguide bends. The

proposed devices are very compact and outperfoewiqursly reported designs.

The application of HPWG for biosensing is also ex@dl. By utilizing the polarization
diversity, the HPWG biosensor can overcome someheflimitations of plasmonic
sensors. For example, unlike plasmonic sensorsHBPM/G biosensor can remove the

interfering bulk and surface effects.
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Chapter 1

Introduction

Recent progress in nanofabrication technology has enabled researchers to achieve an
unprecedented control of material properties. A combination of this progress and the
availability of high performance computational facilities has revolutionized many branches
of science and technology, notable among them photonics. The ability to control light matter
interaction at the scale of a fraction of a wavelength of light has given rise to the area of
photonics commonly known as nanophotonics. One very promising branch of nanophotonics
is nanoplasmonics which deals with the study and application of surface plasmon (SP).

SP is a surface wave which results from the coupling of an electromagnetic wave with the
collective electronic oscillations at a metal-dielectric interface. SP has a number of unique
features, and can be of great importance for practical applications. Unlike dielectric
waveguides where light confinement is limited by diffraction, plasmonic waveguides can
“squeeze” light to a subwavelength scale. This offers the possibility of scaling down photonic
devices to the size of transistors which may result in successful integration of photonics and
electronics [Zia 2006]. In addition SP-based sensing is already a commercially successful
technology [Homola 2006]. Plasmonics can be useful for many other applications: integrated
optics [Atwater 2007], nanolithography [Srituravanich 2004], near field scanning microscopy

[Kim 2007], cancer diagnosis and treatment [Bardhan 2011] are a few examples.

Though the field of plasmonics holds great promise, and has been called the next big thing in
nanotechnology, a number of challenges need to be addressed before these promises are
fulfilled. In the optical regime metals have a complex permittivity and as a result SPs suffer
from a large propagation loss. This is a major limitation that has prevented plasmonics from
becoming a more useful technology. Several ways to mitigate the issue of propagation loss,



e.g., use of gain medium or thin metal film have been suggested. However, the loss reduction
using these schemes is accompanied by either a significant increase of system complexity or
increase of device size. Another problem stems from the lack of maturity of plasmonics as a
research area. Though the concept of SP has been known for more than half a century
[Rictchie 1957], nanoplasmonics is still in its nascent state. More work is necessary on the
design of new types of plasmonic devices before it becomes clear which applications will

really benefit from plasmonics.

1.1. Objectives and Contributions

The objectives of this dissertation are two fold: to find some mechanism to address the issue
of propagation loss of SP without use of gain medium, and also to design new plasmonic
devices which can be useful for practical applications. We accomplished the followings in
this work.

1) We proposed a new guiding mechanism that is a combination of dielectric and
plasmonic wave guiding. The proposed hybrid plasmonic waveguide (HPWG)
provides a better compromise between loss and confinement compared to previously
proposed plasmonic waveguides, and has been recognized by the plasmonics research
community as one of the most promising plasmonic wave guiding scheme designed to
date.

2) We carried out a detailed analysis to clarify the physical nature of the modes
supported by the HPWG. The analysis dispels the doubt raised by some researchers
about the origin of the modes supported by HPWG and confirms that it is a coupled

mode.

3) We proposed a number of HPWG device designs for integrated optical systems. The
devices proposed are TM-pass polarizer, TE-pass polarizer, polarization independent

directional coupler and waveguide bends. The proposed devices are very compact,



low loss and are fully compatible with silicon on insulator technology. These designs,
illustrate that realization of very compact, low loss integrated optic plasmonic devices
which outperform existing alternatives — one of the long sought goal of plasmonics is
feasible. We have also fabricated and tested the TE-pass polarizer and have

confirmed the validity of our simulation results.

4) We proposed a HPWG biosensing scheme and analyzed its performance in detail.
The proposed device is more sensitive than plasmonic sensors. Unlike purely
plasmonic sensors, the HPWG sensor is also capable of differentiating between

change of adlayer thickness and change of bulk index.

1.2. Organization

The organization of the dissertation is as follows. In Chapter 2 we present a brief introduction
to plasmonics. We described the general state of plasmonic research, its current applications
and potential for future applications. We identify a number of challenges which need to be
addressed to fully utilize this potential. We also introduce the HPWG - the central theme of

this dissertation.

In chapter 3 we explain the physical mechanism of mode formation in HPWG. To keep the
problem analytically solvable we consider only the one dimensional case. We show that the
characteristics of the hybrid mode for various waveguide dimensions are consistent with the
notion that the hybrid mode is the result of coupling of SP mode and a dielectric waveguide

mode.

For practical applications two dimensional HPWGs are more important. Therefore, in

Chapter 4 we concentrate on the analysis of such structures. We review previously reported



two dimensional HPWG and also present a detailed analysis of the effects of various
parameters on hybrid mode characteristics.

In the next two chapters we describe the results of our investigation about the possibility of
using the HPWG for optical communication and sensing applications. Unlike previous
related works, where the compactness of hybrid mode has been the focus, we attempt to
utilize the polarization diversity of the HPWG. In chapter 5 we present designs of compact
HPWG devices for silicon on insulator based integrated optic communication systems. The
devices we propose are TE- and TM-pass polarizers, polarization independent directional
coupler and waveguide bend. We compare these designs with previously reported relevant
works and show that the HPWG based devices can outperform previously reported designs.
We also highlight the shortcomings of the HPWG and suggest some general guidelines
regarding the application of HPWG. In addition to presenting the details of the HPWG based
designs, we also presented the results of the first experimental demonstration of HPWG TE-

pass polarizer in chapter 4.

In chapter 6 we present the results of our investigation about the possibility of using HPWG
for biosensing. We optimize the one dimensional HWPG for single and dual polarization
operations and suggest using the polarization diversity to overcome some limitations of
plasmonic sensors. We also propose a two dimensional HPWG, which provides functionality

similar to the one dimensional HPWG, but is easier to fabricate.

We present a summary of results and contribution in chapter 7. We also provided a number
of suggestions for future research directions.



Chapter 2

Fundamentals of Plasmonics

This dissertation focuses on the various possible applications of surface plasmon waves (SP)
- a research area commonly known as plasmonics. In this chapter we present a brief review
of the present status of plasmonics. SPs belong to a special type of oscillations called
polaritons, which result from the coupling of material vibrations with electromagnetic waves.
Therefore, we start with a brief description of the polariton. This is followed by a general
introduction to various aspects of SP including its dispersion relation, effects of material loss
on SP characteristics and commonly used SP excitation schemes. Some of the major
applications of SP are discussed next, and the challenges which need to be overcome for
further progress of plasmonics are summarized. The review presented here is brief since it
serves only to provide background information for placing the research work of this
dissertation in the context of current state of the art and knowledge of plasmonics. We end
the chapter with a brief introduction to hybrid plasmonic waveguide (HPWG), which is the

central theme of this dissertation.

2.1. What is a Polariton and a Surface Plasmon

Polariton?

When light interacts strongly with a dielectric medium, often the resulting wave to a good
approximation can be considered a coupled mode forming from the interaction of light with
the normal modes of the medium. The validity of this physical picture is supported by the
presence of an avoided crossing between the light and elementary excitation dispersion lines
and existence of a band gap. The term ‘polariton’ was first used to describe the quantized
states of such excitations [Hopfield 1965, Kittel 1993]. As the resonance frequency is
approached, the wave number increases and the propagation slows down. Far away from



band gap the wave is mostly “Photon like” having mostly light like momentum and
wavelength. However, even far away from resonance, much of the energy for such a wave is
stored in the polarization induced in the medium as long as the relative permittivity or
permeability is significantly different from unity. Therefore, more commonly the term
polariton refers to the electromagnetic wave resulting from light-matter interaction over a
broad frequency range [Mills 1974] and not the quantum-mechanical entity which results in
the sharp absorption lines in dispersive materials as was suggested by Hopfield. In this work

we use the word polariton in the broader sense as was done in [Mills 1974].

Since there are different kinds of elementary excitations in solids, there are also different
kinds of polaritons. Electromagnetic waves can couple to spin waves in ferromagnetic
materials, excitons in semiconductors, phonons in crystals, or electrons in metals - giving rise
to magnon polaritons, exciton polaritons, phonon polaritons, and plasmon polaritons
respectively. The oscillation may take place over the entire volume of the material or it can
be confined only on the surface — resulting in bulk and surface polaritons respectively. In this
dissertation we will concentrate on surface plasmon polariton, which results from the

coupling of electrons on a metal surface with light.

2.2. Surface Plasmon at Metal-Dielectric Interface

Surface plasmon polariton, commonly known as surface plasmon (SP) is a type of surface
wave that can exist at a metal-dielectric interface. Figure 2.1 illustrates the concept of SP. It
shows a metal-dielectric interface where the material for y > 0 is a lossless dielectric having
permittivity &, and the material filling the space for y < 0 is a metal having permittivity e,.
The SP mode supported by such an interface is transverse magnetic TM in nature. The
electric field profile and surface charge distribution of SP propagating in the x direction are
also shown in Fig. 2.1. Derivation of SP characteristics for a one dimensional structure has

been reported in many previous works and will not be repeated here. Instead we will present



a very brief summary of SP properties. More details can be found in many excellent review
papers and books, for example [Maier 2007].

Mecial

Fig. 2.1. Single metal-dielectric interface and field profile of SP mode.

The expression for the dispersion relation of the SP mode for the metal-dielectric interface
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Here B is the propagation constant in the x direction and the free space wave number is given

shown in Fig. 2.1 is

by ko=2m/Ao; Ao is wavelength in free space. The permittivity of a lossless metal in the optical

regime can be expressed by the Drude model [Maier 2007].

2
Do

2
@

& =1- (2.2)

Here «y, is the plasma frequency of the metal and o is the angular frequency of light.
Substituting the expression of (2.2) for & in (2.1), we get the dispersion relation of SP

supported by a lossless Drude metal-dielectric interface.

(2.3)




Fig. 2.2 shows the dispersion relation described by (2.3). For small @, £ is very close to

ko\/g_l and the plasmon dispersion curve follows the light line very closely. In this case the

SP wave extends deep into the dielectric. As « approaches the surface plasmon resonance

frequency (wsp), B approaches infinity. wsp is given by
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This condition is known as surface plasmon resonance. Near the surface plasmon resonance
frequency, the wave greatly slows down and the extent of the field on either side of the

interface becomes vanishingly small.

Fig. 2.2. Dispersion relation for surface plasmon between dielectric and Drude metal with no

loss.

Real metals have a complex permittivity (¢, =¢, +ig, ) and the imaginary part of the

permittivity is not negligible. For noble metals like gold and silver at optical frequency
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The propagation distance of the SP is defined as the distance over which the power drops to

1/e of its initial magnitude. It is given by
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To give an idea about the length scales, the mode size in both metal and dielectric for a
silver/air interface is shown in Fig. 2.3. The mode size is defined here as the distance over
which the electric field reduces to 1/e of the value at the surface. The permittivity values of

silver are taken from a least square curve fitting of [Johnson 1972].
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Fig. 2.3. Variation of propagation mode size with wavelength for SP at silver air interface (a)
Inside the metal (b) Inside the dielectric.

Fig. 2.4 shows the propagation distance of the SP for a silver-air interface over the
wavelength range 600 nm to 1800 nm. For short wavelengths the SP mode is confined closer
to the surface and the propagation distance is small. As the wavelength is increased, the SP is
less confined and hence the propagation distance is increased. More details of SP length

scales can be found in [Barnes 2006].
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Fig. 2.4. Variation of propagation distance with wavelength for SP at silver air interface.

SP has several attractive features, for example high field intensity at the interface, resonant
behavior, ability confine light at nanometer scale dimensions and slow group velocity. Some
of these properties can open up the possibility of many useful applications but also can cause

a number of challenges. We will review some of these in the next few sections.

2.3. SP Excitation Schemes

SP is a hybrid between light and electronic oscillations. Hence SP can be excited by two
ways: excitation by electrons and excitation by light.

2.3.1. Electronic Excitation of SP

When a high energy electron beam hits a metal surface, electrons penetrate the metal and are
scattered over a wide range of angles during the process. Some of the scattered electrons may
have the correct momentum to excite the SP mode. This excitation method has been used
extensively for studying the physics of SP [Raether 1988], [Ritchie 1957]. A more recent

10



work investigated the possibility of implementation of a compact SP source using this
phenomenon [Bashevoy 2006]. In this work 50 keV electrons were injected onto a
unstructured gold surface to create a localized source of propagating SP. Though this
approach may be useful for the study of the physics of SP, using such a SP source for
nanophotonics will be challenging. Another very interesting structure was investigated by
Takahara et. al [Takahara 2004]. In that structure a luminescent material was sandwiched
between two metals and SP was excited directly by applying a voltage between the metal
plates. Though electronic excitation of SP is useful for material characterization, for most

practical applications optical excitation of SP is preferred.

2.3.2. Optical Excitation of SP

As can be seen from the SP dispersion relation (Fig. 2.2), SP has a larger wave vector than
that of light in the same dielectric medium. Hence SP cannot be excited by simply shining a
flat metal surface with a plane wave illumination, and there has to be some means for
satisfying phase matching condition. The most common methods to excite SP are by prism
coupling and grating coupling. These techniques are widely used for generation of SP over a
large surface area. There are a number of other techniques available that are used for

localized excitation of SP.

Prism coupling is the most popular method of optically exciting SP. Two common methods
of SP excitation by prism are shown in Fig. 2.5 [Sambles 1991]. In the Otto configuration
shown in Fig. 2.5(a) the prism is placed very near (a few hundred nm) the metal surface. The
angle of the incident light is set to be above the critical angle between the prism and air, and
as a result light is totally internally reflected from the prism-air interface. The resulting
evanescent wave tunnels through the air gap and excites SP on the metal-air interface. This
technique is used when it is important to leave the metal surface untouched; study of metal
surface for example. In practice it is very difficult to maintain a very small gap between the

metal and prism and this technique is seldom used for SP excitation. An easier alternative is
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the Kretschmann-Raether geometry shown in Fig. 2.5(b). In this configuration the metal is
deposited directly on the prism, and the SP is exited at the metal air interface by the
evanescent wave resulting from the total internal reflection at the metal-prism interface. This

is the most common method of SP generation for practical applications.

Prism : Prism
== Coupling gap
SP Metal Metal
T ) S—
SP
(a) Otto (b) Kretschmann

Fig. 2.5. Schematics of different ATR schemes to excite SP (a) Otto (b) Kretschmann.

Gratings can also be used to excite the SP. When light is incident on a grating of period A, as
shown in Fig. 2.6, it is diffracted away from the surface as a propagating mode and also
produces an evanescent field that exits only at the surface. If the light is incident at an angle

0o, then the evanescent waves will have wave vectors w/csin(6,) £ ng. Here n is an integer

and g = 2/ A . If this wave vector matches the SP wave vector along the surface, SP will be

excited [Raether 1986].

Light
N
=

A SP

Fig. 2.6. Excitation of SP by grating illumination.
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For nano-photonic applications, local excitation of SP is usually preferred. Prism and grating
are not suitable means of SP excitation in such cases. Some excitation schemes for local
excitation of SP are shown in Fig. 2.7. SP can be excited locally by scattering light from sub-
wavelength dimension surface features [Ditlbacher 2002], by tightly focusing a laser beam
on a metal surface [Kano 1998] or by backside illumination of metal by small aperture
[Tejeira 2007]. The last scheme can prevent noise from the excitation source and has

attracted considerable interest for nano-photonic applications in recent years.

Light I l
ﬁ SP SP
SP SP <€ >
SP > (i —_—

Fig. 2.7. Methods for local excitation of SP (a) Illumination of a surface defect (b) Focusing

laser beam tightly on a surface (c) Illumination of nano-hole.

2.4. Applications of SP: Present Status and Future

Promises

Plasmonics is one of the most active areas of nanophotonic research and it has been called
‘the next chip enabling technology’ and ‘the next big thing in nanotechnology’ because of its
potential to be useful for many applications. Fig. 2.8 shows some areas where SP can be
useful. We briefly describe some of the applications to highlight the remarkable diversity of

plasmonics.
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Fig. 2.8. Major areas of applications of plasmonics.

2.4.1. Wave Guiding

In recent years there has been a tremendous increase in demand for bandwidth, and because
of their unparalleled data carrying capacity, optical fibers have largely replaced traditional
coaxial wires in long haul communication systems. The scenario for bandwidth requirement
for short distance communication is also similar. A typical modern microprocessor can
contain more than a billion transistors. Traditional electronic interconnects are not capable of
meeting the data carrying capacity requirement for such processors and a disruptive solution
IS necessary to continue increasing the processor performance in future [ITRS 2009].
Replacing the electronic interconnects by optical waveguides can be a solution to this
challenge. While the size of electronic devices can be only tens of nanometers, the size of
optical waveguides are limited by diffraction and the size mismatch of these two
technologies is a major obstacle in their successful integration at chip level. Here we briefly
review the origin of diffraction limit and how plasmonic wave guiding offers the possibility

of overcoming this limit.
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The concept of diffraction limit for waveguides can be conveniently explained by using the
concept of a wave number surface [Takahara 2005, Feigenbaum 2007]]. The three
constituents of momentum (ky, ky and k;) for a plane wave in a dielectric medium with index

n obey the relation

k +kj +k7 =n’k) (2.7)

Since any optical beam can be decomposed into a combination of plane waves propagating in

different directions, the k values in any direction must be within the limit —nk; <k; <nk,

(J=x,y,z). The wave number values therefore lie within a sphere of radiusnk, as shown in

Fig. 2.9 (a). The maximum uncertainty in momentum (Akmax) 1S given by

Ak, =2nk, (2.8)

Fig. 2.9. Wave number surfaces in momentum space (a) Optical wave in dielectric (b)

Optical wave limited by metal in x direction.

The uncertainty relation in Fourier transform imposes the following relation between

uncertainty in momentum and spatial extent (4k and Ar) [Appendix A].

AKAT > 72 (2.9)

Therefore, Ar must obey the relation
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Ar > [ Ak (2.10)
Ar will be minimized when 4k is maximum (Ak=Aknax). Using the value of Akmax from (2.8)

into (2.10) we get the diffraction limit in a dielectric cavity or a waveguide.

Ar . = _ (2.11)

If the dielectric claddings in the x direction are replaced by metal, SPs are supported by the
metal-dielectric interfaces. Since the SP is a surface wave and decays exponentially away
from the surface, the wave numbers along the x direction become imaginary and the relation

(2.7) in both metal and dielectric must be modified to

K2+ k2 —|k " =nk? (2.12)

As shown in Fig. 2.9(b), the wave number surface now becomes hyperbolic and the wave

vector in the x direction is unbounded. In addition the increase in |kx| also increases the

momentum in the other directions. Therefore, there is no fundamental limit of the modal
volume any more in either the direction parallel or normal to the metal surface. Integrating a
subdiffration limited plasmonic waveguide with electronics may lead to new hybrid chips
that can take full advantage of both electronics and photonics [Zia 2006].

Unfortunately the sub-diffraction limited guiding of SP is achieved only at the cost of very
large propagation loss. For example in metal slot waveguide proposed by Veronis et. al., the
mode size is 50 nm but the propagation distance is only 10 micron [Veronis 2005]. In an
effort to design a plasmonic guide that will provide a good compromise between propagation
loss and confinement, many different geometries have been investigated, some of which are
shown in Fig. 2.10. The metal-insulator-metal and metal slot configurations can provide
highest level of confinement but the high confinement is accompanied by very large
propagation loss [Atwater 2006]. At the other extreme is the insulator-metal-insulator guide,
whose propagation loss can be as low as 5 dB/cm but the mode size for this structure is
comparable to those of optical fiber modes [Boltaseva 2005, Berini 2009]. Dielectric loaded
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SP waveguides use a combination of SP and index guiding [Steinberger 2006]. The structure
can be useful for a variety of applications, e.g., electro-optic modulation. However, the mode
size is not very small for such a guide. Many other structures, such as channels in metal
[Bozhevolnyi 2006], nanohole in metal, metal [Takahara 1997] , wedge [Piles 2005], metal
ridge [Pan 2012] have been proposed. Each of these wave guiding schemes have their own
advantages and limitations and the choice of plasmonic wave guiding scheme should be

guided by the requirements of specific applications.

|| silver
[ silica
- Silicon
(a) (b) (c)
(d) (e) (f)

Fig. 2.10. Various types of plasmonic waveguides (a) Metal insulator metal (b) Insulator
metal insulator (c) Metal slot (d) Dielectric loaded metal (d) Channel in metal (d) Nanohole

in metal.

2.4.2. SP Based Biosensors

Since SP is highly localized to metal surface; its property is significantly affected by any
change on the metal surface. This property can be used to implement highly sensitive
biosensor. SP sensing schemes based on prism coupling have become one of the most
successful optical biosensing schemes proposed to date. SP sensors will be reviewed in

chapter 6.
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2.4.3. Apertureless Near Field Scanning Optical Microscopy

Near field scanning optical microscopy (NSOM) is a very effective tool for investigating
light-matter interaction at nanoscale. Conventional NSOM set up uses a metal coated tapered
glass fiber as the tip, and work in either illumination mode or collection mode as shown in
Fig. 2.11(a) and (b) respectively. An alternate way is to use a sharp metal tip as shown in Fig.
2.11(c). In this configuration the sample is illuminated from bottom and localized SP is
excited on the tip, whose intensity can be 10 to 1000 times that of the incident illumination.
When the tip is only few nanometers away, the evanescent field of the tip may convert to
propagating mode. This scattered light can be collected by a detector. The resolution
achievable by this method can be much higher than that achievable with an aperture NSOM
[Kim 2007].

IHluminator Detector
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Fig. 2.11. Common operation modes of NSOM (a) IHlumination mode (b) Collection mode
(c) Apertureless NSOM.

2.5. Challenges Hindering Further Progress of

Plasmonics

Though plasmonics shows great promise for many applications, there are a number of issues
which need to be addressed before this promise is fulfilled. The biggest limitation of SP is its
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high propagation loss. A number of different approaches have been proposed to solve this

challenge. These are listed below.

a)

b)

Use of gain medium: Like any other lossy waveguide mode, an optical gain medium
can be used to reduce or eliminate the propagation loss of SP. Since SPs suffer
significant propagation loss, the gain medium should provide large enough
amplification to realize appreciable propagation [Nezhad 2004]. Our calculations
have shown that complete compensation of SP propagation loss is possible with
currently available technology [Alam Opt. Exp. 2007], a prediction that has been
verified experimentally in recent years [Berini 2010], [Gather 2010]. Although gain
assisted SPs have great potential, the requirement to integrate a gain medium and the
pumping scheme with a plasmonic waveguide is not always simple, and this approach

may not be the best solution for many applications.

