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ABSTRACT

The contemporary physics revolution based on discovery of electromagnetic waves has
led science and technology into new era. Development of modern technologies like
wireless communication systems, high energy particle accelerators, electron
microscopy, high precision devices and systems, active and passive microwave and
optical devices, high speed internet, sensing systems and telecommunication
infrastructure have great impact on modern society. This has been possible because of
discovery of electromagnetic waves. Electromagnetic waves in open space can
propagate in all the directions. The efficient transfer of optical energy from one point to
another can be performed using a specially designed electromagnetic structure called
optical waveguide. On the basis of geometry of the structure, waveguides one can be
divided into following two main categories.
1. Integrated optic waveguide
2. Cylindrical waveguide ( Optical Fiber)

Optical waveguides are used in many applications in integrated optics, fiber optics and
biomedical optics. Integrated optics mainly consists of planar waveguide and
rectangular waveguide and is used in optical-integrated circuits while optical fiber is
basically used in optical communication for data transmission at high bit rate over long
distances. In integrated optics rectangular waveguides have used for applications in
optical modulator, optical amplifier, optical switches, wavelength filters, laser, and
refractive index sensors. Optical fibers are used for applications which include optical
telecommunication, optical amplifiers, fiber sensors, fiber lasers, delivery of high power
laser pulses, refractive index sensors and fiber optic devices and components such as
directional coupler, wavelength filter, dispersion compensating fibers and dispersion
flattened fibers. All these applications require designing waveguide in some specific
geometry and refractive index profile. The structures used in general have several layers
of materials of different refractive indices and specific thicknesses. This thesis presents
various multilayer novel designs in cylindrical and rectangular geometries for specific
applications. In particular we present multilayer designs for dispersion management,
refractive index sensing and improving light extraction in organic light emitting diodes.

All these waveguide structures have been designed by tailoring refractive index of



waveguides in core and cladding regions to achieve specific characteristics according to
the requirement of application.

Segmented core fibers having non-zero positive, non-zero negative and near-
zero ultra-flattened dispersion with small dispersion slope and ultra-large effective area
over a wide spectral range has been presented. Transfer matrix method has been used to
analyze the structure. The designs consist of a concentric multilayer segmented core
followed by a trench assisted cladding and a thin secondary core. The central segmented
core helps in maintaining desired dispersion over a wide range of wavelength. The
second core of the fiber helps in achieving ultra-large effective area and trench assisted
cladding reduces the bending loss. Designed fibers show very small bending loss. We
report breakthrough in the mode area of the single mode optical fiber with ultra
flattened dispersion and low dispersion slope. These characteristics of the fiber make it
an attractive candidate for DWDM optical communication system.

The idea of multilayer structure is also extended to design fibers for delivery of
ultrashort laser pulses. Three layered fiber structure and segmented cladding fiber have
been designed for delivery of femtosecond laser pulses. Effective index and field profile
of modes of the fibers have been calculated using transfer matrix method. Pulse
propagation through the fibers has been studied using split-step Fourier method.
Distortion-free propagation of the pulse has been achieved by keeping ratio of
dispersion to nonlinear length close to 1 in both the fibers. The modal purity in the fiber
structures have been maintained by leaking out HOM except LP1;. Mode stability has
been ensured by sufficient mode spacing between LPy; and LP;; modes ensure mode
stability. Design of the fibers ensures no intermodal coupling, low bending loss, and
high fabrication tolerances while maintaining large-mode-area. Fibers can be fabricated
using modified chemical vapor deposition technique. Whereas for fabrication of
segmented cladding fiber in silica glass a technique has been developed and is presented
in thesis. We have optimized design of large mode area segmented cladding fiber with
effective single mode operation. Fiber has been fabricated using modified chemical
vapor deposition technique at CGCRI Kolkata. Fiber has been fabricated with 45 pum
core diameter and 125 um as the outer diameter. Characterization of the fiber at 1T
Roorkee has shown mode filtering effect.

Another application of multilayer design as a refractive index sensor in
cylindrical geometry has been presented. The design of a refractive index sensor is

based on depressed index clad fiber. We utilize variation of leakage loss with variation



in refractive index of outermost layer of waveguide (analyte) to design a simple,
compact, low cost and ultra high sensitive refractive index sensor. Different regions of
leakage loss curve to have been used to design sensors in different ranges, with different
index resolutions, and for specific applications. The practical realization of the sensor
requires etching of some portion of the cladding of the fiber and does not require any
costly methods of wavelength or polarization interrogation. Fiber can be easily
fabricated using standard modified chemical vapor deposition technique. However, fiber
is too fragile to handle and the quantity of analyte to sense refractive index is also
larger.

We extended the idea to design a miniaturized sensor using planar geometry of
the waveguide. We have presented a simple, compact, low cost and highly sensitive
refractive index sensor based on single mode leaky planar waveguide. An optical
waveguide deposited on glass substrate has been proposed to construct the sensor. In
this structure cytop works as guiding layer while teflon forms the cladding layers.
Propagation of light in cytop layer is strongly affected by the refractive index of
external medium placed on top of teflon layer. If the refractive index of the medium is
close to or greater than that of cytop then there is leakage of power from cytop layer to
external medium which affects the transmittance of the waveguide. The structure can be
designed to have strong variation in transmittance with the refractive index of external
medium, and thus, can be utilized as highly sensitive refractive index sensor for
biomedical applications. In this chapter we have carried out the design strategies of such
a refractive index sensor for various biological and chemical applications. We have
designed a sensor with index resolution of the order of 10~ Fabrication of the sensor
can be carried out by using cost effective spin coating technique. Long range, high
sensitivity, simple manufacturing process and compactness make the sensor attractive
for diverse applications.

We have extended the applications of multilayer structures to organic light
emitting diode to increase its efficiency. Extraction efficiency of conventional organic
light emitting diode structure has been increased by inserting a low index layer of
polymer Teflon between glass substrate and 1TO. This low refractive index layer helps
in breaking wave guidance of modes. Such a structure helps in leaking out more power
into the glass substrate from organic and ITO layer. We show around 15% increment in

extracted power at 442-nm wavelength and 29% increment at 539-nm wavelength, and



3 % at 620-nm wavelength. Fabrication of the structure can be done using very cost
effective spin-coating technique.

Future work coming out of this thesis is also discussed in brief.
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Chapter 1 Introduction

CHAPTER-1

Introduction

An optical waveguide is a physical device that guides electromagnetic waves in optical
spectrum. In 1864, a Scottish physicist J.C. Maxwell for the first time predicted
theoretically the electro dynamical formulation of wave propagation through space in
his mathematical derivation of electromagnetic field.

Figure 1.1 Portraits of Scottish Physicist J.C. Maxwell (left) source:
http://www.clerkmaxwellfoundation.org/html/picture_viewer_10.html and German

Physicist H.R. Hertz source: http://www.nndb.com/people/419/000072203/
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In 1888, an experiment was performed by a German Physicist H. R. Hertz, using a spark

gap oscillator and proved Maxwell’s theory to be correct. Electromagnetic waves are the
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wave which are created by vibration of electric charge and consists of transverse electric
and magnetic components which are perpendicular to each other. Electromagnetic
waves propagate in a direction perpendicular to electric and magnetic field and can
carry their energy and information from one point to other.

The contemporary physics revolution based on discovery of electromagnetic waves, has
led science and technology into new era. Development of modern technologies like
wireless communication systems, high energy particle accelerators, -electron
microscopy, high precision devices and systems, active and passive microwave and
optical devices, high speed internet, sensing systems and telecommunication
infrastructure have great impact on modern society as shown in Fig. 1.2. This has been
possible because of discovery of electromagnetic waves. Waves in open space
propagate in all direction as spherical waves and hence they loose their energy. The
efficient transfer of energy from one point to another can be performed using a specially
designed electromagnetic structure called optical waveguide. Waveguide was first
referred to as light piping in 1880 by Wheeler, which is now known as optical fiber [1].
Initially waveguides were made of metal only however later it was realized that
electromagnetic waves can be guided through dielectric material also. Active study in
propagation of electromagnetic wave in metal and dielectric guiding medium came out
as a fundamental branch of electromagnetism. Waveguides can be broadly classified as
close waveguide and open waveguide. In case of closed waveguide, field is confined in
the inner region. In closed waveguide inner and outer regions are well defined and are
isolated from surrounding. These waveguides have metallic shielding and
electromagnetic field is therefore sharply confined within the core of the waveguide.
These waveguides have metallic boundary with the surrounding so no field goes out to
the surrounding. The wave is guided by the phenomenon of total internal reflection
within the waveguide. A physical structure having longitudinal axial symmetry and
unbounded cross-section and is able to guide electromagnetic waves is called an open
waveguide. In an open waveguide electromagnetic field in cross-section is not confined
to a limited region of space but it extends upto infinity. Both types of electromagnetic
waveguides can be analysed by solving Maxwell’s equation by applying suitable
boundary conditions which are determined by materials of obtained which are defined
as eigenfunctions of the system [2]. These multiple solutions of the equation are called
modes of the waveguide and these modes have their own propagation constant. Each
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mode has its own cutoff frequency below which it ceases to exist. The modes in closed
waveguides have purely real propagation constant which are called guided modes.
Whereas open waveguides have guided modes and leaky modes, leaky modes are the
modes which have complex propagation constant. So when an electromagnetic wave
propagates through any waveguide either it will be leaky or purely guided.
Mathematically, leaky waves are improper as radiation condition at infinity is violated.
We have studied the behavior of electromagnetic wave within very simple geometry. If
we change the geometry of the film or add more slabs of different materials in the
device then waveguide is termed as multilayer waveguide as it is made of different
media. Incident waves may be totally guided or leaky, which depends on the refractive
index and geometry of various layers of multilayer waveguide [2]. Analysis of these
waveguides can be carried out using Maxwell's equations [3]. Waveguides with many
slabs or we can say with many refractive index layers are useful in various applications
because of unusual behavior in terms of dispersion characteristics, transmission
characteristic, cut off wavelengths etc. The basic structure of multilayer planar
waveguide is shown in Fig. 1.3. The waveguide consists of five layers having different
refractive index in each layer. Light propagation in the waveguide is in z direction and
variation in refractive index is in x direction. These waveguides can be used for many
applications like optical modulator, optical amplifier, optical switches, wavelength
filters, laser, refractive index sensors etc.

Multilayer cylindrical waveguide in cylindrical coordinate is depicted in Fig. 1.4. The
structure of this fiber is different from that of conventional fiber but analysis of the fiber
can be done with the same method as that of conventional fiber by solving Maxwell's
eqgn. and applying suitable boundary conditions at each layer. But complexity of the
design increases if variation in refractive index in structure is in angular direction also.
The analysis of these types of structures can be done by generating effective refractive
index profile and then solving Maxwell's equations for effective refractive index profile
by employing appropriate boundary conditions. Numbers of layers as well as other
parameters of the fiber are chosen according to application. There are many kinds of
multi-layer fibers; these fibers give flexibility in refractive index to achieve desired
unusual characteristics for specific applications. Multilayer fiber structures have been

used for many applications which include large mode area fiber, fibers for delivery of
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high power pulses, dispersion compensating fibers, dispersion flattened fiber, refractive

index sensor and many more other applications [4].

Figure 1.3 A schematic representation of multilayer planar waveguide.

1.1 Applications of multilayer cylindrical waveguides

1.1.1 Dispersion flattened fibers

In communication system dense wavelength division multiplexing (DWDM) has
come into existence to increase transport of data over long or metro distances. Standard
silica fibers have some limitations while employing this technique. The main two
drawbacks of standard silica fiber are basically related to dispersion and nonlinear
effects. In a conventional silica optical fiber value of dispersion increases with
wavelength therefore different channels suffer from different amount of pulse
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Figure 1.4 Geometry of multi-layer optical fiber
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broadening. Different alternatives to conventional fiber have been proposed to
overcome the problem [5-11]. One of the alternatives is multi-layer fiber structures.
Varshney et al. have proposed a fiber structure having flat modal field accompanied
with positive dispersion and small dispersion slope in spectral range 1.53-1.61 um. In
this fiber they have reported effective area of 56.1 um?® at 1.55 um wavelength. They
have shown dispersion of the fiber ranging from 2.7 to 3.4 ps/km/nm in the wavelength
range 1.53-1.61 um [5]. However, the mentioned wavelength range of the fiber does not
cover the entire S+C+L band. Tian et al. have proposed ring index profiles represented
as Rl and RII triple-clad optical fibers with effective area varying from 95 to 118 um? in
wavelength range 1.54-1.62 um. The reported maximum total dispersion and dispersion
slope in the aforementioned wavelength range are 4.5 ps/km/nm and 0.006 ps/km/nm?
respectively [6]. Okuno et al. have reported a fiber having negative dispersion of about
—8ps/km/nm over the entire S+C+L band [7]. However, the reported mode area is small.
Recently Rostami et al. have proposed a modified W-type single mode optical fiber with
ultra low dispersion, dispersion slope and ultra high effective area. They show very
small dispersion varying from 0.1741 to 0.9282 ps/km/nm within the spectral range of
1.460-1.625 pm. Dispersion slope and mode area reported by them in the
aforementioned wavelength range are [(=0.011)-(0.0035)] ps/km/nm? and [103.56-
232.26] um? respectively. In their structure they have achieved all these features by
introducing extra depressed cladding layers in W-type fiber [8]. In present thesis we
have presented a segmented core dispersion flattened fiber which is capable to be
designed as (i) small positive-non-zero dispersion flattened fiber, (ii) small negative-
non-zero dispersion flattened fiber, and (iii) near-zero dispersion flattened fiber. The
designed fibers show ultra low dispersion slope, ultra large mode effective area and

small bending sensitivity over the S+C+L band.
1.1.2 Delivery of ultrashort laser pulses

Ultrashort pulses (USPs) are now used in variety of applications in science and
technology such such as femtochemistry, frequency combs, multiphoton fluorescence
microscopy. Therefore, it is required to transport these pulses with some suitable
medium while retaining their basic properties like pulse duration and peak power. An

optical fiber can be the best choice to realize this task. However, propagation of USPs
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through small core standard silica fiber leads to significant nonlinear effects and
dispersion which lead to deformation of pulses. To circumvent this problem researchers
have used specialty fibers such as photonic crystal fibers (PCFs) or photonic band gap
fibers (PBGs) [12-17], OmniGuide fibers [18], multi-mode high dispersion fibers [19],
rigid glass rod type fibers [20] and higher-order mode fibers [21, 22]. Glass rod type
fibers have drawn much attention because of large mode area with low susceptibility to
mode coupling. However, these structures are not suitable for long length devices
because of difficulty in compact packaging. PCFs can be designed with a large
differential leakage loss between fundamental mode (LPy;) and LP;; mode, and
therefore, can give higher modal purity at the output. However, modal coupling remains
an issue with the PCFs [22]. The largest mode area reported in PCFs is approximately
1400 um?. Hollow core photonic bandgap fibers can be the promising choice because
optical nonlinearities are reduced by a factor of 1000 compared with silica-core fibers.
However, the guidance of the laser beam through the hollow core negates the possibility
of constructing a distributed amplifier by incorporating rare earth dopants. Recently, the
higher-order-mode (HOM) fibers with the very large mode area and low susceptibility
to mode coupling emerged for USP delivery, however, they require selective higher-
order-mode excitation using a long-period grating [21, 22]. In this thesis we have
presented a design of three layered fiber structure and segmented cladding fiber (SCF)
for delivery of high energy fs-pulses through the fundamental mode of the fiber. Three
layered fiber structure has been designed to deliver USPs at 1.55 um wavelength
whereas SCF has been designed to deliver USPs at more than one wavelength.

Development of technology for fabrication of SCF has also been reported.
1.1.3 Refractive index sensors

Measurement of refractive index of various biological and chemical samples is
important for detecting several physical and biological parameters. An optical fiber
refractive index sensor provides a good alternative for a compact lightweight and highly
sensitive refractive index sensor. An optical fiber refractometer is also suitable for
remote sensing and in otherwise inaccessible places. In addition, it can be employed to
sense polymer or liquid composites [22-46]. The quantity of sample required to carry
out the measurement can also be very small. Currently, fibers having metal coating [25,
26] and fiber Bragg grating (FBG) are being widely studied as highly sensitive
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refractive index sensing devices for biological and chemical samples [29-31]. Tapered
fibers and fibers employing stripped-off cladding have also been used as another
alternative for refractive index sensors [33, 44]. Long period grating (LPG) and
untapered fibers having thin films coating over full cladding of fiber are also used as
refractive index sensors [34-42]. Villatoro et al. have reported core diameter mismatch
based low cost refractive index sensor [44]. The sensor has been formed by splicing a
small section of single mode fiber (SMF) to a multimode fiber. Recently, a low cost
core diameter mismatch based fiber sensor has been reported [45]. The choice of
technique employed is a tradeoff between fabrication cost, practicality, robustness,
simple manufacturing processes, sensitivity, and sensing range. Here we present an
optical fiber sensor that combines simplicity, compactness, high resolution, low cost and
competitive sensing range. The sensor is based on a depressed index cladding (DIC)
type leaky fiber. Leakage loss in such fibers can be highly sensitive to the variations in

refractive index of the outermost leaky layer.
1.2 Applications of multilayer planar waveguides

1.2.1 Refractive index sensors

Refractive index sensors based on conventional optical fiber are difficult to
handle because of fragile nature of the fiber. Fiber structures specially designed for the
purpose with special geometry can be the solution of the problem however fabrication
process of the complex designs is not so simple and cost effective. To overcome the
problem various types of integrated optical sensor have been described including
interferometric, refractrometric, evanescent field, fluorescent or absorbance based
sensors, and surface-plasmon resonance based sensors [47-52]. The choice of technique
employed is a tradeoff between fabrication cost, practicality, robustness and simple
manufacturing processes. Although some of the refractometric biosensing systems have
been commercially successful but their use has been mostly limited to research
laboratories due to their cost and complexity. We have designed a leaky planar

waveguide based refractive index sensor which is simple, compact and cost effective.
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1.2.2 Extraction of light in Organic light emitting diodes

Another important area where multilayer planar structures can find applications is
light emitting diode (LED) lighting. Organic light-emitting diodes (OLED) have drawn
much attention because of their advantages such as low power consumption, high
contrast, high brightness, low cost and their promising applications in flat panel
displays, illumination, domestic solid state lighting etc. Radiative decay of molecular
excited state is responsible for light generation mechanism in OLED. But a most of the |
light is lost inside the device because of different mechanisms. A major issue in OLED
is its poor light extraction efficiency which is defined as defined as the number of
generated photons coming out of the device per number of photons generated in the
device. A large fraction of generated light approximately 40% is coupled to surface
Plasmon polaritons generated at metal/organic interface and is lost [53]. Due to total
internal reflection at glass/ITO interface 15% of the light is lost in guided modes.
Approximately 23% of generated photons are lost at substrate/air interface by total
internal reflection. Roughly 20% of generated photon in organic layer is extracted out
from the device [53]. However approximately 80 % of light is lost due to poor
extraction efficiency. Many approaches have been described in literature to increase
performance of OLED. The ratio of total number of generated photons in organic layer
to the number of injected electrons defines the internal quantum efficiency of OLED
which is only 25%. However by harvesting both singlet as well as triplet excitation
states using electrophosphorescent materials the internal quantum efficiency of OLEDs
can be achieved near 100%. Back texturing of the glass substrate can be an alternative
to avoid light propagation in substrate modes and can lead to increase in extraction
efficiency [54]. High index substrate can also be used to increase extraction efficiency
[55]. However, high index substrate can lead to high index contrast between substrate
and air. Micro lenses and periodic micro structures can also be inserted to couple the
guided modes power to useful power radiation modes [56-62]. However the process to
fabricate micro-lenses and periodic structures is cumbersome and expensive. Another
important technique to out couple the guided mode power is the use of grating coupler,
where a grating is employed to avoid refractive index mismatch between high index and
low index layer which prevents coupling of radiation modes to guided modes [63].

