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ABSTRACT

Integrated-optic waveguide lasers have drawn cersidde attention for their
compactness and possibility of device integratdnot of interest has been shown to
increase the mode area of waveguide for applicationoptical communication and
high-power laser and amplifier. For waveguide lamed amplifier applications, it is
preferable to use a waveguide that supports onéyroade to avoid instability arising
from intermodal dispersion and mode competition. cAnventional single-mode
waveguide has a small guiding core. The tight ligtmifinement in such a waveguide
can reduce the optical damage threshold of the guagtle and at the same time, give
rise to significant nonlinear optical effects, wtikmit ultimately the power handling

capability of the waveguide.

A preferred structure for high-power applicatiom®@d be one that has a large core
and yet supports only a single mode. Here a nolalding design in which the
refractive index is uniform but the geometry isdssigned that all the modes are leaky.
Such a geometrically shaped cladding is highly efisipe and can also lead to single-
mode operation over an extended range of wavelendtlsing properly chosen
parameters, the waveguide can exhibit single-mgugadion in the wavelength range

900—-1600nm with a large core area.

Vi



Chapter 1

INTRODUCTION

Integrated Optics [1] is a new and exciting fiefdaotivity which is primarily based on
the fact that light can be guided and confined emyvthin films (with dimensions—
wavelength of light) of transparent materials onadle substrates. By a proper choice
of substrates and films and a proper configuratibthe waveguides, one can perform a
wide range of operations such as modulation, switggchmultiplexing, filtering or
generation of optical waves. Due to the miniatume of these components, it is
possible to obtain a high density of optical comgrus in space unlike the case in bulk
optics. These devices are expected to be ruggednistruction, have good mechanical
and thermal stability, be mass producible with hggbcision and reproducibility, and

have small power consumption.

One of the most promising applications of integitaiptics is expected to be in the field
of optical fibre communications. The field of o@tidibre communication has assumed
tremendous importance because of its high infoonati carrying capacity. Integrated
optics is expected to play an important role iniagbt signal processing at the
transmitting and receiving ends and on regeneratiotine repeaters. Other important
applications of integrated optics are envisagetean spectrum analysis and optical

signal processing.

In addition to the above, use of integrated ogeahhiques may lead to the realization of
new devices which may be too cumbersome to becfated in bulk optics. The very
high concentration of energy in very small regiamghe optical waveguide leads to
enormous intensities leading to the realizatiomaflinear devices employing second
harmonic generation etc. The confinement of ligiergy in small regions of space also
leads to an efficient interaction of the opticaérgy with an applied electric field or an
acoustic wave, thus leading to much more efficielgictro-optic and acousto-optic

modulators and deflectors requiring very low dipaavers.

The goal of integrated optics (I0) is to develomiaiurized optical devices of high

functionality on a common substrate. The stateiefdrt of integrated optics is still far

1



behind its electronic counterpart. Today, only & feasic functions are commercially
feasible. However, there exists a growing inteiresthe development of more and more

complex integrated optical devices.

In 10, we distinguish betweeaptical integrated circuits, which perform functions
similar to electronic circuits in communicationssms, anglanar optical devices,

which are integrated optical systems other thannsonication systems.
1.1 Optical Integrated Circuits

Researchers hope to put waveguides, modulatorséch®si and other active optical
functions onto various substrates. It is visualiieat thin films and micro-fabrication
technologies can suitably be adopted to realizecalpitounterparts of integrated

electronics for signal generation, modulation, shiitg, multiplexing and processing.

In optical integrated circuits, light is confined thin film wave guides that are
deposited on the surface or buried inside a subst@lasses, dielectric crystals and
semiconductors can be used as substrate matdrfestunctions that can be realized
depend on the type of substrate used. Researchershallenged to identifying
materials which have both the right electro-optisedperties and a reliable means of
forming them into useful structures on the integgatircuit. Unfortunately, many
current-generation materials that are used to dateimonolithic optical devices have

high attenuation and therefore high transmissiseds.

The most fundamental building block of an opticaégrated circuits is ehannel wave
guide [2]. Wave guides in integrated-optics work similer conventional fibers,
trapping light in a length of material. This ma#éris surrounded by material of a
different index of refraction. The waveguides arade either by depositing material on
top of a substrate and etching unwanted portionayawr etching trenches in the
substrate and fillingssss them with polymers, a&iBs, or other light-transmitting

materials.
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Figure 1.1 Typical structure of channel waveguide
( Source- Fundamentals of Integrated Optical Waikxs : Alejandro Martinez )

The basic requirements of a thin film optical guidaterial are that it is transparent to
the wavelength of interest and that it has a réfraandex higher than that of the

medium in which it is embedded.
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Figure 1.2 optical waveguide

(Source- Fundamentals of Integrated Optical Wawkgsi Alejandro Martinez )

Within an optical integrated circuit, light propaga as a guided wave in a dielectric
thin film. Appropriate addition of functional dews between interconnecting wave

guides enables the realization of an optical irgtegt circuit for a specific use.
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Some devices can be made on planar substrates staimgard lithographic processes
and thin-film technologies. Electron beam writingndalaser beam writing are

increasingly employed to produce patterns with Higgolution. Epitaxial methods are
used in the fabrication of sources, detectors gutd-electronic circuits on GaAs, Si and
InP.

For a square channel waveguide of depth d the nuoftmodes is approximately’m
where m = (2d/) NA, m >> 1. For a slab wave guide the numbernuides is
approximately m. For single mode operation in ahgmmel wave guide we therefore
need (2d)*NA <1, where d is the width of the channel. A singledewave guide can
be constructed by making d and NA sufficiently dmilA is the numerical aperture

1/2

and for smallA is given by NA = gy d2A)™%, whereA = (Ncore- Neladding/Neore

In integrated optics, two main kinds of waveguides used; these are the Planar and
Strip guides. In planar waveguides, the confinenadrthe light energy is only along
one transverse dimension and the light energy dHraat in the other transverse
dimension .In constrast to planar waveguides, stapeguides confine the light energy
in both transverse dimensions; this confinemeat desirable feature for the fabrication
of devices such as amplitude or intensity modusatalirectional couplers, optical

switches etc.
1.2 Optical Integrated Waveguide

An optical waveguide is a physical structure thaidgs electromagnetic waves in the
optical spectrum. Common types of optical wavegsideclude optical fiber and

rectangular waveguides.