Cryogenic cooling: The resistance of metal which is the source of SP propagation loss
results from the random motion of electrons inside a metal. With a reduction of
temperature, the random motion of electron and hence the propagation loss of SP is
reduced. Oulton et. al., have demonstrated a SP laser at less than 10 Kelvin [Oulton
2009]. Maintaining very low temperature in a compact and cost effective manner is
challenging and this approach for SP loss reduction is not very suitable for

mainstream applications.

c) Use of thin metal film: For a very thin metal film (tens of nanometer thickness) the SP

mode supported by the two opposite metal-dielectric interfaces can interact and form
coupled modes. The even mode resulting from such coupling has most of the power in
the surrounding dielectric medium and hence the propagation loss is significantly
reduced. This mode, commonly known as long range surface plasmon (LRSP) mode
can be useful for a variety of applications including biosensing and implementation of
integrated optic devices [Boltaseva 2005, Berini 2009]. However, the mode size of
LRSP is comparable to dielectric waveguide modes and is not suitable for

nanophotonic applications.
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d) Improved plasmonic waveguide design: There is a compromise between loss and
confinement for all plasmonic guides. Increase in confinement is always accompanied
by increase in propagation loss. However the level of this compromise is not same for
all types of plasmonic guides. Many different types of plasmonic guides have been
designed to achieve a good compromise between loss and confinement, some of
which has been mentioned in section 2.4.1. The research work for this dissertation

also followed this approach and proposed a new type of plasmonic waveguide.

In addition to the issue of large propagation loss, another challenge for plasmonics stems
from the lack of maturity of plasmonics as a research area. Though plasmonics has a history
of more than half a century [Ritchie 1957], the recent interest in plasmonics has been spurred
by progress in nanofabrication technology. Although different types of plasmonic devices
have been proposed, and some of them show great promise, other devices need to be
developed before they can be useful. For example, no suitable, low power electronic SP
generation scheme has yet been reported, and unless this is done, plasmonic waveguides
cannot be successfully used as optical interconnects. More work is necessary to develop a
design suite so that one can exploit the benefit of plasmonics to the fullest extent.

2.6. Hybrid Plasmonic Waveguide: A Combination of

Dielectric and Plasmonic Wave Guiding

As a solution to the issue of propagation loss of SP, we have proposed a new waveguide,
which we designate as a hybrid plasmonic waveguide (HPWG). Fig. 2.12(a) shows the cross
section of a two dimensional HPWG. It consists of a high index region (silicon) separated
from a silver surface by a low index spacer (silica). The close vicinity of the silver-silica
interface and the silicon slab results in coupling of the SP mode and dielectric waveguide
mode supported by these two structures. Fig. 2.12(b) shows the resulting hybrid mode. The
guide also supports a conventional TE mode which is shown in Fig. 2.12(c). The mode sizes
for both TE and TM modes are comparable in this case and are very similar to mode size
achievable in case of silicon waveguide. For a thinner spacer layer the mode size for the TM
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mode is significantly smaller. For example, as shown in Fig. 2.12 (d), almost all power is
confined in a 45 nm spacer layer of a HPWG. TE mode is not supported by the HPWG in this

case.

(a) X
H

£ 04

0.2

Fig. 2.12. (a) Schematic of the hybrid waveguide. (b) and (c) Power density profile for the

0.8

TM and TE modes respectively for waveguide dimensions are w = 350 nm, t = 200 nm, h =
150 nm, d = 150 nm and T = 2 um. (d) Power density profile for the TM mode for w = 350
nm, t =200 nm, h =150 nm, d =45 nm and T = 2 um. Wavelength of light is 1550 nm.

HPWG offers a number of advantages: it offers a better compromise between loss and
confinement compared to purely plasmonic waveguides, and is compatible with silicon on
insulator technology. Since power for the TE and TM modes in such a guide are concentrated
in two different layers, their properties can be controlled in different manners by changing
the material properties and waveguide dimensions of the layers- a property that can be used
to design new kind of photonic components. Because of these attractive features the proposed
guide has attracted a lot of interest in recent years. Many different variations of HPWG have

been investigated by different groups, and many different applications have been suggested.
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Our work has played a key role in the progress of HPWG research. In addition to being the
first group proposing the concept of hybrid plasmonic wave guiding, we have also carried out
detailed analysis to clarify the physical picture of mode formation in HPWG. We have also
proposed a number of HPWG devices for integrated optic communication and biosensing
applications. The rest of this dissertation will describe our work on various aspects of the

theory and applications of HPWG.
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Chapter 3
Theoretical Analysis of Hybrid Plasmonic

Waveguides

The advantages and limitations of plasmonic anteclec waveguides are in some ways
complementary. Dielectric waveguides can be praltyidossless but the mode size in such
guides is limited by diffraction. Plasmonic guides the other hand, can squeeze light far
below diffraction limit but at the cost of largegpagation loss. An interesting question to ask
is: what happens if one attempts to combine boidigg mechanisms? The answer is the
hybrid plasmonic waveguide (HPWG), which will beethopic of investigation in this
dissertation. This chapter serves as an introdudiito HPWG and explores the physical
mechanism behind the formation of hybrid mode. Té& of the chapter is organized as
follows. In section 3.1 we introduce the HPWG avith an example illustrate the fact that it
can provide a better compromise between loss andinement compared to purely
plasmonic guide. The methods of analysis followedhis chapter are also discussed. In
section 3.2 we investigate the variations of effectmode indices and field profiles for the
guided modes with variations of waveguide dimensiofo keep the problem analytically
solvable we consider only one dimensional structirsection 3.3 we summarize the modal
characteristics and show that these characteristicde explained from the assumption that
the modes supported by the HPWG result from theplooy of the SP and dielectric

waveguide modes. Section 3.4 concludes the chayitesome remarks.

3.1. Description of Structure and Method of Analysis

As has been explained in the previous chapter, talfdelectric interface, for example the
silver-silica interface shown in Fig. 3.1(a) capgort a SP mode. A silicon slab surrounded

by silica also shown in Fig. 3.1(a) can supporiededtric waveguide mode. When the two
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guides are brought close to each other, the SP mggigorted by Guide 1 couples with the
TM type dielectric waveguide mode supported by @uzj and forms a hybrid mode. As
shown in Fig. 3.1(b), power for the hybrid moddighly confined in the low index medium
between the metal and the dielectric slab (an aifgeh is designated apacer throughout
this work). Since the SP mode is TM in nature, ligbrid mode is also a TM mode. We

consider only the TM modes in this chapter.

Silica Silica
ili
Silica d y
Silica h ‘
Gold Gold © <
(@)
1.0
Silica + Silica 0.8
Silica + =) ‘ 0.6
Silicon - Silicon
Isilica | %4
Silver{ Silica J»Silver 0.2

(b)

Fig. 3.1. Formation of hybrid mode from coupling of dieléctand SP mode (a) Waveguide
structure (b) Normalized power density. The coaatBrsystem used is also shown. The xz
plane coincides with the gold-silica interface tioe HPWG. The dimensions dre50 nm,

d=100 nm. Wavelength of operation is 1}|58.
Fig. 3.2 shows the guided power density profiléhaf hybrid mode. For comparison, guided
power density for a single metal-dielectric intedaSP mode is also plotted. Similar to

HPWG, the metal is silver in this case and the féikity of the dielectric medium is chosen
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to be 7.1 to make the propagation loss of the S&ensame as that of the hybrid mode. The
hybrid mode is much better confined than the SParedl hence the HPWG can provide a
better compromise between loss and confinementghbas plasmonic mode. This is the key
motivation behind our exploration of the usefulne$sHPWG for various applications -
results of which will be presented in later chagtén this chapter we will concentrate on the
physics of the hybrid mode formation and hybrid enocharacteristics under various

conditions.

1.0

SP mode
0.84

0.6]
0.4
0.2]
o.o—J
0 200 400 600 800 1000
y (um)

HPWG mode

Normalized guided power

Fig. 3.2. Comparison of guided power density profile for 8f mode and the hybrid mode
for the same propagation loss. The dimensionseoHRWG are arb =50 nm, d = 100 nm.

Wavelength of operation is 1.56n.

The modes supported by the one dimensional HPW@&tate shown in Fig. 3.1 can be
analyzed by using transfer matrix method. The networks by constructing the transfer
matrix from enforcing boundary conditions betwelea &djacent layers as explained in detail
in [Breukelaar 2004]. Assuming propagation in thdirection, the expressions for the

magnetic field and electric fields for the interriegd layelj (j = 1, 2) can be written as

H, = H, (v)expl()z - )] (3.1)

E, =[VE, (y) + ZE, (V)] expli ()z - at)] (3.2)
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Here y =k, (N, +iK) IS the complex propagation constagts (2n)/ 4, is the free space wave

number, Ao is the free space wavelengtNg and Keg are the normalized phase and
attenuation constants. The electric and magnettddi are related by Maxwell’s curl

equations.
OxE =iau,H (3.3)

OxH = -iwe,s E (3.4)

Inserting expressions (3.1) and (3.2) into (3.3) 4B.4), the following equation can be

derived for magnetic field in the intermediate lesye

dZij (y)

2

+H, () =0 (3.5)

Herek; s are the transverse wave numbers for lafjerl,2) and are given by = /¢, k2 -)?

and k, = /eq,..K2 - V* 1 &slica AN &5ilicon @re permittivity of silica and silicon respectiveljhe

corresponding electric field components are

i dH,

EZ,-(y)=-aE'£_ (;'y(y) (3.6)
0%rj

E, (Y) ==L —H, (¥) 3.7)

0%rj

Here ¢ =¢, . and ¢, =¢4,,,- FOr a bound TM mode propagating in thelirection, the

magnetic field in the substratel(y)) and claddingH(y)) are exponentially decaying and

hence can be written as
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H(y) =Ae®  y<0 (3.8)

H,.(y) = Ae™ 0D fory>h+d (3.9)

Hereks andk. are transverse wave numbers in substrate (sidvet)cladding (silica) and are

given byk, =./? ¢, k? andk, =7 &,k - Asand A are constants and only one of them is

independent. Aand A. can be shown to be related by [Breukelaar 2004].

A A
Ak, {mn mlz} _A:kc} (3.10)
EAQ le m22 ESIica
where
_Esiica _&s g
[mu mlz}z cosk;h) K, sin(k,h) | cosk,d) K, sin(k,d) (3'11)
My My Ky sin(k,h) cos{,h) 'gizsin(kzd) cos(,d)

gﬁlica S

Eliminating As and A from (3.10) the dispersion relation for the malggr structure can be

obtained.

K K Kk
= m,+—om, -m, - m, =0 12)

gAg gSIica gAg£SIica

Solutions of (3.12) provide accurate informationoatb the guided modes for any
combinations of waveguide dimensions and materigbgrties. Howevemetting a physical

picture of the mode formation from this approach is naight forward.

An alternate, approximate approach that can proaitetter insight is based on the concept
of coupled modes. As explained at the beginninthisf section, the HPWG can be thought
of a combination of two waveguides. However, reswbtained from theconventional
Coupled Mode Theory (CMT) are valid only for weaklyupled structures [Hardy 1985]. On
the other hand, non-orthogonal CMT can provides&attory results in the case of strong
coupling but only for low index contrast guides y8ar 1987]. In the case of HPWG, Guide
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2 (Fig. 3.1(a)) is a high index contrast waveguale] because of the small spacer thickness
the coupling is very strong. Therefore, straightwfard application of CMT or non-
orthogonal CMT may not provide accurate informatatrout the mode characteristics of the
HPWG [Cooper 2009]. However, this does not meah tthe coupled mode as a concept is
incorrect or coupled modes are not formed in thectire shown in Fig. 3.1(a). As long as
the difference ireffective indices of the modes supported by the Guide 1 and 2 idl emd
the guides are in close vicinity, coupled moded W formed. In this work we use the
dispersion relation [Eq. (3.12)] fiond the exact solutions for the guided modes buely on
the concept of coupling among the modesprovide a physical picture of the modes
formation. We examine the properties of the modgsperted by the hybrid structure for
various silicon and spacer layer thicknesses & i wavelength. The permittivity of
silica, silver, and silicon are taken from [PaliR8b], [Johnson 1972], and [Palik 1985],
respectively. Equation (3.12) is solved by simpiearch algorithm to find the allowed
modes The method is simple and does not require the atatipn of numerical or analytical
gradients; however, it can find only local solugofio ensure that we are indeed calculating
the effective mode indices properly, we comparezlvlllues obtained by solving equation
(3.12) with those obtained from the finite elemeoatle, Comsol Multiphysics. The effective
indices predicted by the two methods matched welltae difference was less than 0.05% in

the worst case.

3.2. Properties of the Modes Supported by the Hybrid

Plasmonic Guide

In case of coupling between two identical wavegsidme of the coupled modes exhibits
even symmetry and the other one exhibits odd symymeth respect to the midpoint of the
gap region (spacegeparating the two guides. In case of coupling betwtwo dissimilar

waveguides (the case discussed in this work), tupled modes lack complete symmetry

but as shown later in this section, one of the madestill “quasi- even” (does not become
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zero anywhere in the spacer region) and the othailems “quasi-odd” (becomes zero

somewhere in the spacer region).

Behavior of the modes supported by the HPWG shoviig. 3.1(a) depends strongly on the

properties of the modes supported by Guides 1 anth@refore, a short discussion and

classification of the modes supported by Guided Zare needed before we proceed further.

Guide 1 supports only one mode: SP at the simadnterface, while the number of modes

supported by Guide 2 and their behavior dependil@ors thickness d). For d<250 nm,

Guide 2 supports only Tpmode. We use the following notations.

Table 3.1. Notations used in this work and their meanings

|

Symboal Meaning

ngl Real part of effective mode index of the SP mog®pstted by Guide 1

N2 Real part of effective mode index of the §Mode supported by Guide 2
™O

NTele Real part of effective mode index of the TMode supported by Guide 2

N HE Real part of the effective index of the quasi-esepported by the hybri
Even

guide

NHCE Real part of the effective index of the quasi-odgported by the hybri

O

guide

=

Difference of real part of effective mode indicdsS®® mode supported
Guide 1 and TMmode supported by Guide 2

Difference of real part of effective mode indicdsS®® mode supported
Guide 1 and TMmode supported by Guide 2

Cut-off thickness of TMmode supported by Guide 2

Depending on the silicon thickness, a number dedkht situations are possible, which are

summarized in Table 3.2. We have excluded the ca§gs> N2 and higher order modes

supported by Guide 2 from consideration in thiskdoecause the cage$' >> N2 does not
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occur for any silicon thickness and, careful exation of the cases in Table 3.2 is sufficient

to predict the higher order mode’s field profile.

Table 3.2. Various conditions investigated in this work

Case Condition Silicon Difference between
# thickness (d) effective mode indices
1 |NZ>NE, Smallh,, d<<d$d 45 nm Ao= - 0.0026
2 |N$=N3Z,Smalla,, d<<da 50.8 nm £g=0
3 NS < N2, Smally,, d <<dS 100 nm Ao= 0.0426
4 130 nm Np=0.1

NG < N2, Largen,, d << dS, ’
5 Ng;l < N_I(_s'\/fo, LarQEAO, d =< d'|(':|\;|n1 240 nm A(): 0.764
6 NS < NSZ , Smallj,, Larged,, d >dSs 340 nm Ao=1.346
A=0.0344

In the following we investigate the behavior of thgbrid waveguide modes with varying
silicon and spacer thicknesgssibject to the constraints enumerated in Tablé. 3r2some

of the cases in addition to the hybrid mode, digileavaveguide modes supported by the
silicon slab also independently exists. For exanmplease 6 =340 nm), in addition to the
modes whose field profiles are combinations of nsoglgoported by Guide 1 and Guide 2, a
mode also exists which is almost identical to tiMyTmode supported by Guide 2. These
dielectric waveguide modes are well studied and wetlerstood, and hence will not be

investigated in this work.

3.2.1. Variations of the Effective Mode Index

Figures 3.3(a), 3.3(b) and 3.3(c) show the vamatiof N7 with varying spacer thickness

(h) for the cases of Table 3.2. Variations,\%f;d for various cases are plotted in Fig. 3.3(d).
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Variation of N® ‘and NJ¢ for case 1 and 2 are very similar and to avoidineldncy, case

2 is omitted in these plots. From Fig. 3.3 it isasl that quasi-even mode exists for arbut

guasi-odd mode is cut-off for smdil For cases 1 and 3\'$12N%§o)' for increasing spacer
thickness If), NHS. approachegys: and e approache%gMzO. On the other hand, for cases 3
and 4, for increasing spacer thicknek} (\‘E“v‘in approaches,\,TeMzO and NS approache§$, a

trend opposite to cases 1 and 2. For the cagde=22¢0 nm) hybrid mode characteristics are
significantly different from the other cases in Tal3.2. In this case the guide does not
support quasi-odd mode for any spacer thicknegskaarshown in Fig. 3.3(c) , the variation

of N is opposite of that of quasi-even mode in othesesae., with increasingy, N

increasesnstead of decreasing. For the casal & (340 nm) Guide 2 is multimode. In this

case e approachesgyez and NS approache§$. It is interesting to note that variations of

the effective indices for case 8 £ 100 nm) and case @ € 340 nm) are very similaiThe
reason for this is explained in section 3.3.

1.704 1.8
165 (@)
651 (b)
1.7
1.60 Case 4
g se
Z 1.55] /Case 8 Casel & 2516 / Case 6 -
(d = 100 nm) NS (d = 130 nm)
I Ve - 15— NS (¢ 340
1.451 NS (0 = 340 nm)
63 4 & L % Y 8 1o
h (um) h (um)
1.455,
(© @ N
1454 i Gl 14"_‘4 SP
N
1.453] / P 1.452 /
: 1.450 NZ2 (d = 45 nm
© L% 1.452] Caseb 921448 Case 1 o )
1.4514 Z 1.446) Case 6
1.4504 1.444 Case 3
Lado 1.442f Case 4
o 2 4 6 8 10 2 4 6 8 10
h (um) h (um)

Fig. 3.3. Variations of effective mode indices floe guided modes as a functionhdfspacer
height) for varioudl (silicon thickness). (a), (b) and (c) are for dteasen and (d) is for

quasi-odd.
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3.2.2. Evolution of the Mode Profiles as a Function of Spacer

Thickness

In this subsection we examine the effects of vayyime spacer thickness)( for a fixed
silicon thicknessd), on the field profiles for the cases considere@able 2. We plot the real
part of the transverse magnetic field,\. To properly designate the nature of the hybrid
mode we use the following notations. If the hybmdde is formed from the coupling of SP
mode supported by the Guide 1 and ¢TiMode supported by the Guide 2, and if with
increasing the spacer thicknes$ the mode converts to a SP mode supported by theeG
1, we designate it as SP-FMIf on the other hand, the mode converts to a, Thbde
supported by the Guide 2, we designate it as-BM. A similar nomenclature is used for
other cases (e.g. SP-TMr TM;- SP).

Figures 3.4(a) through 3.4(c) show evolution ofgeven and quasi-odd modes for varying
spacer thicknesd) for the case lof Table 3.8 € 45 nm). Here/=0 is the position of the
silver/silica interface. To show the mode profitdsarly for both small and large we have
plotted the mode profiles of quasi-even mode in tfterent figures, i.e. Figs. 3.4(a) and
3.4(b). As it can be seen from these figures, geash mode is of the type SP-jMnd
guasi-odd mode is of the type TN8P. For the case 2 of the Table :12=(50.8 nm), the
mode profiles and their evolution with varying spathickness are very similar to those of
the case 1 and are not discussed here. To keegisgtigssion brief, we will plot the field
profiles only for the quasi-even mode for the i@&sthe cases and summarize the properties
of both quasi-even and quasi-odd modes at the etiiscsubsection.

1.0 h=3.5pm (c)
1.00
075 h=100 nm (3 N ’I>? 0.5] h=5.5um h=gm
i £ = 0.0,
3 T ¢
i g & 0.5

0 2 4 6 8 10 12
y(um)
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Fig. 3.4. (a) and (b) Real part of the normalized magnéid ffor the quasi-even mode. (c)
Real part of the normalized magnetic field for thmsi-odd mode. In all figurésis the
spacer thickness and silicon thickne$jsig 45 nm. (Case 1 of Table 3.2)

Increasing silicon film thickness changes the reatfrthe mode. For the case 3 in Table 3.2
(d = 100 nm) in contrast to cases 1 and 2, the quesi-enode is of the type T¢BP as
shown in Fig. 3.5. The quasi-odd mode is of thetgp-TM (not shown in the figure).

h=1.5pm h=2.5um
Hm Sum (b)

1.00] / / h=3
0.75 / h:55um
0.504

h=100 nm ()

0.751

0.504

Real(Hx)
Real(Hx)

0.251 0.251

0.004 0.00
-1 0 1 2 3 4 10 1 2 3 45 6 7 '8

y(um) y (um)

Fig. 3.5. Real part of the normalized magnetic field for thuasi-even mode for varying

spacer thicknesseB)( Silicon thicknessd) is 100 nm. (Case 3 of Table 3.2

A further increase in the silicon film thicknesy (makesA, larger and the mode begins to
lose its hybrid nature. As an example, Fig. 3.6ashthe mode profiles for the case 4 of the
Table 3.2 @ = 130 nm).The quasi-even mode in this case is concentratéukisilicon slab
and is similar to the Tlylmode supported by Guide 2 and with increasingespidickness it
very quickly converts to T mode supported by Guide 2. For larger silicon kingss
(greater than case 4 but smaller than case 5)dugling becomes less significant i.e., the
guasi-even mode and quasi-odd modes very clossgmieles TN mode of Guide 2 and SP

mode of Guide 1 respectively.
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Fig. 3.6. Real part of the normalized magnetic field for thuasi-even mode for varying

spacer thicknesseb)( Silicon thicknessd) is 130 nm. (Case 4 of Table 3.2)

For an even larger silicon thickness e.g., casé Table 3.2 § = 240 nm), the silicon slab
supports a TMmode which is weakly affected by presence of tle¢éahand does not couple
with the SP mode. However, a new mode appearsdgrcéise. As seen from the field profiles
of Fig. 6 this is a quasi-even mode and althoughsihicon thickness is not large enough to
support a TM mode when surrounded by silica on both sideshifwid mode is still the
result of coupling between SP and TMode. The mode is of type SP-TM., it converts to
SP mode for larger spacer thickness. Quasi-odd nsdet supported in this case for any

spacer thickness.

Real(Hx)
Real(Hx)

y (um)

Fig. 3.7. Real part of the normalized magnetic field for thumasi-even mode for varying
spacer thicknesseb)( Silicon thicknessd) is 240 nm. (Case 5 of Table 2).

With further increase in the silicon thickness (e@se 6 in Table 3.2,= 340 nm), Guide 2
becomes multimode and supports both Tdhd TM, modes. Similar to the case 5, SP
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couples with the TM mode and the resulting quasi-even mode is of ype TM;-SP, as
shown in Fig. 7. It should be pointed out that @ligph the field profiles in Fig. 6 and 7 may
seem to resemble quasi-odd modes, the magnetic(fg) in fact does not cross zero in the
spacer but inside the silicon film. The modes shawhig. 6 and 7 therefore are quasi-even
modes and not quasi-odd. For case 6, the quasimodigs of the type SP-TNt also present

for large spacer thickness, which are not showtherfigure.