Patterned ITO electrode coated with PEDOT: PSS (a low index polymer) also increases
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the external quantum efficiency. The patterning of ITO can be done using
photolithographic steps or micro-contact printing. Low index materials grids have also
been used between ITO and organic layer interface [64, 65]. Standard photolithographic
method can be used to embed these grids at ITO/organic layer interface. Insertion of
aerogel layer between glass and ITO in conventional OLED structure can avoid
coupling of power to substrate modes [66] and results in significant enhancement in
external quantum efficiency. However, this method is accompanied by change in
radiation pattern and exhibits an undesirable angle dependent emission spectrum and
also involves complex processing methods. Silica aerogels are hydrophilic in nature and
absorb moisture easily and suffer a structural change which results in degradation of the
device. In this thesis we have proposed to enhance the efficiency of OLED by inserting
low refractive index material between glass substrate and ITO. Such a structure can help
in leaking out more light which is subsequently available for extraction from the organic
and ITO layer.

The work of thesis has been divided into eight chapters. First chapter is
introduction which describes the motivation for specialty multi-layer waveguide designs
such as segmented core fiber, segmented cladding fiber, multi-ring large mode area
fiber, three layered w-fiber, multi-layer planar waveguide and OLED structure. The
chapter also includes the state of art of these structures or applications. This thesis
presents various novel designs in planar and cylindrical geometry to achieve flattened
dispersion with large mode area, very large mode area fiber for delivery of ultra-short
laser pulses, highly sensitive refractive index sensor to sense biological and chemical
samples. In addition multilayer OLED structure has been proposed to increase its
efficiency. Proposed structures have been analyzed using established numerical methods
such as transfer matrix method (TMM).

In chapter 2, we have discussed designs of segmented core fibers having small
positive, small negative and near-zero ultra-flattened dispersion with small dispersion
slope and ultra-large effective area over a wide spectral range. The designs consist of a
concentric multilayer segmented core followed by a trench assisted cladding and a thin
secondary core. The central segmented core helps in maintaining desired dispersion
over a wide range of wavelength. The second core of the fiber helps in achieving ultra-
large effective area and low index trench in the cladding reduces the bending loss.
Designed fibers show very small bending loss. We report breakthrough in the mode area

10
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of the single mode optical fiber with ultra flattened dispersion and low dispersion slope.
These characteristics of the fiber make it an attractive candidate for DWDM optical
communication system.

In chapter 3 we have presented large mode area fiber designs for delivery of
ultra-short laser pulses. We have presented three layered fiber structure and segmented
cladding fiber for delivery of femtosecond laser pulses. Pulse propagation through the
fibers has been studied using split-step Fourier method. Distortion-free propagation of
the pulse has been achieved by keeping ratio of dispersion to nonlinear length close to 1
in both the fibers. The modal purity in the fiber structures has been maintained by
leaking out all the higher order mode (HOM) except LP1; mode. Mode stability has
been ensured by sufficient mode spacing between LPy; and LP1; modes. Design of the
fibers ensures no intermodal coupling, low bending loss, and high fabrication tolerances
while maintaining large-mode-area. Fibers can be fabricated using modified chemical
vapor deposition technique.

Chapter 4 contains fabrication of segmented cladding fiber in silica. We have
optimized the design of SCF for large mode area application and has been fabricated
using modified chemical vapor deposition technique at CGCRI Kolkata. Fiber has been
fabricated with 45 um core diameter and 125 um as the outer diameter.

In chapter 5 we present the design of a refractive index sensor based on
depressed index clad fiber. We utilize variation of leakage loss with variation in
refractive index of outermost layer of waveguide to design a simple, compact, low cost
and ultra high sensitive. We utilize different regions of leakage loss curve to design
sensors in different ranges, with different index resolutions, and for specific
applications. One of such designed sensors works in the range 1.457325 to 1.457350,
which corresponds to the refractive index of jojoba oil. The resolution within this range
is of the order of 4 x 107" which is the finest resolution of the sensor. The fabrication of
the sensor requires etching of some portion of the cladding of the fiber and does not
require costly methods of wavelength or polarization interrogation.

In chapter 6 we have proposed a simple, compact, low cost and highly sensitive
refractive index sensor based on single mode leaky planar waveguide. An optical
waveguide deposited on glass substrate has been proposed to construct the sensor. In
this structure cytop works as guiding layer while teflon forms the cladding layers.
Propagation of light in cytop layer is strongly affected by the refractive index of

11
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external medium placed on top of teflon layer. If the refractive index of the medium is
close to or greater than that of cytop then there is leakage of power from cytop layer to
external medium which affects the transmittance of the waveguide. The structure can be
designed to have strong variation in transmittance with the refractive index of external
medium, and thus, can be utilized as highly sensitive refractive index sensor for
biomedical applications. In this chapter we have carried out the design strategies of such
an refractive index sensor for various biological and chemical applications. We have
designed a sensor with index resolution of the order of 10™°. Fabrication of the sensor
can be carried out by using spin coating technique. Long range, high sensitivity, simple
manufacturing process and compactness make the sensor attractive for diverse
applications.

In chapter 7 we have extended the applications of leaky structure to organic light
emitting diode to increase its efficiency. Extraction efficiency of conventional OLED
structure has been increased by inserting a low index layer of polymer Teflon between
glass substrate and ITO. This low refractive index layer helps in breaking wave
guidance of modes. Such a structure helps in leaking out more power into the glass
substrate from organic and ITO layer. We show 14% increment in extracted power at
0.442-um wavelength and 27% increment at 0.539-um wavelength, and 3 % at 0.633-
um wavelength is Fabrication of the structure can be done using very cost effective
spin-coating technique.

In chapter 8 we have presented concluding remarks and scope for future work.
In thesis we have presented multi-layer fiber and waveguide designs. Designs have been
carried out for ultra-short laser pulse delivery, for sensing refractive index of biological
and chemical samples, to enhance efficiency of organic light emitting diode. We have
also presented multi-ring fiber designs for high power applications and for flattened
dispersion. Fabrication and characterization of segmented cladding fiber in silica core

has also been presented.
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CHAPTER-2

Large Mode Area Dispersion Flattened

Fiber"

2.1 Introduction

The communication system based on the dense wavelength division multiplexing
(DWDM) has come into existence after the successful development of broadband
erbium doped fiber amplifiers (EDFAs) [68-76]. Optical fiber is a medium to realize
the task of DWDM and has two basic problems which must be addressed for having
reliable data transmission. These drawbacks are basically related to dispersion and
nonlinear effects. In a conventional silica optical fiber value of dispersion increases with
wavelength therefore different channels suffer from different amount of pulse
broadening. Dispersion compensators can be used alternative for periodic reshaping the
signal after a suitable length of the fiber [77-84]. But in optical network the placement
of dispersion compensating module increases the cost of the system. Furthermore, the
loss added by dispersion compensating module increases effective noise figure of the
system and different optical channels in a fiber undergo different amount of
accumulated dispersion. To overcome this difficulty, fibers with small finite dispersion

and dispersion slope have been proposed [5-11].

* A part of the results presented in this chapter have been reported in a research publication:

B. Hooda and V. Rastogi, “Segmented-Core Single Mode Optical Fiber with Ultra-Large-Effective-Area,
Low Dispersion Slope And Flattened Dispersion For DWDM Optical Communication Systems”, PIER B,
vol. 51, pp. 157-175, 2013.
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Another problem in conventional optical fibers is its small effective area, which leads to
nonlinear effects like self phase modulation (SPM) and cross-phase modulation (XPM).
XPM limits the number of different wavelength signals that can be transmitted through
the fiber. Therefore, there is a need of suitable transmission medium for high data rate
optical communication system employing DWDM. The maximum distance a signal can
travel also depends on the choice of optical transmitter and its characteristics. Different
types of optical transmitters like directly modulated distributed feedback lasers (DMLs),
electro-absorption modulated distributed feedback lasers (EA-DFBs) or externally
modulated lasers using Mach-Zehnder LiNbO3; modulators (MZ) can be used. Recently,
low-cost DMLs have attained much attention [7]. Negative dispersion fibers can balance
the positive chirp characteristic of directly modulated laser (DML) transmitters and can
enhance transmission distance. To achieve this, suitable refractive index profiles of the
fibers which lead to small dispersion, dispersion slope and large effective area have
been developed [5-11]. Here we review some of dispersion flattened designs. Hatayama
et al. have reported dispersion flattened fiber with effective area more than 50 pm?.
However the bandwidth that could be achieved is small for DWDM applications [85].
Lundin has presented a design of single mode W fiber which shows flattened dispersion
over the wavelength range 1.25-1.60 um. The root mean square value of the chromatic
dispersion over the aforementioned wavelength range in this design is less than 1
ps/km/nm. However the small core radius of the fiber results in small effective area and
restricts its application in DWDM long-haul optical communication system [11].
Varshney et al. have proposed design of a flat modal field fiber with positive dispersion
and small dispersion slope over the wavelength range of 1.53-1.61um. In this fiber they
have reported effective area of 56.1 um? at 1.55 um wavelength. They have shown
dispersion of the proposed fiber as 2.7-3.4 ps/km/nm within the wavelength range of
1.53-1.61 um. The dispersion slope of the designed fiber at 1.55 um wavelength is 0.01
ps/km/nm? [5]. However, the wavelength range of the fiber does not cover the entire
S+C+L band. Tian et al. have proposed ring index profiles named RI and RII triple-clad
optical fibers with effective area ranging from 95-118 um? in the spectral range of 1.54-
1.62 um. The reported total dispersion in the aforementioned wavelength range are 4.5
ps/km/nm and 0.006 ps/km/nm? respectively [6]. The wavelength range reported by
them also does not cover the entire S+C+L band. Okuno et al. have reported a fiber

having negative dispersion of about —8ps/km/nm over the entire telecommunication
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band [7]. However, the reported mode area is small. Recently Rostami et al. have
proposed a modified W-type single mode optical fiber with ultra low dispersion,
dispersion slope and ultra high effective area. They show very small dispersion varying
from 0.1741-0.9282 ps/km/nm in the spectral range of 1.460-1.625 um. Dispersion
slope and mode area reported by them in the aforementioned wavelength range are
[(-0.011)-(0.0035)] ps/km/nm? and [103.56-232.26] pum? respectively. In their structure
they have achieved all these features by introducing extra depressed cladding layers in
W-type fiber [8].

In this chapter we present a segmented core dispersion flattened fiber which is capable
to be designed as (i) small positive-non-zero dispersion flattened fiber, (ii) small
negative-non-zero dispersion flattened fiber, and (iii) near-zero dispersion flattened
fiber. The designed fibers show ultra low dispersion slope, ultra large mode effective
area and small bending sensitivity over the S+C+L band. We have organized the chapter

as follows:

Theory to calculate modes, dispersion, bending loss and splice loss has been
discussed in section 2.2. Fiber design has been discussed in section 2.3 The designs of
the proposed fiber and performances of the fiber through our simulation results are
discussed in Section 2.3. Feasibility of fiber fabrication has been discussed in section
2.3. Compatibility of the designed fiber with other optical fiber based components has
been discussed in section 2.4. Sensitivity analysis of the structural disorders on the
performance of the fiber has been presented in section 2.5. Concluding remarks are

presented in section 2.6.
2.2 Theory

2.2.1 Transfer matrix method:

We have used transfer matrix method (TMM) for modal analysis of the designed fiber
[86]. TMM is a very powerful technique for solving any arbitrary refractive-index
profile of the fiber and is easy to implement. In TMM arbitrary refractive index profile
of the fiber is divided into homogeneous layers using stair-case approximation. A
radially symmetric refractive-index profile having N layers of refractive indices nj, n,,
N3...... nn is shown in Fig. 2.1. Radial part of mode field in i"" layer can be described by

the following equation using scalar approximation:
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and the total modal field is represented by

coslg
sinlg

R(r,¢,z,t)=1//(r)[ }expi(wt—ﬂz); I=1,2,3,... (2.2)

Where / represents azimuthal mode number and S represents propagation constant of

the mode. Here we will discuss in detail the solution for / = 0, however the procedure is

same for / # 0 modes also. For / =0 Eq. (2.1) becomes:
2
r? d—“z’+ Y L Hn = By =0 (2.3)
dr dr

The solution of the above equation can be given by Bessel functions. In guiding region,

where S° <k,’n? solution of above mentioned equation is given by:
w(r)=AJdy(kr)+BY,(kr) (2.4)

Where A; and B; are field coefficient in i layer. For % > ky’n,’, the general solution of
Eq.(2.3) in gth region is given by

w(r) = A K, (74 + Byl (7yr) (2.9)
where

k2=kn?=B% v =B k0, .

By applying appropriate boundary conditions which require w and dy/dr must be

continuous at each interface. Field coefficients of (i+1)" layer and its preceding (i™)

layer can be related by a 2x2 matrix as given below:

oo el .

Where aj, b; cjand d; can be easily calculated by multiplication of two 2x2 matrices
involving Bessel and modified Bessel function [87]. The field coefficients of the first
and the last layer (N) of the structure can be easily connected by simply multiplying the

transfer matrices of all the intermediate layers.
[AN}{SM Sﬂﬂ 2.7)
BN S21 S22 Bl
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Where Si1, Si2, Sz1 and Sy, are elements of transfer matrix which is the product of
various 2x2 matrices. For guided modes S > kon; as the field has finite value at r = 0
and r = oo, therefore B; = 0, and By = 0 which implies Sy, = 0, which is eigen value
equation. Therefore, by scanning S,; (f) on the fS-axis, propagation constant of the mode
can be obtained. If refractive index of inner cladding of the fiber is smaller than that of

outermost cladding then in that case fundamental mode of the fiber becomes leaky. For

S
nn
Ny
[ Nj
Bn n Al
3
B
NN-1

r

Figure 2.1 Stair case representation of a radially symmetric arbitrarily shaped fiber

a leaky mode, S < kon; and represents a purely outgoing wave where n; is the refractive
index of outermost cladding. Therefore, a linear combination of Jo(k.r) and Yo(k.r)
should be chosen in such a way that it describes an outgoing wave. In that case

A1 =B (2.8)
Therefore, from the Eq. (2.8) we have

An = A1 (S11 +iS12) (2.9)

Bn = A1 (Sa1 + 1S22) (2.10)

In the innermost region, the boundary condition that the field should be finite at r =0
gives a complex eigenvalue equation By(5) = 0. Scanning of |]/BN (,B)|2 along the real g

axis gives several peaks that are Lorentzian in shape. The position of Lorentzian peak
corresponds to real part of g of modes and corresponding full widths at half maxima

(FWHM) gives imaginary part of modes. Real part of propagation constant gives the
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information about the effective indices of modes while leakage losses can be calculated

from the imaginary part. Leakage loss can be calculated by using the following formula:
Leakage loss = 20*0.4343*neffim*k

Where neffim = imaginary part of effective index.

2.2.2 Dispersion

Material response to interaction of electromagnetic waves with bound electrons of
dielectric depends on optical frequency w. This property is referred to as chromatic
dispersion. The cause of chromatic dispersion is characteristic resonance frequencies at
which medium absorb electromagnetic radiation. In propagation of short optical pulses
fiber dispersion plays a critical role as spectral components of the pulse travel with
different speeds. A temporal pulse propagates with group velocity vq given by following

equation [88]:

1
" (dk/do) (211)
Where
k() :%n(a)) (2.12)

Mathematically, effect of fiber dispersion is taken into account by expanding

propagation constant £ in Taylor series about central frequency (o) of pulse spectrum.

ﬂ(a))=n(w)%=ﬂ0+ﬂ1(a)—a)o)+%ﬂ2(a)—a)o)z+ ...... (2.13)
Where
_(d"B _
ﬁm_(dme (M=01,2.....) (2.14)

Parameters 1 and /5 are related to n(w) and using Eq.(2.11) and Eq.(2.12) are given as:

5 :izl(nmﬂj (2.15)

v, ¢C do
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S represents group velocity and g, represents group velocity dispersion. Light
transmission through the single mode fiber undergoes material and waveguide

dispersion. Total induced dispersion (D) in ps/lkm/nm is defined as:

o 44 __ Adhn,
di ¢ da?

(2.16)

Where c is the velocity of light in free space and A is the free space wavelength.