Optical waveguides are used as components in atdjroptical circuits or as the
transmission medium in local and long haul opticainmunication systems. Optical
waveguides can be classified according to theirngdny (planar, strip, or fiber
waveguides), mode structure (single-mode, multi-e)pdefractive index distribution
(step or gradient index) and material (glass, pelyraemiconductor).

An optical waveguide is a spatially inhomogenednscsure for guiding light, i.e. for
restricting the spatial region in which light camopagate. Usually, a waveguide

contains a region of increased refractive indexpgared with the surrounding medium
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(calledcladding). However, guidance is also possible, e.g., byudeeof reflections, e.g.
at metallic interfaces. Some waveguides also irerplasmonic effects at metals.

planar wavequide channel wavequide

Fig.1.3: Two different kinds of waveguides. Planar wavegsiduide light only in the

vertical direction, whereas channel waveguidesa@uidwo dimensions.

(Source- Fundamentals of Optical Waveguides: Kasudkamoto )

Most waveguides exhibit two-dimensional guidant¢eistrestricting the extension of
guided light in two dimensions and permitting prgaion essentially only in one
dimension. An example is thehannel waveguide shown in Figure 1.3. The most
important type of two-dimensional waveguide is thgtical fiber. There are one-

dimensional waveguides, often called planar wa\agli

1.3 Planar (Slab) Waveguides

. An optical waveguide is characterized by light @oafment in two
dimensions and guiding along the third dimension.

. As a starting approach, the problem can be sinepliff we consider only
confinement in one dimension.

. This is the case of the structure known as planatal waveguide, which is
also used as a intermediate structure to model iamgdement optical
integrated waveguides.

. The slab waveguide consists of three layers of maddewith different
dielectric constants, extending infinitely in the@edtions parallel to their

interface
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Fig.1.4 Structure of Planar Slab Waveguide

(Source- Fundamentals of Optical Waveguides: KatsuDkamoto)
1.4 Channel Waveguides

* A channel waveguide (with guidance in both diret$iphas a guiding structure

in the form of a stripe with a finite width.

* This may be a ridge on top of the cladding striector an embedded channel.

The latter has more symmetric waveguide modes.

* They are extensively used, for example, withinmasilaser diodes. Small, low-
power LDs have a single-mode channel waveguide trathsverse dimensions
of, for example, 1lum. Broad area LDs have a wideanoel that supports
multiple modes in the horizontal direction. Diodar$ (diode arrays) contain an

array of broad-stripe diode structures.

cladding

Fig.1.5 Channel waveguide

(Source- Fundamentals of Optical Waveguides: KasuDkamoto)



Larger channel and planar waveguides made fromeantth doped dielectric materials
are used for high-power waveguide lasers and amngifPump light may be injected
along the amplified beam, from the side, or from tibp. Even in situations with strong
heating, the waveguide may help to stabilize alsingpde laser beam with high beam

quality.
1.5 Channel Waveguide Types

The second important system of integrated optiseamwhen the waveguides take the
form of channel guides. These still lie on a plasalstrate, but are now arranged to
confine the optical field in two directions, x agdFigure 1.6-1 shows cross sections

through the most common geometries.

1 Highindex
chanmgl

Substate Subsiate Substate

) () )

Figure 1.6-1 Channel waveguide types: a) buried, b) ridge@rsirip-loaded.

(Source- Fundamentals of Optical Waveguides: KatsuDkamoto)

1) Buried Channel Guides

Figure 1.6-1a shows a buried channel guide, wiaghade by modifying the properties
of the substrate material so that a higher refracindex is obtained locally. Most
fabrication processes result in a weak, gradedxiggéde buried just below the surface,
and, although channel guides normally have one @xsymmetry, they usually lack a

well defined cross-sectional shape.



Diffusion is often used to fabricate guides of this type. &ample, titanium metal can
be diffused into lithium niobate or lithium tanteasubstrates, by first depositing the
metal in patterned strips ef.000 A thickness and then carrying out an in-ditfosat a
high temperaturex(L000°C) for several hours (3 to 9). This is knowrttee Ti:LINbQ
process. The additional impurities cause a changereiffractive index that is
approximately proportional to their concentratiaith a typical maximum value dfn

= 0.01. Figure 1.7 shows contours of constant céfra index that are obtained by
diffusion of Ti metal into LINbQ.

Alternatively, material can be exchangedh the substrate. For example, protons (H+
ions) can be exchanged with Li+ ions in LiNgQhis is done by first covering the
substrate with a masking layer, which is patters@charrow stripe openings are made.
The crystal is then placed in a suitable hot malitllis case, benzoic acid, heated to
~200°C), and exchange of material takes place thrdhg crystal surface in regions
exposed by the mask openings. Proton exchangesyagldndex change @& n =+0.12
for one polarization mode (the TM mode), but theeix change is actually negative for
the other one. Consequently, a waveguide is oniydd in the former case. Silver ions
can be exchanged with Na+ ions in soda-lime glasssimilar way, by immersing the
substrate in molten AgN{ at temperatures of 200 - 350°C. In this case,tithe
required to form a guide is large several hours},iba DC electric field is used to
assist the ion migration, the process can be speepejuite considerably. The index

change obtained Bn = 0.1.

Undiffused Ti strip
Crystal surface

=

Substake

Figure 1.7 Contours of constant refractive index in a Ti-as#d channel waveguide.

(Source- Fundamentals of Optical Waveguides: Katsudkamoto)



2) Ridge Waveguides

Figure 1.6-1b shows a ridge waveguide. This is ep-stdex structure, usually
fabricated from a planar guide that has been peteand etched to leave a ridge. Total
internal reflection then takes place at the sidiesthe guide, as well as the top and
bottom faces. Often, the etching is designed ttovolspecific crystal planes, so the
edges of the ridge may be sloped. Similarly, mateis often (especially in laser
structures) regrown around the sides of the guidlech higher field confinement is
possible using a ridge than a buried guide. As meetl above, the index change that
can be obtained by material modification is veryaljrso the evanescent field of any
guided mode must extend for some distance outbieledre. In a ridge guide, on the
other hand, there can be a large index differeratevden the ridge and its surround.
This is an important advantage; for example, berasbe much tighter in ridge-guide
systems. Waveguides are often made as ridges iit@aauctor materials, because of
the ease with which a mesa structure may be madetdlying. There are two:
heterostructureguides, which operate by the refractive index ddfees obtained
between different materials, and homostructure egjidvhich use the index reduction
following from an increase in the majority carrg@nsity.