. h=2.5m h=35m ®
= — 05 /
T X
< T
3 < 0.01
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o . & 0.5
-1.04
-1 01 2 3 4 5 -1 01 2 3 4 5 6
y (um) y (um)

Fig. 3.8. Real part of the normalized magnetic field for thuasi-even mode for varying

spacer thicknesseB)( Silicon thicknessd) is 340 nm. (Case 6 of Table 3.2).

Table 3.3 summarizes the mode types for the vaasss mentioned in Table 3.2.

Table 3.3: Summary of the modal characteristics for the casdable 3.2

Case# | Nature of quasi-even Natur e of the quasi-
mode odd mode
1 SP-TM TMo-SP
2 SP-TM TMo-SP
3 TMo-SP SP-TM
4 TM,-SP SP-TN
5 SP-TM Does not exist
6 TM,-SP SP-TM
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3.3.

Summary and Analysis of the Hybrid Plasmonic

Waveguide Modes

There are several general trends related to theerfarchations in the HPWG which can be

arrived at from our discussion in Section 3.2.He following we will list these trends and

provide some physical explanations underlying theeoved behaviors.

a)

b)

The quasi-even mode of the HPWG waveguide existariy spacer thicknesf)(

but the quasi-odd mode is cut-off for small spaharkness.

The presence of only one mode in the hybrid guidesifall spacer thickness has led
some researchers to question the validity of thearoybridization concept in these
waveguides [Avrustsky 2010]. However, it must beinped out that some
assumptions of the conventional CMT such as theklyeaoupling condition and
orthogonality of the guided modes are not necesgalrg for the HPWG in which the
separation between the constituent waveguides @suid and 2) is extremely small.
In fact, non-orthogonal CMT formulation predicts that the odd modes retehcut-
off condition for small waveguides separation [Had®85], which is illustrated in
the case for the hybrid waveguides examined hederaiRefs. [Alam 2007, Oulton
2008, Fuijii 2009].

For increasing spacer thickness the hybrid modaesesbto the modes guided by the
constituent waveguides (Guides 1 and 2). The gevesit mode always converts to
the mode of Guide 1 or 2, whichever has a highiercefe modeindex. The quasi-

odd mode on the other hand, will convert to the enofiGuide 1 or 2, whichever has

a lower effective mode index.

This behavior is expected when coupling takes plaetveen two nonidentical

waveguides as has been explained in more detgilans 1991].
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c)

d)

If Guide 2 supports multiple modes, SP mode suppdsy the Guide 1 couples to the
dielectric waveguide mode supported by the Guicdh@se effective index is closest

to its own effective index.

This is consistent with the concept of coupled mémlenation: only modes with

comparable effective indices are expected to coampteform hybrid modes.

Hybrid mode of type SP-TMexists even wher < Dy, provided that‘d - Dnyl is

small. Quasi-odd mode is absent in this case {badeTable 3.2}.

The situation is very similar to the asymmetricaho-scale plasmonic waveguide
reported in [Berkovich 2008]. As shown in [Berkadvi2008], if a plasmonic
(metallic) slot waveguide is placed on a dielecsubstrate, the metal blocks the
radiation away from the slot waveguide and theafiwidth of the guide is reduced.
A similar explanation also holds for the cas¢ob Table 3.2}. The presence of the
metal near the high index slab in a hybrid waveguadts as a strong reflector and
cut-off thickness of the TMmode is reduced. Hence, a hybrid mode of the §fpe
TM; is formed even when the silicon slab is below dbeoff thickness of the TM

mode (d <Dy,). For large spacer thicknesk),(the effect of reflection from the

metal surface is less pronounced and the silicab flils to support the TMmode.

Hence, quasi-odd mode does not exist even for large

Hybrid mode characteristics can be very similanviery different silicon thicknesses.
This is illustrated in Fig. 3.3For the cases 3 and{6f Table 3.2} the variations of

No° and NJ¢ and the cut-off thickness of quasi-odd mode argy \@milar,

although the silicon thicknesses for the two caaes 100 nm and 340 nm,

respectively.
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3.4.

This behavior can also be explained using the qunafecoupled modes. In the case
3, the hybrid mode results from coupling of the SPdem@nd the TMmode. As
shown in Table 3.2, the difference between thecgffe mode indices of the
constituent modes4) is 0.0426. In the case 6, coupling occurs betviberSP mode
and the TM mode, and the difference between the effectiveeasdin this case)

is 0.0344, which is close to that of the case Zré&fore, variations of the effective

mode indices N andN® ) and also the cut-off thicknesses for the quasindde

for the two cases are also similar.

Discussion

In this chapter we have investigated the propedidhe modes supported by the HPWG for

various choices of waveguide dimensions. We hawsvshhat the characteristics of these

modes can be explained by assuming that they rigeuait the coupling of SP and dielectric

waveguide modes. The results presented here arkil uge understand the guiding

mechanism of HPWG. It will also be useful for desngy SP based devices, results of which

are presented in later parts of the dissertation.

38



Chapter 4
Analysis of Two Dimensional Hybrid Plasmonic

Waveguide

In the last chapter we analyzed the one dimensional HPWG and explained the physical
mechanism of mode formation in such guides. For practical applications two dimensional
guides are more important and hence in this chapter we investigate the two dimensional
HPWG. We begin Section 4.1 with a description of our proposal of two dimensional HPWG.
Since our first proposal of HPWG many different variations of the structure has been
proposed by various groups. A brief review of these designs is also presented in the same
section and a suitable geometry of HPWG for practical applications is identified. Unlike the
one dimensional case, the solutions for the guided mode of a two dimensional structure
cannot be found using analytical methods and use of numerical methods is essential. The
presence of metal as part of a guiding structure makes modeling of plasmonic guides more
complicated than dielectric waveguides, and one must carefully choose the numerical method
in such a case. Also unlike dielectric waveguides, the choice of performance criterion for
plasmonic guides is not straightforward. These issues are discussed in Section 4.2. A detailed
investigation of various parameters on the mode characteristics of the two dimensional
HPWG is presented in from Section 4.3 to Section 4.7. Section 4.8 concludes the chapter

with some remarks.

4.1. Introduction to Two Dimensional Hybrid Plasmonic

Waveguide

A finite width hybrid waveguide can be implemented in a number of ways. Fig. 4.1(a) shows
the HPWG that we proposed. It consists of a high index dielectric slab (permittivity &,;) of

dimensions wxh separated from a metallic surface (permittivity &neta) by a spacer
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(permittivity &spacer) OF dimensions wxd. The permittivity of the cover layer around the guide
IS &over- The normalized guided power density for the structure at 0.8 um wavelength is
shown in Fig. 4.1(b). In this example the spacer, high index and cover region are assumed to
be silica, silicon and air, respectively and the dimensions are w = 100 nm, h = 60 nm, d = 100
nm. Power is highly confined in the low index spacer layer despite the small dimension of

the waveguide and the presence of the silicon slab.

[ ] silver
(a) W || silica

D —

I.!@ [ silicon

ERREEREER™

Fig. 4.1. (a) Schematic of the two dimensional hybrid waveguide. (b) Normalized guided

power density. Waveguide dimensions and material properties are mentioned in the text.

Because of the ability of HPWGs to guide light in the low index medium and also its ability
to support a highly confined mode, the two dimensional HPWG has attracted a lot interest,
and our first proposal of HPWG has been followed by investigation of many other types of
HPWG. Some of these are shown in Fig. 4.2. One of the most widely known HPWG
structure proposed by Oulton et. al. [Oulton 2008], is shown in Fig. 4.2(a). It is very similar
to our proposal. The only differences are: they used GaAs instead of silicon and used a
circular geometry instead of a rectangular one. Dai et. al. proposed a finite width HPWG
which has a metal cap supported by a silica substrate (Fig. 4.2.(b)) [Dai 2009]. The structure
can be fabricated on SOI wafer using standard fabrication techniques and has attracted a lot
of interest. Various other HPWG structures such as HPWG with semi-infinite spacer layer
[Flammer 2010], wedge HPWG [Bian 2011] and HPWG consisting of a silver nanowire
separated from a silicon surrounding by a silica spacer [Kou 2011] have also been

investigated by various research groups and are shown in Fig. 4.2(c)-Fig. 4.2(e).
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Fig. 4.2. Various types of HPWG proposed in recent years.

As can be seen from Figs. 4.1 and 4.2, the HPWG proposed to date either employ a
rectangular or a circular cross section. It is important to know which of these two geometries
will provide a better performance before we embark on designing HPWG based devices. One
key objective of the current research is to design compact, SOl compatible, nanoplasmonic
devices for integrated optic applications. Waveguides which can be closely packed without
significant power transfer i.e., those having longer coupling length (the coupling length is
defined as the distance necessary for complete power transfer between two coupled
waveguides) will be preferred for these applications. We use this definition to determine

whether rectangular or circular cross section provides better compactness.

Oulton et. al. [2008] studied in detail the characteristics of circular HPWG and according to
their investigation, a minimum mode size is achieved when diameter of the high index
circular rod is 200 nm and the spacing between the high index medium and metal is 2 nm.
We found from our analysis that a rectangular HPWG with a width of 190 nm, spacer height
of 10 nm and silicon height 220 nm, has the same propagation loss as the above mentioned
design. We then compare the coupling lengths when two identical HPWG of either circular

or rectangular cross section is placed with same edge to edge distance (D). Figure 4.3 shows
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the arrangement of the waveguides along with the variation of coupling length for both cases
as a function of D. The coupling length is always larger for the rectangular cross section,
indicating that it suffers less crosstalk for same waveguide spacing. Although fabrication of
nanowire is a well controlled and well understood process, controlling the location of
nanowires on a substrate precisely is a challenging task. Implementation of complex
integrated optic components therefore, is easier with HPWG of rectangular cross section. We

choose to investigate the rectangular HPWG for the remainder of this dissertation.

w

D —
-3,-%2

151

10'w=190 nm, h=220n

d=10nm

Coupling length

d=200nm,h=2nm

0 T T T 1
300 350 400 450 500
D (nm)

Fig. 4.3. Comparison of coupling length for rectangular and circular hybrid guide for various

waveguide spacing.
4.2. Method of Analysis and Some Important Definitions

Despite the impressive progress of fabrication technology in last few years, the production of
nanophotonic devices remains a challenging task. Optimizing a design by trial and error in
fabrication is not feasible at this length scale. Accurate modeling of device performance is
critical in all branches of nanophotonics including nanoplasmonics. As mentioned in Chapter
2, in the optical regime metals have a complex permittivity with a large negative real part.
This negative real part of permittivity results in rapid decay of electromagnetic field inside

the metal- the skin depth being on the order of tens of nanometers. The numerical method
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used in plasmonics should be capable of giving satisfactory results for structures with such
rapidly varying fields while not using excessive amount of memory. The finite element
method is one of the most popular methods for studying plasmonic structures, especially in
two dimensions. We have used the commercial finite element code Femlab (now known as
Comsol Multiphysics) for analyzing two dimensional structures. Femlab is a very popular
finite element solver capable of accurately modeling a wide range of physical problems. The
capability of Femlab for modeling plasmonic structures is well documented in literature
[Breukellar 2004] and therefore, we refrain from discussing this in detail in our work. Some
results which validates Femlab’s ability to correctly predict the mode characteristics of
HPWG are presented in Appendix A.

A common characteristic of plasmonic guides is that they show a trade off between loss
(propagation distance) and confinement (mode size). To optimize a plasmonic guide and also
to be able to compare various types of plasmonic guides, propagation distance and mode size
need to be defined carefully. The definition of propagation distance of a plasmonic guide is
straightforward. It is usually defined as the distance over which the guided power drops to
1/e of its initial magnitude. But unfortunately there is no unanimous definition of mode size

followed by the plasmonic community.

Unlike the dielectric waveguides whose field profile is usually either circular or elliptical, the
field profile of plasmonic guides can be very complicated, and as a result there is no general
agreement about how the mode size should be defined for plasmonic waveguides. A number
of different definitions of mode size has been proposed by various researchers. Berini et. al.,
have analyzed these issues in detail and proposed a number of figures of merit for plasmonic
devices [Buckley 2007]. In their work they define mode size as the area bound by the 1/e
field magnitude contour relative to the field maximum. Oulton et. al., have defined mode size
(A1) as [Oulton 2008]

1

_ 4.1
= j W (r)dA (4.1)

A
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Here W(r) is the energy density of the mode at location r and the two dimensional integration
is carried out up to infinity over the cross section of the waveguide.

The potential applications of SP span a wide range of areas from integrated optics,
electronics to biosensing. No definition of mode size is suitable for all types of application.
For example, in sensing application it is important to know how tightly the field is confined.
The definition of mode size used by Berini would be useful for such applications. For
integrated optics the waveguides are usually laterally displaced from one another and the
lateral field confinement determines achievable packing density. Neither the definition of
Berini or Oulton’s will be applicable for these applications. Therefore, in our work we define
mode size as the distance over which the transverse electric field E, along the metal-
dielectric interface drops to 1/e of its maximum amplitude. Defining mode size in terms of
lateral confinement, as we have chosen to do is a common practice followed extensively by
plasmonics community while designing plasmonic waveguides and devices for applications
in integrated optics [Bozhevolnyi 2006], [Holmgaard 2010], [Pan 2012].

4.3. Effects of Various Parameters on the Waveguide

Performance

In the following we present the effects of wavelength, waveguide dimensions and material
properties on the waveguide characteristics for the structure shown in Fig. 4.1(a). Unless
otherwise stated, the high index medium is silicon, spacer medium is silica and the cover
medium is air. One major motivation behind nanoplasmonic research is the possibility of
achieving very high mode confinement. In general the confinement of the plasmon modes
decreases as one moves away from the SP resonance frequency. Therefore, if one aims at
achieving high confinement, one needs to design the plasmonic guide at shorter wavelengths.
Silicon, a part of the HPWG is highly lossy at shorter wavelength. In this chapter, with an

aim to attain a small mode size while keeping the propagation loss low, we resorted to a
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compromise and selected 0.8 um as the wavelength of operation of the HPWG. This choice
also gives us the opportunity to compare the hybrid mode characteristics with those of
dielectric loaded waveguide which has close resemblance to HPWG [Steinberger 2006]. The
relevant material properties of interest for the HPWG design at 0.8 um wavelength are

summarized in Table 4.1.

Table 4.1. Material properties used for the two dimensional HPWG simulation

Wavelength 0.8 um
8meta|: -32.8+i0.46($ilver), Sspacerzz.ll(silica)
€ni=13.77+i0.063 (silicon), ecover=1 (air)

Material properties

4.4. Effects of Waveguide Dimensions

Figures 4.4 and 4.5 show the effects of waveguide dimensions on the HPWG mode
characteristics with variations of waveguide width and spacer height for two silicon
thicknesses (h = 60 nm and h = 100 nm). When waveguide width (w) is large and spacer
thickness (d) is very small, a significant amount of power is confined in the silicon core, as
indicated by large values of effective mode index (Fig. 4.4(a) and Fig. 4.5(a)). Although
mode size is very small in such cases (Fig. 4.4(c) and Fig. 4.5(c)), the propagation distance of
the guide is also very small (Fig. 4.4(b) and Fig. 4.5(b)). For large d on the other hand the
coupling between SP mode supported by the metal-dielectric interface and the dielectric
waveguide mode supported by the silicon slab becomes weak. This is indicated by a decrease
of effective mode index (Fig. 4.4(a) and Fig. 4.5(a)), increase of propagation distance (Fig.
4.4(b) and Fig. 4.5(b)) and loss of field confinement i.e., increase of mode size (Fig. 4.4(c)
and Fig. 4.5(c)).
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Fig. 4.4. Effects of varying waveguide width and spacer height for h = 60 nm (a) real part of

effective mode index (b) propagation distance (um) (c) mode size (um).

(@ I

w(nm)

d(nm) d{nm)

Fig. 4.5. Effects of varying waveguide width and spacer height for h = 100 nm (a) real part of

effective mode index (b) propagation distance (um) (c) mode size (um).

Table 4.2 summarizes the effects of changing dimensions on waveguide performance. The

trends shown in these figure were also observed for other choices of waveguide dimensions.

Table 4.2. Effects of changing different dimensions on waveguide performance

Dimension Effects of increasing the chosen dimension
Effective mode Propagation Mode size
index distance

Waveguide width (w) Increases Decreases Decreases

High index slab height (h) Increases Decreases Decreases

Spacer height (d) Decreases Increases Increases




We choose the final waveguide dimensions to be w=100 nm, h=60 nm, d=100 nm. Fig.
4.1(b) shows that good confinement of guided power can be obtained for these dimensions.
Propagation distance in this case is 43 um and the mode size is 350 nm. We take this as a

reasonable compromise between confinement and propagation distance.

4.5. Effect of Wavelength

The waveguide dispersion for the wavelength range of 0.5 to 1.2 um is shown in Fig. 4.6.
The dispersions of silica [Palik 1985], silicon [Palik 1985], and silver [Johnson 1972],
[Dionne 2005] have been taken into account. As shown in Fig. 4.6(a), the mode is tightly
confined at shorter wavelengths while the confinement becomes worse for longer
wavelengths. This is expected since for longer wavelength light penetrates more into the
cladding, resulting in a loss of confinement. Figure 4.6(b) presents the variations of the real
part of the mode effective index and propagation distance as a function of wavelength. For
longer wavelengths the mode penetrates deeper into air and the real part of effective mode
index (nexr) approaches 1. Like other plasmonic guides, there is a trade off between the
propagation distance and confinement for the hybrid waveguide. As shown in Fig. 4.6(b), the

loss of confinement is accompanied by an increase of propagation distance.
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Fig. 4.6. Dispersion of the proposed guide (a) mode size (b) propagation distance and real
part of effective mode index for waveguide dimensions w=100 nm, h=60 nm, d=100 nm.
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4.6. Effects of Permittivity of the Cover Layer

Fabrication of the structure shown in Fig. 4.1(a) will require the deposition of silica on a
metal surface followed by the deposition of silicon on top of silica and subsequent etching of
these two layers. An alternate and easier fabrication process would be to implement the
HPWG on SOI wafer as shown in Fig. 4.7(a). The fabrication steps will be selective etching
of silicon to define the high index region followed by deposition of silica and metal. The
cover medium i.e., the medium around the HPWG in this case will be silica instead of air.
Hybrid mode supported by such a guide is shown in Fig. 4.7(b).

Silver

Silica

- Silicon

Fig. 4.7. (a) Schematic of the two dimensional hybrid guide on SOI wafer (b) normalized

guided power density for waveguide dimensions w/'=100 nm, h'=60 nm, d/=100 nm, H=1 pm.

We have investigated the effects of varying the permittivity of the cover region and show
these results in Fig. 4.8. The HPWG structure investigated is the same as shown Fig. 4.1(a).
The waveguide dimensions are w=100 nm, h=60 nm, d=100 nm. As shown in Fig. 4.8(a) an
increase in &ower results in a loss of confinement and accompanying increase of mode size.
This loss of confinement is accompanied by an increase in the effective mode index N as
shown in Fig. 4.8(b). Propagation distance reaches a maximum when &oyer 1S approximately
equal to &pacer- At a wavelength of 800 nm silicon has a complex permittivity and the
resulting loss is appreciable. To examine the effect of material loss of silicon on overall
propagation distance we have also plotted the propagation distance in absence of silicon loss.
While silicon loss plays an important role in limiting the propagation distance, the metal loss

is the main limiting factor.
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Fig. 4.8. Variations of mode characteristics as a function of the permittivity of surrounding
medium for the HPWG structure (a) mode size (b) propagation distance and real part of
effective mode index. The waveguide dimensions are w=100 nm, h=60 nm, d=100 nm.

Wavelength of operation is 0.8 um.

The variation of propagation distance for the hybrid mode differs significantly from that of
single interface SP mode. The propagation distance of the SP at a single metal-dielectric

interface (&) is given by [Raether 1988].

5y = = (EF Eayrs () (42)

0 En & En

Here & 'and ¢, are the real and imaginary parts of the metal permittivity and & is the

permittivity of the dielectric medium adjacent to the metal. The variation of osp for a silver
dielectric interface at 0.8 um wavelength as a function of & is shown Fig. 4.9. Unlike the
case of the hybrid mode, the propagation distance in this case drops monotonically with
increasing &y. For example when g increases from 1 to 2, &sp drops by almost 65%. In
contrast, Fig. 4.8(b) shows that for the hybrid waveguide structure propagation distance
changes by less than 24% for same change in &over. Also instead of changing monotonically,

propagation distance becomes maximum for an optimum choice of &oyer.
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Fig. 4.9. Variation of propagation distance for SP at silver dielectric interface as a function of

dielectric constant. Wavelength of operation is 0.8 um.

To explain the attenuation characteristics of the hybrid mode, the variation of the field
confinement in metal and silicon for the structure shown in Fig. 4.1(a), are plotted as a
function of &over in Fig. 4.10(a). For comparison variation of field confinement in metal for
single interface SP mode is plotted in Fig. 4.10(b). Here confinement in the region i () is

defined as

mEy‘dxdy

===
'[.”Ey‘dxdy

—00—00

(4.3)

Assuming the dielectric is lossless, the attenuation of SP at a metal dielectric interface will
depend on the field confinement in metal. With the increase of permittivity of the
surrounding medium, a larger fraction of the field goes in the metal resulting in reduced
propagation distance. Since the proposed structure is operating near the band gap of silicon,
the loss in silicon cannot be neglected. The attenuation of the guided mode will depend on
the field confinement in metal and silicon. With the increase of &qwer more field is in the
metal which tends to increase the loss. An increase of &over also results in less contrast

between the silicon slab and surrounding medium. More field spreads out of the silicon slab
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and this effect tends to reduce the loss. These opposing effects make the reduction of
propagation distance smaller for the hybrid mode.
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Fig. 4.10. Variation of field confinement with permittivity of cover layer (a) two dimensional
HPWG (b) dielectric silver interface. The waveguide dimensions are w=100 nm, h=60 nm,

d=100 nm. Wavelength of operation is 0.8 um.

4.7. Effect of the Permittivity of Spacer Medium

Figure 4.11 shows the variation of modal characteristics of HPWG as a function of spacer
permittivity (&spacer). Increase of &pacer results in better confinement (Fig. 4.11(a). As
expected this reduction of mode size is accompanied by a decrease of propagation distance
and increase of effective mode index (Fig. 4.11(b)).
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Fig. 4.11. Variations of mode characteristics as a function of the permittivity of spacer

medium (a) mode size (b) propagation distance and real part of effective mode index.

4.8. Discussion

In this chapter we have analyzed the two dimensional hybrid waveguides. We have compared
the rectangular and circular HPWG and shown that the former provides more compactness
than the circular HPWG. We have also investigated in detail the effects of wavelength,
waveguide dimensions and material properties on the hybrid mode characteristics. These
results provide an estimate of the mode size and propagation distance achievable. It also sets

the groundwork for the design of integrated optic HPWG which will be focus of next chapter.