2.2.3 Effective area

Another optical property of the fiber which describes the power density within the fiber

is mode effective area (A ). Nonlinear effects in the fiber strongly depend on A . We

have calculated A of the fiber by using the following relation [89].
o 2
27Z|:”l//(l’)|2 rdr}
0

L 2.17)
j|1,//(r)|4 rdr

Ay =

The mode field diameter (MFD) of the fiber has been calculated using the Peterman Il

method using MFD = 2w, [89] where

2“|z//(r)|2 rdr}
W12 =— Od
I V;Er)]zrdr

(2.18)

2.2.4 Bending loss:
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The radiative loss caused by bend when bending radius is much larger than the diameter
of the fiber is defined by macrobending loss and has been computed using the following
relation[90]:

. 3 ﬁa—g)wdr}
10 [ v ] exp£_4RWVZMJ . (2.19)

amacro -
log,10( 16aR W*®

Where R, is bending radius and a is core radius of the fiber. Other parameters appearing

in Eq. (2.19) are given as:

V =k,ayn? —n? (2.20)
W = a«fﬂz —kZn? (2.21)

2_ 2
g="0 (2.22)
r]max - r\min
A= M~ Mo
Zn;ax (2.23)

Where nmaxand n_. are the maximum and minimum values of refractive index

min

respectively. S is the propagation constant of the mode.

2.2.5 Splice loss

When we splice conventional fiber with designed fiber then some loss occurs because
all power can not be coupled from one fiber to another. Splice loss can also be caused
because of longitudinal fiber separation, tilted splicing and splices with fiber offset.
Power transmission coefficient for splice shown in Fig. 2.2 (a) is given as [91]:

2
4[422+V€}
w.
T= ~ (2.29)
2 2 2
a2t g
W2 Wl
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Where 2w, is the MFD of conventional fiber and the separation distance L is defined

as:
Z= L (2.25)
n,kw, w,
AtL =0,
2W, W, ’
T,=| 0% 2.26
0 [wf +W22J (2.20)
l 2a1 l 2a2
Conventional fiber L, Designed fiber
(a)
0
—
(b)
\4
A
d
(c)
Figure 2.2 (a) Splice imperfections due to longitudinal separations, (b) due
to tilted alignment, (c) due to fiber offset
AtL =0
nkw,w, )’
T, = [%j (2.27)
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For the splices with tilt shown in Fig. 2.2 (b) the power transmission coefficient is given

as:

T. :( 2W,W, jeXpl:_M] (2.28)

W2+ W (wf +w22)/12
For smaller angles @ ~sin(0)

The above equation therefore can be written as:

( 2W,W, }exp{— 2(7n,ww, sin 9)2] (2.29)

2 2 2 2 2
W, + W, (wl+W2)}t

Tl

When the fibers are spliced with fiber offset as shown in Fig. 2.2 (c) then power

transmission is given as:

2
T, :( 22W1W22 Jexp |:_ 225 2 } (2.30)
W +W, W +W,

Total transmittance isgivenas T=T; + T, + T3
Splice loss of the fiber can be given as:
a=-10L0g1 (T) (231)

Which can be written as [e.g. neumanns fundamental of single mode):

2 ) 2
W, W,
a(dB) = ~10Log, | 2MY2 | | 4343 20 2+4.343(2’mj (; 2)2 sin?(9) (2.32)
W, W, + W, A ) 2w +wy)

o represents radial offset between the cores of the fiber and & represents angular
misalignment of the two fibers. n is the refractive index of the medium between the
fiber ends. In Eq. (2.32) first term represents the splice loss from mode field mismatch,
second term calculates the splice loss due to radial offset between the cores of the fibers

and the last term constitutes the loss due to fiber angular misalignment.
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2.3 Fiber Design
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Figure 2.3 The refractive index profile of the proposed structure.

We have considered the fiber profile as shown in Fig. 2.3. Refractive index of the

proposed structure is defined as follows.

n, O<r<a
n, a<r<a,
n, a,<r<a
n, a,<r<a,
n(ry=4n,, a,<r<as (2.33)
ng, a<r<a,
n, a,<r<a,
ng, a,<r<ag
ng, ag<r
2 2 2 2 2 2
n —n ny—n ng —n
L2, A, === A= (2.34)
2n 2n 2n
1 9 8
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Where r is the radial position. Outermost layer is formed by fused silica. A, and A,

represents the level of up-doping with respect to the outer most layer. A, represents the

level of down-doping of low index trench with respect to outer most layer. Parameters
of the fiber have been optimized in such a way as to achieve flattened dispersion with
large effective area. The segmented core of the fiber is formed by six layers having
monotonically decreasing refractive index. First five layers of the central core have
equal widths while the width of the sixth layer is slightly larger. The cladding of the
fiber is formed by a thin low-index trench which is followed by thin second core and a
thick uniform outer cladding. Low-index trench in the cladding helps in reducing the
bending loss of the fiber and segmented core helps in maintaining flattened dispersion.
The second core of the fiber helps in achieving large Aes as it taps some power from the
central core. The fiber is a dual-core structure where resonance can lead to a high
negative dispersion. We have optimized the parameters of the fiber in such a way that
the resonance wavelength does not fall in the desired spectral range and the dispersion
curve remain flat. By optimizing parameters of the fiber desired dispersion
characteristics, large-effective-area and low bending loss can be obtained. Dispersion of
the fiber can be controlled mainly by waveguide dispersion which is caused by
wavelength dependence of distribution of energy for fundamental mode in the fiber. In
case of single mode fiber, tailoring of dispersion is easier in comparison to multimode
fiber as more energy penetrates in cladding in case of single mode fiber. Cladding index
is lower thus faster will be the propagation in that region. Thus for a particular spectral
width time delay differences develops. Therefore parameters of the core of the fiber can
be selected in such a way as to achieve desired dispersion characteristics. As
wavelength increases penetration of mode energy in cladding increases as shown in Fig.
2.4. Where a is the core diameter of fiber structure and Fig. 2.4 (b) indicates more field
spread in the cladding at wavelength A, than that of the field spread at wavelength 2.
Fiber having parabolic type core has higher field spread in comparison to triangular
fiber and step index fiber. Therefore parabolic core fiber has higher mode area and
better dispersion characteristics according to the application. Proposed fiber can work as
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(a) (b)

——>

Intensity

A )3

> -
a r d
Figure 2.4 (a) Intensity distribution of fundamental mode at A;, (b) Intensity

distribution of fundamental mode at 1,> 4;
positive non-zero dispersion flattened fiber, negative non-zero dispersion flattened fiber

and near-zero dispersion fiber in the wide band of wavelengths.

(i) Design of near-zero dispersion flattened fiber:

To achieve successfully near-zero total chromatic dispersion, we need to design fiber
in such a way that waveguide dispersion of the fiber is balanced by material dispersion.
The optimized parameters of the designed fiber having near zero flattened dispersion are

listed in Table 2.1 and refractive index profile is shown in Fig. 2.3.

Table 2.1.

Proposed near-zero dispersion flattened fiber design parameters.

Ni1—Ny = Np—N3 = N3—N4 = N4—N5 = N5—Ng = 8 X 10—4
ay—a; = az—ay = as—ag = as—as =1 um
a=168um,b=12um,c=1.1pum, A= 1.55um, ng = 1.4444

A1 =0.22%, Ay = 0.49%, A3 = 0.27%
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Figure 2.5 Spectral variations of effective refractive index and group velocity of

near zero dispersion flattened fiber for the parameters given in Table 2.1.

The effective refractive index of the fundamental mode and group delay are important

parameters for obtaining dispersion. In order to achieve flattened dispersion we have

30

Material dispersion
20 -

10 -

L Total dispersici/

Dispersion (ps/km nm)

Waveguide dispersion
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Figure 2.6 Spectral variations of material, waveguide and total dispersion of

near zero dispersion flattened fiber for the parameters given in Table 2.1.
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first studied the spectral variations of the effective index and group delay of the fiber as
shown in Fig. 2.5. We can see that group delay does not vary significantly over the
wavelength range 1.460-1.625 pum. nes of the fundamental mode of the fiber varies
linearly with wavelength which shows that there is no resonance point in the considered
wavelength range. Spectral variation of the dispersion of the fiber has been calculated
using Eqg. (2.16) and results are shown in Fig. 2.6. One can observe from Fig. 2.6 that
the dispersion is nearly flat and varies from 0.0039 ps/km/nm to 0.520 ps/km/nm in the
spectral range 1.460-1.625 pm, which covers S+C+L band completely. Spectral
variation of dispersion slope of the designed fiber is plotted in Fig. 2.7. We observe
from Fig. 2.7 that the value of dispersion slope is very small in the aforementioned
wavelength range. The maximum value of dispersion slope in the considered
wavelength range is 0.0365 ps/km/nm®. We have compared various characteristics of
the designed fiber with the already existing design reported in Ref. [8]. Dispersion and
dispersion slope of the proposed design and the design reported in Ref. [8] in various

bands are shown in Table 2.2.

Table 2.2.
Comparison of characteristics of proposed near zero dispersion flattened fiber design

with already existing design reported in Ref. [8].

S-band C-band L-band
Wavelength | (1:460-1.530) um (1.530-1.565) um | (1.565-1.625) um
band
— — — | Proposed Proposed Proposed
p. Ref. [19] p. Ref. [8] p. Ref. [8]
design design design
Average
. . 0.259 | 0.8179 0.269 0.3621 0.140 0.0832
dispersion
(ps/km/nm)
Average
dispersion |4 0069 | _0.0057 | -0.0035 | —0.0109 | 0.0059 | 0.0073
slope
(ps/km/nm?)
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Figure 2.7 Spectral variations of dispersion slope of near zero dispersion

flattened fiber for the parameters given in Table 2.1.
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Figure 2.8 Spectral variations of effective mode area of fundamental mode of

near zero dispersion flattened fiber for the parameters given in Table 2.1.
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Another important factor which limits the bit rate is the nonlinear effects in single mode
fiber. To overcome this difficulty one needs to design a fiber with large effective area
while maintaining small dispersion and dispersion slope. We have calculated the
effective area of the near zero dispersion flattened fiber using Eg. (2.17) and have
plotted its spectral variation in Fig. 2.8. Minimum value of A in the wavelength range
1.460-1.625 um is 114 um?® and maximum value of mode area in the above mentioned
wavelength range is 325.95 um?. The effective area of the fiber reported in [8] for ultra
low dispersion fiber varies from 103.56 um? to 232.26 um? within the aforementioned
wavelength range. Thus we show a significant improvement in the mode area of the

proposed fiber.

(i) Design of positive non-zero dispersion flattened fiber:

It is found that in a large effective area fiber (LEAF) positive dispersion of
approximately +4 ps/km-nm at 1.55-um wavelength is able to avoid four wave mixing
(FWM) effect and enhance the performance of wavelength division multiplexed optical
communication system. Therefore we have designed the fiber having dispersion around
+4.5 ps/km/nm with large effective area, low dispersion slope and large bandwidth. The
designed parameters of the positive non-zero dispersion flattened fiber are given in
Table 3.

Table 2.3.
Proposed positive-non-zero dispersion flattened fiber structure parameters.

Ni—N, = N;—N3 = N3—N4 = Ny—Ns = Ns—ng = 8 x 10*

- Tz - ar—az=as—as =1 pm
a=25um,b=12pum,c=1.1pum, ng = 1.4444

A1=0.22%, A; =0.49%, A3=0.27%

To achieve the dispersion near +4.5 ps/lkm/nm we have increased the value of
parameter a of near-zero dispersion flattened fiber to 2.5 um and all other parameters
are kept same. Spectral variation of the dispersion and dispersion slope of the proposed
fiber is shown in Fig. 2.9. Designed fiber has dispersion and dispersion slope within

[4.5+0.5] ps/km/nm and [(~0.00003)-(0.0303)] ps/km/nm? respectively in the spectral
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range of 1.460-1.650 um. Table 4 shows characteristics of the designed fiber which are
compared with the already existing fiber design reported in Ref. [5]. We see that the
proposed design has nearly three times larger effective area at 1.55 um. The absolute
value of dispersion slope of the designed fiber is smaller over a larger bandwidth than
that of fiber reported in Ref. [5]. Thus flattened dispersion with desired dispersion value
and ultra-large effective area has been achieved with proposed design over a wide range
of wavelength.
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Figure 2.9 Spectral variation of dispersion and dispersion slope of small +ve

dispersion flattened fiber for the parameters given in Table 2.3.
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Table 2.4.
Comparison of characteristics of proposed positive-non-zero dispersion flattened fiber
with the existing fiber design reported in Ref. [5].

Dispersion slope | Aes at 1.55
- Bandwidth Dispersion at 1.55 um um
iber
(nm) (ps/km/nm) wavelength wavelength
(ps/km/nm?) (um?)
Ref. [5] 1.53-1.61 3.05+0.35 0.01 56.1
Proposed
) 1.46-1.65 4505 —0.007 155.71
design

(iii)  Design of negative non-zero dispersion flattened fiber:

Recently a directly modulated laser (DML) has gained the attention for metropolitan
networks. However, in DML carrier induced change in the mode effective index, leads
to large chirp and small dispersion tolerance. This limits the transmission distance.
Several techniques have been studied to improve the transmission distance. One of the
techniques is to use negative dispersion fiber as transmission fiber. The negative
dispersion can compensate the positive chirp of the DML. Here we propose a design of
negative dispersion fiber having negative dispersion around 6 ps/km/nm. Parameters of

the designed fiber used for calculation are given in Table 2.5.

Table 2.5.

Parameters of negative non-zero dispersion flattened fiber.

N1—Ny = Np—N3 = N3—Ny = Ng—Ns =8 x 10°* ns—ng = 1.3 x 1073
ar—a; —az—ay = as—az = as—az = 1 um
a=11um,b=12um,c=11pum, A=1.55um, ng=1.4444

A1=0.22%, A; =0.49%, A3 =0.27%
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To achieve negative dispersion we have decreased the value of parameter a of the near-
zero dispersion flattened fiber from 1.68 um to 1.1 um. Difference between refractive
index ns and ng of the near-zero dispersion flattened fiber has been increased from 8x
10 to 1.3 x 102, Dispersion and dispersion slope of the designed fiber are depicted in
Fig. 2.10. We have compared characteristics of the proposed design with SMF-28 fiber
and with the design reported in Ref. [7]. The comparison is shown in Table 2.6.
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Figure 2.10 Spectral variation of dispersion and dispersion slope of small —ve

dispersion flattened fiber given in Table 2.5.

We can observe from Table 6 that proposed design show smaller dispersion slope and
ultra-large effective area while maintaining the required dispersion. A of the SMF-28
is slightly greater than the double of the Ae of the fiber structure reported in Ref. [7].
However, Acs of the proposed design is nearly three times of the Aes of the SMF-28.
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Table 2.6.

Comparison of characteristics of proposed negative non-zero dispersion flattened fiber
with SMF-28 and the design reported in Ref. [7].

Dispersion at 1.33 Dispersion at | Dispersion slope | Aefr at 1.55
Fiber um wavelength 1.55 ym 8t 1.55 um hm
length
((ps/km/nm) wavelength wavelength wavelengt
(ps/km/nm) (ps/km/nm?) (um?)
Ref. [7] —6.9 6.7 0.043 36.1
SMF-28 -0.08 16.4 0.056 80
Proposed
design 6.6 —6.24 0.026 219

(ili)  Feasibility of fabrication

In the proposed design the minimum width of the layer is typically 1 um and the
minimum refractive index required is 8x107*. Such values are achievable by modified
chemical vapor deposition (MCVD) technology. For example, recently Messerly et al.
have fabricated a design containing wave-guiding rings using MCVD technology
having tolerance of 0.01um on layer width and tolerance on refractive indices of the
layer of the order of 1x10~* [92]. There are also reports on fabrication of triangular-core
dispersion shifted fiber, which requires a precise control in layer by layer deposition of
the core material to achieve a smooth profile [93] and fabrication of multi-step core
fiber by MCVD [92, 94]. The present design essentially consists of a triangular core
with finite number of layers and should be easier to achieve by deposition of Ge-doped
silica layers MCVD technology. Low-index trench of the structure can be achieved by

depositing F-doped silica layers as demonstrated in Ref. [95].

2.4 Compatibility of the Proposed Fiber with Conventional Fiber

It is very important to examine the bending sensitivity and the compatibility of the
proposed design with conventional SM fiber and fiber based components. A fiber with
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large effective area usually has high bending loss. Double or triple core fibers show
large bending losses. In our design we have introduced a low index trench between the
two cores of the fiber to reduce bending loss. To study bending sensitivity and
compatibility of the proposed fiber we have considered design of near-zero dispersion
flattened fiber. We have calculated the bending loss of the fiber using Eq. (2.19). The
macrobending loss of the fiber at 1.55 um for bending radius 10 mm is 1.427x107®
dB/km.

15
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Figure 2.11 Spectral variations of quality factor for the parameters given in
Table 1
We have used commercial fiber CAD software to calculate bending loss of the fiber.
Effective MFD is an important parameter of the fiber while evaluating the performance
of the fiber with regard to bending loss and splice loss. Long haul optical fiber
communication link contains conventional single mode fiber (SMF) and fiber based
components therefore the dispersion managed fiber is supposed to be spliced to the
conventional SMF. To minimize splice loss MFD of the designed fiber should match
with that of the conventional SMF. The effective MFD of the conventional single mode
fiber at 1.55 um is 10.4 =+ 0.8 um and that of the designed fiber is 14.0 um, which
matches quite well with that of the conventional single mode fiber. The splice loss of
the fiber has been calculated by using Eq. (2.32) and has been found to be 0.059 dB at
1.55 um by considering ¢as 0.1 um and @ as 0.2°. A parameter called quality factor has
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been introduced to check the overall performance of the fiber and has been defined as
the ratio of A to the square of MFD. This is a dimensionless quantity and is used for
assessing the overall performance of the fiber. Fiber having larger values of quality
factor approaches towards the best design. Spectral variation of the quality factor of the
designed fiber is shown in Fig. 2.11. The figure shows that the quality factor of the
designed fiber varies from 0.8401 to 1.025 in the wavelength range 1.460-1.625 pum.
The quality factor of the fiber reported in [20] varies from 0.8187-0.9957 in the same

spectral range.