The two most common semiconductor materials useaptoelectronics are based on
the ternary alloy gallium aluminium arsenided the quaternary alloy indiugallium
arsenide phosphide, respectively. To fabricaterbsteicture waveguides in the
GaAs/GaAlAs system, successive layers of materral fast grown on a GaAs
substrate, in differing compositions of the genévain Ga..AlAs (where x is the mole
fraction of the constituent). Because GaAs and BaAlave similar lattice parameters,
these additional layers are lattice-matched tcsthmstrate and the composite crystal can
grow without strain.

For example, Figure 1.8 shows how a planar guidghtribe fabricated using a layer of
high-index GaAs, grown epitaxially on top of a thlayer of Ga,AlxAs (which acts as

a low-index isolation layer, separating the guidenf the high-index GaAs substrate).
The guiding layer may then be etched down to aomarib, to form a ridge guide.



Guide
Conlinine layes

S ubstrate

= nE
Figure 1.8 A GaAs/GaAlAs planar waveguide.

(Source- Fundamentals of Optical Waveguides: Katsudkamoto)

Waveguide fabrication is similar in the InP/InGaAsRBtem. This time, layers of the
quaternary alloy In,GaAs;,P, are grown on an InP substrate. However, lattice-
matching to the substrate is only obtained foripaldr combinations of x and y. More
complicated layered structures are also often uSed.example, Figure 1.9 shows a
double heterostructure@aveguide, which has a low-index GaAlAs confiniaydr on
both sides of the guide. This arrangement is ugéshsively in semiconductor lasers,
since the difference in bandgap between the GaAk GaAlAs layers can provide

carrier confinement in addition to confinementlod optical field.
4
f |

Confining layer

Guide
Confining layer

Substate

)
Figure 1.9 A double heterostructure GaAs/GaAlAs planar wavbgu
(Source- Fundamentals of Integrated Optical Wawkzgli Alejandro Martinez )

Alternatively, a similar structure may be creatgdoboton bombardment of an n-type
substrate. This creates damage sites near thecaurfduich trap free carriers. This is
known as free carrier compensation, and produdesraase in refractive index. The
index change obtained by doping may be found ftype-GaAs a&n = -0.01, when N
= 5x10® cm® and % = 1 pm. This implies that the index changes pdssib
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homostructures are much lower than in heterostresfuiving reduced confinement in
any guide structure. In fact, sincg*n» mg* in InP, the hole-induced index difference is
much smaller than the equivalent electron-inducellie; so only n-type material is
useable for waveguiding. A further problem arisiimg homostructures is that the
increased carrier concentration in the substratsesaa rise in absorption, which can
result in unacceptable propagation loss. Heterostres therefore offer several
advantages.

Ridge guides can also be made in amorphous matarigemiconducting substrates.
One common system involves silicon oxynitride gaideonstructed on a silicon
dioxide buffer layer, which in turn lies on a siit substrate. Silicon oxynitride has a
relatively high refractive index, but one which l@ver than that of the silicon, for
whichn = 3.5. The two are therefore separated by a tlapdr of SiQ, which acts as a
low-index (1 = 1.47) spacer. Other systems use doped siligade.SiQ/TiO, mixture)

on top of the silica buffer layer. These are imaott since they allow the fabrication of
waveguides in a form compatible with VLSI electiemi

3) Strip-Loaded Waveguides

Two-dimensional confinement may also be less ols/idtigure 1.6¢c shows a strip
loaded guide. Here, a three-layer structure has bsed, which has a substrate, a planar
layer, and then a ridge. The planar layer is aedrms a guide, but one that is just cut
off. However, the addition of a further high-indexerlay is sufficient to induce guiding
in a localised region near the ridge. Confinemérthe optical field in the y-direction is
obtained because the refractive index, when avdragehe x-direction, is higher in the
region of the ridge. The additional ridge overlagynmave a different refractive index to

that of the planar guide, or the same index.

1.5 Objectivesand Organization of the Thesis

This thesis is concerned with the design of Largeesingle-mode trench assisted leaky
channel waveguide for high-power applicatioAslarge-mode-area design in channel
waveguide is presented for extended single-moderatipe. Proposed design is
characterized by a rectangular core and trencistadstladding. Overall design is leaky
and supports a finite leakage loss to all the madaesaveguide. The design works on

the principle ofmode filtering. The thesis consists of five chapters. This diatien

11



has been ordered in such a way that the processnstructing the proposed design is
evident throughout.

Chapter 2 introduces the speciality optical fibers and wavegs.

Chapter 3 deals with the Method of Analysis which includegegtive-index method
and Transfer Matrix method for the analysis of yeekannel waveguide.

Chapter 4 presents the result and analysis of proposed defignhigh-power

applications.

Chapter 5 presents the concluding remarks and scope forutieef work.
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Chapter 2

Specialty Optical Fiber and Waveguides

The dramatic reduction of transmission loss in agtifibers coupled with equally
important developments in the area of light souaed detectors has brought about a
phenomenal growth of the fiber optic industry dgrthe past two decades. The birth of
optical fiber communication coincided with the fabtion of low-loss optical fibers
and room-temperature operation of semiconductoersasn 1970. Ever since, the
scientific and technological progress in this fiblals been so phenomenal that we are
already in the fifth generation of optical fibernamunication systems within a brief
span of 30 years. Recent developments in opticalidens and wavelength division
multiplexing (WDM) are taking us to a communicatigystem with almost “zero” loss
and “infinite” bandwidth. Indeed, optical fiber amdaveguide based communication
systems are fulfilling the increased demand on camaation links, especially with the
proliferation of the Internet. This modul®ptical Waveguides and Fibers [4] , is an
introduction to the basics of fiber optics and wguide network, discussing especially
the characteristics of optical fibers and wavegsiids regards their application to
telecommunication