52



Chapter 5
Hybrid Plasmonic Waveguide Devices for

Integrated Optics

From the discussion of previous chapters we can identify a number of attractive features of
HPWG. It offers a better compromise between loss and confinement than single interface SP
modes. The fabrication of a HPWG is compatible with standard SOI fabrication technology,
and it can be easily integrated with silicon waveguides on a SOI platform. Unlike dielectric
waveguides where light is concentrated in the high index medium, in case of HPWG a
significant amount of light is concentrated in the low index spacer layer. Because of these
attractive features, HPWG has attracted a lot of interest, and many different applications of
HPWG have been suggested; for example nano scale lasers [Oulton 2009], Bragg gratings
[Xiao 2011], ring resonators [Chu 2011], and parametric amplifiers [Zhou 2010].

In addition to supporting a hybrid TM like mode which has been widely studied, the HPWG
can also support a TE mode. This is illustrated in Fig. 5.1. Figure 5.1(a) shows cross section
of a HPWG. As shown in Fig. 5.1(b) power for the TM mode supported by the structure is
highly concentrated in the low index spacer region (silica, in the present case). On the other
hand, power for the TE mode is very similar to conventional dielectric waveguide mode and
is concentrated in the high index region i.e., in the silicon layer (Fig. 5.1(c)). Since the two
modes are guided in two different layers, changing the dimensions and material properties of
these layers will affect the two modes in different ways. Although a lot of attractive features
of HPWG have been discussed and exploited by the plasmonic research community for
various applications, the possibility of using the polarization diversity to make useful devices
has attracted no attention. In our work on the applications of HPWG, we have taken a
different approach than other groups and concentrated mostly on the utilization of
polarization diversity. This chapter presents the results of our effort on designing HPWG

devices for integrated optic communication system on an SOI platform.
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Fig. 5.1. (a) Cross section of the hybrid plasmonic waveguide. (b) Power density for the TM
mode. (c) Power density for the TE mode. Waveguide dimensions are w = 350 nm, ¢ = 200

nm, 2 =150 nm, d = 150 nm, 7= 2 um. Wavelength of operation is 1550 nm.

In this chapter we present the designs of TE and TM-pass polarizers, polarization
independent directional couplers, and waveguide bends. For each device, we begin with a
brief review of previously reported designs. This is followed by description of the HPWG
based device design and a comparison with previous work. We conclude this chapter with a

few general comments about the design of HPWG based devices.

A few comments regarding the numerical methods used in this work are relevant before we
discuss the designs in detail. Some commonly used numerical methods in integrated optics
are the beam propagation method (BPM), finite element method (FEM) and finite difference
time domain method (FDTD). BPM is a very fast and efficient numerical method when the
paraxial approximation is valid. The high index contrast of silicon and silica renders the
approximation invalid and the modeling of HPWG will require use of fully vectorial BPM
which does not offer significant performance benefit over other numerical methods. BPM is
therefore, rarely used in modeling plasmonic devices. Both FEM and FDTD are extensively
used for plasmonic simulations. However, FDTD offers some advantages over FEM. For
example, since FDTD is a time domain method, the performance over a broad wavelength
range can be obtained from a single simulation. We have used the commercial FDTD code
Lumerical for investigating the performance of our proposed devices. The simulations are

carried out on multiple processors in parallel on the high performance computing facility
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WestGrid. To achieve high accuracy without excessive demand of computational resources,

we have used a nonuniform mesh with a finer mesh at the metal-dielectric interface and

relatively coarse mesh else where. We have carried out simulations with different mesh sizes

and found that decreasing the minimum mesh size below 2 nm does not significantly affect

the simulation results. Therefore we have used a nonuniform mesh with a minimum mesh

size of 2 nm in these simulations.

An important issue in the modeling of plasmonic devices is the choice of material parameters
to be used. Although the values of permittivity for dielectric materials available in literature
are usually consistent, the metal permittivity and especially its imaginary part is highly
dependent on growth condition and the reported values for it varies widely from one report to
another. In our work we have taken material data for all dielectric materials, unless otherwise
stated from [Palik 1985] and the metal permittivity data has been taken from [Johnson 1972].
In addition to the material loss, plasmonic devices also suffer from scattering loss due to
roughness of the metal surface. This loss has been ignored in all these simulations, a practice
common in plasmonics. Therefore, in a real device, the loss should be slightly higher than
predicted by the simulation. However, the scattering loss should not be very large if the
fabrication steps are optimized and hence the results presented in this work should give a

very good estimate of the losses expected from HPWG devices in practice.

The wavelength of operation chosen for all the designs presented in this chapter is the
telecommunication band (around 1.55 pum). The only exception is the HPWG waveguide

bend presented in Section 5.4. The reason behind this choice is explained in Section 5.4.2.
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5.1. Hybrid Plasmonic TM-pass Polarizer

5.1.1. Previous Work on TM-pass Polarizer

Waveguide polarizers are an essential part of many integrated optic systems, including
coherent optical communication systems, optical sensors, switches, interferometers and
amplifiers. Controlling the polarization states is also very important for high index contrast
platform like SOI. The high index contrast makes SOI devices highly birefringent and this
issue must be taken into account while designing any optical system involving SOI. For
example, the polarization state in a standard optical fiber varies randomly, and connecting it
directly to an SOI optical chip may disrupt the proper function of the latter. One solution to
this problem is to use a polarization diversity scheme, where the two polarization states are
separated at the input of the SOI chip and processed separately. This results in an increased
system size and complexity. Another solution which is satisfactory for many practical
situations is to use a polarizer to extinguish the unwanted polarization state. Depending on
the application either TE-pass or TM-pass polarizers may be necessary. For example, since
SP is TM in nature, an integrated plasmonic biosensor may require a TM-pass polarizer to

extinguish the unwanted TE mode.

Integrated optic TM-pass polarizers can be implemented in many different ways including
the utilization of optical anisotropy, use of nano structured materials, photonic crystals and
resonant buffer layers. The optical absorption of metal nonspherical nano particles strongly
depends on their shape and orientation with respect to the electric field. By depositing
nonspherical silver nano-composite film on a waveguide surface, a TM-pass polarizer can be
realized [Bloemer 1996]. Waveguides separated by a buffer layer can be used to implement
either TM-pass or TE-pass polarizer [Thyagarajan 1991]. In this approach the waveguide
supporting the optical signal (Guide 1) is separated from a thin high index waveguide (Guide
2) by a buffer layer. To implement a TM-pass polarizer the dimensions of Guide 2 and the
buffer layer are designed such that the TE modes supported by the two guides are resonantly

coupled and hence power for the TE mode transfers from Guide 1 to Guide 2, which is then
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allowed to leak as a radiation mode. Since the operation of these devices requires phase
matching, they are very sensitive to fabrication imperfections. Moreover, because of the
relatively higher index of Guide 2, some power for the TM mode also leaks to Guide 2,
which results in appreciable insertion loss for the TM mode. A combination of a metal clad
and a resonant layer can provide very large extinction ratio (>30 dB) with very low insertion
loss for the TM mode (<0.4 dB) [Li 2008]. Lengths of all the devices mentioned above are on

the order of millimeters - limiting their applicability in nanophotonics.

Highly compact and SOI compatible TM-pass polarizer can be implemented in several ways.
The photonic band gap structure for TE and TM modes are significantly different and
therefore, photonic crystals can be used to guide only one polarization while the other
polarization is reflected back. This mechanism can be used to implement either a TE-pass or
TM-pass polarizer [Zhao 2002, Cui 2008]. Simulation results indicate that these polarizers
can be very compact, can provide large extinction ratio with very low insertion loss for the
desired mode. However, fabrication of these devices is challenging and their performance is
very sensitive to fabrication imperfection [Zhao 2002]. It is also possible to design a silicon
waveguide such that the TE mode is forced below cut off whereas the TM mode is well
guided. Q. Wang et.al. have proposed a silicon nanowire polarizer using this concept [Wang
2010]. The device is very easy to fabricate, can be readily integrated with other silicon
nanowire waveguides, and offers a large extinction ratio (>25 dB) for a short device length
(18 um). The design, however works only for certain buried oxide thicknesses. A somewhat
similar principle was used in [Ng 2010]. A narrow silicon waveguide with copper strips on
either side is used to block the propagation of TE polarization. The device length is only 100

nm. The extinction ratio, however, is rather small (11.5 dB).

5.1.2. Design of Hybrid Plasmonic TM-pass Polarizer

Figure 5.2(a) shows the schematic of the proposed HPWG TM-pass polarizer. It consists of a
HPWG inserted between two silicon waveguides. Figure 5.2(b) and 5.2(c) show the cross
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sections of the HPWG section and the input/output silicon waveguides respectively. The
coordinate system is defined with respect to (b) and (c) with the xz plane coinciding with the
silicon waveguide-buried oxide interface and its origin located at the beginning of the HPWG
section. By properly choosing the dimensions it is possible to cut off the TE mode while the

TM mode is well guided. The structure shown in Fig. 5.2(a) then acts as a TM-pass polarizer.

|:| Metal

(a) Output waveguide :] Silica PR

Hybrid polarizer b t (©) D Yy
B siticon (b) h -IH

Input waveguide - d

Fig. 5.2. (a) 3D schematic of the complete TM polarizer (b) Cross section of the HPWG

section (c¢) Cross section of the input and output silicon waveguides.

For designing practical devices using the HPWG including polarizers, it is necessary to have
a clear understanding of how the choice of waveguide dimensions and material properties
affect the characteristics of both TE and TM modes. Although the two dimensional HPWG
has been analyzed in some detail in Chapter 4, no comparison between the TE and TM mode
characteristics were made. We have carried out some additional numerical analysis to obtain
this information, results of which are presented below. The metal, high index material and
spacer medium for this design are silver, silicon and silica respectively. Fig. 5.3(a) and 5.3(b)
show the effects of spacer thickness (%) and silicon thicknesses (d) on effective mode index
(nep) for TM and TE modes, respectively for the structure shown in Fig.5.2(b) for these
choices of material properties. Here, effective mode index, n.4, 1s defined as n.y= k/ky where
k is the phase constant of the guided mode and k) = w/c is the free space wave number.
Reduction of spacer thickness results in an increase of n.; for the TM mode but the opposite
is true for the TE mode. When silicon thickness is large (e.g., d = 200 nm), both modes exist
for any spacer thickness considered here. For small silicon thickness (e.g. d = 100 nm) the

hybrid waveguide supports only the TM mode.
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Fig. 5.3. (a) and (b): Variations of effective mode index (n.5) for TM and TE modes with
spacer thickness (%) for a number of fixed silicon thicknesses (d). Other dimensions are w =

350 nm, ¢t =200 nm, 7= 2 pum. Wavelength of operation is 1.55 um.

Figure 5.4 shows the variations of propagation distance for the two modes with varying
waveguide dimensions for the structure shown in Fig. 5.2(b). The TM mode is lossier than
the TE mode for all choices of silicon and spacer thicknesses. The propagation distance of
the TM mode decreases monotonically with reduced spacer thickness. Propagation distance
of the TE mode follows the same trend when silicon thickness is large (e.g., d = 200 nm). For
a reduced silicon thickness (e.g., d = 150 nm) the propagation distance of the TE mode is

small for intermediate values of spacer thicknesses.
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Fig. 5.4. (a) and (b): Variations of propagation distance for TM and TE modes with spacer
thickness (/4) for a number of fixed silicon thicknesses (d). Other dimensions are w = 350 nm,

t =200 nm, 7= 2 pm. Wavelength of operation is 1.55 um.
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To explain the reason behind the variations of mode characteristics presented in Figs. 5.3 and
5.4, we have plotted the power density profiles of both modes. Figure 5.5 shows the power
density of the TM mode for different spacer thicknesses (/). The dominant electric field
component of the TM mode is perpendicular to the metal as shown by the electric field
arrows in the figures. With reduced spacer thickness, the mode is more tightly confined and
ney is larger as shown in Fig. 5.3(a). Like all plasmonic guides this increased confinement is

accompanied by reduced propagation distance as shown in Fig. 5.4(a).
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Fig. 5.5. Variations of power density of the TM mode with spacer thickness 4. (a) 2= 150
nm, (b) 2= 100 nm, (c) # =50 nm. The other dimensions are w = 350 nm, # =200 nm, d =

150 nm, 7= 2 um. Wavelength of operation is 1.55 pum.

Figure 5.6 shows the power density of the TE mode for a number of spacer thicknesses. The
field is concentrated in the high index region (silicon) and since the silicon film is thin in this
case (d = 150 nm), the field is loosely confined. For large spacer thickness the mode is not
significantly affected by the metal and propagation distance is large (propagation loss is low).
As the spacer thickness is reduced, the mode is more affected by the presence of metal and
propagation distance decreases (propagation loss increases). According to the boundary
conditions of electric field, the tangential electric field is zero on the surface of a perfect
conductor. Though silver is not a perfect conductor at near infrared, it still has a large
negative real part of permittivity and can be considered a “good conductor”. Hence, for a
small spacer thickness the dominant electric field component of the TE mode, which is
tangential to the metal surface, is pushed away from the metal. The net result is the
following: for small spacer and silicon thicknesses the TE mode is pushed into the substrate

and approaches the cut off condition as shown in Fig. 5.3(b). Since in this case the power
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resides mostly in the substrate (a “good dielectric”’) metallic losses are reduced. Therefore,
for a thin silicon film (e.g., d = 150 nm) propagation distance is minimized for an

intermediate choice of spacer thickness as shown in Fig. 5.4(b).

h=150 nm  (a)

Fig. 5.6. Variations of power density of the TE mode with spacer thickness 4. (a) 2= 150
nm, (b) 2= 100 nm, (c) # =50 nm. The other dimensions are w = 350 nm, t =200 nm, d =

150 nm, 7= 2 um. Wavelength of operation is 1.55 um.

Since the TE mode can be cut off by properly choosing the dimensions while the TM mode is
still well guided, it is possible to implement a TM pass polarizer using the HPWG. This is the
working principle of the HPWG TM-pass polarizer.

Based on the simulation results presented in Fig. 5.3 and 5.4, we choose the dimensions of
the TM-pass polarizer to be w =350 nm, £ =200 nm, # = 50 nm, d = 100 nm. The dimensions
of the input/output silicon waveguides chosen for this work are D = 350 nm and H = 300 nm.
For these dimensions both TM and TE modes are well guided by the input/output
waveguides. Finite difference time domain (FDTD) code Lumerical is used to investigate the
performance of the polarizer. Figures 5.7(a) and 5.7(b) show power density profiles of the
TM and TE modes, respectively along the polarizer for 1.55 um wavelength for an 18 um
long polarizer. This device length is chosen to facilitate comparison of the HPWG based
design with previously reported designs of TM-pass polarizer, as explained in more detail in
section 5.1.3. The TM mode is well guided from the input to the output, although it suffers
some propagation losses. The TE mode, on the other hand, is below cutoff, and hence is

unable to propagate through the HPWG section.
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TE mode for the proposed TM-pass polarizer.

The thickness of buried oxide layer (7) varies for commercially available SOI wafers and it
was shown in previous works that proper choice of 7 is critical for proper operation of the
TM-pass polarizer [Wang 2010]. Therefore, we have also carried out an analysis to
determine the effect of 7 on the HPWG TM-pass polarizer performance. Figure 5.8 shows
the insertion loss of the TM and TE modes for an 18 um long polarizer for two different
values of 7. The HPWG section inserted between the silicon waveguides act as a cavity.
Therefore ripples in the insertion loss spectrum of the TM mode are present which result
from Fabry Perot resonance. Since most of the power of the TE power is leaked out of the
waveguide and there is little propagation along the HPWG section, this effect is not observed
for the TE mode. The operation of the device is not seriously affected by change of 7 and the
extinction ratio (difference between the insertion loss of TM and TE modes) is high for both

cascs.
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Fig. 5.8. Insertion losses of the HPWG TM-pass polarizer for (a) TM mode (b) TE mode.

Device dimensions are w = 350 nm, ¢t = 200 nm, # = 50 nm, d = 100 nm.

The insertion loss of both TM and TE modes for various polarizer lengths are shown in Fig.
5.9. Although we have chosen 18 um as the device length in the example above, the HPWG
polarizer can also provide a high extinction ratio for a shorter polarizer length. For example,
a 13 pm long hybrid polarizer (with all other dimensions the same as in Fig. 5.8 caption)

provides 21.8 dB and 3.2 dB insertion loss for the TM and TE modes, respectively, i.e., an

extinction ratio of 18.6 dB.
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Fig. 5.9. Insertion losses of the TM-pass polarizer for two different buried oxide thicknesses.

(a) TM mode (b) TE mode. Wavelength of operation is 1.55 pum.

The insertion loss of the TM mode is caused by three factors: material loss due to the

presence of metal, mismatch of mode profile between the HPWG segment and input/output
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silicon waveguides, and reflection caused by the mode index mismatch between the HPWG
and input/output waveguides. Because of the compact size of the proposed device, less than
one third of the insertion loss results from material loss. The mode size in both HPWG and
the silicon input/output waveguides are very similar and hence loss resulting from mode size
mismatch is expected to be low. However, because of the difference of the effective mode
indices for the TM modes in the HPWG section and input/output silicon waveguide sections,
significant reflection occurs. One solution to this is to use a taper section between the
input/output waveguides and the HPWG section. Design of taper for mode matching is a well

studied and well understood topic, and hence will not be discussed in this work.

5.1.3. Comparison with Previously Reported SOI Compatible

TM-pass Polarizers

A good TM-pass polarizer should provide large insertion loss for the TE mode and negligible
insertion loss for the TM mode. To be applicable in nanophotonics, the device should also be
very compact. The HPWG TM-pass polarizer easily outperforms most previously reported
SOI based TM-pass polarizers in these respects. For example, it provides much better
extinction ratio compared to [Ng 2010] and is much shorter than the other polarizers
mentioned in section 5.1.1 for the same extinction ratio. The comparison between our
proposal and the “silicon nanowire polarizer” [Wang 2010] needs more careful consideration.

Therefore, we present here the comparison in some detail.

The performance of the polarizer proposed in [Wang 2010] is optimum when the length of
device is 18 pm and buried oxide layer thickness is 1.5 pum. For these dimensions the
insertion loss of the TE mode is 26 dB and the insertion loss of the TM mode is negligible
(FDTD simulation results reported in [Wang 2010]), resulting in an extinction ratio of 26 dB.
We recognize the impressive performance of the silicon nanowire polarizer and in fact our
final device length of 18 um in section 5.1.2 was chosen to give us the opportunity to

compare our proposal against the best alternative available in literature. The performance
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of the silicon nanowire polarizer degrades significantly for smaller buried oxide layer
thicknesses. To illustrate this we plotted the insertion loss for the TE mode for the TM-pass
polarizer of [Wang 2010] for two different buried oxide thicknesses in Fig. 5.10. Insertion
loss of the TM mode is negligible and hence not plotted here. For 1 pum buried oxide
thickness and 18 um polarizer length, the extinction ratio is 14 dB. Moreover, increasing the
polarizer length does little to solve this problem. Even if the polarizer length is increased to

28 um, for 1 um buried oxide thickness, the TE insertion loss is still moderate (=16dB).
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Fig. 5.10. Insertion loss of the TE mode for two different buried layer thickness for the

silicon nanowire TM pass polarizer reported in [Wang 2010].

Although the polarizer is an important device, it is typically only one part of a complicated
optical chip which may contain many other components. Some of these components may
require an oxide thickness different than the one required by the polarizer. For example the
optical amplifier described in [Park 2007] requires a 1 um thick oxide layer for ensuring heat
dissipation and proper operation. One motivation behind the wide adoption of SOI
technology for photonics is the potential of integration of photonics and electronics on same
platform. Thin oxide layer (1 pm or even less) is preferred for proper operation of many
electronic circuits [Stefanou 2004]. Application of silicon nanowire polarizer in such cases
will result in a negligible insertion loss for TM mode but also a small extinction ratio.

Polarization purity is important for proper operation of many devices, and in such cases a
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polarizer with a high extinction ratio is highly desirable. Application of the silicon nanowire

polarizer may not be satisfactory in such cases and an alternate design is worth consideration.

As shown in Figs. 5.8 and 5.9, the performance of HPWG based design is little affected by
the change of buried oxide thickness and works very well even for a 1 um thick oxide layer.
Moreover, although, we have chosen a polarizer length of 18 pum to facilitate a fair
comparison with the best possible alternative available in literature, our device can also
provide a high extinction ratio for a shorter length, i.e., it can also be more compact than
previous design for same extinction ratio. To illustrate this extinction ratios for the two
polarizers are compared for various polarizer lengths in Fig. 5.11 (buried oxide thickness is 1
pm). For a 13 um polarizer length, the extinction ratio for our design is 18.6 dB in contrast to
12 dB for the nanowire polarizer. More importantly for our design, the extinction ratio can be
increased significantly by increasing the polarizer length but for the nanowire polarizer, the
increase in extinction ratio with increased polarizer length is rather small. The improved in
extinction ratio, comes at the cost of higher insertion loss for TM mode as illustrated in Fig.

5.9. But we believe the high extinction ratio achievable by the hybrid TM-pass polarizer can

still be useful in many applications.
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Fig. 5.11. Comparison of the extinction ratios for our design and silicon nanowire polarizer.

In summary we identify the following advantages of our proposal (for small buried oxide

thickness).
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1) Our design can provide high extinction ratio even for a very small polarizer length,

which is not possible for the silicon nanowire polarizer.

2) By increasing the length, it is possible to achieve very high extinction ratio, which is
not possible by the silicon nanowire polarizer, although this comes at the cost of a

larger insertion loss for the TM polarization.

3) The implementation of HPWG based polarizer requires more process steps compared
to the silicon nanowire polarizer, although all of these steps are compatible with

standard SOI fabrication technology.

We therefore, conclude that the HPWG based TM-pass polarizer can be a better choice than

previously reported SOI based TM-pass polarizers in many practical situations.

5.2. Hybrid TE-pass Polarizer

5.2.1. Previous Work on TE-pass Polarizer

Like the TM-pass polarizer, the TE-pass polarizer is also a very important component of
integrated optical circuits and many different designs of such polarizers have been reported.
Metal clad polarizers are the most common type of TE-pass polarizer [Sharma 2011]. In this
structure, the waveguide is separated from a metal surface by a buffer layer. For proper
choice of buffer thickness and index, the TM mode supported by the waveguide resonantly
couples to the SP mode supported by the metal-dielectric interface and is attenuated because
of propagation loss of SP. The TE mode on the other hand propagates relatively unaffected.
A variation of the same idea was used by Avurtsky to design the shortest, broadband TE-pass
polarizer designed to date [Avurtsky 2008]. The device extinguishes the TM mode by
coupling it to a gap SP mode supported by a metal-insulator-metal structure. Shallowly
etched silicon waveguide can supports TE mode while the TM mode is lost as leaky mode.
This mechanism has also been used to implement TE-pass polarizer [Dai 2010]. J. Cheng et.

al., experimentally demonstrated a single polarization silicon waveguide separated from the
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underlying silica layer by a pedestal realized by wet etching [Cheng 2011]. In addition to
these proposals photonic crystal structure and resonant buffer layers, described in section
5.1.1 can also be used to implement TE-pass polarizer. Regarding applicability in SOI
nanophotonics the TE-pass polarizer reported to date suffer from a number of limitations-
either they are too long, too narrow band or have high insertion loss for the TE mode. A

compact, low-loss, broadband SOI compatible TE-pass polarizer is yet to be reported.