2.5 Sensitivity Analysis of the Structural Disorders on the

Performance of the Fiber

In the previous sections we numerically demonstrated that the proposed fiber has
exceptional chromatic dispersion flatness with low dispersion slope and large effective
area in the S+C+L communication band. To evaluate the sensitivity of design
parameters we have varied one of the parameters at a time while keeping all other
parameters constant and calculated dispersion of near zero dispersion flattened fiber.
Firstly, we varied ng by an amount dng and the results are plotted in Fig. 2.12. One can
observe that the maximum variation in dispersion value is at 1.6-um wavelength. ong =
—2x107* results in 2.8 ps/km/nm deviation from the optimized dispersion at 1.6-pum
wavelength. 8ng = +2x10™* results in 2.5 ps/lkm/nm deviation from the optimized value
of dispersion. The analogous study has also been carried for variations in the values of
parameter a and the results are plotted in Fig. 2.13. We see that positive deviation from
the optimized value of a = 1.68 um results in an increase in the value of dispersion
where as negative deviation results in a decrease value of dispersion while maintaining
the flatness. Variation of +11.9% in the optimized value of parameter a results in
approximately 1 ps/km/nm variation in the value of dispersion at 1.55 um wavelength.
The sensitivity of the design has also been examined against variations in value of n;
and the results are plotted in Fig. 2.14. We observe that increase in value of ny results in
an increase in value of dispersion however decrease in value of n; decreases the value of
dispersion. Variations of 8n; = —2x107* in values of n; result in nearly —1.48 ps/km/nm
deviation in values of dispersion at 1.625 um wavelength which is maximum deviation

in considered spectral range.
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Figure 2.12 Spectral variations of total dispersion of near zero dispersion
flattened fiber with variations in ng for the parameters given in Table 1.
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Figure 2.14 Spectral variations of total dispersion of near zero dispersion
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Variation of 8n; = + 2x10™* results in maximum +1.40 ps/lkm/nm deviation from
the optimized value at 1.633 pum wavelength. Sensitivity of the design has also been
examined against + 2.5% variations (db) in b and the results are shown in Fig. 2.15. One
can see clearly from Fig. 12 that 6b = £2.5% results in maximum variation of +1.2
ps/km/nm in the values of optimized dispersion at 1.65 um wavelength. Secondary core,
which is an important parameter of the design plays a significant role in the design of
the fiber. Spectral variations of the dispersion against variations (dng) in the refractive
index of secondary core ng are presented in Fig. 2.16. Variation of dng = + 2x10™*
causes maximum * 1.5 ps/km/nm deviations in the values of optimized dispersion at
1.633 um wavelength. We have also examined the effect of width of secondary core (c)
and results are shown in Fig. 2.17. We can see that 6¢ = £ 5.4% results in maximum +
1.3 ps/km/nm variations in the value of dispersion at 1.633 um wavelength. As a
general discussion of this section, we have estimated the effect of structural
imperfections in important parameters of the designed fiber. We showed that the
dispersion of the fiber does not vary significantly with possible variations for the design

parameters.
2.6 Conclusions

In this paper we have proposed a proposal for a segmented core fiber design having
near-zero, small positive non-zero, and small negative non-zero flattened dispersion
with small dispersion slope and ultra-large effective area. The segmented core of the
fiber helps in maintaining desired dispersion and dispersion slope. We have introduced
a low index trench to reduce bending loss of the fiber. A secondary core of the fiber
helps in achieving ultra large effective area. For positive non-zero dispersion flattened
fiber optimized dispersion is near +4.5 ps/km/nm in the wavelength range 1.46-1.65
um. For non-zero negative dispersion flattened fiber, dispersion has been achieved near
—6ps/km/nm in the spectral range 1.33-1.56 um. In case of near zero dispersion
flattened fiber effective area varies from 114-325.95 pm? within the wavelength range
1.460-1.625 um which is the largest value reported for dispersion flattened fiber to the
best of our knowledge.Dispersion and dispersion slope of the designed fiber are
[0.0039-0.520] ps/km/nm and [0.0004-0.0365] ps/km/nm? respectively within the
aforementioned wavelength range. The designed fiber also has appropriate quality

factor, also which varies from 0.8401-1.025 over the entire S+C+L band. These
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characteristics of the fiber make it an attractive candidate for DWDM optical

communication system.
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CHAPTER-3

Fibers for Delivery of Ultrashort

Laser Pulses”

3.1 Introduction

Ultra-short pulse (USP) lasers find applications in micro-machining [96],
laser ablation of solids [96,97], femtochemistry [98], multiphoton fluorescence
microscopy [99], terahertz generation and detection [100], and frequency combs
[101]. Advances in high-power fiber amplifiers and lasers, and specialty optical
fibers have opened new doors for generation of ultra-short pulses (USPs) [102,
103]. Pulse energy and power from fiber laser system now compete in
performance with conventional bulk-optic based USP systems. The inherently
flexible nature of such lasers makes them attractive to fulfill the present laser

* A part of the results presented in this chapter have been reported in a research publications:

1. Babita, Vipul Rastogi and Ajeet Kumar, “Design of large-mode-area three layered fiber
structure for femtosecond laser pulse delivery” Optics Communications , Vol. 293, pp. 108-112,
2013.

2. Babita and Vipul Rastogi, “Design of segmented cladding fiber for ultra-short pulse delivery at
1064 nm and 1550 nm wavelengths, Optical and Quantum Electronics , Vol. 46, pp. 397-408,
2014.
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source requirements, and to scale in performance, form factor, and cost in order to
keep pace with industrial growth. Apart from generation of USPs through fiber-
based lasers, transport of high energy USPs through optical fibers has also found
importance in various applications. Fiber delivery of USPs gives much flexibility
for laser integration and allows easy access to otherwise inaccessible regions. In
several applications it is advantageous to deliver ultra-short laser pulses (USPs)
through an optical fiber over a distance of few meters to some specific location.
One such example is biological basic research and clinical applications, which
require miniaturized microscopes and multi-photon endoscopes to image living
cells and intact tissues [96, 97]. Multi-photon imaging systems that use free space
optics are cumbersome in design, non-compact and difficult to maintain. This
limits the use of free space optics multi-photon systems in the medical field. An
optical fiber which can deliver high peak power ultra-short pulses is attractive for
aforementioned applications to develop flexible and miniaturized instruments.
However, nonlinear effects, optical damage threshold and dispersion in a
conventional optical fiber make distortion-free transport of high-peak-power
ultra-short pulses difficult. Femtosecond pulses, which are usually used in these
applications, have peak power in KW regime even with moderate energy. When
these pulses pass through the small core of a conventional fiber, optical power
density reaches up to GW/cm?. At these high power densities optical damage can
occur and nonlinearity can distort the pulse by self phase modulation (SPM). One
way to avoid SPM is to reduce optical power density by using large-core fibers. In
conventional large-core fibers intermodal dispersion significantly distorts ultra-
short laser pulses. Moreover, the beam quality in a large core fiber is not good due
to the presence of several modes. To preserve the pulse during propagation
through the fiber, one needs to compensate for or minimize dispersive and
nonlinear effects. Dispersion can be compensated by suitable frequency chirp on
input pulses. One approach to reduce nonlinearity is to increase mode area by
increasing the core size and correspondingly decreasing the numerical aperture
(NA) while maintaining single-mode operation. While decrease in NA yields to
extremely high bending loss because of weak mode confinement, increase in core
radius leads to multimode cross-coupling and conflicts with single-mode

operation, which is necessary for high resolution microscopy. To circumvent this
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problem specialty optical fibers are used for the transport of such high-peak-
power ultra-short pulses. Some of these fibers are photonic crystal fibers (PCFs)
[98,99], rod-type fibers [100], and few-mode fibers [101-103]. PCF can show
efficient single-mode operation and can maintain good beam quality in the output
pulses. However, in PCFs because of large core, intermodal spacing is not large
enough and mode coupling remains an issue. Rod type fiber has also been
introduced for delivery of high-peak-power USPs [100]. These fibers maintain
single mode operation with large mode area. However, inflexibility of the fiber
remains an issue in compact packaging and in miniaturization. Recently,
Ramachandran et al. have demonstrated delivery of high-peak-power ultra-short
pulses using higher order mode fibers [101]. These fibers show very large-mode-
area upto 3200 pum® by selective excitation of higher-order -mode. Enough
intermodal spacing reduces the possibility of modal cross coupling [102]. But this
technique uses long period grating for mode conversion which increases the
complexity of the system.

In this chapter we present a design of three layered fiber structure for
delivery of high energy fs-pulses through the fundamental mode of the fiber. The
design is not susceptible to mode coupling and has sufficiently low bending loss.
The modal purity at the output is maintained by stripping-off higher order modes.
In the proposed structure LPo; and LP;; modes are guided whereas all the other
modes are stripped-off owing to their high leakage loss. A sufficiently large index
difference between the LPo; and LPi; modes ensured in the design prevents
coupling between them. Apart from it we also present a design of segmented
cladding fiber (SCF) which is capable to deliver ultra-short laser pulses at more
than one wavelength. SCF is able to transport 100-fs, 53-kW peak power laser
pulses over 4-m length of the fiber with mode area of about 1825 um? at 1550-nm
wavelength and 250-fs, 15-kW peak power laser pulses at 1064-nm wavelength

with a mode area of 1793 um®,
3.2 Nonlinearities in fiber

Laser pulses when propagate through the fiber are affected by material
dispersion and nonlinearities induced by their confinement to small core of the

waveguide. Dispersion has already been discussed in previous chapter in section
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[2.2.2]. Origin of non-linearities is related to aharmonic motion of electrons under
the influence of an applied field. The total polarization P does not vary linearly

with electric field E but satisfies the following relation[106-109]:
P=5 (2 "E+ 1B + 2B +......) (3.1)
Where &,is vaccum permittivity and 7" is jth order susceptibility. The main

contribution to P is by term »™. Higher order terms leads to nonlinear effects.

2

Second-order susceptibility y*“is responsible for second-harmonic generation

(2)

and sum-frequency generation. y*“ is zero for media having inversion symmetry

(2

at molecular level. Silica (SiO2) has molecular symmetry therefore ' is zero for

SiO,. Therefore fiber made of SiO;, do not exhibit second-order nonlinear effects.
The nonlinear effects in optical fiber made of silica originate from third order
susceptibility »® and are elastic in nature. The elastic nature of non-linear
effects means, there is no energy exchange between electromagnetic field and
dielectric medium. Main nonlinear effects in fiber are originated from intensity
dependence of refractive index. It can be expressed by the following equation
[107]:

(o, |Ef )= (@)+ 1, | (3.2)
Where fi(w) is linear part and fi,is proportional to 7 and is called nonlinear-

index coefficient. For silica fiber fi, has value lying between 2.2x107% and

3.4x107%° m?/W [88]. The intensity dependence of refractive index leads to self
phase modulation (SPM) and cross-phase modulation (XPM). Self-induced phase
shift experienced by optical field while its propagation through fiber is known
SPM. When field E propagate through fiber having length L then induced phase
shift is given as:

¢ =L =(11+ 1, Ef L (3.3)
The second term in above equation is due to SPM. Where k is free space wave
number.

Another class of non-linear effects in which optical field transfers part of its

energy to the nonlinear medium are due to stimulated inelastic scattering. These
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nonlinear effects area known as stimulated Raman scattering (SRS) and
stimulated Brillouin scattering (SBS). In SRS and SBS process, a photon of
incident field is annihilated to create a photon of lower energy (belongs to Stokes
wave) or higher energy (belong to anti-Stokes waves) depending on the energy
and a phonon to conserve energy and momentum. Although both processes are
same the two main differences between two processes are given as:
1. SBS in a single mode fiber occurs only in backward direction whereas SRS
occurs in both directions.
2. Another main difference between SRS and SBS is that optical phonons
participate in SRS while acoustic phonons participate in SBS [88].
Generation of Stokes wave can be expressed by the following relation:
%:gRlpls (3.4)
Where gr is Raman-gain coefficient, I, is incident intensity and Is is Stokes
intensity. When pump intensity exceeds a certain value only then SRS and SBS
phenomena occur and that certain value is called threshold value which is given
as [110]:

I =16(gij (3.5)

Where « is an attenuation coefficient and measure total fiber losses from all
sources. gr is Raman gain coefficient. Threshold for SBS is given as [110]:
1t = 21(3J (3.6)
Os
Where gg is Brillouin gain coefficient. Because of dispersion and nonlinear
effects studied above even a moderate peak power pulse gets distorted during
propagation through the fiber because of nonlinearities and dispersion. Although

A, is small in case of silica core fiber even then nonlinear effects can be observed

at small power levels. Efficiency of non linear effects mainly depends on the spot
size of the fiber, incident intensity and fiber length and to achieve high efficiency
in case of bulk the beam has to be focused. Due to diffraction of beam this
focusing requires a small length of interaction called effective length of
interaction (Lefr). If wo is spot size of the fiber having core radius a then for a
Guassian beam, Le is given as [111]:
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W,
Ly == (3.7)
If Py is the optical power coupled to fiber then:
P
(1oL ) = m[l—exp(—aL)] (3.8)

loLesr gives the efficiency of nonlinear process.

Therefore nonlinearities in a fiber depend on incident power, spot size and
effective length. If we propagate a pulse of high energy through the fiber then it
will be distorted because of nonlinearities. To have distortion-free propagation of
USPs of high energy, a fiber requires a balance between pulse broadening due to
dispersion and pulse distortion due to SPM. These effects are usually
characterized by the two parameters called dispersion length Lp and nonlinear

length Ly, and are given by the following equations [88]:

2 A
D:_Zﬂ;CT_and NL T A%ﬁ
A, D 27 nP

(3.9)

where c is the speed of light in vacuum, 7 is the pulse duration, A, is the center
wavelength, Acs IS the effective mode area, n is the nonlinear refractive index of
the fiber material, and P is the peak power. D is the fiber dispersion coefficient
and can be calculated using Eq.(2.16 ). In order to avoid nonlinear effects during
propagation of high energy USPs, one requires very high values of A Scaling
up the core dimensions of the fiber for high energy USP propagation requires
lowering the numerical aperture (NA) of the fiber. This makes the fiber
susceptible to mode instability due to mode-coupling and high bend loss. The
mode coupling effects limit the mode area in a low NA fiber to 800 pm? [21]. It is
preferred to have spacing between the adjacent modes, OSnest = Nerr (LPo1) —
nerf(LP11), greater than 1.5x10°* to avoid mode-coupling [112]. In PCF this
spacing is 1x10~* while in higher order mode (HOM) fibers this can go up to
5x107*[22]. In the aforementioned applications typical length of the fiber used is
couple of meters and sensitivity to bends should not be large for bending radii

larger than 20 cm [113]. Therefore, it is critical to design a fiber having single-
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mode operation with large Ac, low bend loss and sufficient mode spacing to

avoid intermodal coupling.
3.3 Three layered fiber structure

3.3.1 Fiber design
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Figure 3.1 Refractive Index Profile of the fiber along with normalized intensity

To address the issues stated above we have designed a three layered fiber
structure with core refractive index n;, depressed cladding index n,, and outer
cladding index ns. Where a is core radius of the fiber, b is width of the depressed
cladding and d is the width of the outermost layer. The refractive index profile
along with the mode intensity profile of the fiber is shown in Fig.3.1. The outer
clad of the fiber can be realized by pure silica, the core can be realized by Ge up
doping and the depressed cladding can be made by F down doping. Relative index
difference of the core and the depressed cladding regions relative to pure silica
(n), are defined as A, =(n?—n?)/(2n?) and A, =(n?-n>)/(2n?). The various

parameters of the designed fiber are listed in Table 1.
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Table 3.1.

Proposed fiber design parameters.

a=30um,b=15um,d=17.5pum, A = 1550 nm, ns = 1.4444

A1 =0.03%, A; = 0.08%

The fiber supports several modes owing to large value of the core radius. The
values of A; and A; are so chosen as to make all the modes leaky except LPo; and
LP;1 modes. Such values of index difference can be realized by standard
fabrication technique such as MCVD [115]. We have used transfer matrix method
(TMM) described in previous chapter to analyze the modal properties of the fiber
[86]. For the above mentioned designed parameters the fiber introduces 8.2 dB/m
leakage loss to LPy, which is large enough to strip off the mode within 2.5 m
length of the fiber by introducing 20 dB loss. The depressed cladding index and
width are so chosen as to have sufficiently large A While maintaining the mode
stability. At Of the fiber has been calculated using Eq. (2.17). Variation in A
and mode stability with A; is shown in Fig.3.2. An increase in A; confines more
power inside the core and also increases inter modal spacing that causes decrease
in the A¢rr and the increase in JSpefr OF the designed fiber. Here e IS mode spacing
between LPy; and LP1; mode of the designed fiber. The value of A; is so chosen
as to have value of A as large as 1900 pm® We have also studied the effect of
variation in A, on Ags and Sners @S shown in Fig. 3.3. When we increase A,, the
depressed cladding index decreases and confinement of the power in the core
increases. This results in a decrease in Aefs Whereas an increase in dnesr. We see
from Fig. 3.2 and 3.3 that by decreasing the values of A; and A, we could have
achieved even larger Aest than 1900 um? with sufficient mode spacing. However
we have chosen values of A, and A, in such a way that except LPy and LP;; all
the modes are leaky and index contrast can be achieved with standard fabrication
technique. To achieve maximum Aes with sufficiently large onesr We have also

studied the effect of variations in b on Aefs and JSnetr @s shown in Fig.3.4.
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One can see that variations in b do not cause significant change in At and Onest

and the fiber shows good tolerance towards variations in b. The effective area of
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Figure 3.4 Variation in Ae; and mode stability with b.

the fundamental mode of the fiber, thus, designed and represented by fiber
parameters given in Table 1 is 1900 pm? and 8.t is 1.63x107%, which is higher
than those shown by PCF [112] and ensures mode stability. Dispersion is also an
important property of the fiber design as higher order dispersive effects can
distort ultra-short optical pulses in both the linear and nonlinear regime.
Nonlinear effects in fiber show different behavior depending on the sign of the
dispersion coefficient. The dispersion parameter (D) of the fundamental mode of
the fiber has been calculated by Eq. (2.16). Variation of D with wavelength is

shown in Fig. 3.5. In view of ultra-short duration of the pulses, we have also

calculated the third order dispersion (/%) and is defined as g, = % The value of

D at 1550-nm centre wavelength is +21.7 ps/(nm.km) which helps in balancing
the nonlinear effects. S is of the order of 10 and has insignificant effect for
propagation over a few meters length of the fiber considered here. The
macrobending loss of the fiber has been calculated by using the following formula
given in Eq. (2.19) [90, 115]. The fiber shows bend loss of 0.008 dB/m at 5-cm
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bend radius. The fiber has negligible loss for bending radii occurring in

applications like multi-photon microscopy.
3.3.2. Femtosecond pulse propagation

Pulse propagation through the fiber can be characterized by parameter Lp /
Lne, Where Lp and Ly are defined by Eg. (3.9). When Lp / Ly < 1, pulse
evolution along the fiber is dominated by dispersion and pulse will be broadened
in absence of any chirp otherwise it stretches or compresses in time, depending on
the sign of initial chirp. However, if Lp / Ly. > 1 then nonlinearity dominates
during the evolution of the pulse and the pulse suffers spectral narrowing or
broadening and does not retain the original shape. In order to avoid nonlinearities,
one needs to limit peak power to make Ly. larger than Lp. It makes sure that
linear stretching happens in shorter time so that the nonlinear interactions do not
build up. However, if Lp / Ly, ~ 1 dispersion D is balanced by the nonlinear effect
of SPM, and fundamental soliton propagation can occur. If a hyperbolic secant
pulse is launched inside an ideal lossless fiber, then the pulse having width 7 and
peak power Py propagates undistorted without change in shape for long distances.
Quantitatively the peak power required for fundamental soliton propagation is

given by [88]

| _ ADA,

= 3.10
° " 4r%cnr? (3.10)

In the proposed fiber design, the dispersion at 1550-nm center wavelength is

21.7 ps/(nm.km), the peak power for soliton propagation of 100-fs pulse is 55.5
kW, where we have used fi,= 2.4 x10® m*/W [88].