The introduction of wavelength division (WDM) tedtagy put even greater demands
on fiber design and composition to achieve widardvadth and flat gain. Efforts to
extend the bandwidth of erbium doped fibers andelbgvy amplifiers at other
wavelength such as 1300 nm have spurred developoh@ther dopants. Doping with
ytterbium (Yb) allows pumping from 900 to 1090 nsing solid —state lasers or Nd and
Yb fiber lasers. Of recent interest is the abitdypump Er/Yb fibers in a double-clad
geometry with high power sources at 920 or 975 Double-clad fibers are also being
used to produce fiber lasers using Yb and Nd. Rssithe amplification fiber, the
erbium-doped amplifier requires a number of opticamponents for its operation.
These include wavelength multiplexing and polaraatmultiplexing devices for the
pump and signal wavelengths. Filters for gain élaithg, power attenuators, and taps for
power monitoring among other optical components aeguired for module
performance. Also, because the amplifier enabl@asmission distances of hundreds of

kilometeres without regeneration, other propagafoperties became important.
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These properties include chromatic dispersion, rpaaon dispersion, and

nonlinearities such as four-wave mixing (FWM), salfid cross-phase modulation, and
Raman and Brillouin scattering. Dispersion compgngafibers were introduced in

order to deal with wavelength dispersion. Broadbeochpensation was possible with
specially designed fibers. However, coupling logsetsveen the transmission and the
compensating fibers was an issue. Specially dedigmade conversion or bridge fibers
enabled low-loss splicing among these three fibaesing low insertion loss dispersion
compensators possible. Fiber components as wetli@® optic or in some instances
planar optical components can be fabricated toigeofor these applications. Generally
speaking, but not always, fiber components endt#ddwest insertion loss per device.
A number of these fiber devices can be fabricagdgustandard SMF, but often special
fibers are required. Specialty fibers are desigmg@dhanging fiber glass composition,
refractive index profile, or coating to achieve taar unique properties and

functionalities. In addition to applications in @al communications, specialty fibers
find a wide range of applications in other fieldach as industrial sensors, biomedical
power delivery and imaging systems, military filggroscope, high power lasers. A few

such fibers are described in the following.
2.1. Bragg Fibers

Bragg fibers [5] were proposed theoretically adyeas in 1978, but only recently have
such structures been demonstrated. Since then, itheg attracted much attention,
mainly because they offer the possibility of aiidjug. Some important advantages of
air core fibers are the possibility of reducing gagation loss below the level of 0.2
dB/km (the value of current telecommunication fg)eand the greatly increased power
threshold for the onset of nonlinear optical pheapan such as stimulated Raman
scattering. The air core fibers in the literaturan cbe roughly classified in two
categories, (i) Bragg fibers, where the air corsusrounded by cylindrical dielectric
layers with alternating refractive indices, and @hotonic crystal fibers (PCF) [6],
where the fiber cladding is composed of a two dismamal (2D) array of air holes.
PCFs are typically based on silica glass, which éxa=llent material properties and
forms the backbone of modern optical telecommuitinai whereas current air core
Bragg fibers are based on a combination of polyaner soft glass. Fiber Bragg gratings
(FBGs) [7] are spectral filters fabricated withegsnents of optical fiber. They typically

14



reflect light over a narrow wavelength range arahgmit all other wavelengths, but
they also can be designed to have more complexrapeesponses. Many uses exist for
FBGs in today's fiber communications systems, whiely heavily on dense

wavelength division multiplexing (WDM), and opticainplification.

Hellow core

Figure 2.1. Schematic diagram of a Bragg fiber

(Source- T.S. Saini, A. Kumar, V. Rastogi and RSkuha, “Multi-trench Channel
Waveguide for Large-Mode-Area Single-Mode Operatipn

FBGs are based on the principle of Bragg reflectinen light propagates through
periodically alternating regions of higher and lowefractive index, it is partially

reflected at each interface between those regibise spacing between those regions
is such that all the partial reflections add uplase i.e. when the round trip of the light
between two reflections is an integral number ofelangths, the total reflection can
grow to nearly 100% , even if the individual refieas are very small. Of course, that
condition will only hold for specific wavelengthBor all other wavelengths, the out of

phase reflections end up canceling each othertirggin high transmission.

To create the appropriate stack of high and loWacotive-index regions along a piece
of optical fiber, manufacturers must permanentlydifyothe refractive index of the
fiber via the photosensitive effect. This is acctislyfed by exposing the optical fiber to
ultraviolet (UV) light wth a wavelength around 24t or less. The photosensitivity is
primarily due to the germanium dopant used in tbee of most commercial fibers.
Photosentivity can be increased by raising the garam doping level, or by in-
diffusing molecular hydrogen, which acts as a gatab the reaction of the germanium

with UV light and greatly reduces exposure timee Tidex change is very stable, even
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at high temperatures, especially if the gratingrsannealed ( heated to a temperature
between 150° C and 500° C after fabrication). Hiei¢ation itself is a simple four step
process: Remove the acrylate coating, expose blee o UV light, preanneal, and then
recoat the fiber. To create a Bragg grating in incal fiber, one needs to generate the
required periodic pattern of UV light on the sidetbe fiber. This can be done by
splitting a UV laser beam and recombining it in fiber to form a standing wave, the
period of which depends on the angle between taenbeThrough the photo-sensitive
effect, that pattern is imprinted into the fiber asperiodically varying change in

refractive index. Changing the period merely regmichanging the angle of the mirrors.

Early demonstrations of FBG fabrication used sucimterferometric approach, but the
stability of the interference pattern could easilg compromised by mechanical
vibrations. A more reliable method for volume mauaifiring uses phase masks to

contact print the gratins. A phase mask is itsgifaing, etched in silica that diffracts.

UV light at normal incidence into the +1 and -1fidittive orders. These two orders
interfere to create the desired interference paijtest behind the mask, which is where
the fiber is placed. Typical exposure times vapnfra few seconds to a few minutes,
depending on the type and strength of grating.

2.2 Photonic Crystal Fibers

A new class of optical fiber, called photonic cafsfiber (PCF) [8] has attracted
considerable interest since their initial inventifam their unusual optical properties.
These fibers are characterized by microscopic@esrunning along the fiber thorough
the entire length of the fiber. These fibers aodtnown as microstructured fibers.
Among the interesting novel features associatedh wiese fibers are their endless
single-mode operation from UV to IR spectral regieasy tolerance for dispersion and
polarization control, possibility of obtaining lagore single mode fiber and zero group
velocity dispersion at short wavelength. Theseufiegt mean that they are the subject of
a growing research and development effort. Theiapmclex profile of microstructures
fibers leads to exceptional guiding properties Wwhicannot be obtained in the
conventional step index fibers. The structure piesia wavelength dependent effective

index for the cladding for which single mode guidarfor a large range of wavelength
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becomes possible. There is a class of PCF in whielarrangement of air holes need
not be regular and periodic fashion. These fibezsaéso referred to as holey fibers.