5.2.2. Design of Hybrid Plasmonic TE-pass Polarizer

The configuration of HPWG TE-pass polarizer is very similar to that of the TM-pass
polarizer (Fig.5.2) with the exception that the metal is chromium, instead of silver. The TM
mode in a hybrid guide is concentrated in close vicinity of the metal. In contrast the TE mode
is concentrated in the high index region. As a result the TM mode is always more lossy for
such a guide. For a proper choice of waveguide dimensions, the TM mode propagating
though the hybrid waveguide will suffer very high attenuation while the TE mode will be
relatively unaffected. Inserting such a HPWG section (shown in Fig. 5.2(b)) between two

input/output silicon waveguides (shown in Fig. 5.2(c)) will result in a TE-pass polarizer.
A good SOI compatible TE-pass polarizer should have

a) low insertion loss for the TE mode

b) high insertion loss for the TM mode

c) compact size.

For ease of discussion in this work we define the ratio of propagation loss of the two

polarizations (77) as
Propagation loss of TM mode (dB/pm)

n= . 5.1)
Propagation loss of TE mode (dB/um)
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Fulfillment of Condition (a) requires good effective mode index matching for the TE mode
between the input/output silicon waveguide and the HPWG section. To simultaneously
satisfy conditions (a) and (b), n has to be large. If the propagation loss for the TM mode per
unit length is large, a high TM insertion loss will be achieved over a short polarizer length,
which satisfies condition (c). The material properties and polarizer dimensions must be

carefully chosen to simultaneously satisfy all three conditions.

Noble metals (gold and silver) can provide low propagation loss for plasmonic modes and are
the metals of choice for most plasmonic devices. However, in the present case we prefer
large losses for the hybrid mode and a metal having a large imaginary part of permittivity in
near infra red, for example, chromium (g~ - 6.7+41 1) is a better choice. Chromium has very
good adhesion to dielectric surfaces and hence will make the fabrication of the device less
challenging. Therefore, chromium is chosen as metal in our design. Two possible choices of
spacer material are silica (g = 2) and silicon nitride (g; = 4). Since the latter choice gives a
larger propagation loss for the TM mode, in this work we have chosen silicon nitride as the
spacer material. The material properties of silicon nitride at telecommunication bands are not
available from [Palik 1985]. Different permittivity values of silicon nitride are reported in
literature by different groups but the values are all close to 4. Therefore, for silicon nitride we
used a constant permittivity value (& = 4). Permittivity of silicon nitride changes by less than
2 % over the wavelength range of our investigation (1.4 - 1.6 um) and neglecting the

dispersion of silicon nitride should not significantly affect the results.

Since the choice of waveguide dimensions affects the two modes differently, the waveguide
dimensions need to be properly chosen to achieve large value of 7. We have carried out a
detailed analysis using commercial finite element code Femlab (now known as Comsol
Multiphysics) to investigate the effects of waveguide dimensions on the modal properties.
Figure 5.12 shows the effects of changing / and d for fixed waveguide width (w = 550 nm).
Both propagation loss for the TM mode and 7 are large for large silicon thickness (d) and
spacer thickness (/) as shown in Fig. 5.12(a) and 5.12(b). Figures 5.12(c) and 5.12(d) show
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the variations of real part of effective mode index {n.,} for the TE and TM modes,
respectively. Large silicon thickness (d) results in a large ny for the TE mode, which results
in better match between the input/output and silicon waveguide. However, as shown in Fig.
5.12(a), this also results in a much lower value of propagation loss of the TM mode. The final
device dimensions chosen are: w = 550 nm, d = 120 nm, 2 = 500 nm, ¢ = 200 nm to
simultaneously satisfy conditions (a), (b) and (c). For these dimensions and a chromium layer
on top of the spacer, the propagation loss for the TM mode is 3.7 dB/um and the value of 7 is
152, whereas for gold these values become 0.2 dB/um and 143, respectively. Therefore,

chromium is a better choice for implementing a compact hybrid TE-pass polarizer.
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Fig. 5.12. Variations of the modal characteristics with spacer thickness (%) for a number of
silicon thicknesses (d). (a) Propagation loss of TM mode (b) Ratio of TM and TE loss (n).
(c) Effective mode index for TE mode. (d) Effective mode index for TM mode. Other

dimensions are w = 550 nm, t =200 nm, 7 = 1.5 um. Wavelength of operation is 1.55 pm.

Performance of the complete device along with the input and output silicon waveguides is

investigated by running full wave three dimensional FDTD simulations using Lumerical. The
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input/output silicon waveguide dimensions are chosen to be D = 350 nm and H =310 nm. To
minimize device length, no taper is used between the hybrid waveguide and silicon
waveguides. The computational volume is 30 um long, 4 um wide in the lateral direction and
3.5 ym wide in the vertical direction and is terminated with perfectly matched layers. Figure
5.13 shows the insertion loss spectrum for the TE and TM modes of a 17 um long polarizer.
The hybrid waveguide placed between two silicon waveguides act as a Fabry Perot cavity as

evident from the oscillations in the TE transmission spectrum (Fig. 5.13(a)). The large
propagation loss diminishes the Fabry- Perot effect in case of TM mode and the TM

transmission spectrum (Fig. 5.13(b)) exhibits no oscillation.
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Fig. 5.13. Variation of insertion loss with wavelength for a 17 um long polarizer. (a) TE
mode. (b) TM mode. Waveguide dimensions are w = 550 nm, d = 120 nm, # = 500 nm, ¢ =

200 nm, 7= 1.5 pm.

Figure 5.14 shows the insertion losses for the TE and TM modes for various polarizer lengths
at 1.55 um wavelength. A large extinction ratio (difference between the insertion losses for
the TE and TM modes) can be achieved for a very short polarizer length. For example an 8
um long polarizer provides an extinction ratio of approximately 20 dB. The TE insertion loss
undergoes sinusoidal variation as a function of polarizer length due to Fabry Perot effect. The
insertion loss is slightly higher for a polarizer length around 14 ym. For the optimized design
most power for the TE mode propagates through the hybrid waveguide from input to output
silicon waveguide. However, part of the power leaks into the buried oxide layer, reflects back

at the buried oxide/silicon substrate interface and then couples to the output guide. The
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amount of this coupling and hence insertion loss is maximum for a certain polarizer length.
This phenomenon is well known for waveguide polarizers and was explained in more detail

in [Wang 2010].
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Fig. 5.14. Variations of TE and TM insertion losses with polarizer length for the final design.

The results presented above neglected nonlinear effects on the polarizer performance. The
performance of the device may be affected by nonlinear effects at high power levels in a
number of ways. For example the propagation loss will increase because of two photon
absorption (TPA) and also there will be an additional phase accumulation because of the
intensity induced change in refractive index. Here we examine the change of propagation loss
and additional phase accumulation for the TE mode. The TPA coefficient («;) and nonlinear
refractive index (n,) of silicon at 1.55 um wavelength are 0.45 cm/GW and 6x10"® m*/W
respectively [Tsang 2002]. We neglect the nonlinear effects in silica because they are much

weaker in silicon than in silica [Koos 2007].

The refractive index of silicon (n) and absorption coefficient (@) of silicon at intensity / of
light is given by n=n,+n,/ and o =a,+a,] where ny and oy are refractive index of and
absorption coefficient of silicon at low intensity. We consider 10 mW power input to the
polarizer. For this power level, the propagation loss due to TPA effect for an 17 um long

polarizer is increased by 0.2 dB. The change of index of silicon due to the self phase

modulation introduced by this change is also negligible. The fact that for the HPWG devices
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significant amount of power is concentrated in the low index spacer region, make them less

susceptible to nonlinear effects compared to silicon waveguides.

5.2.3. Comparison with Previously Reported SOl Compatible

TE-pass Polarizer

Metal clad polarizers [Sharma 2011] are the most common type of TE-pass polarizer. Since
these polarizers depend on phase matching between SP mode and the dielectric waveguide
mode, they are very sensitive to fabrication imperfection. Since the proposed device does not
require phase matching, the performance of the device is not seriously degraded with some
deviation from the design specification. This is illustrated in Table 5.1. Even if the thickness
of silicon or silica is changed by tens of nanometers, the performance of the TE-pass

polarizer remains acceptable.

Table 5.1. Effect of varying silicon and spacer thickness on TE-pass polarizer performance

Dimensions Maximum TE Maximum TM Comment
transmission loss | transmission loss
(dB) (dB)
d =120 nm Final design
h =500 nm 1.07 42.1
w =550 nm
d =150 nm Silicon thickness changed from
h =500 nm 0.8 37.6 final value
w =550 nm
d =120 nm Spacer thickness changed from
h =300 nm 4.1 448 final value
w =550 nm
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To the best of our knowledge the most compact broadband TE pass polarizer for SOI
reported so far has a length of 120 pum [Avrutsky 2008]. Simulation results for the polarizer
reported in [Avrutsky 2008] predicted an insertion loss of more than 30 dB for the TM mode
and 2 to 4 dB for the TE mode over a bandwidth of 350 nm. In contrast, as shown in Figs.
5.13(a) and (b), our proposed TE pass polarizer suffers much lower insertion loss for the TE
mode (approximately 1 dB) and more than 30 dB insertion loss for more than 120 nm
bandwidth. Though the bandwidth is lower than that reported in [Avrutsky 2008], the
extinction ratio (difference between TE and TM transmission loss) is more than 30 dB over
the entire S and C band and the device length is only 14.2 % of that reported in [Avrutsky
2008].

In conclusion the proposed HPWG based TE-pass polarizer is the shortest, broadband, SOI
based TE-pass polarizer proposed to date.

5.2.4. Experimental Demonstration of HPWG TE-pass

Polarizer

As explained in section 1.1, the key objectives of this dissertation are to examine the
characteristics of modes supported by HPWG and to design HPWG based devices. However,
we have also started working on the fabrication and testing of some of the devices we
designed. In this section we report the experimental results for the HPWG TE-pass polarizer.
The work was done in collaboration with Xiao Sun, an M. A. Sc. student of our group. The
samples were fabricated in collaboration with Xiao Sun and the sample characterization was

also carried out by her.

Although we have presented the optimized design of a TE-pass polarizer in section 5.2.2, we
decided to implement a slightly modified design which is more compatible with the

nanofabrication facility available at the University of Toronto. Similar to the polarizer shown
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in Fig. 5.2(a), the modified design consist of a HPWG section between two silicon
waveguide. Figures 5.15(a) and 5.15(b) show the cross section of the HPWG and
input/output silicon waveguides. Power density profiles for the TE and TM modes supported
by the HPWG section are shown in Fig. 5.15(c) and 5.15(d) respectively. Similar to the TE
mode supported by a dielectric waveguide power for the TE mode is concentrated in the high
index medium i.e., silicon. The TM mode on the other hand is a hybrid mode and
concentrated in the silica between the metal and silicon similar to the design described in

Section. 5.2.2.
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Fig. 5.15. (a) and (b) Cross sections of the HPWG and the input/output silicon guide (¢) and
(d) Power density profiles of the TE and TM modes supported by the HPWG section.
Dimensions are w = 350 nm, w' =250 nm, 2 =250 nm, d =200 nm, =100 nm, 7= 3 pm.

Wavelength of operation is 1.55um.

Using finite difference time domain (FDTD) code from Lumerical we optimized the design

of the TE-pass polarizer. The optimization process is very similar to that mentioned in
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section 5.2.2, and hence will not be repeated here. The final dimensions of the HPWG
sections are w = 350 nm, w' = 250 nm, h = 250 nm, d = 200 nm, t = 100 nm, T = 3 um, and
dimensions of the input/output silicon waveguides are w = 350 nm, H = 250 nm. Fig. 5.16
shows the insertion loss for a 30 um long HPWG TE-pass polarizer inserted between two

silicon waveguides of dimensions
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Fig. 5.16. Insertion loss of a 30 um long TE-pass polarizer predicted by FDTD simulation.

Device dimensions are as mentioned in the caption of Fig. 5.1.

The TE-pass polarizer was implemented on a SOI wafer consisting of a 220 nm thick silicon
device layer on a 3 um buried oxide layer supplied by Soitec (Fig. 5.17(a)). The process steps
are summarized in Fig. 5.17. In the first step positive electron beam resist Zep 520 was spun
on the substrate and patterned using electron beam lithography (Fig. 5.17(b)). This was
followed by reactive ion etching to define the silicon waveguides and the silicon section of
the HPWG (Fig. 5.17(c)). A 200 nm thick silica layer was then deposited over the sample
using plasma enhanced chemical vapor deposition (Fig. 5.17(d)). Using an electron beam
lithography step, the area where chromium needs to be deposited was defined (Fig. 5.17(e)).
The sample was then covered with 150 nm thick chromium using thermal evaporation
process followed by lift off to complete the fabrication (Fig. 5.17(f)). Since the fabrication
requires multiple steps, proper alignment was required between various steps. Gold markers

on sample surface (not shown in Fig. 5.17) were used for this purpose.
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Fig. 5.17. Fabrication process flow of the HPWG TE-pass polarizer (a) SOI substrate (b)
Resist spin-coating and electron-beam pattern (¢) RIE etching (d) Silica deposition by
PECVD (e) Resist spin-coating and electron beam patterning (f) Chromium deposition and

lift-off.

Figure 5.18(a) shows the optical microscope image of the final sample. A number of TE-pass
polarizers of various lengths were fabricated on the same chip. In addition a number of
reference channels were also fabricated. The reference channels are identical to the TE-pass
polarizer branches with the exception that they have no HPWG sections. Fig. 5.18(b) and
5.18(c) show the SEM images of the top view and end facet of the HPWG section. The 250
nm wide chromium section is located almost at the middle of the HPWG - which confirms
the precise alignment achieved in our fabrication. Because of the imperfect etching using
RIE the silicon waveguide is of trapezoidal shape with the width of the trapezoid varying
from 580 nm at the bottom to 420 nm at the top. Consequence of this deviation from the

desired rectangular section will be discussed later in this section.
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Fig. 5.18. (a) Optical microscope image of several HPWG TE-pass polarizers and one
reference waveguide (second guide from right end). (b) SEM image of the top of HPWG
section. (¢) SEM image of the cross section of HPWG.

Figure 5.19 shows the experimental setup used to test the fabricated device. Power from a
continuous wave laser was coupled to free space from a single mode fiber. The polarization
of the light is controlled using a combination of a half wave plate and a polarizing beam
cube. The sample was mounted on a rig and two 40x microscope objectives were used to
couple light in and out of the sample. An infrared camera was used at the output to ensure
that light is coupled properly to only one waveguide at a time. The power output of the TE-
pass polarizer branch was compared to that of the reference branch to measure the insertion

loss of the TE-pass polarizer.
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Fig. 5.19. Experimental set up used for optical characterization of the HPWG TE-pass

polarizer.
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The measured insertion loss for both TE and TM modes are shown in Fig. 5.20 over a
wavelength range of 1.52 to 1.58 um. The extinction ratio varies from 19 dB to 25 dB for this
range. Although the device is expected to work well even beyond this wavelength range, the
finite bandwidth of our tunable laser precludes measurement over a wider range. For ease of
comparison between simulation and measurement, we have plotted the predicted insertion
loss obtained from FDTD simulations for this wavelength range in Fig. 5.20(b). Comparison
of Fig. 5.20(a) and (b) confirms good agreement between simulation and experiment. The
slight discrepancy between the results is not unexpected. In our simulation we assumed that
the silicon waveguides and the HPWG section have rectangular cross section. However, as
shown in Fig. 5.18(c) the cross sections are trapezoidal, which may affect the insertion loss.
For our simulations, we have taken the material properties of chromium from [Palik 1985].
The permittivity of metal and especially the imaginary part of permittivity can vary
significantly depending on the growth condition - which will also result in some discrepancy.
We have also neglected loss due to scattering from surface roughness in our simulation - a
practice common in plasmonic research. All these will contribute to discrepancy between
simulation and measurements but the agreement between the measurement and simulation is
still good. The good agreement also confirms the validity of the other designs presented in

this dissertation.
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Fig. 5.20. Insertion loss of the TE and TM modes for a 30 um long HPWG TE-pass

polarizer. (a) Measurement (b) Simulation.
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In section 5.2.2 we predicted that the HPWG TE-pass polarizer can outperform previously
proposed SOI compatible TE-pass polarizers. Here we compare results of our experiments
with relevant experimental results to confirm this. Although many different types of TE-pass
polarizers have been investigated in the past, the number of experimental demonstrations of
SOI-based TE pass polarizers are very few [Bhat 2012, Dai 2010]. Silicon rib waveguide
coated with aluminum can act as a TE-pass polarizer [Bhat 2012] but the device length is
more than a millimeter and the extinction ratio achievable is relatively low (< 20 dB).
Shallowly etched ridge waveguide TE-pass polarizer reported in [Dai 2010] is very simple to
fabricate and the insertion loss of the TE and TM modes achieved for the device are
comparable to that of our current work but the device is 1 mm long. In contrast we have
achieved an extinction ratio of more than 20 dB and moderate loss for the TE mode for a
device length of only 30 um. Our work therefore is a considerable progress compared to

previous works.

5.3.  Hybrid Plasmonic Polarization Independent

Directional Coupler

5.3.1. Previous Work on SOl Compatible Polarization

Independent Directional Coupler

Directional couplers are widely used for many integrated optic applications; for example in
implementing power splitters, signal tap lines and for implementation of electro-optic
switches. As shown in Fig. 5.21(b), a directional coupler consists of two waveguides placed
close to each other. Under this condition, the modes supported by the two guides couple and
form even and odd modes. As light propagates along these couples lines, periodic power

transfer takes place between the waveguides in the manner shown in Fig. 5.21(c).

80



@

Direction of propagation

/N /N

Fig. 5.21. (a) Normal modes in two uncoupled waveguides (b) Normal modes in two coupled
guides (c¢) Interchange of power between the two guides with distance. P, and P, are power

in the two waveguides shown in (b).

The important figures of merit of a directional coupler are its insertion loss, power transfer
ratio and coupling length. Insertion loss (/L) is defined as the power lost in the coupler from
input to output. If the input power is P;, and power output from branch 1 and 2 are P; and P;

respectively, the insertion loss (in dB) is given by

IL= 1010g(¥) (5.2)

in

Coupling length (L) is the distance necessary for complete power transfer from one guide to

the other guides. It is given by
LC = ﬂ./(ﬂeven _ﬂodd) (53)

Here, S

even

and S, ,, are the phase constants of the even and odd modes.

The power transfer ratio (/) can be defined as the fraction of total output power delivered to
the two output branches. In our case the ratio will be given by
r-A4 (5.4)
P,
Since operation of the directional coupler depends on the coupling between the modes, the

change in mode profile will significantly affect the coupling length. As a result directional

couplers are inherently polarization dependent. This is illustrated with an example in Fig.
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5.22. Fig. 5.22(a) shows a directional coupler consisting of two silicon waveguide. The
power transfer ratio spectrum for the TE and TM modes for a directional coupler
implemented by placing two such guides at 200 nm spacing is shown in Fig. 5.22(b). As
expected, /s strongly dependent on polarization of light. This polarization dependence may
be problematic for many applications. Although extinguishing one polarization state is a
viable solution for many cases, there are applications, where this is not feasible. One such
application is on chip optical interconnect where there is no control on the polarization state
of light. Making the directional coupler polarization independent is essential for these

applications [Dokania 2009].
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Fig. 5.22. (a) SOI directional coupler (b) Power ratio spectrum for TE and TM and modes.

Although realization of polarization independent SOI waveguides is relatively straight
forward [Lim 2007], doing the same for SOI devices such as directional coupler is more
challenging; consequently, to date there have been very few reports on polarization
independent directional couplers. Polarization independent and wavelength sensitive coupler
on SOI using a Mach-Zehnder configuration has been reported [Hsu 2010]. The device is
several millimeters long, thereby sacrificing compactness, which is one of the attractive
features of silicon nanophotonics. Slot waveguides offer high structural birefringence. Hence
by properly choosing the dimensions, it is possible to obtain equal coupling length for both
TE and TM modes [Ma 2010]. It is also possible to choose silicon waveguide dimensions
carefully to make the directional coupler polarization independent [Passaro 2008]. All these
devices are very sensitive to variations of waveguide width and their fabrication will be very

challenging.
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5.3.2. Design of Polarization Independent Hybrid Plasmonic

Directional Coupler

Figure 5.23(a) shows the proposed device. It consists of two identical HPWGs separated by
distance D. The power input to the first silicon input waveguide is separated into power P,
and P, among the two output silicon waveguides. As shown in Fig. 5.23(b) each HPWG
consists of a silicon slab of dimensions wxd separated from a silver layer of dimensions wx¢

by a silica spacer layer of height 4.

First silicon Second silicon
output guide output guide (b) (l) |:| Silver
) g
i D, ! | HPWG directional |:| e
(a) i I | coupler D w h Silica
J e -('—)i d | siticon
Iant power z X

Fig. 5.23. (a) Top view (x-z plane) of the HPWG directional coupler. (b) Cross section (x-y
plane) of the HPWG coupler section.

When D is small, modes supported by the two HPWG interact and form supermodes. Fig.
5.24 show the guided power density profiles of HPWG at a transverse plane (x-y plane)
calculated using finite element code Femlab. Arrows indicating magnitude and direction of
the transverse electric field components are also shown. For the TM supermodes an
appreciable amount of power is present in the silica spacer layer, whereas for the TE
supermodes power is mostly confined in the silicon slab. Since the fields in the HPWG for
the two polarizations are confined in two different layers, changing the waveguide
dimensions affect the confinement of the two modes and their interactions differently. By
choosing the dimensions properly it is possible to have equal level of coupling and hence

equal coupling lengths for both polarizations.
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Fig. 5.24. Power density profiles in the hybrid section (x-y plane) for the TM and TE
supermodes. Dimensions are w = 330 nm, # = 200 nm, # = 65 nm, d = 330 nm, D = 200nm.

Wavelength of operation is 1.55 pm.

Fig. 5.25 shows the effects of varying spacer (silica) and silicon thicknesses (4 and d
respectively) on coupling lengths for both modes. With increasing silicon thickness (d), both
TM and TE modes are more tightly confined and coupling length increases for both modes.
In the case of the TE mode, with decreasing spacer thickness (%) the field is pushed out more
from the silicon core region and coupling length is reduced. On the other hand, for the TM
mode, with decreasing /# the mode is more tightly confined in the spacer region (silica) which

results in increased coupling length. For # = 65 nm, d = 330 nm the device becomes

polarization independent (L)' = L¥ = 8.9 pum).
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Fig. 5.25. Variations of coupling length (L) with silica (%) and silicon (d) thicknesses for
(a)TE mode (b)TM mode. Other dimensions are w =330 nm, # =200 nm, D = 200 nm.

Wavelength of operation is 1.55 pm.