A typical soliton pulse is defined as a sech pulse given by the following equation
[88].

A(z =0,t) = P2 xsech(t/ 7)*¢ (3.11)

Where, Py is the peak power, C is chirp parameter. To study pulse dynamics

through the fiber we have launched a secant-hyperbolic un-chirped pulse into the
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fiber and studied its propagation dynamics by solving the nonlinear Schrédinger

equation given below[88]:

i85 3 i o(A’A o|A
%+2A+ﬁa—é—&a_€‘:ir(|A|zA+LM—TRAL (3.12)
oz 2 20T 6T o, oT ot

A frame of reference moving with group velocity Vg is used by making
transformation:

T=t-zlvg=t-piz (3.13)

Where « is the fiber loss, 7" represents fiber nonlinearity coefficient and ax is the

central frequency of the pulse. Tr is Raman time constant and A(t,z) represents

amplitude of the pulse envelope in time t at the spatial position z. £ represent

group velocity dispersion and can be calculated using following relation:
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Figure 3.5 Variation in dispersion and £; with wavelength.
XIZ
=-D 3.14
f=-D— (3.14)
Nonlinear parameter 7 is defined as:
I'(w,) = m (3.15)
CAy
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Split-step Fourier method has been used to solve Eq. (3.12). In order to impliment
split-step fourier method we write Eg. (3.12) as:

g—/: =(D+N)A (3.16)

Where Dis a differential operator which takes into account dispersion and losses
within linear medium and N is nonlinear operator which includes the effect of

fiber nonlinearities on pulse propagation. Dand N can be represented as [88]:

H 2 3
b= O SO @ (3.17)
2 T2 6 oT° 2

oA’
ot

N =ir |A|2+wLO%%(|A|2 A-T, (3.18)

In Eq. (3.16) dispersion and non-linearity act together along the length of the
fiber. The solution of the equation is obtained by assuming that in propagating the
optical field over a small distance h the dispersive and non-linear effects are
assumed to act independently. Propagation from z to z+h is carried out in two
steps, in first step we consider only non-linearity and effect of dispersion is
neglected while in second step we consider only dispersion and non-linearity is

neglected.
Mathematically, it can be expressed as:
A(z+h, T) ~ exp(hD) exp(hN) A(z, T) (3.19)
exp(hD) can be expressed in fourier domain using the prescription:
exp(hD)B(z,T) = K, exp[hD(-iw)]F, B(z,T) (3.20)
Where Fr denotes the Fourier-transform operation and D(—iw) is obtained using
Eq. (3.17) by replacing operator 6/0T by —iw, where wis the frequency in

Fourier domain. The use of fast Fourier-transform (FFT) algorithm makes the

evaluation process faster and hence makes split-step Fourier method faster.

In the simulation of pulse propagation through the fiber, we have considered
second order group velocity dispersion (GVD), third order dispersion, SPM and
transmission loss of 0.2 dB/km. Since the pulses are of the order of 100-fs

duration, we have also taken into account self-steepening and Raman scattering.
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We have estimated Raman scattering by parameter 7z which has value Tr/7, Tr
being Raman time constant. We have considered value of Tg as 3 fs at 1550-nm
wavelength [88]. Self-steepening has been taken into account by parameter s
=1/(wot), Where wy is central frequency of the pulse. Evolution of the sech pulse
through 4-m length of the fiber is shown in Fig. 3.6(a) and the corresponding
contour plot is shown in Fig. 3.6(b). Chirping due to nonlinearity and chirping
due to dispersion cancel each other which results in a near distortion free
propagation of the pulse through 4-m length of the fiber and can also be seen in
Fig. 3.6(c). Apart from the sech soliton solution, we have also studied the
propagation of a Gaussian pulse through the fiber. A 100-fs Gaussian pulse has
been propagated through the fiber and its peak power has been adjusted to 73.5
KW so as to obtain near distortion free propagation. The pulse evolution along
with the contour plot is shown in Fig. 3.7(a) and Fig. 3.7(b), respectively. We can
see that the pulse tries to attain balance between the nonlinearity and dispersion
and fluctuates between the broadened state and the compressed state. The
fluctuations, however, are not pronounced and the propagation is near distortion
free over 2.5-m length of the fiber. The temporal profiles of the Gaussian-shaped
pulses at the input and output end of the fiber are shown in Fig. 3.7(c) which
shows that pulse of the shape is retained with slight compression. Thus, a three
layered fiber design having mode area 1900 pum® has been proposed for the
delivery of high power femtosecond laser pulses. The modal purity at the output
has been maintained by leaking out HOM except LP;;. Mode stability has been
ensured by sufficient mode spacing between LPy; and LP;;. We have numerically
demonstrated the near distortion-free propagation of 100-fs, 55.5-kW peak power
sech pulses and 73.5-kW peak power Gaussian pulses over 4.0-m and 2.5-m
lengths of the fiber respectively. Therefore the fiber is a good candidate for ultra-
short high peak delivery. However the fiber is able to transport USPs at one
wavelength. We propose SCF design which is able to transport USPs at more than

one wavelength.
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Figure 3.6 (a) Propagation of a sech pulse in the fiber, (b) corresponding

contour plot, (c) input and output temporal profiles of sech pulse.
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Figure 3.7 (a) Propagation of a Gaussian pulse in the fiber, (b) corresponding

contour plot, (¢) input and output temporal profiles of sech pulse.
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3.3 Design of segmented cladding fiber

3.3.1 Fiber Design and method of analysis

We present a fiber design in which cladding is highly dispersive because of
periodic arrangement of low and high index segments in angular direction. The
transverse cross section of segmented cladding fiber SCF with field profile of
LPo1 mode is shown in Fig. 3.8. The fiber consists of a uniform core (0 < r < a) of
refractive index n; and a segmented cladding (a < r < b) having alternate high

Figure 3.8 Transverse cross-section of SCF with field profile of LPo; mode at

1550 nm wavelength.

index medium (n;) of angular width (26,) and low index medium (ny) of angular

width (26,). The relative index difference between the two regions is defined as

2 2
A =% and has the value 0.9% in the proposed design. The period and the
n

duty cycle of segmentation are given by A=6,+6, and y =6,/A respectively. The
outer jacket of the fiber having refractive index ns is of pure silica whereas n; and
n, correspond to Ge-doped and F-doped silica respectively. We have considered a
fiber with a = 29 um and standard cladding diameter of 125 um. The fiber is

uniform in the axial direction which is the direction of wave propagation.
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3.3.2 Method of analysis

3.3.2 (a) Radial-effective-index method :

Radial effective method has been developed for analysis of an arbitrary
cross-section. In radial effective index method a non-circular fiber is
approximated by an equivalent circular fiber and scalar wave equation is
expressed in cylinderical coordinates. This method solves the refractive index
profile of the fiber in angular direction to obtain radially varying effective index
[116]. Therefore it can be used to calculate effective index profile of SCF. The
scalar wave equation in cylindrical polar coordinate system can be written as
[117]:

O’p 1op 10 a0 2
09 100 LD ene(r.0)-n2 15 =0 321
o ror r? oo n°(r.0) =1 ¢ (320

Where ¢(r,6) is the field, n(r,0) is the refractive-index distribution, ne is the
effective index of mode, k = 2r/4 is free-space wave number. The field of the

mode can be expressed in the following form:
¢(r,0) = 4,(r)g,(r.0) (3.22)
Substituting Eq. (3.22) into Eq. (3.21) gives
82
2

a9, 4, 44, 4, O,
o e S C (o) -l g, =0 (329)

Now we make an assumption that ¢ varies slowly with r in comparison to ¢
therefore 04, /0r and &°4,,/r? can be neglected. Therefore radially varying

effective index profile satisfies nes(r) satisfies the following equation [117]:
T K2[n?(r, 0) —nZ, (N]r’, =0 (3.24)
802 ! effr o — '
Eg. (3.23) can be written as

d’s, 1d P
R R .
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2

_ |
Where n:ﬁr(r):nfﬁr(r)+W ; 1=0,1,2.... (3.26)
There is no variation of refractive index in azimuthal direction in the core
region of SCF, 0 < r < a. Therefore, the effective index profile profile n, (r)

from Eq. (3.24) can be written as:

2

M (1) =n°(r) — klzrz (3.27)

However in cladding region of SCF refractive index varies in azimuthal direction
i.e.a< r<b. Incladding region of SCF at a particular value of r = r;, Eq. (3.24)
can be written as:
2
%gﬁh K?[n*(r,, 6) =g (1166, (1, 0) = 0 (3.28)
n(ri,d) is a periodic function of &and ¢y( ri, 6) must satisfy the periodic boundary
conditions. By applying suitable boundary conditions and solving Eq. (3.28) we
get [117]:
o _ 0,
tant = Wtanh(wg) (3.29)

1

<l

for LPym mode and for LP1y, mode.

W —0?

cosh(ZWi) CoS20 + ——— sinh(zwi)sin 20 = cosz—”
6, 6, N

(3.30)

Where N is the number of segments, T =6rk(nZ, —nZ )*?,
W=@rk(nZ —n2)"?. Using Eq. (3.29) and Eq. (3.30), one can calculate the
effective-index profile ne(r) of a particular mode. By using ne(r) one can

calculate effective-index profile n (r)from Eq. (3.26). By solving Eq. (3.25)

effr

mode index ness as well as mode field can be calculated.
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Aess and D of the fiber have been calculated using Eq. (2.17) and Eq. (2.16)
respectively. Aerr and Oners Of the fiber can be controlled by the duty cycle of
segmentation as shown in Fig. 3.9. We have considered dners for LPo; and LP1;
modes. We can see that with duty cycle 8,5 increases whereas A decreases and
there is a tradeoff between At and Snerr While designing the fiber. We have chosen
60% duty cycle to achieve sufficiently high value of Aes (1825um?) and Snes
(1.68 x 107 at 1550-nm wavelength which is higher than the limits observed in

the 800 pum?-mode area conventional large mode area fiber and in the PCF [22].

Bending loss(dB/m)

5 10 15 20

Bending radius (cm)

Figure 3.11 Variation in bending loss with bending radii.

The mode stability at 1064-nm wavelength, however, reduces to about 1 x 10™*
with mode area 1793 pm? A and D of the fiber at different wavelengths for
60% duty cycle are plotted in Fig. 310. We can see that A does not vary
significantly over the entire wavelength range because of dispersive cladding of
the fiber. Such a feature of the SCF makes it attractive for USP delivery at several
wavelengths. Aer, D and S of the fiber is 1825 um? 21.76 ps/nm/km and
1.495x107* ps*/m respectively at 1550-nm wavelength, where S is a third order
dispersion coefficient.

The first higher-order mode (LP11) of the fiber is guided, however, due to
large modal spacing and its small overlap with LPo; mode, this will not affect the

pulse propagation. The LPy; mode has 18-dB/m leakage loss at 1550 nm
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wavelength and is not sustained over the length considered here. Mode spacing
which plays a crucial role for mode stability is a function of wavelength and
decreases with wavelength. While designing the fiber for USP the value of dnes
larger than 1x10~* is preferred [22]. The bend loss of the fiber has been calculated
at different bending radii by using Eq. (2.5) [30] and is shown in Fig. 3.11. The
fiber shows bend loss of 0.023 dB/m at 15-cm bend radius. At 1064-nm
wavelength Acsr, D and s of the fiber are 1793 pm?, 27.4 psinm/km and 5.91x10~*
ps*/m respectively. The leakage loss of LPg, mode is 0.002 dB/m and the mode
spacing is close to 1x10™*. Hence, the same fiber can be used for delivery of

pulses at 1550-nm and 1064-nm wavelengths.
3.3.3 Pulse propagation

3.3.1 (a) Pulse propagation at 1550-nm wavelength :
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Figure 3.12 (a) Propagation of a Gaussian pulse at 1550 nm wavelength, (b)

Corresponding contour plot, (c) Input and output temporal profiles of the pulse.

To study the propagation dynamics of sech pulse at 1550-nm center wavelength
we have considered the pulse with C = 0. The peak power for soliton propagation
of 100-fs pulse duration comes out to be 53 kW, where we have used N, = 2.36
x107 m?/W. The transmission loss () of the fiber at 1550-nm wavelength has

been considered as 0.2 dB/km. The value of Raman time constant (tr = Tr/t ) for
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silica has been taken as 3 fs [88]. Evolution of pulse, corresponding contour plot
and input-output profiles after 4-m propagation through the fiber are shown in
Fig. 3.12. We can see distortion-free propagation of the pulse. Apart from the
sech pulse we have also studied the propagation of a Gaussian pulse defined by

the following equation through the fiber [88].
A(z =0,t) = P/"? xexp(-t*(L+iC) /(27%)) (3.31)

For studying the propagation dynamics of 100-fs Gaussian pulse through the fiber
and the peak power has been adjusted to 71 kW so as to obtain near distortion-
free propagation. The pulse evolution along with the contour plot and input-
output temporal profiles is shown in Fig. 3.13. Initially we can see compression of
the pulse due to nonlinearity but as the pulse evolves nonlinearity and dispersion
balance each other and we get near distortion-free propagation of the pulse
through the fiber. The pulse shape is retained with only slight broadening. The
near distortion-free propagation could be achieved for a 2-m long fiber.

(b) (c)
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Figure 3.13 (a) Propagation of a Gaussian pulse at 1550 nm wavelength, (b)

Corresponding contour plot,(c) Input and output temporal profiles of the pulse
3.3.2 (b) Pulse Propagation at 1064-nm Wavelength:

At 1064-nm wavelength, which falls into normal dispersion regime D < 0 and
dispersion induced chirping is of the same sign as that of nonlinearity induced

chirping. This leads to the chirping of output pulse and distortion-free propagation
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of high power pulses becomes difficult. Segmented cladding fiber maintains a
large mode area with small dispersion, therefore, the total chirping of the pulse is
not significant and can be balanced by a slight negative chirping in the input
pulse. We have studied propagation of 250-fs chirped sech and Gaussian pulses at
1064-nm wavelength with a peak power of 15 kW through the same fiber. We
have considered an input pulse with C = -1.1, which is sufficient to
counterbalance the total chirping induced due to dispersion and nonlinearity. The
transmission loss of the fiber at 1064-nm wavelength has been taken as 0.76
dB/km and the Raman time constant as 5 fs. The evolution of the sech pulse
through the fiber is shown in Fig. 3.14(a) with corresponding contour plot in Fig.
3.14(b). The input and output temporal profiles for a 1-m long fiber for C = 0 and
C =-1.1 are shown in Fig. 3.14(c). Evolution of the pulse shows that the pulse is
initially compressed due to nonlinearity and then broadens. Figure 3.14(c) shows
that in case of chirped pulse dispersion and nonlinearity partially balance each
other whereas in case of un-chirped pulse dispersion dominates and the pulse is
broadened. The propagation of a Gaussian pulse is shown in Fig. 3.15(a) along
with its contour plot in Fig.3.15 (b) and input and output pulse profiles in
Fig.3.15(c). We can again see near distortion-free propagation for the case C =

—1.1 and broadening in case of un-chirped pulse.
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Figure 3.14 (a) Propagation of a sech pulse in the SCF at 1064 nm
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Figure 3.15 (a) Propagation of a Gaussian pulse in the SCF at 1064 nm

wavelength, (b) Corresponding contour plot, (c) Input and output temporal
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3.4 Conclusions

A three layered fiber design and SCF design for delivery of USPs have been
proposed in this chapter. Three layered fiber having mode area 1900 pm? has
been proposed for delivery of 100-fs pulses at 1550 nm wavelength. Whereas
SCF has been proposed for delivery of femtosecond pulses at 1064 nm and 1550
nm wavelengths. The modal purity at the output in three layered fiber has been
maintained by leaking out HOM except LP1;. Mode stability has been ensured by
sufficient mode spacing between LPg; and LP;; modes. In three layered fiber
structure we have numerically demonstrated the near distortion-free propagation
of 100-fs, 55.5-kW peak power sech pulses and 73.5-kW peak power Gaussian
pulses over 4.0-m and 2.5-m lengths of the fiber respectively. It is shown that
obtained design introduces so interesting features to be used for delivery of ultra
short laser pulses. However this design is able to transport USPs at one
wavelength only. Therefore SCF having mode area of 1825 um? at 1550-nm
wavelength and 1793um? at 1064-nm wavelength has been proposed which is
able to transport pulses at more than one wavelengths. SCF can deliver 100-fs
sech and Gaussian pulses at 1550-nm wavelength and 250-fs pulses at 1064-nm
wavelength without significant distortion.