Figure 2.2: Photonic crystal fiber cross section

(Source- P. S. J. Russell, “Photonic crystal fiheBsience, vol.299, p.358 (2003). )

The light guidance through the microstructed fibeas take place by two different
mechanisms: average effective refractive index xnd#ect and photonic bandgap
effect. For average refractive index model, theldiag full of air holes are replaced by
a layer of average refractive index and the lighidgnce can be explained by simple
and conventional principle of successive total rimaé reflection. For this model the
array of air holes need not be regular, periodittjde-like structure. For the photonic
bandgap mechanism of light guidance through a [fiperiodic arrangements of air
holes are essential and these fibers are calletbpleobandgap fibers. In these fibers
the periodic arrangement of air holes in the clagdiegion of the fiber leads to the
formation of photonic bandgap in the transversalaf the fiber. Frequencies within
this band gap cannot propagate in the cladding axedthus confined to propagate

within the core which acts as a defect in the atissr ‘perfect’ periodic structure.

In 1991, the idea emerged that light could be tedppside a hollow fiber by creating a
periodic wavelength-scale lattice of microscopitesan the cladding glass known as a
photonic crystal. To understand how this might waxdnsider that all wavelength-scale
periodic structures exhibit ranges of angle andrc@stop bands”) where incident light
is strongly reflected. This is the origin of thdaran butterfly wings, peacock feathers,
and holograms such as those found on credit candghotonic band gap (PBG)
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materials, however, these stop bands broaden tk lgmpagation in every direction,

resulting in the suppression of all optical viboas within the range of wavelengths
spanned by the photonic band gap. Appropriatelygdesd, the holey photonic crystal

cladding, running along the entire length of theefi can prevent the escape of light
from a hollow core. Thus, it becomes possible taps the strait jacket of total internal
reflection and trap light in a hollow fiber corersaunded by glass.

In the early 1970s , there had been the suggestatna cylindrical Bragg waveguide
might be produced in which rings of high and loviraetive index are arranged around
a central core. Recently a successful solid-corsime of this structure, made using
modified chemical ( MCVD), was reported. The effsrihow heading toward a hollow
core version, an ambitious goal that requires aena$ system with much larger
refractive index constrant than the few percergrei by MCVD [9].

There are various applications of it. Among the enonportant ones, are rare-earth
doped lasers and amplifiers and sensors. Alsopaissibility of fashioning fibers from
traditionally “ difficult ” materials such as infrad glass opens up the prospect of a
single- mode fiber that could transmit 10.6 um tiglth low loss and at high powers;

this would revolutionize the field of laser maadhip

Photonic crystal fibers represent a next-generatiadically improved version of a
well-established and highly successful technoldgyescaping from the confines of
conventional fiber optics, PCFs have created aiseaace of new possibilities in a
large number of diverse areas of research and aémdyy in the process irrevocably

breaking many of the tenets of received wisdombarfoptics.

Through photonic band gap manipulation claddingemiatcan be engineered that does
not support any modes for certain frequencies,tioigdotal internal reflection. The
engineerable birefringence allows for relativelghirefractive index contrasts. This
allows a mode to be confined in a core much sm#ii@n previously possible, less than
the wavelength of the light. The current performeam single-mode optical fibers
results from many years of intensive research. dlagpears to be no reason why the
losses in Photonic Cryst&ibers cannot be reduced to or below that of stahdptical
fibers. Similar development effort could lead tglasive growth in photonic crystal

fiber technology over the coming years.
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2.3 Segmented Cladding Fibers

A new type of fiber, known as segmented claddibgrfi(SCF) [10] were proposed as
an alternative to the holey fibers for the proumsiof single mode operation over an
extended range of wavelengths. It was then shoataih SCF could be designed as an
ultra large core single mode fiber for optical commeation, which could suppress
effectively the non-linear optical effects becaoéds large core size. It also provides a
much higher transmission capacity because of itenpially weak birefringence,
compared with a holey fiber.

A SCF is characterized by the cladding with regiof high and low refractive index

alternating regularly with uniform core of high ma&étiv index. The SCF uses small
index contrast unlike holey fiber and hence exkisiime better qualities over photonic
crystal fibers. It has potentially low polarizatiomode dispersion which is essential for
high bit rate transmission. The chromatic dispersid SCF is also expected to be
similar to that of conventional fiber so that itncéde controlled by conventional

techniques. An SCF can be bare segmented cladbiegdr coated segmented cladding
fiber. For the former, the segmented cladding rsasunding by air and for the latter, the
segmented cladding of the SCF extends to infinitge effective index decreases
monotonously towards the core index and eventuatlyeeds the mode index of the
fundamental mode. An infinitely extended SCF ig¢if@re a leaky structure and all the
modes of the fiber suffer from leakage loss. Incpeca, the fiber is truncated a finite

cladding radius and coated with a high index makteA high index surrounding is

similar to that of an infinitely extended claddiagd at the same time shields the fiber

from external perturbations.
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Fig 2.3 Transverse cross-section of the SCF.

(Source- V. Rastogi and K. S. Chiang, “Propagatioaracteristics of a segmented
cladding fiber”, Opt. Lett vol.26, pp.491-496 (2001).)

24 LargeModeArea Fibers

Multimode optical fiber cannot be used for longtaixe data transmission due to the
intermodal dispersion. Fiber non-linear effectsitithe bit transfer rate for single mode
fiber because of its small core diameter. In regears, large-mode-area-fibers have
attracted our considerable interest because inredlea®de field area allows higher peak
power within the core before non-linear effects dme significant and operative.
Longer amplifier spacing can also be used for higlfffective area.

Single mode fiber with low dispersion slope andyéacore area is most desirable for
long-haul terrestrial and submarine transmissiostesy and high capacity DWDM

system. But, large mode area allows a number ofesi@d propagate. In the case of
conventional fibers, the effective area is limitedthe fact that an increasing core size
requires a correspondingly decreasing index stépdsm the core and the cladding in
order to maintain single-mode operation. This ingsosequirements on the control of

the index profile which is difficult to realize witdoping of the glass.

Knight et al. [11] showed that ultra large coregégnmode fiber can be achieved from a
holey fiber by suitably choosing the hole diameted spacing. They have fabricated a
holey fiber with a core diameter of 22.5 um, thenber of guide mode of this fiber
does not depend on core radius and wavelength.
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Mortensen et al. [12] worked on the photonic cryBbeer and found that enhancement
of mode area by 30% can be achieved without a sporeding decrease in attenuation.
They demonstrated that triangular distribution mfhele in the cladding and suitable

chose of hole diameter can improve the mode aredhenloss properties of holey fiber.

To date, most work in this area has concentratechaearth-doped optical fiber with
large mode area to improve their energy storageactexistics incompromise of gain
efficiency. A number of erbium doped fiber withdarmode area have been fabricated
which demonstrated their effectiveness as optiogpldiers and in Q-switched fiber
lasers. Yin et. Al [13] made a new design of fibarving large effective area over 100
un?’ which can be used in DWDM system for its non-zelispersion shifting

characteristics. This fiber also showed low bending splicing loss.