As a design example we analyzed the performance of a polarization independent 3 dB
HPWG coupler. The length of the coupler is 4.45 um. Dimensions of the input/output silicon
waveguides cross section (in the x-y plane) are 330nm x 330 nm. We define the fraction of
power (7) delivered to the second guide as = P,/ (P; +P>), where P; and P, are the power
delivered to the first and second output silicon waveguides as shown in Fig. 5.23(a). Fig.
5.26(a) shows 7 for both TE and TM modes from 1.53 to 1.56 um, calculated by finite
difference time domain code Lumerical. Over this wavelength range nrg and 7y differ by
less than 0.5 dB (Fig. 5.20(b)). Because of the short length of the hybrid plasmonic coupler
(4.45 pm), the material loss resulting from the presence of metal is small. The insertion

losses, (which includes both material loss and coupling loss) for both TE and TM modes are

less than 0.5 dB.
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Fig. 5.26. (a) Fraction of the power transferred to the second branch (7). (b) Difference
between 7rg and v, Dimensions are w = 330 nm, ¢ = 200 nm, 2 = 65 nm, d =330 nm, D =

200nm.

Fig. 5.27 shows the variation of coupling length of both TE and TM modes with waveguide
spacing (D). Although the coupling lengths changes with gap, the device remains

polarization independent for a wide range of waveguide spacing.
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Fig. 5.27. Effect of waveguide spacing on coupling lengths. Other dimensions are w = 330

nm, =200 nm, 2 = 65 nm, d = 330 nm. Wavelength of operation is 1.55 um.

Realization of the silver sections on the two arms of the coupler will require silver deposition

followed by lift off. The silver width can be different than the waveguide width (w) if these
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steps are not carried out precisely. The resulting structure may look similar to the one shown
in Fig. 5.28(a). To determine the effect of such deviations from design values, we investigate
two different cases. In case 1 we assume only one of the silver films has a width different
than that of the silicon layer (w = w; and w; # w,). In case 2, we assume the silver films have
equal width but the width is different than that of silicon (w # w; and w; = w;). Figures
5.28(a) and (b) show the variations of coupling lengths for TE and TM modes for the two

cases. The operation of the device is not significantly affected in either case.
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Fig. 5.28. (a) Cross section of hybrid polarizer when metal width is different than silicon
width (b) Ratio of coupling lengths for two polarization when w = w; and w; # w;. (c) Ratio

of coupling lengths for two polarization when w # w; and w; = wy.
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5.3.3. Comparison with Previously Reported SOI Compatible

Polarization Independent Directional Couplers

Polarization independent directional coupler can be designed using slot waveguides [Ma
2010]. Very precise control of the widths of the slots and waveguides will be required to
ensure polarization independent operation of the device reported in [Ma 2010]. Also the
device requires 20 um section at either end to achieve good coupling with silicon waveguide.
Since the proposed device can be connected directly to silicon waveguides, without the need
of any such section, the device length is much shorter than its slot waveguide based
counterpart. Polarization independent operation can also be realized by carefully selecting
silicon nanowire dimensions [Passaro 2008]. The device is very simple, compact and does
not require multiple steps. Though the fabrication requirement is less stringent than that of
the slot waveguides coupler, the tolerance is still very small. For example, changing the
waveguide width by 12 nm from the specified width (278 nm) 1.e., 4.3 % from the design
value makes the coupling length of the TE mode 12 % longer than that of the TM mode. The
HPWG coupler has a number of more design parameters and offers more flexibility
compared to [Passaro 2008]. The first step of implementing the HPWG coupler shown in Fig.
5.17 would be fabrication of silicon sections shown in Fig. 5.17(b). If after fabrication of the
silicon waveguide it is found that the widths are different from the specifications, by tuning
the spacer height (4) polarization independent operation can still be obtained. For example in
the example of previous section if one of the waveguides width is more than the design value
of 330 nm by same amount (4.3 %), polarization independence can still be obtained by
increasing the silica thickness from 65 nm to 110 nm. Control of film thickness grown by
PECVD is much easier than controlling the etch profile. Therefore, although the HPWG
coupler requires more process steps than the alternatives, the fabrication process is less
demanding. It should be pointed out that the change of both width of waveguide and
thickness of spacer results in approximately 11 % change of coupling length for both modes,
and hence the power transfer ratio will be changed. Directional couplers are often used for
implementing signal taps, where a fraction of the signal power is extracted to monitor signal

status. Polarization independent rather than exact power transfer ratio is more important for
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these applications. Change of coupling to some extent will be acceptable for such devices
and HPWG based coupler can be useful for such applications. Finally, polarization
independent directional coupler can also be implemented by introducing a bend at one arm of
a SOI Mach-Zehnder directional coupler [Hsu 2010]. Though this device provides
polarization independence over a broad wavelength range with low insertion losses, its length

is several millimeters, in contrast to the 4.45 um length of the HPWG coupler.

In conclusion the HPWG based polarization independent directional couplers are very

compact and their implementation should be less stringent than previously reported designs.

5.4. Hybrid Plasmonic Waveguide Bend

5.4.1. Review of Previous Work on Waveguide Bends

Bends are essential part of almost any integrated optical system. Compared to straight optical
waveguide, a waveguide bend suffers from two additional types of losses: the bend loss and
the transition loss. When light travels through a bend, to preserve the phase front, the
tangential phase velocity has to be proportional to the distance from the center of curvature.
If the bend radius is too small, the required phase velocity will be more than that of speed of
light. The light in that case is not able to be guided round the bend and is lost due to radiation
[Hunsperger 2002]. The mode in the bent section is also shifted laterally compared to the
mode in the straight section. Therefore, when light enters a bend from a straight section, it
suffers transition loss. Although transition loss can be greatly reduced by offsetting the
straight and bent sections, reducing the bend loss is more challenging. This is one of the
biggest challenges in realization of compact optical devices and systems. The typical bend
radius of low index contrast waveguides can be tens of millimeters. In high contrast
waveguides, the mode is more tightly confined and suffers lower bend loss. SOI waveguides
provide one of the most compact ways of achieving low loss and compact waveguide bend.
For example SOI waveguides can be designed to have less than 1 dB loss for 1.5 um bend

radius. Because the index contrast achievable with naturally occurring material is limited,
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implementation of very sharp bend with negligible loss has not yet been possible with purely

dielectric waveguides.

Because of the different guiding mechanism of plasmonic waveguides, they can guide light
through very sharp bends with negligible losses. For example a channel plasmon waveguide
can guide light through a sharp 90 degree bend with only 0.13 dB loss. Other types of
plasmonic guides, for example slot waveguide [Veronis 2005], metal nano particle array
[Brongersma 2000] are also capable of guiding light through sharp bends. Though bend loss
for these waveguides can be very low, unfortunately, they suffer large propagation loss
because of the presence of metal and also cannot be easily integrated with dielectric
waveguides. At alternative guiding mechanism was investigated in [Buckley 2009]. where it
was shown that a combination of dielectric wave guiding and parallel plate wave guiding can

be used to simultaneously achieve low bend loss and low propagation loss.

5.4.2. Hybrid Plasmonic Waveguide Bend

The goal of our investigation regarding the performance of HPWG bend is two fold: to
determine whether it offers any performance benefit compared to previously reported
plasmonic waveguides and also whether it performs better than the most compact dielectric
waveguides 1i.e., silicon nanowires. Dielectric loaded plasmon waveguide (DLSPW)
proposed in [Steinberger 2008] closely resembles the HPWG shown in Fig. 5.29. Both of
them utilize a combination of dielectric and SP wave guiding. Both consist of dielectric film
on metal surface. In this section we investigate the performance of a bend consisting of
HPWG shown in Fig. 5.29 to find the answers to the questions mentioned at the beginning of
this subsection. The major theoretical and experimental works on DLSPW have been carried
out at 800 nm wavelength [Steinberger 2008]. For ease of comparison we analyze the

performance of the HPWG bend at 0.8 um.
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Fig. 5.29. Cross section of the HPWG

In chapter 4 it was shown that HPWG such as the one shown in Fig. 5.29 can provide good
mode confinement and moderate propagation loss for the dimensions w = 100 nm, 4 = 60
nm, d = 100 nm. Fig. 5.30 shows transmission as a function of bend radius using air as the
cover material for such a waveguide. Significant power transmission occurs even for sub-
micron bend radius. As discussed in Chapter 4, the propagation distance is larger and
fabrication process is simpler when the cover region is silica instead of air. However, this
increased propagation distance and reduced fabrication complexity come at the cost of
diminished mode confinement. Such reduction in confinement may significantly increase the
leakage loss especially in case of bends with small bend radii. To investigate the effects of
cover layer on bend losses, we show the transmission as a function of bend radii when cover
material is silica in Fig. 5.30(b). All other parameters are same as those of Fig. 5.30(a). From

the figure it is clear that transmission is much worse when the cover material is silica.

70 10+ (b)
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Fig. 5.30. Transmission through 90 degree bends for different bend radii for two different
cover materials (a) air (b) silica for the waveguide shown in Fig. 5.29. Spacer medium is

silica for both straight and bend sections.
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The difference between the transmissions in the two cases is illustrated further in Fig. 5.31(a)
and 5.31(b). Here, we have plotted the square of the y-component of the electric field (]Eylz)
for a 1.5 um bend with air [Fig. 5.315(a)] and silica [Fig. 5.31(b)] cover layers. This field
quantity is chosen since it is responsible for the power flow and has similar field profile as
the guided power. As Fig. 5.31(b) indicates, barely any power is transmitted when silica is

the cover material.

2
X(um)

Fig. 5.31. Square of the magnitude of E, for a 90 degree bend with bend radius 1.5 pm when

cover medium is (a) air (b) silica. Spacer layer is silica for both straight and bend sections.

One possible way to do reduce bend loss is to use a spacer layer of higher permittivity to
increase confinement and reduce leakage radiation, but this would also increase material loss
and hence reduces the propagation distance. For example, if the spacer layer for the straight
waveguide is changed from silica to silicon nitride; propagation distance will reduce from 43
pum to 21 um. A more promising solution would be to use a spacer layer of higher
permittivity only in the bend section to reduce bend loss and to use a spacer with lower
permittivity in the straight waveguide sections to minimize overall propagation loss. Fig.
5.32 shows the transmission for different bend radii for this scheme. The waveguide
structure is same as that of Fig. 5.29 but with silicon nitride (&gpacer = 4) spacer layer in the
bend region and silica spacer layer in the straight waveguide section. Transmission is

significantly enhanced for both cover material i.e., air and silica.
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Fig. 5.32. Transmission through 90 degree bend for different bend radii for two different

cover materials (a) air (b) silica. Spacer is silicon nitride in bend and silica in straight

sections.

The effect of the silicon nitride spacer is further illustrated in Fig. 5.33. The structure is same

as that shown in Fig. 5.31 but the spacer layer is now silicon nitride in the bend region. A

standing wave is formed in the bend region because of index mismatch between bend and

straight section but an improvement in transmission is evident.
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Fig. 5.33. Square of the magnitude of £, for a 90 degree bend with bend radius of 1.5 um

when cover medium is (a) air (b) silica. Spacer layer is silica nitride in bend and silica is

straight sections.

For plasmonic waveguide bend, there is a trade-off between propagation loss and radiation

loss. Increase in mode confinement will result in reduced radiation loss. However, as the

results of the parametric study in section 2 shows, increase in mode confinement also results

in increased propagation loss. Transmission through bend reaches a maximum for an
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optimum bend radius. Waveguide dimensions, material properties and bend radius should be
properly chosen to simultaneously achieve good confinement and high transmission through

bends.

5.4.3. Comparison with Previously Reported Waveguide

Bends

As seen from previous section in case of HPWG bends, significant transmission occurs even
when the bend radius is as small as 1.5 um. Previous works on DLSPW consisting of a silica
ridge on gold substrate reported complete loss of transmission for such bends [Steinberger
2006]. It was also reported that ridge width less than 300 nm fails to confine the SP mode. In
case of hybrid waveguide we achieve more than 46 % transmission through a 90 degree bend
having bend radius of 1 pm and waveguide width of 100 nm. The results reported here,
therefore, indicate a significant improvement in performance. This is not unexpected. Since
the proposed structure uses silicon in addition to silica, the guiding capability is expected to
be enhanced. The guiding ability of hybrid waveguide bend, however is not very strong

compared to that of SOI nanowire bends.

5.5. Discussion

In this chapter we have presented the designs of several HPWG devices for SOI based
nanophotonics. We have also compared their performances with previously reported relevant
designs. For most of these designs, HPWG devices outperform previously reported devices.
The HPWG TM-pass polarizer can provide a lager extinction ratio than silicon nanowire
polarizer and its performance is not significantly affected by the change of buried oxide
thickness. The HPWG TE-pass polarizer is shortest broadband SOI based polarizer reported

to date. The HPWG can also be used to implement couplers which are polarization
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independent over a broadband wavelength range. All these devices are very compact and
despite the lossy nature of the hybrid mode, the insertion loss of these devices is either
moderate or very low. To the best of our knowledge, these are the first class of plasmonic
devices which provide a combination of compactness, while keeping the overall loss
comparable to their dielectric waveguide based counterpart. The extreme confinement of
light in the spacer also led us to investigate the possibility of implementing compact
waveguide bends based using HPWG. The attempt however was not completely successful.
We found that although HPWG bends can outperform some other plasmonic waveguides, it
cannot match the performance of SOI waveguide bends. These results may work as useful

guideline for future design of HPWG devices.

Although the high concentration in low index medium was not completely successful in
implementation of compact bends, there are a number of areas where this property can be
very useful. It can be used for achieving enhanced nonlinear effect as discussed in detail in
[Zhou 2010]. The combination of guiding in low index medium and polarization diversity
can also be very useful for biosensing. This possibility will be explored in detail in next

chapter.

95



Chapter 6

Hybrid Plasmonic Waveguide Biosensor

In the last chapter we have investigated the potential applications of HPWG for integrated
optic communication systems. It was shown that the HPWG devices hold great promise for
such applications. We now turn our attention to biosensing, one of the most promising areas
of plasmonics. Although SP based sensing has already established itself as a successful
commercial technology, the information obtained from such sensing is rather limited. For
example an SP sensor cannot be used to find both index and thickness of an adlayer (a layer
of materials that has been adsorbed on a surface). The combination of high field confinement,
lower loss and polarization diversity of HPWG offers the possibility of realizing new types of
biosensors which will overcome some of these limitations. In this chapter we investigate
these possibilities in detail. In section 6.1 we briefly review various types of biosensors with
an emphasis on optical sensing schemes. Because of the relevance of SP sensing for the work
under discussion, SP sensors are discussed separately in more detail in section 6.2. We
explain the basic principle and various schemes of SP sensing, and summarize the advantages
and limitations of SP sensing. The HPWG sensor is introduced in section 6.3; we describe its
principle of operation, and also explain how such a sensor can overcome some limitations of
SP based sensors. The HPWG sensor can be implemented in many different configurations.
In our work we choose to analyze the HPWG sensor in the Mach-Zehnder Interferometer
(MZ1) configuration. The general principle of a MZI sensor is described and sensor’s figures
of merit are derived in Section 6.4. This is followed by an investigation of the effects of
various parameters on HPWG sensor performance in MZI configuration in section 6.5. The
sensor design is optimized for both TE and TM modes in section 6.6. The chapter is

concluded with some remarks in Section 6.7.
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6.1. Present Status of Optical Biosensing

A biosensor is a device that is composed of a bio-recognition element coupled to a transducer
that generates an analytically useful signal to detect the presence and concentration of
biological agents of interest. Since the demonstration of the first biosensor by L. C. Clark in
1962, biosensors have been a very active area of research. Today an overwhelming array of
biosensors is available for applications ranging from disease diagnosis to analysis of new
drugs, agriculture, food safety, environmental analysis and bioterrorism prevention. Figure

6.1 explains the operating principle of a biosensor.

Anal Bio-recognition Transducer
nalyte element

Output signal

Fig. 6.1. Schematic of a biosensor

Biosensors can be classified depending on the type of bio-recognition element or the
transduction mechanism used as shown in Figure 6.2. A detailed review of all types of
biosensors is beyond the scope of this work. Instead in this section we very briefly describe
various types of biosensors with an emphasis on optical sensors. Many excellent books and
review papers are available where more detailed reviews can be found [Marks 2008],
[Zourob 2008], [Prasad 2003].
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Fig. 6.2. Common types of biosensors

Depending on the biorecognition element biosensors can be classified into three major
categories: enzymetic, affinity and synthetic biosensor. Enzymetic sensors use enzymes as
the recognition element. This is the major type of sensor used when a suitable enzyme is
available and the concentration of the target analyte is in the 10™ to 107 M range. Blood
glucose level monitor, the most widely used biosensor falls into this category. The affinity
type biosensors makes use of the high affinity of antibody and antigen and are mostly used
for analyte concentration in the range of 10° to 10" M. Antibodies are special types of
molecules that the body uses for identifying and neutralizing foreign objects (antigens).
Affinity type sensors are widely used for medical diagnosis, research on bio-molecular
interactions and drug discovery. An alternate and emerging technology is to use synthetic

molecules specifically developed for biosensing applications.

Depending on the transduction mechanism used the major types of biosensors are
electrochemical, acoustic and optical sensors. Many chemical reactions of interest for
biology produce or consume heat, ions or electrons. Electrochemical biosensors work by
detecting physical changes of the sample (temperature, resistance etc.) because of these
chemical reactions. These sensors are cheap, disposable and reproducible but their detection
limit is relatively high i.e., they are not suitable for detection of low analyte concentrations.
Acoustics waves i.e., oscillations that propagate through a solid as a time dependent

mechanical deformation can also be used for biosensing. The most notable example of
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acoustic sensors is a quartz crystal microbalance (QCM). Development of acoustic sensors
has been slow until recently. However, there is a renewed interest in acoustic sensors at
present and there is a possibility that these sensors will find wider applications in the near

future.

Optical sensors use changes of light properties (intensity, phase or polarizations state) for
detection of species of interests. Optical sensors stand apart from other methods for a number
of unique features. They are highly sensitive: even single molecule detection is possible with
some optical techniques. They are free from electromagnetic interference. Optical sensors
can be easily multiplexed. For example, fluorescence microarrays consisting of thousands of
sensing elements are widely used in DNA analysis. Because of these attractive features,
optical sensing has already established itself as one of the dominant sensing technologies in
medical diagnosis, drug discovery and biological research.

Optical biosensors can be classified into two major categories: labeled (fluorescence) and
label free sensors. In fluorescence spectroscopy either the target molecules or the molecules
of interest are tagged with fluorescent molecules. The sample is then illuminated with either
visible or ultra violet light. The molecules absorb the light and are excited to high energy
states from where they can move to various lower energy states. The resonance life time of
the decay and hence the emission spectrum will dictate the presence of target molecules. The
instrument used for these analyses are relatively inexpensive and can be readily incorporated
with other techniques e.g., confocal microscope and spectrometers. The labeling molecules
can interfere with the function of biomolecules. In addition obtaining quantitative
information from fluorescence can be challenging. Despite its limitations, fluorescence
spectroscopy remains one of the most widely used analytical techniques in biology and

medicine.

Label free biosensing offers an attractive alternative to the above mentioned technique. These
techniques detect the presence of target molecules in a sample by measuring the changes of
refractive index caused by their presence. This makes it possible to detect the biomolecules
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in their natural forms, even when their concentration is very low. Many different label free
optical sensing schemes have been proposed by various researchers and many of them have
been commercialized. Here we will discuss only three examples of label free sensing: Raman
spectroscopy, dual polarization spectroscopy and surface plasmon resonance. More details on
different types of label free optical sensing schemes can be found in [Daghestani 2010,
Marks 2008, Fan 2008].

When light interacts with a molecule, some of the energy of the light can be transferred to the
vibrational and rotational modes of the molecule. As a result the energy of the scattered light
is different (usually lower) than that of the incident light by the energy difference between
the initial and final vibrational states- a phenomenon known as Raman scattering. The Raman
spectra of a molecule have sharp and distinct peaks and hence Raman Spectroscopy is very
suitable for accurate and reliable detection of molecules from a complex mixture, for
example blood serum. However, only 1 in approximately 10’ photon participates in Raman
scattering and hence the Raman signal is very weak. Detecting such a signal unambiguously
is a challenging task. One possibility of enhancing the Raman signal is surface enhanced
Raman scattering (SERS). The enhanced electric field intensity resulting from the excitation
of localized surface plasmon on rough metal surface and on nano particle surface can be used
to enhance Raman scattering up to 10'°to 10 SERS is one of the few techniques which are

capable of single molecule detection [Barnes 2003].

The dual polarization interferometer (DPI) consists of two waveguides stacked on each other.
The bottom waveguide acts as the reference guide, and the top one acts as the sensing guide.
Light supported by the two guides radiates in free space at the end facet and form
interference fringes on a CCD array. The adhesion of molecules of interest on the sensing
waveguide results in change of optical path length, which can be determined from the shift of
the fringes. The sensitivity of DPI is high and since this device can carry out measurements
for both TE and TM polarizations, the thickness and refractive index of the adlayer can be
determined in a straight forward manner [Dejardin 2006]. Since the DPI consists of only
dielectric materials and functionalization of dielectric surfaces with bio-recognition

molecules is challenging, DPI is not suitable for sensing all biomolecules. Also DPI averages
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the adlayer property over a large sensing area, and is not very suitable for examining

chemical kinetics.

Surface plasmon resonance spectroscopy is one of the most popular label free biosensing
methods currently in use. Since SP based sensing is very relevant for this present work, we

examine it in more detail in the next section.

6.2. Surface plasmon based biosensing

SPs are highly localized to a metal surface and hence can be very sensitive to the index
change on the surface. This property can be used to implement highly sensitive biosensors.
Figure 6.3 shows a typical set up for SP based sensor. A binding antibody is immobilized on
a gold surface and a biological sample, e.g., blood serum is passed over the surface. If the
molecule to be detected (antigen) is present, it will be attached to the antibodies on the
functionalized surface and cause a change in the effective index of the SP mode, which in
turn changes the position of the dip in reflection in an attenuated total reflection (ATR)

measurement, as shown in Fig. 6.3(b).

TM polarized

light Prism Y Antibody

Detector O Antigen

—
L

Intensity

- Glass slide with ’W

Hmd .
Flow cell — >
Angle of incidence

(@) (b)

Fig. 6.3. (a) Typical set up for a surface plasmon resonance biosensor (b) Reflection
spectrum of the biosensor, where the black line is a reference spectrum, and the red line

shows a shifted spectrum. The shift happens due to the attached antigens.
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Prism coupling based SP sensors use very simple optical instruments and the measurement is
straightforward. Almost all currently available commercial SP sensors use prism coupling.
These sensors are bulky; requires large space and usually are not suitable for use outside a
laboratory environment. With a goal to miniaturize SP sensor and making it useful for a
wider range of applications many other SP sensing configurations have been investigated, for
example grating and fiber based and planar SP sensors. Grating based SP sensors are
compact, light weight and low cost. The sensitivity of such a sensor is low and more work is
necessary before they can compete with the performance of prism based sensors. Fiber based
SP sensors are very compact, have very flexible geometry and can be used for remote
detection and sensing. The major limitation of the fiber sensors is the effect of fiber
deformation on the coupling of the SP and waveguide modes. Planar sensors are superior to
optical fiber sensors in a number of ways. They are more robust, offer easier and more
precise deposition of various reagents and are especially suitable for implementing many
different sensing channels on one platform. Waveguide based SP sensors depend on resonant
coupling of the waveguide mode with the SP mode on a gold surface. Many different types
of integrated optic SP sensors have been proposed including sensor using buffer layer
[Lavers 1994], high index overlayer [Ctyroky 1997] or using of photonic crystals
[Skorobogatiy 2006]. Although planar SP sensors are not yet commercially available, with

the rapid progress made in last few years the scenario is expected to change in near future.
SP sensors offer a number of advantages.
1) They offer label free detection.