The proposed designs should be useful in the area of multi-photon

microscopy and biomedical applications for delivery of ultra-short laser pulses.
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CHAPTER-4

Development of Fabrication
Technology for Segmented Cladding

Fiber in Silica-Based Glass

4.1. Introduction

Segmented cladding fiber (SCF) has been proposed for large-mode-area single-mode
operation over an extended range of wavelengths [117-119]. Large-mode-area
extended-single-mode operation of an SCF helps in suppressing unwanted nonlinear
effects while accommodating large number of wavelengths in high data rate optical
communication systems employing dense wavelength division multiplexing. An SCF is
also attractive for high power fiber lasers and amplifiers as it can maintain single-mode
operation with a large core and high numerical aperture (NA). The structure of the SCF,
which contains alternate high- and low- index segments in the angular direction in the
cladding, makes it difficult to fabricate with the conventional optical fiber fabrication
technologies. Alternative technologies have been developed and the fabrication of the
SCF has been demonstrated in soft materials like poly-methyl methacrylate (PMMA)
and silver halide glass [120-123]. Yeung et al. experimentally demonstrated fabrication
of polymer SCF. SCF preforms were fabricated using two methods. The first method
was cladding-segment-in-tube technique. The prefabricated low index cladding
segments of polymer were placed in glass tube to form desired segmented pattern. The
high index monomer was then poured into tube. The second method was core-cladding-

segment-in-tube technique. Prefabricated polymer low-index and high-index segments
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were arranged in desired specific pattern and were placed in glass tube. Fabricated
fibers were able to strip-off higher order modes but only little centimeter fiber could be
obtained with uniformity [123]. Polymer optical fiber with segmented cladding cross
section has also been fabricated by using bicomponent spinning technique [121]. SCF
has also been fabricated from silver halide glass in middle infrared wavelength range
[122]. The fabricated fiber however, suffers from high losses compared to fabricated
step index fiber for mid-IR [120]. It is very difficult to fabricate the SCF in silica glass
as it is comparatively hard material and not easy to shape it into segments of desired
geometry. Here we present the fabrication technique of segmented cladding fiber in
silica glass. SCFs with 45 um and 30 um core diameters, and 125 um and 80 um
cladding diameters, respectively have been fabricated at central glass and ceramic
research institute (CGCRI) Kolkata. The fibers have been characterized by near field
imaging. The number of modes has been estimated from the near field images by neural
network analysis. We show few-mode operation of SCF by efficient higher order mode

filtering effect.
4.2. Fiber Design

Schematic of the transverse cross section of an SCF is shown in Fig. 4.1. The fiber
consists of a uniform core (0 < r < a) formed by pure silica glass of refractive index n;
and a segmented cladding (a < r < b) having alternate high index medium (pure silica
glass) of angular width 8, and low index medium (F-doped silica glass) of refractive

index n, and angular width &. The relative index difference between the two regions is

2 a2
defined asA =%. The structure is characterized by duty cycle of segmentation
r]1

defined by y=6,/(6,+6). An SCF is essentially a leaky structure. High index regions of
the fiber work as leakage channels and all the modes of the fiber suffer from finite
leakage loss. It has been shown that the leakage loss of a mode increases with mode
number [117]. Effective single mode operation of the fiber is ensured by high
differential leakage loss between fundamental mode and first higher order mode. This
differential leakage loss is a strong function of fiber parameters. It is therefore important
to have an estimation of correct values of various fiber parameters prior to its
fabrication. To have an idea of values of various fiber parameters, we have analyzed the

fiber by radial effective index method (RIEM) in conjunction with transfer matrix
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method [117,86]. For numerical calculations, we have considered a fiber with a = 15
um, standard cladding diameter of 125 um and A as 0.004. The value of A chosen is
according to the availability of F-doped glass rods. A conventional step-index fiber with
these parameters would support more than 20 modes at 630-nm wavelength. REIM
converts the refractive index variation n(r,6) of Fig.4.1(a) into an effective refractive
index profile ne(r) as shown in Fig. 4.1(b), which is independent of & and can be
solved by TMM to obtain the propagation constant and leakage loss of the modes. Fig.
4.2 shows the variation of leakage loss of fundamental mode (LPg;) and first higher
order mode (LP1;) with core radius for different duty cycles. For pure silica core fiber,
the Rayleigh scattering loss is small while 4 and y are the critical parameters in SCF
design to reduce the leakage loss in order to be suitable for long distance transmission.
The operation of SCF is based on differential leakage loss of the fundamental mode and
first higher order mode. If the fiber is long enough such that only the fundamental
mode can survive then the fiber behaves like as effective single mode fiber. The length
for effective single mode operation depends on the differential leakage loss between

fundamental mode and first higher order mode.

(a) (b)

1.4444

1 1 1 1 | 1

14441 ¢ 10 2 30 40 50 60 70
r(um)

Figure 4.1(a) : Schematic of the transverse cross section of an SCF. Pure silica glass
regions are shown in white and F-doped silica glass regions are shown in gray, (b)
Effective refractive index profile of the fiber for y = 60% at 630 nm wavelength

wavelength obtained by REIM.
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The length for single mode operation is defined as the length at which the differential
leakage loss between the fundamental mode and the first higher order mode is 20 dB
and is defined as:

20
Low =
Loss(LP,)— Loss(LP,)

(4.1)

Where Loss(LPo;) and Loss(LP11) denote the leakage losses of the fundamental mode
and the first higher order mode respectively in dB/m. We have studied the effect of
various parameters to design a fiber feasible for fabrication. The effect of core radius at
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Figure 4.2 Variation in leakage loss with core radius at 60% duty (a), 70% duty
cycle (b), 80% duty cycle at for b = 125 xm at 630 nm wavelength.

different duty cycles on the leakage loss of the first two modes is shown in Fig. 4.2. We
have calculated leakage losses for 60%, 70% and 80% duty cycles for 4 numbers of
segments. To avoid birefringence fiber should have four-fold symmetry and the
minimum segment requirement for that is four. Fiber with number of segments (M = 4)
is easy to fabricate also in comparison to large number of segments therefore M = 4 is
the best choice for practical realization of the fiber. Fig 4.2 shows that the differential
loss decreases with increase in a. However at shorter values of a leakage loss of the
fundamental mode is also high at smaller values of y. As we increase the value of
y effective index contrast between the core and the cladding increases which results in
more confinement of modes. Therefore at higher values of y, leakage loss of the modes
decreases and single mode propagation length increases while enabling the fiber
suitable for long distance transmission. Variation of single mode propagation length
with core radius at different duty cycles is shown in Fig. 4.3. One can observe from Fig.

4.3 that single mode propagation length increases with increase in duty cycle.
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Figure 4.3 Variation in Lg, with a for different duty cycles at 630 nm.

For long distance transmission and to have small propagation loss of fundamental mode,
80 % duty cycle is good choice for filtering out the higher order modes.

4.3. Experimental

The segmented cladding fiber was prepared via Stack-and-Draw technique [124] from a
stacked preform with central silica core surrounded by eight alternatively arranged F-
doped and undoped silica rods. All undoped silica components (core with diameter 5
mm, four undoped cladding segments with diameter 3.1mm, jacketing tube: outer
diameter 14.4 mm, inner diameter 11.5 mm) were made from Heraeus Suprasil F300.
The four Fluorine doped segments were stretched from a 16mm thick preform to a
diameter of 3.1 mm. The refractive index profile of the starting preform was measured
in azimutal positions 0°, 90°, 135° and indicates circular homogeneity of the Fluorine
concentration. Three performs were prepared with same circular homogeneity. The
averaged Fluorine concentration corresponds to about 1.2 mol% SiF,. The draw-
technological consequence is a decrease of drawing viscosity around log # = 0.7
compared to undoped silica F300. Furthermore this accords to a drawing temperature
depression of about 100 K for the fluorinated segments. Affected by the Fluorine

induced viscosity depression the segmented fiber was drawn at an effective temperature
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of about 1810°C, which is 40 K below corresponding to undoped silica with similar

preform dimension.

Table 4.1. Parameters of fabricated fiber (45/125) um

(Sample I)
Fiber Diameter 125.0 um
Core Diameter 45.0 ym
F-doped section Thickness 39.55 um
Silica Segment-0; (degree) 39.45
F Section-0, (degree) 50.25
An for F-doping 6.3x107

Table 4.2. Parameters of fabricated fiber (30/80) um without jacket

(Sample 11)
Fiber Diameter 80.0 um
Core Diameter 30.0 pm
F-doped section Thickness 39.55 um
Silica Segment-0; (degree) 39.45
F Section-0, (degree) 50.25
An for F-doping 6.3x10°°
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Table 4.3. Parameters of fabricated fiber (30/80) um with jacket

(Sample 111)
Fiber Diameter 80.0 um
Core Diameter 30.0 um
F-doped section Thickness 39.55 pm
Outer Silica layer (c) 22.87 um
Silica Segment-0; (degree) 39.45
F Section-0, (degree) 50.25
An for F-doping 6.3x10°°

Two fibers were drawn with drawing speed of 8-10 m/min to diameter of 125 um, 80
um without jacket and one fiber with same drawing speed to a diameter of 80 um and
with jacket of 22.87 um. Parameters of all the three fabricated fibers are given in Table
4.1, 4.2 and 4.3. A problem of drawing stacked preforms with higher Flourine doping is
the high out-gassing tendency of SiF4. It generates bubbles at interface between the F-
doped and undoped components during sintering in the neck down region. Such cavity
disturbances can be minimized by pre-annealing the fluorinated rods. AFM image of
one of the fiber sample (30/80 um) is shown in Fig. 4.4. After fabrication of the fiber
we launched light into few meters length of the fibers using He-Ne laser having
wavelength 630 nm and observed intensity pattern at the output end of the fiber. We
captured the image of the speckle pattern which is interference pattern of modes of fiber
using camera. The output intensity patterns are shown in Fig. 4.5. We observe from Fig.
4.5 (a) that the fiber sample having core diameter 45 um and is not jacketed with silica
consists of large number of speckles. Whereas another unjacketed sample having core
diameter 30 um has bit clear near field intensity pattern as depicted in Fig. 4.5 (b) than

that of previous one. This is because core diameter of sample Il is less than that of
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sample | which results in decrease in number of supported modes. The output intensity
pattern of sample 111 which is jacketed with silica and is having core diameter 30 um is
more clear than that of sample I and Il. The outer jacket of sample 111 make it leaky and
some modes of the fiber stripped off and helps in reducing supported modes. Which
improves the beam quality at the exit end of the fiber. To estimate the number of
supported modes we have considered the fiber with jacket as it consists of minimum
number of modes among three fabricated fibers. By visual inspection it is very difficult
to estimate the number of modes so neural network model has been used to predicts the

number of modes and is described in next section.

Figure 4.4 AFM image of fabricated SCF sample

Figure 4.5 Output intensity pattern for three different fabricated samples (a) 45/125

um without jacket, (b) 30/80 xm without jacket, (c) 30/80 xm with jacket.

73



Chapter 4 Development of Fabrication Technology for SCF in Silica-Based Glass

4.4 Neural network implementation to estimate number of modes:

To estimate the number of modes in the pattern shown in Fig. 4.5 (c), we have
implemented neural network algorithm. Neural computing has emerged as an efficient
technology with many applications in various fields. Most of these applications are
related to pattern recognition and use feed-forward network architectures [125]. Neural
networks are basically family members of computational architectures inspired by
biological brains and are called connectionist systems. These consist of interconnected
and interacting components called nodes or neurons. A typical feed forward neural
network is shown in Fig. 4.6 which indicated that network has links only in one
direction and proceed from input nodes towards output nodes. In neural network each
nodes take input data and emulate biological neurons then perform simple operations on
data and selectively pass results to other neurons. Weight values area assigned with each
node which determine how input data is related to output data. Weight values are
established while training the network to identify a particular class by using input data
characteristics [125]. Many issues related to neural network applications can be
understood in simple context of polynomial curve fitting. If one has to fit a polynomial
to a set of N data points by minimizing an error function. Consider a polynomial of My

order given as [125]:
M .
Y(X) = Wy + WX+ oA Wy XM =D X! (4.2)
j=0

This can be considered as nonlinear mapping in which input is x and produced output is
Y. Wo, Wi, W .. are weights in neural network. The polynomial can be written as a
functional mapping in the formy = y(x;w). If x" denote the input value corresponding to
data nth data and the corresponding desired output values is denoted by t". If the
corresponding predicted value by polynomial is given by y(x"; w) then to find the
suitable coefficients of polynomial it is required to consider error between desired
output (t") and the output predicted by polynomial y(x"; w). Basic curve fitting involve
minimizing the square of this error for all data and is given as [125]:

E :%i(y(x";w)—t”) (4.3)

From the above equation we observe that E is a function of w and the polynomial

therefore can be fitted by choosing an value of w say w~ which min\imizes E.
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Source 1 Source 2

Input layers

Hidden layers

Output layers

Output 1 Output 2

Figure 4.6 A typical feedforward neural network.

The best fitting is achieved when the complexity of the model say order of polynomial
is neither too large nor too small. The same consideration is applied to neural network
model and complexity of the model can be controlled by many adjustable parameters

and by adding a penalty term Q to error function and is represented as [125]:

E=E+RQ (4.4)
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Where Qs called a regularization term and is used to control overfitting. We may

choose value of Q2 as:

2
Q= %j(z—?j dx (4.5)
R is regularization coefficient and controls the extent up to which regularization term
influences the complexity of model . Here we have applied these network architectures
to train the network for computationally generated interference patterns of modes of
fiber with random phases. To have benchmarking of the process, firstly we have
applied the model to estimate the number of modes of well known results of polymer

SCF [120]. Neural network was trained for computationally generated interference
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Figure 4.7 (a) Experimentally observed pattern at the output end of the polymer
SCF, (b) Variation in prediction distribution of modes with efficiency over cross

validation set.

pattern of 10 modes of an SCF with random phases. 10 number of modes. To process
the image we have converted it into RGB pattern using Matlab. The input image is the
intensity distribution at the fiber exit end as shown in Fig. 4.7 (a).Neural network was
trained for 10 number of modes with optimized values of regularization coefficient
(0.1), number of hidden layers (25) and 300 samples. Neural network testing shown in
Fig.4.7 (b) predicts that the image consist of 2 or 3 modes. By visual inspection also one
predicts that the image consists of interference pattern of 2 to 3 modes. Therefore mode
prediction of neural network is reliable. Now we applied the model to estimate number

of modes of intensity pattern shown in Fig. 4.5 (c). Firstly the output intensity pattern
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was converted into RGB pattern using Matlab and is shown in Fig. 4.8. While applying
the model to actual problem we have considered the factors which can affect
performance of the network. In neural networking one is confronted with the problem of
how complex to make a model. If the model is too simple it cannot capture the
variability of the data. If model is too complex, coincidental complex relations will be
found and no explanatory values will be predicted by model. Two commonly used terms
regarding set of data are over-fitting and under-fitting. If the model is over-fitted then
model has an excess of parameters. Over-fitted model gives improved accuracy on the
training set while missing the overall message or pattern in the data. Whereas under-
fitted model is incapable of capturing variability of the data. So we have to optimise the

model to get good prediction. Quite important one important parameters to optimize the

Figure 4.8 Experimentally observed pattern at the output end of SCF (a), (b)

Converted RGB image of the observed pattern.

model are proportion of regularization, number of training samples, number of hidden
layers.

(A) Regularization coefficient:

Regularization contains how well the training curve fits the data [125].

The prediction distribution of modes for different values of R is shown in Fig. 4.9. If R
is low then the neural network tries to fit training data precisely. If the curve fits the
neural network very accurately it fails to learn the trend and may not give predictions
that are accurate. We need to optimize R to maintain balance of learning and predicting.
It can be observed that when R is 0.01 the data gives high efficiency over cross
validation set which is a mixture of images that neural network has seen and has not

seen before. For R = 0.01 prediction of modes indicates a range of modes from 5 to 10
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Figure 4.10 Variation in prediction distribution of modes for (a) hidden layers = 25, (b)
hidden layers = 35, (c) hidden layers = 45.

and all with almost equal probability. When the coefficient is increased to 0.1 the
efficiency over cross validation decreases by small amount but we can get predictions
for 6 or 7 modes. Setting coefficient to 1 gives us bad efficiency as well as prediction
which moves slowly towards under-fitting. Hence it is safe to conclude that
regularization coefficient around 0.1 is a viable option.

(B)  Number of hidden layers

Number of hidden layers is another way to achieve balance between under-fitting and
over-fitting. Hidden layers determine the level of complexity of the curve. More the
number of hidden layers, more is the complexity and vice versa [125]. Prediction
distribution of modes for different number of hidden layers is shown in Fig. 4.10. For 25
and 35 hidden layers the predicted modes are 6. Whereas for 45 number of hidden
layers neural network has predicted 6 to 9 modes with equal probability. Hence 25
number of hidden layers is optimized value. Decreasing the number of hidden layers

further will lead to under-fitting which is not desirable.
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(©) Number of image samples for training set

In the theory of neural networks, the most important feature for determining the learning
of the network is the number of training examples. The training set should be such that

it covers all possible outcomes and that too in proportion.
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Figure 4.11 Variation in prediction distribution of modes for (a) N = 100, (b) N =
200, (c) N=300, (d) 500.

If number of images is too less than the neural network fails to learn the patterns. More
number of images are always favorable for learning. Sometimes too many images may
lead to two outcomes. If the variance is less then it may lead the neural network to learn
as it would have learned with lesser number of images i.e. the outcome would be same
with 500 image samples as oppose to 1000 samples. This may lead to slow execution of
program by making the long learning process. If variance is more then there are chances
of over-fitting [125]. In Fig. 4.11 prediction of modes for different number of image
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samples has been plotted. It is observed that outcomes or the prediction for 500 images
is just enough for our application. The outcomes of 300 images are similar, only with a
low variance in efficiency and neural network predicts 6-7 number of modes. Increasing
number of image samples above 500 may lead to either over-fitting or the network
would learn nothing new. Thus we conclude that experimentally captured image
consists of 6 or 7 modes at the exit end of the fiber and all other modes leaks out. If the
fiber is having step index cladding instead of segmented cladding then fiber supports 20
modes. Segmented cladding of the fiber therefore helps in filtering out approximately

15 modes.