2.5 Raised Inner Cladding Fibers

These fibers consist of five layers of which foaydrs form the cladding. The cladding

layers have low and high indices alternatively.

The objective of this structure has low loss and thspersion at both the 1.3 pm and
1.55 um wavelengths. This fiber shows uniform disjpm properties in this

wavelength range.

Central core

Vo

= | n (refractive index)

-

Side core

A SEEEVA

n
2 R’y Rz R3 Ry r {radius)

Figure 2.3: Refractive index profile of raised inner claddiifger
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(Source -L. G. Cohen, D. Marcus and W. L. MammtRadiating leaky mode losses in
single mode lightguide and depressed index cladgdingGEE trans. J. Quant. Electron.,
vol.18, pp. 1467-1471 (1982). )

2.6 LargeMode Area Multiclad Leaky Fiber

LMA multiclad leaky fibers are used in effectivengie mode operation by large
differential leakage loss between the fundamentatlenand the higher order modes
[14,15,16]. These designs include periodically mgead high and low refractive index
segments in the angular direction of cladding adgdaindex cladding with radially

rising refractive index [17] and a cladding modepefriodically arranged low index

trenches of varying strength in an otherwise higltek medium [18].

2.7 Depressed Inner Cladding (DIC) Fibers

These fibers have two claddings and are also caledble clad fibers. Each cladding
has a refractive index that is lower than thathef ¢core. Of the two claddings, inner and
outer , the inner cladding has the lower refractiveiex. A doubly clad fiber has the

advantage of very low macrobending losses. It aEsotwo zero-dispersion points and

low dispersion over a much wider wavelength ramge & singly clad fiber [19]

Core

Outer Cladding ny Quter Cladding

Inner Cladding Inner Cladding

Fig 2.4 Refractive index profile of typical DIC fiber
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2.8 EXAMPLESOF INTEGRATED WAVEGUIDES

Refractive indices of materials employed to buidical waveguides
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Fig.2.5 Plot showing refractive index of various materiaéed in optical waveguides

(Source- Fundamentals of Integrated Optical WavigiAlejandro Martinez )

Silica (SIO,) Waveguides:
Core: doped silica; claddings: silica (n=1.45)

Advantages.mature technology, ultra-low propagation lossew, fiber coupling losses,

tuning by thermal effects.

Drawbackslarge bending radius (large size devices), weaklimearities, no

integration with active devices .
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Fig.2.6 Fabrication of optical waveguide using silica ageral
Polymer Waveguides

Core: polymer; claddings: air, lower index polymer, silica
Similar to the case of the silica waveguides.

Advantage. Some polymers can be designed to have very higlinearities-highly

suitable for nonlinear applications.

The index can be varied over a wider range.
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Fig.2.7 Cross —sectional view of Polymer waveguide
(Source- Fundamentals of Integrated Optical WawkggiAlejandro Martinez )
Lithium niobate (LiNbO3) Waveguides
Core: diffused Titaniumin LiNbOs; claddings: LiNbOs, air

Advantages. mature technology, high electro-optic effect (gleoptical Mach-

Zehnder modulators), efficient coupling to fibre.

Drawbacks: low integration density, polarization dependente mass-manufacturing
LiNbOs.

waveguide Temminator

Proton-exchanged areas

\h Ti-diffused

optical waveguide

Fig.2.8 Structure of Lithium-niobate waveguide

(Source- Fundamentals of Integrated Optical WawdggiAlejandro Martinez )
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Silicon Wires (Strip Waveguides)
Core: Slicon (n=3.5); claddings: silica, air

Advantages. Integration of on-chip electronics/photonics, masanufacturing, high

density of integration, strong confinement.

Drawbacks: propagation losses (>1dB/cm), weak nonlinearitigsgligible electro-
optic effect, inefficient coupling.

Zionm W7
I

Tum Sio,
v

5i substrate

50 nm

ﬁ/ﬂéf; !

" sioe |,
S Substrate
—_—
Wet oxidation Oxide removal:
1000'C. 43 Minutes HF dip

Fig.2.9 Fabrication of strip waveguide

(Source- Fundamentals of Integrated Optical WavkggiAlejandro Martinez )

[11-V (GaAs, InP) Waveguides
Core: n=3.5; claddings: dlightly lower than the core index

Advantages. high nonlinearities (switching functionalitiesihtégration with lasers and

detectors, low losses, high efficient couplingibef.

Drawbacks: not suitable for mass manufacturing GaAs rib waneg .
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I11-V heterostructures

2 um
0.02 pm | Cap layer
1 pum | Dg\p=3.173

2 um
pn-junctions

0.9 pm | N =3.173 /(0'2 um)

NMG“MM\HF 1.8 pm In, .,Ga, ;As sacrificial (undoped)
Al sQag shs
el *-.,.__.-"'\ InP substrate (semi-insulating)

AlGaAs/GaAs heterostructure
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Al apGap eaAs
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Fig.2.10. Heterostructure waveguide

(Source- Fundamentals of Integrated Optical WawdgiAlejandro Martinez )
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Chapter 3

L eaky channel waveguide for high-power applications

Aim of this thesis is to present a leaky channelegaide for high-power applications.
A suitable waveguide design for high-power lasesrie which can support only single-
mode for propagation even with a suitably large enatea [20]. The proposed
waveguide works on the principle ofode filtering. Waveguide has been analyzed by

EIM and TMM to calculate the leakage losses ofrtiueles.