2) They are highly sensitive.

3) The gold surface can be easily functionalized by thiol chemistry for detecting a wide

variety of molecules.

Because of these advantages SP based sensing has become one of the most successful affinity

sensing scheme proposed to date. However it also has a few significant limitations.
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1)

Although SP is a surface mode, the field of an SP mode extends a few hundred
nanometers into the dielectric and its characteristics are affected by both changes in
surface and bulk properties. Typical SP sensing scheme uses only wavelength or
angular interrogation schemes and cannot differentiate between bulk and surface
changes. This may be problematic for many practical cases. Some examples are given
below.

1.a) Blood serum proteomics: Concentrations of certain biomarkers (protein, DNA or RNA)

change at the very early stage of cancer. Detecting their presence and measuring their
concentrations will lead to early diagnosis. Success of this scheme will require
detection of extremely small amounts of the various biomarkers from a complex, small
volume sample. However, blood serum is a very complex mixture containing many
kinds of proteins, DNAs and RNAs whose concentration may differ by many orders of
magnitude. To illustrate this we have plotted the concentrations of some common blood
serum proteins in Fig. 6.4 [Anderson 2002]. As can be seen from the plot
concentrations of interleukins (a group of protein molecules secreted by various cells),
some of which are important biomarkers can be eight to ten orders of magnitude lower
than more abundant plasma proteins e.g., hemoglobin and albumin. In addition the
concentrations of proteins like hemoglobin and albumin may change from one person
to another and even for the same person from one day to another. Since SP based sensor
cannot differentiate between change of bulk index and change of adlayer thickness,
even if the sensor surface is functionalized for detection of interleukins, their presence
may be completely overshadowed by change of bulk index caused by variation of
concentrations of more abundant plasma proteins. SP based sensing therefore is not

suitable for these types of sensing.
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Fig. 6.4. Reference intervals for 70 protein analytes in plasma [Anderson 2002]

1.b) Effect of temperature variation: SP sensors are often used to detect very low

2)

concentration of analytes. An index change on the order of 10° is typical for
conventional SP sensors. Since the change of index of aqueous solutions are of the
order of 1x10* °C™, very strict control of temperature is necessary for such
instruments. The problem is particularly severe, when the sensor is exposed to laser
irradiation for long period of time [Xiao 2010]. Since the adlayer has a large thermal
conductivity and is in contact with gold, its temperature and hence index changes little
under such condition. However, the index of the solution may change enough to
influence the measurement results. A reference channel is usually used to circumvent
such problems but they are not effective enough for many highly demanding cases
[Naimushin 2003].

In SP sensing usually the index of the adlayer is assumed to be known and the thickness

is determined from measurements. This is not a good assumption in many cases [Nellen
1988], [Nellen 1993].
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3) There are many biological process of interest which results in little or no change of mass
of adlayer on the surface. For example the conformational changes of proteins (folding
and unfolding) are very important information to gain insight into a protein’s structure
and functionalities but these processes are usually either zero or low mass signature
event. SP is not suitable for the investigation of such changes. Lipid is another class of
anisotropic molecules which are of great interest for biology and drug industry. Their

anisotropic nature cannot be investigated using SP.

In summary, although SP is a very successful sensing technology, the information obtained
from SP sensing is rather limited. A sensing technology that can retain the sensitivity and
ease of surface functionalization of SP while offering the ability to obtain additional

information will greatly extend the scope of plasmonic sensing.

6.3. Introduction to Hybrid Plasmonic Waveguide

Biosensor

The geometry of the one dimensional HPWG is shown in Fig. 6.5 (a). It consists of a gold
surface separated from a high index region (silicon or silicon nitride) by a nano-fluidic
channel. The cladding is silica. The structure is similar to HPWG described in Chapter 3 with
the exception that the silica spacer is replaced with a nano-fluidic channel containing a
biological sample of interest. As shown in Fig. 6.5(b), for the hybrid TM mode a significant
amount of power is concentrated in the nano-fluidic channel. As a result the hybrid mode is
expected to be more sensitive than single interface SP. In addition to supporting TM type
hybrid mode, the silicon slab which is a part of the hybrid waveguide also supports a
conventional TE type dielectric waveguide mode, as shown in Fig. 6.5(c). Although the TE
mode is concentrated in silicon, part of the evanescent mode will also be in the nano-fluidic
channel. Therefore, the TE mode supported by HPWG can also be used for sensing.
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Fig. 6.5. (a) Schematic of hybrid waveguide biosensor. Guided power densities for (b) TM
mode (c) TE mode for 2 =100 nm, d = 50 nm. Wavelength of operation is 1.55 um.

In the following we will explain how the polarization diversity of HPWG can be used for
overcoming the limitations of SP sensors. The following notations will be used throughout

this discussion.

y=p+ja; vy IS the propagation constant of the guided mode, o and  are the

attenuation and phase constants respectively

N, =71 By =ny + jk, s Neg 1S the effective mode index; 4 is free space wave number

given by g =27/ 4,.

a = adlayer thickness
n. = refractive index of bulk sample

—_ = surface sensitivity
oa

on ..
P~ pulk sensitivity
on

c
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The nature of the mode (TE or TM) will be mentioned with the symbol where there is a risk

of ambiguity. For example, n.; (TMo) will mean the real part of effective mode index of the

0 i
TMp mode and %(TEO) would mean the surface sensitivity of the TE; mode.
a

The HPWG sensor can potentially overcome the limitations of the SP sensor in following

ways.

1) Since the TM mode is highly concentrated in the nano-fluidic channel the HPWG can

offer higher sensitivity compared to plasmonic sensors.

2) Since HPWG can support both TM and TE modes, the contributions from bulk and
surface sensitivities can be separated by a procedure similar to that proposed in
[Tiefenthaler 1989]. The variation of bulk index of the fluid (Ar.) and the variation of
thickness of adlayer (A4a) are related to the change of effective index for the

fundamental TE mode AN(TE)) and for the fundamental TM mode AN(TM,) as

AN(TE,) = °ff (TE,)An, O (TE,)Aa (6.1)
n. oa
AN(TM) =— Py (TM,)An, +aa@ﬁ' (TM,)Aa (6.2)
a

C

Reorganizing (6.1) and (6.2) we get

mno=, e ATV R ATV Y I
ae” (TE, ) g 7 (IM) - e” o (TEy) g - (TMy) ¢

Aa=— 1 - Onyy (TM ,)AN(TE, )+ ey (TE YAN(TM ,)] (6.4)
nff (TE ) ff (TE ) ey (TM ) on,

As explained in [Tiefenthaler 1989] (6.3) and (6.4) are applicable provided that determinant

of sensitivity matrix S is nonzero.

107



%) 15
(TR, L(TE)
g on, Oa (6.5)
aneﬁr 8ne/,f '
- (TMO) B (TMO)
on oa

Once AN(TE,) and AN(TM,) are known from measurements, An. and Aa can be determined

from equations (6.1) and (6.2).

3) Carrying out a procedure similar to the one described above, it is also possible to
determine both adlayer index and thickness [Nellen 1993] when the bulk index is

known.

4) Because of the polarization diversity, the hybrid sensor in addition to providing high
sensitivity can also be used to find additional structural information about complex

molecules, similar to dual polarization interferometer.

6.4. Hybrid Biosensor in Mach-Zehnder Configuration:

Figures of Merit

The hybrid waveguide biosensor can be implemented in many different configurations; for
example using a Mach-Zehnder interferometer (MZI), prism coupling or by using a grating.
MZI sensors are highly sensitive, simple to fabricate and compatible with planar technology.
Therefore, we choose to investigate the hybrid MZI sensor in this work. Fig. 6.6 (a) shows
the schematic of a general MZI type biosensor. It consists of a sensing arm which is typically
coated with binding molecules and a reference arm which is coated with some material that
inhibits absorption on the surface. A fraction (typically 50%) of the input power (P;,)
propagates through the sensing arm and another fraction propagates through the reference
arm and they combine at the sensor output. A biological sample is allowed to flow over both
sensing and reference arm. If the molecules of interest are present, they will attach
themselves only to the sensing arm and result in a phase difference between the lights
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coming out of the two arms. The output light amplitude thus varies with adlayer thickness as
shown schematically in Fig. 6.6(b). By examining the output power, the presence of a

molecule of interest and its concentration can be determined.

(a) Reference arm (b)

Paut

Sensor arm

Adlayer thickness

Fig. 6.6. (a) Schematic of a MZI biosensor (b) Variation of output power of the MZI
biosensor with adlayer thickness.
A few comments about the criterion of a good biosensor are relevant before we embark on a
detailed analysis of the hybrid sensor. A significant number of previous investigations on
plasmonic sensors reported in literature considered bulk sensitivity (change of effective mode
index for unit change of bulk index) as the key measure of sensor performance. They
assumed larger bulk sensitivity is an indication of a good biosensor. Although this is true for
a bulk sensor, most biosensors are affinity type and large bulk sensitivity is in fact
undesirable in such cases. It is also a common practice to use surface sensitivity (change of
effective mode index for unit change of adlayer thickness) as the sensor figure of merit.
Although surface sensitivity is a very important parameter for an affinity sensor, a larger
surface sensitivity does not necessarily mean a smaller limit of detection (LoD). Berini has
discussed this issue in detail and showed that LoD depends on both sensitivity and
propagation loss of the guided mode [Berini 2008]. He defined two quantities: figure of
merit for surface sensing (G) and figure of merit for bulk sensing (H). He also showed that
LoD for bulk and surface sensing are inversely proportional to G and H respectively. In our
work we used these figures of merit instead of using bulk and surface sensitivity as the
criterion of a good biosensor. Unfortunately the expressions for G and H defined by Berini
are usable only when the length of sensor section equals that of the propagation distance of
the guided mode. As we will see later in this chapter, satisfying this condition will be
difficult for a HPWG sensor designed to use both polarizations. Therefore, we need to derive

expressions for figures of merit for a sensor of arbitrary length. In the following we briefly
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summarize the procedure Berini used in [Berini 2008] to derive the figures of merit (G and
H) and then extend it to the case of sensor of arbitrary length.

6.4.1. Figure of Merit for Optimized Sensor Length

In this subsection we briefly outline the method Berini used to derive the figures of merit for
biosensors in MZI configuration. We follow the notations described in Section 6.3.

Assuming ¢, is the difference in phase accumulated by light in the sensing and reference

arm of the MZI sensor shown in Fig. 6.6(a), the output power is given by

(6.3)

out

1
P, =P e D §(1+ cosg,)

Here L is the length of the sensing region and L, is the length needed for the input and output
access lines, ¢p is the insertion phase between the sensing arm and the reference arm. The

phase sensitivity of the sensor (0P,

out

/0¢,) is given by

8B)uz — _Pm le—Za(L0+L) Sin ¢D (64)
op, 2

If the effective mode index of light in the sensing and reference arms are n.; and ngg,

respectively, ¢, is given by

27l 6.5
@D = _(ne/f - neﬁ',r) ( )

o

For a MZI sensor, the most important criterion is sensitivity defined as 6P, /da i.e., the

change of output power as a function of adlayer thickness. Using (6.4) and (6.5) the

expression for this is
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aB)m 8§0D _ Eﬂle_za(L“L) Sin¢D 27 aneff (66)

da O, Oa 2 A, Oa

In case of a lossy MZI sensor, the length L needs to be carefully chosen to maximize
sensitivity. The maximum sensitivity is achieved when L = 1/2a i.e., the length of the

sensing region equals the propagation distance of the mode [Berini 2008]. The corresponding

sensitivity is
OP 1. . 2r16n (6.7)
out — _P = —(+2aly) sin 7774[
( da it (e v A a Oa
Defining
on (6.8)

eff
G—Z—ﬂ- 1 ane..ff Z&aneﬂ _ _Oa

A @ Oa o Oa ko

(6.7) can be rewritten as

Loy, ==L t5in(p,)6

) (6.9)
oa e 4

(

The value of L, will depend on the specific design and it is difficult to assume a value of L,
which will be applicable in all cases. If we make the following assumption similar to [Berini
2008]

L=L (6.10)

prop
We can rewrite (6.9) as

Do), =2 B,esinp,)G (6.11)
da T4

(
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From (6.11) we see that the sensitivity (0P, /da) can be maximized by maximizing G. The

factor G lumps into a single parameter the effects of material properties and wavelength of
operation on sensitivity of the sensor. Therefore, G is the combined sensitivity factor for

surface sensing. The best affinity sensor will be one that has maximum G.

The adlayer thickness detected by an affinity sensor can be translated into surface mass
coverage (/) by the following relation [Feijter 1978].

r-an,—n) (6.12)
onloc

Here n, and n. are index of adlayer and bulk sample respectively and i/ are change of
index with analyte concentration. The minimum detectable change in surface coverage

(A7) 1s related to corresponding change in adlayer thickness (Aamin) by

AT =MAamm (6.13)
in onloc

Change of output power (APoy) is related to Aa by the following relation

AP, = oP,, Ag (6.14)
oa

From (6.14) it follows that the minimum detectable change of output power (AP, min) 1S

related to the corresponding change in adlayer thickness (Aa,.;,) by the following

1
ap o OB, (6.15)

out 'min — a

Putting the expression of Aa,,;, obtained from (6.15) into (6.13) and using (6.11) we see the
limit of detection for surface sensing i.e., minimum surface mass coverage 7, is related to

G by the following relation.
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A n=n) 1 L (n,—n) . 1 AP (6.16)
/Ga)L:Lw onloc _ZEne—Z Sin(@D)G

™ onloc (OP

out

out,min

From (6.16), we see that minimum detection limit is inversely proportional to G. In addition
to change of adlayer thickness or index, the MZI sensor is also sensitive to change in index of
fluid (n.). Berini defined a sensor figure of merit for bulk sensing which he denoted as A and

has the following form.

Onyy (6.17)
— Zliéneff‘ — &a’qu . 6nc

H =
A aon a on  ky,

Berini showed that the limit of detection for bulk sensing is inversely proportional to .

6.4.2. Figure of Merit for Sensor of Arbitrary Length

As seen from (6.11) and (6.16) G provides a direct measure of minimum detection limit only
when equation (6.10) is satisfied. In many practical situations this may not be possible. For
example, we may not be able to satisfy (6.10) simultaneously for both TE and TM modes for
a HPWG sensor. We therefore, examine the sensitivity of a MZI sensor for which L # L.

Let the length of sensor be L =xxL,,,, . Following (6.6) the sensitivity in this case is

(GPOM j — _Bn le_za(L0+XLl’"”1’) sin o) 272'()6 X mep) 6’16/7 (618)
oa ), 2 Ao Oa

In case of L =L, the sensitivity is
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[al)out j _ _E,, ie—Za(LoJrL,,m,,) sin o, Prop 8”4-,- (619)
aa L=Lpy ) 2 2’0 8a

Dividing (6.18) by (6.19) we get

(apj (6.20)
da L=xlp,, _ X

= “2aL,,, (1)
(aBmtj e "
oa )i,

Utilizing the fact that Z,,,, = 1/2a we get

ok, _ x (B, (6.21)
oa et 8 oa
L= rop L:LPrnp

From (6.13) , (6.15) and (6.21) we can write

_(n,—n,) 1 AP = (n,—n,) 1 AP (6.22)
loa), ., ™ onloc x

out,min
e(x—l)

onloc (0P, _ 2-1 P

e ?sin(p,)G x

Comparing (6.16) and (6.22) we see that the expressions of detection limit (/5,;,) are very

similar to both cases. The only difference is the presence of the factor %in the
e

denominator for the latter case. Therefore we define the effective sensitivity factor G4 for a

sensor of arbitrary length as

x (6.23)

Geﬁ = e xG

Gy has an interpretation similar to G but is valid for any sensor length i.e., the limit of

detection for surface sensing for a sensor of arbitrary length is inversely proportional to G
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6.5. Analysis of One Dimensional Hybrid Plasmonic

Sensor: Effects of Various Parameters

In this section we investigate the effects of channel and high index medium thickness and
wavelength on sensor performance. We study the one dimensional guide shown in Fig.6.5(a)
since it can be handled analytically and accurate solutions for the guided modes can be
obtained with little numerical effort. Also its characteristics e.g., field profile, sensitivity etc.
closely resembles those of the more realistic two dimensional structure. Permittivity of silica
and silicon are taken from [Palik 1985]. Although we have used permittivity value of gold
from [Johnson 1972] for most part of our work, here we use the values from [Palik 1985].
This allows us to compare the performance of the hybrid sensor with that of the other types
of plasmonic sensors reported in previous works [Berini 2008]. Most biological samples are
aqueous in nature with large water content. Therefore we consider the index of the sample
filling the nano-fluidic channel to be same as water. The material loss data of water is taken
into account [Kou 1993]. Spine interpolation is used to obtain all the material data at the
wavelengths of interest. The adlayer is assumed to be a homogenous, isotropic and uniform
dielectric material. Following earlier works we assume a wavelength independent relative

permittivity 1.5 for the adlayer.

Since the structure considered in this work is one dimensional, accurate solutions for the
guided modes can be obtained by direct application of Maxwell’s equations and proper
boundary conditions. We use the transfer matrix method for this purpose in our work.

Surface and bulk sensitivities are calculated using the central-difference formulae.

on, _ Dy (a+Aa)—n, (a—Aa) (6.20)
oa 2Aa
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c

Here a and n. are the initial adlayer thickness and index of the bulk and % and #. are the
changes in these two quantities. Similar to [Berini 2008] we assume a = 3 nm, Aa = 0.1 nm,
n.=1.5and An.= 1e-3.

Figure 6.8 shows the variations of sensor characteristics as a function of wavelength for three
different silicon thicknesses (¢ = 70 nm, 100 nm, 140 nm). The sensor is multimode for d =
100 nm and ¢ = 140 nm but to keep the plots less crowded, the higher order modes for d =
100 nm and d = 140 nm are not plotted in Fig. 6.8. For all cases with increasing wavelength,
the mode spreads out more from the silicon, which results in reduction of effective mode
index as shown in Fig. 6.8(a). Variations of the other parameters are more complicated. As
shown in Fig. 6.8(b), the propagation loss reduces monotonously for two cases (d = 70 nm,
100 nm) but reaches a minimum around 1 um wavelength for 4 = 140 nm. The variations of
surface sensitivity are also different in three cases. For the first case (d = 70 nm), it decreases
monotonously with increasing wavelength. In the second case, surface sensitivity reaches a
maximum around the wavelength of 1.05 um. In the third case (¢ = 140 nm), unlike case 1
(d =70 nm), surface sensitivity always increases with increasing wavelength. As shown in
Fig. 6.8(d), the combined surface sensitivity factor (G) in all cases is maximized for specific

wavelengths, though the position of the maximum is different for the three cases.
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Fig. 6.7. Surface sensing parameters for the TM mode supported by the hybrid waveguide
sensor as a function of wavelength. Both silicon and channel thicknesses (4 and #) are 100
nm. (a) Effective mode index (b) Propagation loss (c) Surface sensitivity (b) Combined

surface sensitivity factor.

The variations shown in Fig. 6.7 can be explained by examining the field profiles for the
three silicon thicknesses (d) at various wavelengths (A). Figure 6.8 shows the field profiles
for the three cases at A = 0.1 um, 1 um and 1.4 um. For the 70 nm thick silicon film, the
guided mode always has hybrid nature (Fig. 6.8(a)). With increasing wavelength the field
becomes less confined and hence surface sensitivity decreases. In the second case (4 = 100
nm), the field is very similar to TMy mode supported by a silicon slab at A = 0.8 um. At
longer wavelength (A = 1.1 um) the wave converts to hybrid mode, as shown in Fig. 6.8(b).
This results in a higher concentration of power in the channel, which in turn results in an
increase of surface sensitivity. Like case 1, the hybrid mode becomes less confined at longer
wavelength, and sensitivity drops. The over all result is a maximum in sensitivity for certain
wavelengths. For the last case (d = 140 nm) depicted in Fig. 6.8 (c) the field is similar to TMy
mode supported by the silicon film at shorter wavelengths but with increasing wavelength, it
continues to become more like the hybrid guide. Therefore, the surface sensitivity continually
increases with increasing wavelength in this case. More details of the variations of HPWG

mode characteristics with waveguide dimensions have been presented in chapter 3.

117



Normalized guided power

1.004
0.754
0.50+
0.25

0.00]
-250

100{ ®
0.75-

0.50-

0.25+4

Normalized guided power

0.00+

0

250 500 750 1000

Normalized guided power

250 0

y(um)

250 500 750 1000
y(um)

250 0 250 500 750 1000

y(um)

Fig. 6.8. Guided power intensity profiles for three different wavelengths (1) and three

different silicon thicknesses (). Channel thickness is 100 nm for all cases. (a) d = 70 nm (b)
d =100 nm (c) d = 140 nm.

Figure 6.9 shows the effects of channel thickness (%) and silicon thickness (<) on the sensor

performance at a wavelength of 1.05 um. With increasing channel thickness, the field

intensity on the metal surface is reduced. As a result for all cases propagation distance of the

mode increases (Fig.6.10(b)) but the surface sensitivity decrease (Fig.6.10(c)). The rate of

decrease of surface sensitivity is larger than the rate of increase of propagation distance.

Hence for all cases net result is a smaller value of G for increases spacer thickness, as shown
in Fig.6.10(d).
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Fig. 6.9. Surface sensing parameters for the TM mode supported by the hybrid waveguide
sensor as a function of channel thickness (%) for a number of silicon thicknesses (d). (a)

effective mode index (b) propagation loss (c) surface sensitivity (d) surface sensitivity factor.

From the above discussion we make the following observations.

a) The effect of wavelength and silicon thickness on the performance of the hybrid
guide is rather complicated. Although a physical picture behind the variation of the
mode characteristics is clear, finding a general trend is difficult.

b) Surface sensitivity and G decreases with increasing channel thicknesses in most

cases. In some cases it is almost insensitive to the channel thickness.

The objective of this section was to observe the general trends the sensor characteristics
follow with change of design parameters. To keep the discussion brief, we presented here
results for only the TM mode. Additional results for both TE and TM modes are presented in
Appendix C. Optimization of the HPWG sensor for both TE and TM mode are carried out in

next section.

6.6. Optimization of the One Dimensional HPWG

Sensor

119



As explained in section 6.3, the HPWG sensor can be used for two kinds of applications. It
can be used to achieve detection limit lower than possible by single interface SP sensor. For
this kind of applications, the target of the optimization will be to maximize the G for the TM
mode and disregard the TE mode since the TM mode always has higher G compared to the
TE mode for a HPWG [see Appendix B]. The other kind of application is to use both TE and
TM polarizations for making the sensor capable of providing more information about the
adlayer or differentiating between bulk and surface change. In this case the target of the

optimization would be to achieve sufficiently large G for both polarizations.