4.5 Conclusions

Development of technology for SCF fabrication in silica based glass has been reported.
Three fiber samples having 4 segments and 0.43% relative index difference, with
core/cladding diameters 45/125um (without jacket), 30/80 um (without jacket ), and
30/80 um with jacket have been fabricated. Fibers have been fabricated using Stack-
and-Draw technique from a stacked preform with central silica core surrounded by eight
alternatively arranged F-doped and undoped silica rods. Fabricated fibers were then
characterized by launching He-Ne laser light and by measuring the output intensity
patterns to check the beam quality at the exit end of the fiber. Neural network analysis
has been done for prediction of number of modes at the exit end of the fiber and shows
mode filtering effect. Segmented cladding of the fiber with jacket helps in filtering out

of approximately 15 modes.
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CHAPTER-5

Depressed Index Clad Fiber as a

Highly Sensitive Low-Cost Refractive

Index Sensor *

5.1 Introduction

Measurement of refractive index of various biological and chemical samples is
important for detecting several physical and biological parameters. Optical techniques
have several applications in biomedical fields, such as photodynamic therapy [126],
functional imaging [127], optical biopsy [128] and laser-induced thermotherapy [129].
Light or laser beams are transported and distributed in biological tissues in all of these
applications. When light enters a biological tissue or a chemical liquid, the optical
properties of material like absorption coefficients, reflection, irradiance levels, and the
scattering phase functions determine the light transmission and distribution. These

properties strongly depend on the refractive indices of tissues or liquids. Also, the

* A part of the results presented in this chapter have been reported in a research publication:
Babita and Vipul Rastogi "Depressed Index Clad Fiber as a Highly-sensitive Low-cost Refractive Index

Sensor", International Conference on Fiber Optics and Photonics, 1T Guwahati, Dec. 2010.
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refractive properties of tissues reflect their structural organization, which can be used as
an intrinsic marker for a disease. Therefore, to understand the light behavior in
biological tissues and in chemical liquids, it has become imperative to have accurate
data of the refractive indices of the tissues or liquids. The sensor community has,
therefore, paid considerable attention towards the refractive index sensors. Optical
waveguide sensors, based on optical fibers or planar waveguides, are widely used for
this purpose. Several methods have already been reported for measurement of refractive
index of various types of materials including bio-logical samples. Light refraction from
turbid liquids is of great interest for many applications of science and technology
specifically in area of physical chemistry [130]. However, only a few techniques have
been reported on the measurement of refractive index of colloidal solutions. The
conventional methods of measuring refractive index using Brewster angle and critical
angle are not suitable for absorbing and turbid liquids [131]. For sensing the refractive
index of a biological sample it is required to measure small variations in refractive index
of liquid. Conventional bulk refractometers are inconvenient for such measurements. In
view of the above there is a need for development of alternative refractive index
sensors. An optical fiber refractive index sensor provides a good alternative for a
compact lightweight and highly sensitive refractive index sensor. An optical fiber
refractometer is also suitable for remote sensing and in otherwise inaccessible places. In
addition, it can be used for sensing liquids or polymer composites. The amount of
sample needed to carry out the measurement can also be very small. Currently, metal-
fibers with metal coating employing surface plasmon resonances [25] and FBG are
being widely studied as highly sensitive refractive index sensing devices for biological
and chemical fields [30,31]. Tapering of fiber and stripping of the fiber cladding have
also been used as another alternative for refractive index sensors [32, 34]. Long period
grating (LPG) [37] and untapered fibers having thin film coating over full cladding [42]
have also been used as refractive index sensors. Villatoro et al. have proposed a low
cost optical fiber refractive index sensor based on core diameter mismatch [44]. The
sensor has been formed by splicing a short section of single mode fiber (SMF) to a
multimode fiber. Recently a low cost core diameter mismatch based sensor in a single-
mode fiber has been reported [45]. The choice of technique employed is a tradeoff
between fabrication cost, practicality, robustness, simple manufacturing processes,

sensitivity, and sensing range.
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Here we present an optical fiber sensor that combines simplicity, compactness,
high resolution, low cost and competitive sensing range. The sensor is based on a
depressed index cladding (DIC) type leaky fiber. Leakage loss in such fibers can be
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Figure 5.1. The refractive index profile of the proposed DIC leaky fiber structure.

highly sensitive to the variations in refractive index of the outermost leaky layer. We
show that for a particular value of refractive index of the leaky layer there can be
resonant leakage of power and one obtains a peak in a leakage loss curve as a function
of refractive index. The regions near the peak can be utilized in designing a highly
sensitive small-range refractive index sensor. The regions away from the peak are less
sensitive to the variations in refractive index and can be utilized as larger range

refractive index sensors.
5.2. Fiber Structure

The fiber which we have considered is SM-600 fiber but when we etch out some portion
of the cladding of the fiber and put another medium having refractive index equal to or
greater than the refractive index of core of the fiber, refractive index profile changes to

refractive index profile of DIC type fiber as shown in Fig. 5.1 Where a is the core radius
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and b defines the radius of the inner cladding of the fiber. n; and n; are the refractive

Cladding External medium Core

Figure 5.2. Schematic representation of fiber sensor.

indices of the core and the inner cladding of the fiber respectively. ne is the refractive
index of the external medium and corresponds to the refractive index of the material to
be sensed. The width of the outermost layer is assumed to be infinitely extended.
Schematic representation of the sensor is shown in Fig. 5.2. In such a DIC fiber
refractive index of outer cladding is equal to or higher than refractive index of core
therefore modes of the fiber will not be perfectly guiding and will suffer from finite
leakage loss. This leakage loss of the fiber can be calculated using transfer matrix
method which is described in chapter 2 [86]. The sensing mechanism of the sensor is

described in the next section.
5.3. Sensing Mechanism

In a single mode fiber power is confined in fundamental mode of the waveguide as
Exponentially  decaying -
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Figure 5.3. Guided mode in waveguide.

shown in Fig. 5.3 and mode is perfectly guiding. When some portion of cladding is
removed and replaced by other medium the guided mode may become leaky if the
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refractive index of the external medium is equal to or greater than that of the refractive
index of the core of the fiber as shown in Fig. 5.4.

Figure 5.4. Schematic representation of fundamental mode when an external medium

having refractive index greater than or equal to core of the waveguide is placed.

So when we remove the cladding portion of the optical fiber and put a high index
material on it then its index profile will change and structure becomes leaky. Leakage of
the power is highly sensitive to refractive index of external medium. This phenomenon
can be used to sense the refractive index of the external medium. The guiding of the
leaky modes only occurs over a fraction of a degree for in-coupling angle of the light for
a given refractive index. This occurs when the angle of incidence is greater than the
critical angle. At the same time, an evanescent wave is produced in the cladding of the
fiber. The evanescent wave propagates parallel to the core-cladding interface, and
decays exponentially from the interface. If the thickness of the inner cladding layer is
comparable to the penetration depth of the evanescent field of the mode, tunneling of
the power in the outer cladding of the fiber takes place. Any variation in the refractive
index of the outer medium (nex) changes the amount of power it can trap and thus,
changes the transmittance of the fiber. The structure can, therefore, work as a refractive
index sensor. This tunneling of energy into the outermost region can be very strong for a
particular value of ne due to resonance effect and the variation of transmittance of the
fiber with ne near this value can be very strong. In this region the fiber can work as a
highly sensitive refractive index sensor. As refractive index of the external medium
increases, leaky modes are more confined and the leakage loss decreases. This region of

higher refractive index can also be used for designing a refractive index sensor.
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Figure 5.5. Variation of leakage loss with the refractive index of the outermost layer.

However, the sensitivity in the region is smaller. Sensitivity of the sensor is defined as
AT/Ang in units of dB/RIU and resolution of sensor is defined as value of Ane that

causes 1% change in transmitted power.

5.4. Results and Discussion

For numerical calculations we have considered a = 1.7 um and cladding is etched down
to b = 8 um. The fiber is single-moded at 0.633 um wavelength. To investigate the
refractive index sensing characteristics of the fiber we have calculated the leakage loss

of the fiber for different values of ne at 0.633 um wavelength. The results are shown in
figure 5.5. One can clearly see two resonance peaks. On zooming in the curve in
relatively smaller range of ne shown in the inset we can see a clear strong resonance
peak in the leakage loss curve. We have used different regions of this curve to exploit
refractive index sensing potential of the structure for various applications. In this range
the fiber works as a highly sensitive refractive index sensor. We have used different
regions of the leakage loss curve to design high sensitive as well as low sensitive

refractive index sensor. First we pick up the range 1.45735-1.45737.
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Figure 5.6 Transmittance of the fiber as a function of ne in the range
1.45735-1.45737.
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Figure 5.7 Transmittance of the fiber as a function ne in the range 1.4590-
1.45950.
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Variation of transmittance with ne for this range is shown in figure 5.6. and is almost
linear therefore sensitivity will not vary much in this range. The sensitivity of the sensor
in this range is 6.2 x 10*dB/RIU around 1.45736. This can be exploited to construct a
refractive index sensor for jojoba oil in this range [132]. Ozone of liquid wax jojoba oil

Is used to control certain strains of diarrheas. A jojaba oil refractive index sensor can be

Transmittance (dB)
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X

Figure 5.8 Transmittance of the fiber as a function of ney in the range 1.47-1.55.

useful in detecting any adulteration in the oil. This can also be used to sense refractive
index of carbon tetrachloride [133]. Figure 5.7 shows the refractive index sensing
characteristics of the fiber in the range 1.4590-1.45950. This range corresponds to the
refractive index of mentha oil and the sensitivity within this range is 1.0 x 10 dB/RIU
around 1.4592. The transmittance of the fiber decreases with ne in this range and the
variation is also relatively small. The same fiber can also work for large-refractive
index-range but with decreased sensitivity. Figure 5.8 shows the variation of
transmittance of the fiber in the range 1.47-1.55. One can easily calculate from Fig. 5.8
that sensitivity within this range is 4.5 dB/RIU around 1.4590 and varies from 1.9 to 8.8
dB/RIU. This range can be utilized for sensing the refractive index of soybean oil, lipid
membrane having cholesterol and lecithin mixture and glycerol [134].
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5.5. Sensitivity Analysis of the Structural Disorders on the

Performance of the Fiber:

In previous sections we have studied that the proposed fiber structure acts a refractive
index sensor with high sensitivity. To study how the imperfections introduced during
fabrication of the fiber will affect performance of the fiber, we have carried out a study
on the performance of the fiber with variation in fiber parameters. Performance of the
fiber will be affected much by variation in core parameters of the fiber due to small
core. Refractive index can be precisely controlled with precision 4x10™ by MCVD
(modified chemical vapor deposition technique) b of the fiber can be controlled very

precisely by etching out the cladding carefully.
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Figure 5.10. Variation in transmittance with ne for different values of a.

Therefore, we have studied impact of core parameters within the most sensitive range.
To study effect of variation in n; we have calculated variation in transmittance with nex
by varying n; by &n; = 8x107*. We see from Fig. 5.9 that decreasing n; by &n; increases
variation in transmittance where as increasing n; by on; decreases variation in
transmittance. Therefore increase in value of n; by 6n; decreases sensitivity and
decrease in value of n; by dn; increases sensitivity of the sensor. Maximum variation in
sensitivity by increase in value of n; is —5.4x10% dB/RIU. Maximum variation in
sensitivity by decrease in value of n; is +6.3x10° dB/RIU. However the transmittance of
the fiber decreases substantially. One would therefore require a highly sensitive detector
and/or a powerful light source to operate the sensor. Variation in transmittance for
different values of a is shown in Fig. 5.10. We see from Fig. 5.10 that decreasing a by
0.2 um results in 1.2x10° dB/RIU increase in sensitivity whereas increase in value of a

by 0.2 um results in decrease in sensitivity by 3.8x10* dB/RIU.
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5.6. Conclusions

The light transmittance characteristics of the DIC leaky fiber show that the fiber
has good potential of refractive index sensing. The fiber can be fabricated by etching the
cladding of an SM 600 fiber. We have investigated the transmission characteristics of
the fiber by using the TMM and have shown that the leakage loss of the structure is
highly sensitive to variations in refractive index of outer most region. As a result of
these investigations we conclude that the fiber can be designed to sense the refractive
index of various materials including jojoba oil, peppermint oil, mentha oil, soybean oil,
cholesterol, lecithin mixture and glycerol. The proposed sensor is low-cost, highly
sensitive, easy to handle and fabricate, and can be used with a small liquid volume.
These features make the sensor useful for sensing refractive index of biological
materials and chemical liquids.
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CHAPTER-6

Planar waveguide based refractive

° 3
index sensor

6.1 Introduction

In the previous chapter we have studied optical fiber based refractive index
sensor. But optical fiber based refractive index sensors are sometimes fragile in nature
and are very difficult to handle. The fibers specially designed for this purpose are not
cost effective because manufacturing process of an optical fiber is expensive.
Integrated-optic sensors, therefore, have attracted rapidly growing interest. Various
types of integrated-optic sensors have been reported in literature including
interferometric [135-137], refractrometric [138], evanescent field [139], fluorescent or
absorbance [140] based, and surface-plasmon resonance based sensors [141]. The
choice of technique employed is a tradeoff between fabrication cost, practicality,
robustness and simplicity of manufacturing process. Although some of the
refractometric biosensing systems or sensors have been commercially successful but
their use has been mostly limited to research laboratories due to their cost and

complexity.

* A part of the results presented in this chapter have been reported in following publication:

Babita and Vipul rastogi, “Design and analysis of a low cost highly sensitive refractive index sensor”,
The XXI™ International Workshop on Optical WaVe g waveguide Theory aNd Numerical Modelling, Enschede,
The Netherlands, April 19-20, 2013.
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In this chapter, we present a leaky planar waveguide based refractive index
sensor. The sensing structure is a Teflon-Cytop-Teflon waveguide formed on a glass
substrate. Any change in the refractive index of the external medium affects light
guidance in the cytop layer and this forms the working principle of the sensor. We
observe resonant coupling of power from cytop layer to the external medium (analyte)
for a particular value of refractive index of the analyte. The sensor has high sensitivity
around this value of refractive index. We have designed refractive index sensors for
biochemical applications and have studied tolerance with respect to various design

parameters.

6.2 Waveguide structure and method of analysis:

We have considered the waveguide structure as shown in Fig. 6.1. The waveguide
structure has been formed on SiO; glass substrate of refractive index ns. The width of
the core of the waveguide having refractive index nc is d. The core of the waveguide is
surrounded by upper cladding and lower cladding having widths d,. and di
respectively. The refractive index of upper cladding and lower cladding is n,. The
analyte is put on the top of the waveguide structure and is treated as external medium of
refractive index nex. For the values of nex close to or greater than ng, the structure
becomes leaky. Hence some portion of the light propagating through waveguide is
trapped by high refractive index material. So, we get a modulated output and by
measuring the fraction of input power that comes out of the output end, we can find out
the refractive index of the liquid. Transfer matrix method (TMM) has been used to
analyze the structure [67]. Multilayer representation of planar leaky waveguide is shown
in Fig. 6.2. To implement TMM, electric field in the p™ layer having refractive index Np

can be expressed as:

p

={Apcoskp[xdp+1]+BpSinkp[Xdp+1]; k2>0 6.1
A, coshk [x—d . ]+B,sinhk [x—d, ,1; k2<O

Where k =|x|, &7 =kj(n?-n%), and k,=27z/1 is free space wave number.
ng =pB/K, represents effective index of mode and g is propagation constant. A and

B, are arbitrary coefficients. A, B,, A, and B, are correlated by a 2x2 matrix:

p+1?
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Figure 6.1 (a) Schematic representation of proposed refractive index sensor.
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Figure 6.2  Multilayer representation of the planar leaky waveguide.

Spfor TE mode can be written as:

Ap+1 Ap
5. =S, 5 (6.2)
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. fork? >0

k
coshA,,, (—)sinhA
- Pt . fork?<0 (6.3)

k
sinhA,,,  (—=)coshA
p+l

Where A =k (d,—-d, ;). A, B, Ay, and B, are interrelated by an appropriate

matrix g which can be obtained by multiplying transfer matrices of all intervening

layers:
RN
N 1
Where g =Sy Sy _5.eieen S,and g is given as:
g — (gll ng J (65)
21 92

For leaky waveguide, in the high-index outermost region only the outgoing wave exists
and in the low index region no amplifying term is allowed. These conditions lead to

A =iB, and A, =—B,,. From Eq.(6.4) and Eq.(6.5), one can get:

AN :[912 +i911]Bland BN :[gzz +igzl]Bl (6-6)

Equating Ay and —By from Eqg. (6.6), gives an eigenvalue equation in terms of S, i.e.

G(p)=0. In general, Sconsists of real part as well as imaginary part and can be

represented as: S =/. +if, where f is real part and S represents imaginary part. 5

and £ can be calculated by drawing a plot between ]/|G|2 and S, which consist of

resonance peaks in lorentzian shape. Each resonance peak corresponds to propagation
constant of a mode. /£ can be calculated by the value of £ corresponding to resonance
peak and £ can be calculated by FWHM of the resonance peak. S gives effective index
of the mode and f leakage loss of the mode. Variations in values of ne results in

change in leakage loss which corresponds to change in output power.
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Figure 6.3 (a) Variation in leakage loss of the TE; mode with ne for different values
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Figure 6.3(b) Corresponding transmittance for 8 mm length of the sample.
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The sensitivity of the sensor is defined as AT/Ang in the units of dB/RIU and the resolution

of the sensor is defined as the value of Ane, that causes 1% change in transmitted power.

6.3 Numerical results and discussion:
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Figure 6.4 Variation in transmittance as a function of ne, for different values of dyc.