3.1 Proposed design

The waveguide structure is characterized by a mgclar core and a geometrically
shaped cladding, which is so designed that alhtbdes are leaky. The refractive index

profile of the proposed design is shown in the3fify.and is defined as

ml; O0<y<a

n2; a<y<b

nl; b<y<c

_ | n3; c<y<d
n(r)—<n1; d<y<e 3.1

n4; e<y<f

\nl; y>f

whereny>ny>ng>n,

The high index regions 0 <y < a, b <y < c andyl<e define inner and outer cores of
the fiber, respectively. The regions a <y <b, g <d and e <y < f are depressed
cladding regions and can be defined as inner atel aladding. Outermost high index
region (y > f) makes the overall design leaky, afidthe modes suffer from finite
leakage loss. The width of different layers ararsef as d=b - a, digh=c—b, d=d -

C, thgh =e—dandg=f—e.
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Figure 3.1: Proposed Leaky structure

Proposed design with suitable design parametergerffective single-mode operation
by introducing high leakage loss to higher-orderdes while a nominal loss to the
fundamental mode. Overall design is leaky and suppofinite leakage loss to all the
modes of waveguide. Leaky cladding consists ofetlirenches of variable depth and
thickness. Depth of the trench decreases as one swway from the rectangular core.
Performance of the waveguide depends upon thededkases of the first two modes.
We have analyzed the waveguide by using effectivelex method (EIM) in
conjunction with the transfer-matrix-method (TMMy balculating the effective indices
and the leakage losses of the modes. Proposed wideetpn be fabricated in polymer
geometry by reactive-ion etching technique andxgeeted to find applications in

designing high-power lasers.
3.2 Effective Index Method

EIM is a well established method for solving regfalar-core waveguides. This method

is particularly accurate for large-core structunattis operated at a large normalized
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frequency. The idea of the method is to convertr@pmately a two- dimensional
waveguide into an equivalent one-dimensional wamkgwith an effective refractive-
index profile that depends upon the geometry of wlaeguide. Thus, the method
requires only the solutions of planar waveguideseré are two ways of applying the
method to solve the same waveguide: the x-methddtlaa y-method. We use the y-
method in which the waveguide structure is firdved in the x-direction for the TM
(TEn.1) mode to obtain a y-dependent effective-index if@ofvhich is then solved by
the TMM for the TE,.1 (TMnm.1) mode to get the propagation constant forBfig ( E,.,,

) mode, where the superscripts x and y denote oleripation of the mode and m (=
12,3, ...) and n (= 1,2,3, ...) are the mode ordEnen the TMM is used to divide the
effective-index profile into many uniform layersah of which is represented by a 2 x
2 matrix that relates the field coefficients forathlayer. By applying boundary
conditions at the interfaces of different layerspatrix equation is obtained from which

the propagation constants of the modes can be faithch root-searching algorithm.
3.3 Transfer Matrix Method

There has been considerable interest in developouyirate numerical approximate
techniques to study the propagation characterisfiedsorbing, non-absorbing or leaky
planar waveguide structures. The use of the matgthod in studying the propagation
of plane electromagnetic waves through a stratifreztlium is well known in optics.
Since a planar waveguide is nothing more than ekstd thin films, the standard
mathematical methods used in the analysis of dpticatings, such as interference
filters can be extended to include optical wavegsidn essence this method involves
determination of the transfer matrix of the systamu then using the properties of a
guided mode to obtain a characteristic equatiore 3dlutions of this transcendental
equation give the propagation constants of the sadehe waveguide. We have first
obtained the effective-index profile of the propbs#esign by using effective index
method. Then the TMM [21] is used to divide theeefive-index profile into many
uniform layers, each of which is represented by & 2 matrix that relates the field
coefficients for that layer. By applying boundagnditions at the interfaces of different
layers, a matrix equation is obtained from whioh pinopagation constants of the modes
can be found with a root-searching algorithm. Im case, the refractive index of the

outermost layer is equal to the core index, whidkes structure leaky and hence all
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the supported modes suffer from finite leakagss. The boundary condition for
outgoing wave in the outermost layer leads to arimmafjuation that admits compl
propagation constants. The real part of the prdpagaonstant gives the effecti
index of the mode, which determines the dispergiaracteristics of the structur
while the imaginary part gives the leakage losthefmode, which plays an import:
role in determining the sin-mode operation of the structure. For the deternanaif
the singlemode condition, we have compared teakage losses of first two moc

only because, in general the leakage loss increeieshe mode orde

Substrate ‘
X <
> (i+1 )th s

Ly Ly B | & £y

Ay x=dy=0 dy, i iy d,

Figure 3.2: Stair case representation of the channel leaky gtaue

To implement the TMM, the refracti-index profile of thestructure is first divided int
a large number of homogeneous layers as shownginTHie electric field in the it

layer with refractive inde n; can be written as

. :{ G cosk (x=0,)]+ Dysink (x— )] &2 >0 02

Gi coshk; (x—di,1)] + Dy sinh (x=di,y)] &7 <0
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where ki =|k;| , k2=kZ(Z-n%) ky=2n/A is the free-space

wavenumber, ander = = kO is the effective index of the mode withbeing the
propagation constant. By applying suitable boundanditions at the interface between
thei™ and {+1)" layers, the field coefficients,G;, Di, Cis1, andDis1, are related by a

2x2 matrix:

Civ1)_ (G
[DiJ ) S(DJ 53

where Si is known as the transfer matrix of thelatyer. For the TE mode, Si is given

by for

COSA,,, —(LjsinAi+l
S = kiﬂ fok? >0 (3.4)
sinA,,, ( i jCOSAm

i+1

coshA (k‘ JsinhAi+l

I+ fok? <0

sinhA,,; (k‘ jcoshAi+1

i+1

where A, =I<i(di —di+1). The field coefficients of the last layer can ledated to the

field coefficients of the first layer by simply mulying the transfer matrices of all
layers:

Chn)_ (G
(DNJ ) f[Dlj (59

wheref = Su.1Sv2 . S with

f= ( 1 flzj (3.6)

f21 f22
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In the high-index outermost layer only the outgomagve exists and in the low-index
substrate region no amplification is allowed. Thesaditions giveC; = iD; andCy =

—Dn. From Egs. (5) and (6), we can write

Cn = (f2+ifi1) D1 and Dy = (fo2+ if21) D1 (3.7)

Equating Cy and -Dy from Eq. (7), we obtain an eigenvalue equation ftioe
propagation constarg, i.e., F)) = 0. In general, the propagation constant can be
expressed a6 = f; + if5i with £, being the real part angl the imaginary part. A plot of
1/|F* with g shows a number of resonance peaks, each of whicksponds to a mode.
These peaks are Lorentzian in shape. The valyge aarresponding to the resonance
peak gives the real part of the propagation congteand the FWHM of the Lorentzian
gives the imaginary paf. In this way, both the real part and the imaginaayt of 5

can be calculated.
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Chapter 4

Result and Discussions

For the proposed leaky waveguide structure, folhguiesults are obtained which are
responsible for large mode area single mode operatsed in designing high-power
lasers and amplifiers. This section has been divid® 7 subsections to discuss all the
features of the proposed structures. In subse@idr), we have discussed the effect of
changing the trench’s width namaly andd, on the leakage losses of fundamental and
the first higher order modes present. In the nakssction (4.2), we discuss the effect
of changing core widtha’ on the leakage loss of modes. The effect of patant’ on
the leakage loss of fundamental and first highedens demonstrated in subsection
(4.3). In the subsection (4.4), an example of &sdid design with a large core area for
extended single-mode operation over the range ofeleagths (900 - 1600 nm) is
shown. In the subsection (4.5), we presented tleetaefe index profile of the proposed
design at 1550 and 900 nm. The spectral variatfomade area is shown in section
(4.6).