In this work we will optimize the HPWG sensor design for both types of applications. As
shown in Fig. 6.9, a narrower channel height (%) results in a higher value of G. Though
fabrication and fluid flow through nano-channel of even 20 nm width have been
demonstrated [Liang 2007], for ease of fabrication, we choose a 100 nm channel thickness in
this work. For each of the two applications mentioned above we vary the high index slab
thickness and wavelength to optimize G. We investigate two different choices of high index
medium: silicon and silicon nitride. The maximum value of G achievable from single
interface SP mode (Gsp ma) IS 0.28 [Berini 2008]. This number will be used as the
benchmark for evaluating the performance of the HPWG biosensor.

6.6.1. Optimizing G for Single Polarization Application

In this case the TE mode is ignored and the device is designed to achieve the highest value of
G for the TM mode while maintaining single mode condition. Table 6.1 summarizes the
results of optimization. In case of silicon slab the highest G achievable is 0.545 which is 1.95
times that can be achieved for single-interface SP. Higher value of G is achievable for thicker
silicon films. For example, for 4 = 300 nm, G is 1.006 which is 3.5 time that of Gsp max.

However in this case the waveguide supports multiple modes.
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The maximum G achievable for the case of silicon nitride is comparable to Gsp yay. This is
not unexpected. Since the index contrast between silicon nitride and water is relatively
smaller, enhancement of power concentration in the channel is lower and hence the values of

G in the case of silicon nitride is also closer to Gsp max.

Table 6.1. Optimization of HPWG for single polarization operation

High index d(nm) G (nm?) A (um) Lprop (um)
material

Silicon 155 0.545 1.1 81

Silicon nitride | 250 0.396 0.85 47

6.6.2. Optimizing G for Dual Polarization Application

Since the values of G for the TE mode are always significantly lower than those of the TM
mode (as shown in Appendix B), we aim at maximizing G for the TE mode for the dual
polarization operation of HPWG. Table 6.2 summarizes the results of optimization for this
case. Similar to the case of section 6.6.1, the high index slab is chosen to be sufficiently thin
to ensure single mode condition. To avoid ambiguity, the type of polarization is mentioned as

GTM

superscript. For example is the highest G value expected for the TM polarization and the

corresponding wavelength and propagation distance are designated as A™ and Lﬁf{)p

respectively. A similar nomenclature is also used for the TE mode. When the high index

medium is silicon, g is 0.012 which is only 4.3% of Gsp max. G is significantly larger

when the high index medium is silicon nitride instead of silicon. In this case for 4 = 100 nm,
G™ is more than 14% of Ggp .. While G™*= 0.31 which is slightly higher than Gsp .
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Table 6.2. Optimization of HPWG for dual polarization operation

i ™ ™ ™ TE TE TE
:;|II(:1g:X d(nm) G 2’ LPr op G 4 ﬂ’ LPr op (Hm)
material (nm™) (um) (um) (nm™) (nm)
Silicon 150 0.543 1.05 90 0.012 1.1 280
Silicon 100 0.31 1.1 37 0.0395 0.65 87
nitride

As discussed in section 6.4, G is valid as sensor’s figure of merit only when the sensor length
equals the propagation distance of the guided mode. The propagation distance of the TE and

TM modes for the case of silicon nitride are 87 um and 36.5 um respectively. Therefore, it is

GM-TEmax = 031 and G’£, =0.0395for the same

max max

not possible to simultaneously achieve
device and a compromise needs to be made. Figure 6.10 shows the variations of normalized

combined sensitivity factors with sensor length (L). These plots are obtained with the help of

and Gl =0.127G We take

SP_max SP_max *

equation (6.23). At L =65 um we achieve GI)' =0.91G

this as a reasonable compromise between the performance achievable for TE and TM modes.
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g 1.0 +0.12 5
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Fig. 6.10. Variations of G for TE and TM modes as a function of sensor length.

The analysis carried out in this chapter so far has been for one dimensional HPWG.
Implementation of such a sensor will require fabrication of a nano-fluidic channel which is a
challenging task. Fabrication can be considerably simplified if the structure is rotated by 90

degree as shown in Fig. 6.11(a). The guided power density for the TM and TE modes are
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shown in Fig. 6.11(b) and (c) respectively. Arrows indicating in plane electric field vector
direction and magnitude are also shown. The directions of the arrows indicate that despite the
finite dimensions of the silicon nitride and metal sections, one of the guided mode is almost
purely TM and another is almost purely TE. The values of combined surface sensitivity
factor (G) for the mode shown in Fig. 6. 11(b) is approximately 0.12 which is less than
obtainable from single interface SP mode (0.28). The value of the G for the TE mode (Fig.
6.11(c)) is 0.042 which is almost identical to that achievable from the one dimensional
HPWG sensor.

(a) 60 nm Silica
< Silicon nitride
250 nm Agueous solution
— & Gold
150 nm 90 nm

Fig. 6.11. (a) Schematic of the two dimensional HPWG sensor. Power density profiles and

electric field arrows for (b) TM mode and (c) TE mode.
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6.7. Discussion

In this chapter we have examined in detail the applicability of HPWG for biosensing
applications. The hybrid TM mode for the HPWG is highly concentrated in the low index
spacer region. Therefore, the HPWG sensor can be more sensitive than purely plasmonic
sensors. The polarization diversity can be used for either differentiating between change in
adlayer thickness and that of bulk index. It can also be used to find structural information of

complex biological molecules (similar to DPI sensing schemes described in Section 6.1).

A detailed study has been carried out to analyze the effects of various parameters on the
HPWG sensor performance in Mach-Zehnder configuration and the sensor designs are
optimized for both single and dual polarization operations. It was found that the best
achievable combined surface sensitivity factor (G) for the single polarization operation of the
plasmonic sensor is double that of SP mode for single mode condition. This is achieved when
the high index region of HPWG is a 150 nm thick silicon film.

We have also optimized the performance of the sensor for dual polarization operation. Better
results for the TE mode sensitivity are achieved when the high index region is silicon nitride
instead of silicon. For a 150 nm thick silicon nitride layer and 65 um device length, the G of
the TM mode is 91% of that of single interface SP mode (Gsp ) and that of the TE mode is
12.7% of that of (Gsp ma). Though the sensitivity of the TE mode is lower than that of the

TM mode, it is still significant and should be useful for many applications.

We have also investigated applicability of a two dimensional HPWG structure for
biosensing. Though the sensitivity of the TM mode is reduced compared to the single
interface, the sensitivity of the TE mode is almost same as that of the one dimensional case.
Gy (defined in Section 6.4.2) of both TE and TM modes for this structure are of the same

order of magnitude of Gsp .
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As mentioned in Section 6.1 and 6.2, two very popular optical biosensing schemes are dual
polarization interferometry (DPI) and SP sensing. The advantages and limitations of these
two schemes are somewhat complimentary. The reason behind the popularity of DPI is its
ability to obtain structural information about biological molecules by utilizing both TE and
TM polarizations. However, these devices are long (more than 10 millimeters) and hence
DPI is less precise for investigation of chemical kinetics [Sonesson 2007]. Moreover, the
absence of a metal surface makes functionalization of DPI sensor surface more challenging
than the case of SP sensor. Plasmonic i.e., SP sensors, on the other hand are very compact,
ideal for analysis of chemical kinetics but since they can support only the TM mode, the
information obtained from a SP sensing scheme is limited. Since the HPWG sensor can
support both TE and TM polarizations and also have a very short length (less than 100 um),
it can combine the advantages of SP sensing (ease of functionalization because of presence of
metal surface, compact size and high precision necessary for study of chemical kinetics) and

that of DPI (polarization diversity) on the same platform.
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Chapter 7

Contributions and Conclusions

Plasmonics has been a very active area of nanophotonic research for last few years. Many
different applications of plasmonics have been suggested. Although this extensive
research on plasmonics has highlighted its great potential, the large propagation loss of
surface plasmon diminishes the usefulness of many of these proposals for real life
applications. Several ways to mitigate the issue of propagation loss, e.g., use of gain
medium or long range plasmon have been suggested. However, the loss reduction using
these schemes is accompanied by either a significant increase of system complexity or

increase of the device size.

The objectives of this dissertation were to find some mechanism to address the issue of
large propagation loss of plasmonic waveguides and also to design plasmonic devices
which outperform existing devices. To meet these objectives we have proposed a new
hybrid plasmonic wave guiding (HPWG) mechanism that combines plasmonic and
dielectric wave guiding mechanisms. The proposal has been widely recognized by the
plasmonics community as one of the best ways to achieve a good compromise between
loss and confinement. We have also carried out theoretical analysis to clarify the physical
picture of the mode formation in such guide and have suggested a number of applications
ranging from polarizers and couplers to biosensors. The results presented in this

dissertation lay the ground work for future research in HPWG.
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7.1. Original Contributions

In chapter 3 we proposed the HPWG consisting of a metal surface separated from a high

index slab by a low index spacer and analyze its properties. The novel contributions are:

a) We proposed the HPWG which provides a better compromise between loss and

confinement than purely plasmonic waveguides.

b) We carried out a detailed analysis that clarified the nature of the modes supported
by HPWG and dispelled doubts raised by some researchers about hybrid nature of

the modes guided by such a structure.

The introduction of the concept of HPWG in chapter 3 was followed by an analysis of the

two dimensional HPWG in chapter 4. The novel contributions are:

a) We proposed a two dimensional HPWG structure was proposed. The proposed
structure offers the possibility of integration of silicon photonics and

nanoplasmonics on the same platform.

b) We analyzed the effects of various parameters on the HPWG performance in
detail. These results should be useful for designing HPWG devices for various
applications.

In chapter 5 we investigated the possibility of using HPWG for integrated optic

communication systems. The novel contributions are:

a) We explored the possibility of designing HPWG which supports both TE and TM
modes. A detailed analysis has been carried out to analyze the effects of various

parameters on the two polarizations.

b) We designed the following SOl compatible HPWG integrated optic devices which
utilize the polarization diversity of HPWG.
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1) A TM-pass polarizer which is very compact and can provide better

extinction ratio than achievable from use of a purely SOI based polarizer.

2) A TE-pass polarizer that has very low insertion loss and high extinction
ratio. It is the most compact, broadband SOI compatible TE-pass polarizer

proposed to date.

3) A polarization independent HPWG directional coupler which is very
compact and offers more flexibility compared to previously reported SOI

based polarization independent directional coupler.

These designs are the first demonstrations that plasmonic devices can
outperform their dielectric waveguide based counterparts without suffering

excessive propagation loss.

c) We also analyzed the possibility of implementing compact bends using the
HPWG. It was found that the HPWG bend outperform previously reported

plasmonic waveguides.

The work presented in this chapter highlights both the advantages and limitations of

HPWG devices and should serve as a guideline for future work on HPWG device design.

We explored the applicability of HPWG for biosensing in chapter 6. The novel

contributions are:

a) We proposed a HPWG biosensor. The sensor is more sensitive than a purely
plasmonic sensor and is capable of obtaining more information about biological
molecules compared to purely plasmonic sensors. It also has the capability to

differentiate between change of bulk index and adlayer thickness.

b) We carried out a detailed numerical analysis to optimize the HPWG sensor and

determined the best possible sensitivities achievable from such a sensor.

c) We proposed a two dimensional HPWG sensor that requires a simpler fabrication

process compared to the one dimensional HPWG sensor.
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A list of publications resulting from this study is provided at the end of this dissertation.

7.2. Future Research Directions

There are some immediate paths for extending the research presented in this dissertation.
The most immediate extension of the work should be implementation of the devices
proposed in this dissertation. Our group has already made some progress in this direction.
For example, we have fabricated and tested the first HPWG TE-pass polarizer which

shows very promising results [Sun 2012].

This dissertation work can act as a guideline for further exploration of HPWG for other
applications. We have also made some progress in this regard. For example we have
recently designed ultra compact, low loss, broadband directional coupler and polarization
rotator. New kind of HPWG devices, for example electro-optics modulator, laser etc can
be investigated. Achieving lossless propagation of HPWG by use of gain medium can

also be explored.

More analysis can also be carried out about HPWG sensors. For example, enhancement
of efficiency of Raman scattering by placing metal nano particle in the nano fluidic
channel of HPWG can be a promising idea. Another interesting idea is to use the coaxial
hybrid guide [Zhao 2010] for biosensing. New types of biosensors may be designed
which will detect presence of biomolecules by detecting the change of light transmission

through such hole arrays.

One limitation of the HPWG is the extra fabrications steps required to implement it
compared to dielectric waveguides. Although several HPWG designs have already been
proposed for which only standard planar fabrication steps are required, a simplified
fabrication process will make applications of HPWG more attractive. As illustrated by
the recent works on HPWG by Flammer and coworkers [Flammer 2010], there are still a

lot of opportunities to simplify HPWG fabrication even further.
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Appendix A

Uncertainty Relation in Fourier Transform

Heisenberg uncertainly principle can be derived from the Uncertainty Theorem of Fourier
transform [Millette 2011] which relates the effective width of a function W(f) with the

effective width of its Fourier transform (W ( f~) ) by the following relation

W(FW(f)>1/2

Here fand f are a function and its Fourier transform respectively and their width W (f) and

W(?) are defined as

2 T|f(u)|2[u—M(f)]2du
W ===

[ @) du
Where M(f) is defined as

T|f(u)|2udu
M(f)==——
[|f @) du

There are two common ways of defining Fourier transform and the final form of the
uncertatinty relation depends on the specific form of Fourier transform used. For a time

function f and its Fourier transform v the Fourier transform can be defined as

f(t)= T f (v)exp(27i v)dv

f(t)= T f (t) exp(—27i vt)dt
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If the width of the function f in time is At and the corresponding spread of the Fourier

transform is Avin frequency domain, they are related by the uncertainty relation
AtAy >1/2

Another way of writing Fourier transform is to use circular frequency w=2nv.

F(t) = i T f () expat)do

f(o)= i T f (t) exp(-at)dt

Uncertainty relation in this case takes the form
AtAw > 7

The Fourier transform of a position function f(x) produces a corresponding function ?(k) in

the wave number space. The spread of the function in spatial domain (Ax) and the

corresponding s spread in wave number domain (AK) are related by

AXAK > 7
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Review of Accuracy of Numerical Methods Used

Finite difference time domain (FDTD) and finite element method (FEM) are two most
widely used numerical methods for plasmonic simulations. We have used commercial FDTD
code Lumerical FDTD Solution from Lumerical and FEM code Femlab (now known as
Comsol Multiphysics) from Comsol for the designs and analyses presented in this work. The
accuracy of both methods for plasmonic simulations is well documented in. To ensure the

methods give reliable results for simulating HPWG devices, we simulated one dimensional

Appendix B

and two dimensional HPWG devices. Some of the results are presented below.

A.1. One dimensional HPWG

We have computed the effective mode index of the one dimensional HPWG shown in Fig.

A.1 using Femlab and compared those with the results obtained from transfer matrix method.

Table A.1. Comparison of effective mode index obtained from various methods

7 I silica
h -Silicon

I:l Silver

Fig. A.1. One dimensional HPWG

d(mm) | h(nm) (transf:e]iﬁmatrix Flett ANt
method) (FEM) (FEM)

100 100 1.679075 1.67965 0.034
100 150 1.861499 1.860908 0.0317
150 150 1.777072 1.777624 0.031
200 200 1.968261 1.967925 -0.017
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A.2. Two dimensional HPWG

We have computed the effective mode index of the one dimensional HPWG shown in Fig.

A.2 using both Lumerical FDTD Solutions and Femlab for various choice of waveguide

dimensions and summarized the results in Table A.2.

Table A.2. Comparison of effective mode index obtained from various methods

Fig. A.2. Two dimensional HPWG

w Netf Nesf ANgst
(nm) d(mm) | h(m) |\ epTp) (FEM) (FDTD)
340 340 45 | 2.497526 | 2.495399 | 0.085%
300 340 100 | 2.31161 | 2.309413 | 0.095%
400 240 100 | 2.02155 2.02 0.076%

The agreement observed in all these cases illustrates the reliability of Lumerical and Femlab

in modeling HPWG devices.
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Appendix C
Optimization of the HPWG Biosensor

We have optimized the structure shown in Fig. B.1. for both TE and TM modes and
presented the summary of optimization results in chapter 6. Some more details about the
results are presented in this appendix.

- Silica
4 | High index region
h D Nano-fluidic channel

[ ] Gold

Fig. B.1. One dimensional HPWG sensor

Depending on the thickness of the high index medium and wavelength of operation, HPWG
can support a number of TM and TE modes. We have carried out a detailed numerical
analysis using transfer matrix method to examine all the modes and find the highest possible
combined surface sensitivity factor (G as defined in Chapter 6) achievable. The following

notations are used

nerr = Effective index of a mode supported by the HPWG

G™ = Maximum G achieved for a particular high index region thickness
Atm = Wavelength at which G equal G™ for a particular design
Stm = Surface sensitivity of the TM mode at wavelength Ay

me = Propagation distance of the TM mode at wavelength At

hcutoff = Cut off wavelength of a mode for a particular high index region thickness
G'® = Maxium G achievable for the TE polarization for a specific hybrid waveguide

design
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Ste = Surface sensitivity of the TM mode at wavelength Are

LTpErop = Propagation distance of the TE mode at wavelength Ate

Table B.1 summarize the results for the TM mode for silicon slab.

Table. B.1. Variations of surface sensitivity parameters with silicon thickness for the TM

mode
Silicon Neft G™(Mm™) [ Arm (um) | Sm Lprop_cmax
Thickness (nm) (pm)
100 1.86 0.39 0.92 1.18e-3 27
150 2.2 0.549 1.05 1.11e-3 90
150 1.45 0.36 1.05 1.27e-3 210
200 2.7 0.763 1.1 8.64e-4 390
200 1.45 0.748 1.31 1.22e-3 290
250 2.8 0.924 1.15 4.45e-4 1200
250 1.65 0.364 0.95 1.09e-3 30
250 1.45 0.69 0.87 9.3e-4 500
300 3.3 1.006 1.2 2.03e-4 2800
300 2 0.443 1.0 1.02e-3 60
300 1.451 0.367 1.01 1.25e-3 225
350 3.15 1.027 1.2 1.03e-4 5800
350 2.1 0.562 1.1 9.8e-4 164
350 1.45 0.366 1.15 1.099%e-3 300
350 14493 [0.3 0.812 4.42¢-4 103
400 3.25 1.029 1.15 5.9e-5 8950
400 2.3 0.683 1.15 1.8e-4 330
400 1.45 0.37 1.3 1.016e-3 600
400 1.45 0.338 0.92 1.22e-3 180

As an example the variations of surface sensitivity (ones/0a), propagation distance and G for

the fundamental TE mode for a 100 nm thick silicon nitride film is shown in Fig. B.1.
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Fig. B.1. Variations of (a) surface sensitivity (b) propagation distance (c) G for a HPWG

sensor. The thicknesses of both the nanofluidic channel and silicon nitride are 100 nm.

Plots similar to Fig. B.1 were produced for various silicon thickness and examined to get

the values summarized in Table B.1.

Table B.2 summarize the results for the TE mode for silicon slab.

Table B.2. Variations of surface sensitivity parameters with silicon thickness for the TE mode

Silicon Nefr G (Mm™) | Are (um) | Ste Lprop_Gmax
Thickness (nm) (um)
150 2.85 0.012 11 3.5e-6 280
150 1.45 0.007 1.53 8e-6 60
200 3.05 0.0116 1.15 2e-6 500
200 1.45 0.0128 1.05 1.8e-5 70
250 3.2 0.01136 1.15 1.25e-6 | 800
250 2 0.01245 1.05 9e-6 100
300 3.26 0.01116 1.15 8e-7 1200
300 2.2 0.012 1.1 6e-6 170
300 1.45 0.00538 0.92 1.4e-5 28
350 3.35 0.0111 1.16 4.5e-7 1800
350 2.6 0.0117 1.15 4e-6 290
350 1.45 1.6 0.0125 4e-6 240
350 2.42 0.0089 1.25 5.5e-6 160
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Table B.3 summarize the results for the TM mode when the high index slab is silicon nitride
instead of silicon.

Table B.3. Variations of surface sensitivity parameters with nitride thickness for the TM

mode
Nitride Nett G™(Mm™) | Amm (um) | Stm Lprop_Gmax
Thickness (nm) (um)
150 1.618 0.353 0.85 9.4e-4 25
200 1.66 0.374 0.85 7.65e-4 325
250 1.72 0.396 0.85 5.5e-4 47
300 1.77 0.415 0.85 de-4 66
300 1.449 0.48 0.87 1.4e-4 250
350 1.81 0.431 0.851 2.75e-4 100
350 1.498 0.575 1.0 8e-5 600
400 1.84 0.443 0.85 2e-4 155
400 1.45 0.38 1.11 le-4 350
450 1.865 0.454 0.85 1.5e-4 220
450 1.45 0.393 1.25 5e-5 700
500 1.88 0.462 0.85 le-4 300
500 1.45 0.434 1.4 5e-5 1200

Table B.4. Variations of surface sensitivity parameters with nitride thickness for the TE

mode.

Nitride Neft G (nm™) | Are (um) | Ste Lprop_Gmax
Thickness (nm) (um)
150 1.693 0.0402 0.66 1.4e-4 160
200 1.775 0.0408 0.66 8.5e-6 260
250 1.82 0.0411 0.65 5.5e-6 400
300 1.85 0.0413 0.65 3.65e-6 580
350 1.89 0.0415 0.65 2.58e-6 830
400 1.9 0.0416 0.65 1.86e-6 1160
400 1.62 0.0398 0.67 10.8e-6 200
450 1.92 0.042 0.65 1.4e-6 1550
450 1.67 0.0402 0.67 7.9¢e-6 280
500 1.93 0.0418 0.65 1.08e-6 2000
500 1.72 0.0405 0.67 5.9¢-6 365
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As another example, Fig. B.2. shows the variations of same quantities as a function of

wavelength for the fundamental TM mode in case of a 100 nm thick silicon film.
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Fig. B.2. Variations of (a) surface sensitivity (b) propagation distance (c) G for a HPWG

sensor. The thicknesses of the nanofluidic channel and the thickness of the silicon slab
100 nm.

Several trends can be observed from the Tables.

is

a) The highest G and highest surface sensitivity do not always coincide. This confirms

our notion (Chapter 6, section 6.4) that surface sensitivity is not a good measure of

limit of detection.

b) The HPWG supports two kinds of TM mode: the hybrid TM mode which is

concentrated mostly in the nanofluidic channel. In this case the surface sensitivity is

relatively large and the propagation loss is moderate, for example the TM mode listed

in Table B.1 is a hybrid TM mode. It also supports TM mode which is concentrated

mostly in the high index layer and only a small fraction of it is in the nanofluidic

channel. In this case the surface sensitivity is rather low but the propagation loss is

also very low. As a result, large value of G can also be achieved for these modes. The

device length for such case however will be very long. One example is the first TM

mode for 250 nm thick silicon film in Table B.1. The device length in this case is

more than one mm, as opposed to several tens of microns for the hybrid waveguide

modes.
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