We have carried out numerical simulation for the following parameters:

ns=1.45, n. = 1.3395, n, = 1.319, dic =20 um, d =2.0 um, dyc = 1.3 um, wavelength =
0.633 um. Refractive index of external medium is ne. The structure can be easily
fabricated by using the cost-effective spin coating technique. We have taken glass as a
substrate, on which polymers can be deposited. The refractive index of lower cladding
having refractive index n, can be realized by spin coating teflon and core of the
waveguide can be realized by depositing cytop. Cytop has high chemical resistance
therefore it can be spin-coated with a large variety of optical polymers for realizing
high-index-contrast planar waveguide. Cytop and teflon are suitable materials for

optical waveguide because they can be made into well controlled submicron structures
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and have low optical absorption loss; in addition these are easily available cost effective
polymers. Sensing can be realized by putting analyte on the waveguide as the external
medium and by measuring corresponding change in output power. This change in
output power will indicate the change in refractive index of the external medium, ne. In
Fig. 6.3 (a), we show the dependence of leakage of the power on ne. The guiding of
leaky modes occurs over a fraction of a degree for in-coupling angle of the light for a
given refractive index. This occurs when the angle of incidence is greater than the
critical angle. The evanescent wave propagates parallel to the core-cladding interface,
and decays exponentially from the interface. The penetration depth of evanescent wave
into the sample increases with wavelength. Human tissue and cells have low absorption
loss between 0.6 and 1.2 um, the so called therapeutic zone for laser treatment.
Therefore, while designing the sensor one should take into consideration the wavelength
as well as availability of the source. We have designed this sensor at 0.633 um
wavelength. Fig. 6.3 (a) shows the variation in leakage loss of the TE, mode as a
function of refractive index of the analyte for different thicknesses of core radius and
Fig. 6.3 (b) shows the corresponding transmittance for 8 mm length of the sample. We
can see from Fig. 6.3 (a) that the resonant coupling of power to the test sample occurs at
Nex = 1.345. The sensitivity also depends on the upper cladding width d,.. Therefore, we
have optimized width of upper cladding of the waveguide also. Variations in
transmittance of the fundamental mode with ne for different values of d,c is shown in
Fig. 6.4. Resonant coupling of power from core of the waveguide to analyte takes place
for a particular value of d,c which is 2 um. Therefore 2.0 um is the optimal value of dc.
We have exploited different portions of the transmittance curve to design the sensor

with different resolutions and for different refractive index ranges.
6.4 Applications:

The sensor can be used for sensing the refractive index of various biological and
chemical liquids. Fig. 6.5 shows that in the range 1.33195 < ne < 1.33469 sensitivity of
sensor varies from 1.1x10° to 1.74x10* dB/RIU. This range can be used to sense

refractive index of the following biological and chemical test samples:
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(@ Monitoring Refractive index of Proteins:

Protein is an essential nutrient made up of building- block chemicals called amino
acids. A total serum test measures the total amount of protein in the blood and also
measures the two main groups of proteins called albumin and globulin. Measurement of
concentration of proteins may detect liver disease, nutritional state, kidney disease and
others. Low total protein levels can suggest a liver disorder, a kidney disorder or
disorder in which protein digestion does not take place. High level of total protein can
be seen with infections such as viral hepatitis or HIV. Therefore detection of level of
protein is important for diagnosing various diseases. Importance of rapid detection of
concentration of serum proteins in emergency has long been recognized. Greatly
increased amounts of bilirubin or fats in serum alter the refractive index values in
relation to concentrations of proteins [142]. Therefore by measuring the change in
refractive index of the proteins we can detect the level of proteins and can detect the
disease. We can sense refractive index of above mentioned proteins within this range
with sensitivity in the range 1.1x10° to 1.74x10* dB/RIU.The sensitivity of the sensor

Transmittance (dB)
IN
T I
| L

I

1.332 1.333 1.334

n

(4

Figure 6.5 Variation in transmittance as a function of ne in the range 1.33195-1.33469.
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around ne = 1.333 is 2.74x10% This sensitivity corresponds to 1% change in
transmittance and can be increased by using more sensitive detectors. We can sense the
refractive index of serum, globulin, albumin and edestine by preparing the solution
having refractive index within the range 1.33195 to 1.33469 [143].

(b) Monitoring Glucose concentration in blood:

Millions of people in world are suffering from diabetes. A technique for monitoring
blood sugar (d-glucose) will be of great interest. There are various techniques for

estimating the glucose level in blood. One of the techniques is by measuring the change
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Figure 6.6 Variation in transmittance as a function of ne in the range 1.33469-
1.33703.

in refractive index of blood. The refractive index of sugar solution changes with
concentration of sugar. Sugar concentration changes from 0.1% to 0.3% (the range for
diabetes) results in refractive index changes from 1.3334 to 1.3337. Proposed sensor
can detect changes in the refractive index in the range 1.33195 to 1.33469 with
sensitivity of 2.74 x10° dB/RIU and hence can be used for monitoring glucose

concentration in blood [144].
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(c) Testing water adulteration:
Refractive index of water at 633 nm is 1.3321 at 20°C [145]. Any impurity in
water changes its refractive index. A refractive index sensor with right resolution can

therefore be used for testing adulteration in water.

(d) Monitoring salt concentration:

Small concentration of salt in water can be sensed using this sensor. Addition of small
quantity of NaCl increases the refractive index of solution. 1 gm/100 ml solution has
refractive index 1.3310 and solution of 3 gm/100 ml concentration has refractive index
1.3340 [146]. Proposed sensor is suitable for monitoring low concentration of salt
solution with sensitivity of 2.74 x10° dB/RIU.
(e) Monitoring sucrose concentration:

We can monitor very small concentration of sucrose solution in water. We can

monitor solution of up to 3 gm/100 ml water. Refractive index of solution for
concentration range 0-2 gm/100 ml varies from 1.3310 to 1.3346 [146]. This range is
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Figure 6.7 Variation in transmittance as a function of ne in the range 1.35-1.50.

good for sensing small concentration of sucrose in water but with high accuracy. The

same sensor works in the range 1.33469 - 1.33703 also. The sensitivity of the sensor in
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this range is 7.1x10% dB/RIU as can be seen from Fig. 6.6. High concentration of
glucose in blood, high concentration of sucrose solution and NaCl solution can be
sensed in this range [146]. This sensor can also work for large range of nex (1.35 to 1.5)
with lower sensitivity. Variation in transmittance with ney in this range is shown in Fig.
6.7. The sensitivity of the sensor with in this range is from 6.9 to 39.9 dB/RIU. This
region can be used for the applications where less sensitivity is required.

T T T T T
ok
oL —m—7 = 13385
—e—, =13395
—_ =
a al n_=13405
o _
N’
3
>
S _\‘\.
p=t e
é TS, 4
- -8 | e,
s i e ]
e
T T —— .
—
\.\.
'.§.§.
12 F R ———]
1 L 1
1.333 1.334 1.335
n

Figure 6.8 Tolerance study of refractive index of core of the waveguide.

6.5  Tolerance study

In previous sections we have numerically demonstrated that the proposed waveguide
structure acts as a good refractive index sensor. To study how the imperfections
introduced during the fabrication will affect the performance of the waveguide, we have
carried out a study on the performance of the sensor with variations in the values of
various waveguide parameters. Widths of different layers of the considered structure

can be controlled at submicron level using standard fabrication technology.
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Figure 6.9 Tolerance study of refractive index of upper cladding of the waveguide.
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However the control of refractive index is bit difficult. Therefore, we have studied the
effect of variations of refractive index of the layers of the waveguide on the
transmittance curves of the structure in the most sensitive range (1.332-1.335).
Refractive index of the substrate of the waveguide does not affect the leakage loss of the
waveguide as the width of the lower cladding is much larger than the penetration depth
of evanescent field of the waveguide. Refractive index for polymers cytop and Teflon
can be precisely controlled down to 10~% to 107*. Firstly we have varied n. by an amount
8ne = + 1x1072 and results are shown in Fig. 6.8. One can observe that variation in n. by
8ne = +1x10~ results in maximum variation in sensitivity by +2.1x10° dB/RIU and
8ne = — 1x107° results in maximum variation in sensitivity by —9.6x10° dB/RIU. To
study effect of variation in refractive index of lower cladding and upper cladding we
have represented refractive index of upper clad as n,. and refractive index of lower clad
as ni.. The analogous study has also been carried out for variations in parameter n;, of
the waveguide and results are depicted in Fig. 6.9. One can see from the Fig. that
varying 8nye by + 1x107° results in maximum +3.7x10% dB/RIU variation in sensitivity
and variation in 8ny by —1x107% results in maximum variation in sensitivity by
—2.3x10% dB/RIU . We have also studied the effect of deviations (8nyc = +1x107%) in ny
also. One can observe from Fig. 6.10 that 8n. = +1x107 results in negligible variation
in sensitivity of the sensor. From the above discussion we can say that the imperfections
created during fabrication of the waveguide will not affect the performance of the

waveguide significantly.

6.6 Conclusions

A planar waveguide structure has been presented for realizing integrated optical sensor
based on leakage loss of the waveguide. The output light of the single mode planar
waveguide is shown to be a sensitive indicator of the refractive index of the chemical or
biological sample which is put on the waveguide as an external medium. The most
conspicuous advantages of this approach are: high sensitivity, low cost, robustness,
simple manufacturing process, easy to handle, large sensing range, small volume of test
sample, minimal space and power requirement. The same sensor can work for short as
well as large refractive index sensing range with varying sensitivity. These features
make the sensor attractive for sensing refractive index of various biological and

chemical samples
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CHAPTER-7

Multilayer Leaky Structure for

Organic Light Emitting Diodes

7.1 Introduction

Opto-electronic devices made of organic materials have been of interest because
such devices are relatively inexpensive in comparison to the devices made of inorganic
materials. Organic materials are easy to fabricate on flexible substrate because of their
inherent property. Organic opto-electronic devices include organic light emitting diode,
organic solar cells, organic transistors, organic photovoltaic cells, organic
photodetectors. In case of OLED, organic materials have advantage that the wavelength
at which an organic emissive layer emits light can be easily tuned with appropriate
dopants. Organic light emitting diodes (OLED) have been of interest recently because
of their potential applications in flat panel displays, illumination, domestic solid state
lighting etc. Radiative decay of molecular excited state is responsible for light
generation mechanism in organic light emitting devices. But a large fraction of light is
lost inside the device because of different mechanisms. A large fraction of generated
light approximately 40% is coupled to surface Plasmon polaritons generated at
metal/organic interface and is lost [53]. Due to total internal reflection at glass/ITO
interface 15% of the light is lost in guided modes. Approximately 23% of generated
photons are lost at substrate/air interface by total internal reflection. Roughly 20% of

generated photon in organic layer is extracted out from the device. Many approaches
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have been reported in literature to increase the performance of OLED. The ratio of total
number of photons generated in organic layer to the number of injected electrons
defines the internal quantum efficiency of OLED which is only 25%. However the
internal quantum efficiency of OLEDs can be achieved near 100% by harvesting both
singlet as well as triplet excitation states using electrophosphorescent materials.
External quantum efficiency of the device is defined as the number of generated
photons coming out of the device per number of photons generated in the device.
Approximately 80% of the generated light has been lost in the wave-guided modes
generated due to glass substrate/ITO, substrate/air interface and due to coupling to
surface plasmons at metal/organic interface. To extract power from waveguide modes
and to increase the extraction efficiency of OLED various approaches have been
reported. Back texturing of the glass substrate can suppress propagation of light in
substrate modes and can lead to increase in extraction efficiency [54]. High index
substrate can also be used to increase extraction efficiency [55]. However, high index
substrate can lead to high index contrast between substrate and air. Micro lenses and
periodic micro structures can also be inserted to couple the guided modes to useful
power radiations [53-59]. However the process to fabricate micro-lenses and periodic
structures is not so simple and may not be practical. Another important technique to out
couple the guided modes is grating coupler method where a grating is used to
circumvent refractive index mismatch which prohibits the coupling of external to
guided modes [60]. Patterned ITO electrode coated with PEDOT: PSS a low index
polymer also results in increase in external quantum efficiency. The patterning of ITO
has been done using photolithographic steps or micro-contact printing. To improve
efficiency of OLED low index materials grids have been inserted at ITO/organic layer
interface to redirect the light confined at this interface towards the substrate normal
[61,62]. Standard photolithographic method has been used to embed these grids at
ITO/organic layer interface. Insertion of aerogel layer between glass and ITO in
conventional OLED structure can avoid coupling of power to substrate modes [63].
Significant enhancement in external quantum efficiency has been observed. But this
method is accompanied by change in radiation pattern and exhibits an undesirable angle
dependent emission spectrum and also involves complex processing methods. . The
choice of technique employed is a tradeoff between fabrication cost, practicality,

robustness, and simplicity of manufacturing processes. Here we numerically
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demonstrate an enhancement of out coupling efficiency by using a uniform teflon layer
inserted between glass and ITO. This layer helps in leakying out power into the glass

substrate, which is eventually available for extraction.

7.2 Proposed Structure and Method of Analysis

If we consider the whole structure of OLED as a waveguide having refractive index
profile as shown in Fig. 7.1 (a) and schematic representation is shown in Fig. 7.1 (b). In
an optical waveguide guided modes are formed by sandwiching a high index layer
between two low index layers. The modes are confined in the high index layer and very
small power is extended into the low index regions. If one introduces a high index layer
on the waveguide then waveguide light can be trapped by the high index region because
of frustrated total internal reflection and in terms of ray theory and leaky modes in terms
of wave theory. Leaky modes can carry large amount of energy into high index region
and then radiate out as shown in Fig. 7.2. The amount of leakage of power into the high
index region can be controlled by various waveguide parameters. In case of an OLED
most of the power is confined into the guided mode of ITO layer. These modes travel in
lateral direction and the light coupled in these modes comes out of the sides of the
device and does not contribute to the emission of OLED. If we put an appropriate layer
of low index material between glass and ITO then because of frustrated total internal
reflection mode can be coupled to the glass substrate and can be radiated out by some
special mechanism at glass surface. This low index polymer layer can be of Teflon
polymer and can be deposited using spin coating technique. Teflon is a suitable material
for optical waveguide because it can be made into well controlled sub micron structures
and has low absorption loss. In addition it is easily available cost effective polymer. We
have carried out numerical simulation for the OLED design shown in Fig. 7.1.
Refractive index profile is shown in Fig. 7.1(a). There are many techniques to calculate
characteristics of the structure and can mainly be divided into three main schemes: (1)
The radiant molecule in emissive layer are considered as oscillating dipole antennas and
classical approach can be used to calculate far field radiation of these dipoles. (2)
Another one is quantum mechanical approach where sum of eigen modes represent the
total electromagnetic field of OLED and Fermi golden rule is used to calculate the

transition probability of these modes.
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| LEAKY MODES

Figure 7.2 Leaky modes in waveguide

(3) In this technique interference effects caused due to refractive index discontinuities in
a multilayer stack, are taken into account. Transfer matrix formalism is used to handle

these interference effects. Here we have taken into account transfer matrix formalism to
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Figure 7.3 Variation of increment in extracted power with low index layer inserted
between glass and ITO at 442 nm wavelength.
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calculate power extraction in glass substrate. We have used transfer matrix method
which is described in chapter 6, to analyze the structure [15]. Increment in optical power
extraction has been calculated using the formula = PlosSow — P10SS¢ony Where Plosscony =
power loss in the waveguide without any low index layer. Plossi,w = power loss in the

waveguide after insertion of low index layer.

7.3 Numerical Results and Discussion
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Figure 7.4 Variation of increment in extracted power with low index layer

inserted between glass and ITO at 539 nm wavelength.

Most of the power in a waveguide is confined in the fundamental mode of the
waveguide. Therefore, we have calculated increment in extracted power of fundamental
mode after insertion of low index layer in conventional OLED design. Increment in
power extraction at 420 nm wavelength is shown in Fig. 7.3. We observe from Fig.7.3
that at 420 nm wavelength, increment in power extraction is around 15 % for 1 um
width of low index layer after 1 um propagation through the device after insertion of
low index layer of n, = 1.28 As lower is the refractive index of the low index layer
higher is the power extraction. Because of the property of the waveguide we get

resonance in leakage loss for a particular wavelength for particular waveguide design.
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Figure 7.5 Variation of increment in extracted power with low index layer inserted

between glass and ITO at 620 nm wavelength.

Therefore at 539 nm wavelength we get more increment in power extraction than that of
620 nm wavelength as 539 is the resonant wavelength for considered design. Increment
in power extraction for 539 nm wavelength is shown in Fig. 7.4 and one can observe
that it is approximately 29% for njow = 1.28 for 1 um propagation of power through the
device. Fig. 7.5 shows that at 620 nm wavelength power extraction increases by
approximately 3 % after insertion of low index layer. Experimentally, the device can be
realized by depositing a teflon layer between glass and ITO by using spin coating
deposition technique.

7.4 Conclusions

An OLED structure with improved light extraction efficiency has been presented.
Insertion of low index layer results into more extraction of power from the device at all
three wavelengths red, green and blue. However due to waveguide property there is
resonant wavelength at which leakage of power from waveguide is maximum and that
wavelength for the proposed structure is 539 nm wavelength. Therefore we get

maximum extraction of power from the device at 539 nm wavelength.

112



Chapter 8 Concluding Remarks and Scope for Future Work

CHAPTER-8

Concluding remarks and scope for

future work

In the thesis we have presented novel multilayer designs in planar and fibre
geometries for specific applications. In particular, we have presented segmented core,
segmented cladding and three-layer W-fiber designs for optical fiber and multilayer
designs for planar waveguides. With segmented core design assisted with a low-index
trench in the cladding, dispersion of the fiber has been flattened and mode area has been
increased as compared to conventional dispersion flattened fiber designs. Designed fiber
also shows low bending lossand can offer small positive, small negative and near zero
dispersion while maintaining efficient structural disorder performance. W-type fiber
offers large mode area with low mode coupling between fundamental mode and first
higher order mode. Designed fiber is able to achieve 1900 um? mode area and is able to
deliver 100-fs, 55.5-kW peak power sech pulses at 1550 nm wavelength. Segmented
cladding design has also been presented for ultra-short laser pulse delivery with mode
area and low susceptibility to intermodal coupling like W-fiber design. However, the
interesting feature of SCF is that it is able to deliver USPs at more than one
wavelengths. SCF has mode area of 1825 um? at 1550-nm wavelength and 1793 um? at
1064 nm wavelength. SCF can deliver 100-fs sech and Gaussian pulses at 1550-nm
wavelength and 250 fs laser pulses at 1064 nm wavelength. Three layered W-fiber
structure is easier to fabricate using conventional MCVD technique whereas fabrication

technology for SCF in silica glass material is yet to be established. Development of
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technology for fabrication of SCF has also been presented in the thesis. Three layer
fiber design has also been presented for sensing refractive of various materials.
Transmission characteristics of the fiber shows that the leakage loss of the fiber is
highly sensitive to refractive index of analyte. Fiber is able to sense refractive index of
various materials including peppermint oil, jojoba oil, menthe oil, soybean oil,
cholesterol, lecithin mixture and glycerol. Multilayer planar waveguides have also been
presented for sensing refractive index and to improve light extraction efficiency of
organic light emitting diode. Multilayer planar waveguide presented for sensing
refractive index is able to realize integrated optical sensor based on leakage loss of the
waveguide. The output light of single mode planar waveguide is a sensitive indicator of
refractive index of the biological or chemical analyte. A structure of OLED based on
planar waveguide geometry has been presented to improve power extraction from the
device. As the scope for future work, proposed waveguide and fiber designs can be
implemented in active materials and their performance can be investigated. Fiber sensor
and waveguide sensor designs can be tested experimentally to access the actual device
performance. Performance of dispersion flattened fibers can be thoroughly investigated
by implementing them in communication system. Potential of multi-layer fiber designs
can be explored for gain flattening and fiber lasers. The gain flattening in thulium doped
fibre amplifier (TDFA) and Raman amplifiers can also be explored using these designs.
Performance of the OLED device can be experimentally tested after insertion of low

index layer.
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