We have carried out numerical calculations forfdll®wing parameters:
ne=1.542ns=1.444n.=1.512,a=5um
di=4pum, b=3um, &= 5pum and gigr= 3um

h =10um, hh = 6um, b = 4pm and B = 2 um andi= 1.55um
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4.1 Effect Of The Cladding Parameters

x —
E11

Leakage Loss (dB/mm)
N
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Figure 4.1: Variation of leakage loss @&, and E5; with d;

The leakage loss of a particular mode depends @nligtance from the core at which
the effective refractive index of the cladding b®es equal to the effective index of the
mode. The larger this distance is, the smallerhis leakage loss. The differential
leakage loss depends on the relative leaking distanf the two modes. It is seen that
the leakage loss decreases with an increase wathe of trench widtld; , which is the
result of moving the leaky cladding away from tloeec So, the loss experienced by the
fundamental mode i.€f, is less compared to that of higher order miofle The

leakage loss aEf; and E3; mode starts at 2 dB/mm and 36 dB/mm respectively.
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Figure 4.2: Variation of leakage loss @&, and E5; with d
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It is clear from the above plot that the leakagesleuffered by both the fundamental
modeEY; and the first higher order modeé;, is less than in previous case ( leakage
loss of E3; starts at 21 dB/mm angf; at 0.5 dB/mm ) as the leaky cladding region
now shifts farther away the central core region, Bere is a decrease in resonant

coupling of modes.
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4.2 Effect Of Changing Core Width ‘a’
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Figure 4.3Variation of leakage loss @£, and E3; with a;

Figure 4.3 shows the effect of the core widtbn the leakage loss for= 10 um and

= 1550 nm. An increase in the core width leadstigtger light confinement in the core
and hence a lower leakage loss (using the equatien( 2t/ A)av(n? -n?)).However,

the trend reverses when the valuegfasses an optimum value beyond which the loss
starts to rise because of the effects due to dotia gap between the leaky cladding

and the core.
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4.3 Effect Of The Parametert’
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Figure 4.4: Variation of leakage loss @&, and E5; with ‘t’

The effects of the parameter 6n the leakage losses at 1550 nm wavelength hare be

plotted in Fig.4.4An increase in the value df ‘effectively decreases the core —

cladding index contrast and, thus, increases thgekof the modes.
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4.4 Extended Single-Mode Operation
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Figure 4.5: Variation of loss of Ef; and E3; with change in wavelength

It is seen from above Fig. that the effective claggrofile is highly dispersive, which
offers the possibility for extended single-moderagien. As an example, fa= 5 um,
h=10um, t = 4 um, the waveguide can exhibit extended single-mquiration. The
figure shows the variations in the leakage losskghe first two modes in the
wavelength range 900-1600 nm. In the entire waggterange, the leakage loss of the
E¥; mode is higher than that of the fundamental modemuye than an order of
magnitude. The maximum loss of the fundamental madiis wavelength range is
only 040 dBmm (at 1600 nm), while the minimum loss of tB¢ mode is 20
dB/mm (at 900 nm). The core area of thirticular waveguide is G@n”. At 1550 nm,
the leakage losses of the fundamental mode andhitfieer-order modes are.37
dB/mm and 186 dB'mm, respectively. So, waveguide of suitable lengtufficient to
strip off all the higher-order modes at this wangji.
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4 5 Effective-Index Profiles ati = 1550 nm and 900 nm
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Figure 4.6: One-dimensional effective refractive-index probletained
by the effective-index method at 1559 and 900 nm.

Figure 4.6 shows the effective-index profiless(y) calculated for two different
wavelengthst = 1550 nm and. =900 nm. The effective-index profile resembles the
leaky step-index slab waveguide . As shown in Rige,index of the cladding increases
monotonically in they-direction and eventually reaches the same valuth@fcore
index. In such a structure, the effective indexeath mode is lower than the cladding
index at a certain distance from the core and Hac®mes leaky. If the leakage losses
of all high-order modes are significantly largean that of the fundamental mode, the
structure operates effectively as a single-modeegrane. In this way, the core can be
made large to support effectively only the fundataemode. The effective indices and
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the leakage losses of the modes of the channelguades are calculated by solving the

one-dimensional effective-index profile with tharisfer matrix method.

4.6 Spectral Variation Of Mode Area Wth Wavelengh

61
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Mode Area

0.9 1 11 1.2 13 1.4 15 1.6

A (um)

Figure 4.7: Spectral variation of mode area.

The effective mode area can be calculated using

4 UEPdxdy)”
IF T [[ E*dx dy

Where E is the amplitude of the Transverse Eletigld propagating inside the
waveguide.
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The variation of mode area with wavelength is lataad below-

A (um) Mode are&pum?)

0.900 514

1.00 52.6

1.20 55.3

1.30 56.6

1.33 57.03
1.50 59.3

1.55 60

1.60 60.6

It can be noted from the table that the mode em@@ases with increase in wavelength.
Using the equation V = (72 Mav( nZ - n?), normalized frequency is inversely
proportional to wavelength.So, as the value of Wength increases, wave becomes less
confined into the core region.Some part of coréoregpreads into the cladding region,

resulting in increase in mode area.
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Chapter 5

Conclusion and Scope for Future Work

A multi-layer channel waveguide is proposed thgiports a single-guided mode with
large-mode area. Geometrically shaped waveguidé sauitable design parameters
ensure effective single-mode operation by introdgdiigh leakage loss to higher-order
modes while a nominal loss to the fundamental métes is a great advantage. Typical
design parameters shows that such a waveguidercait@ single-mode operation with
a core area as large as 106° over an extended range of wavelengths (900-16QQ nm
which can effectively suppress nonlinear opticdle@s and increase the power-
handling capacity of the waveguide. Proposed wadegcan be fabricated in polymer
geometry by reactive-ion etching technique. Thésslof waveguide is expected to find
applications in high-power waveguide lasers andliiens.

The LMA design presented in this thesis can beneldd to active materials to access
the actual device performance. Moreover, Dispersiaime resonant design can also be
studied for dispersion compensation applicationsovia design parameters such as
trench width , height and parameter ‘' can be tute obtain new LMA design with

even better integrated optics applications.
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