Liquid Filled Waveguides and Fibres
Zipei Song

St Annes College
University of Oxford

A thesis submitted for the degree of
Doctor of Philosophy

Hilary 2024

Abstract

Ever since the initial development of fibre Bragg gratings (FBGs) in 1977, their
inherent sensitivity to both temperature and strain has become a significant
challenge. This thesis seeks to address this enduring issue by developing novel
FBG devices that would potentially solve this 47-year-old problem.

Through the exploration of a novel approach using liquid-filled waveguides
and fibres, detailed insights into its implementation across design, fabrication,
and experimental demonstration are provided. A thorough examination and
comparison of various analysis and simulation techniques are undertaken to
provide detailed guidelines for device designs. A distinctive technique of aberration
correction was introduced to focus the laser beam into the optical fibres during
fabrication. This enables the fabrication of micro-engineered FBG devices with
fluid-filled microchannels within the evanescent fields. These devices provide
extraordinary thermal sensitivities and the significant achievements in these
devices effectively meet the requirements of various optical devices and optical
fibre sensing applications. This research contributes to the field by offering a
comprehensive solution to a longstanding problem in FBG sensor technology.
Through a series of experiments and simulations, the feasibility and effectiveness
of this approach are demonstrated. Furthermore, the thesis explores methods
for reinforcing FBG devices for strain sensing, including recoating with polymers
and custom fibre designs. These methods enhance the mechanical strength of
FBG devices, improving their durability and reliability in sensing applications.

Overall, this thesis presents a significant advancement in FBG sensor tech-
nology, offering a comprehensive solution to the longstanding challenge of strain
and temperature discrimination. The research conducted contributes to the
understanding of FBG sensor technology and provides practical solutions that
have the potential to impact a wide range of optical sensing applications.
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Abstract

Ever since the initial development of fibre Bragg gratings (FBGs) in 1977, their
inherent sensitivity to both temperature and strain has become a significant
challenge. This thesis seeks to address this enduring issue by developing novel FBG
devices that would potentially solve this 47-year-old problem.

Through the exploration of a novel approach using liquid-filled waveguides and
fibres, detailed insights into its implementation across design, fabrication, and
experimental demonstration are provided. A thorough examination and comparison
of various analysis and simulation techniques are undertaken to provide detailed
guidelines for device designs. A distinctive technique of aberration correction
was introduced to focus the laser beam into the optical fibres during fabrication.
This enables the fabrication of micro-engineered FBG devices with fluid-filled
microchannels within the evanescent fields. These devices provide extraordinary
thermal sensitivities and the significant achievements in these devices effectively meet
the requirements of various optical devices and optical fibre sensing applications.
This research contributes to the field by offering a comprehensive solution to a
longstanding problem in FBG sensor technology. Through a series of experiments
and simulations, the feasibility and effectiveness of this approach are demonstrated.
Furthermore, the thesis explores methods for reinforcing FBG devices for strain
sensing, including recoating with polymers and custom fibre designs. These methods
enhance the mechanical strength of FBG devices, improving their durability and
reliability in sensing applications.

Overall, this thesis presents a significant advancement in FBG sensor technology,
offering a comprehensive solution to the longstanding challenge of strain and tem-
perature discrimination. The research conducted contributes to the understanding
of FBG sensor technology and provides practical solutions that have the potential
to impact a wide range of optical sensing applications.
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This thesis begins with a brief introduction including the motivations of the

project and the thesis outline.

1.1 Motivations

Optical fibre sensors are highly effective tools for monitoring a wide range of
physical, chemical, and environmental parameters. These sensors offer several
advantages over traditional sensing technologies, making them ideal for use in
challenging environments [1]. Their small size allows easy integration into various
systems, such as structural health monitoring in bridges [2], temperature detection
in biological tissues [3], and pressure monitoring in aircraft wings [4], without
adding significant bulk. With relative high melting point and thermal stability,
they are inherently safe for use in explosive or lammable environments, such as
in the oil and gas industry [5]. In addition, optical fibre sensors are immune to

electromagnetic interference, ensuring accurate and reliable data transmission even
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in electrically noisy settings. Their resistance to corrosion further enhances their
durability, making them suitable for long-term deployment in harsh conditions,
including marine or chemical processing environments [6].

Optical fibre sensors encompass a wide range of types, each tailored to specific
applications and measurement techniques. Fabry—Perot sensors, which utilize
interference between two reflecting surfaces to measure parameters like pressure and
temperature, are frequently used in aerospace and medical devices due to their high
sensitivity [7]. Interferometric fibre sensors leverage the interference of light waves to
detect minute changes in environmental conditions, making them ideal for precision
measurements in industrial and structural monitoring [8]. Raman scattering-based
sensors are used for distributed temperature sensing over long distances, commonly
applied in fire detection and environmental monitoring [9]. Brillouin scattering-
based sensors, which detect strain and temperature changes along the fibre, are
valuable for structural health monitoring in large infrastructures such as bridges and
pipelines [10]. Optical time-domain reflectometry (OTDR) is a powerful technique
to locate faults and measure attenuation in long fibre networks, widely used in
telecommunications and network maintenance [11]. Polarimetric sensors, which
measure changes in the polarization state of light, are used to monitor electric
currents and magnetic fields [12]. Evanescent wave sensors, which detect changes
in the light wave propagating along the fibre surface, are utilized in chemical and
biological sensing, particularly for detecting contaminants or pathogens [13].Optical
frequency domain reflectometry (OFDR) offers high-resolution distributed sensing,
used in applications like strain mapping in composite materials [14].

Finally, Fibre Bragg Grating (FBG) sensors, which reflect specific wavelengths
of light depending on strain or temperature changes, are highly versatile and used
across various fields, including civil engineering, aerospace, and energy [15]. While
distributed sensors, such as Raman and Brillouin-based sensors, are designed to
monitor changes continuously along the entire fibre length, making them suitable
for large-scale structures, point sensors like FBGs and Fabry—Perot sensors focus

on specific locations, providing precise measurements in targeted areas. Among
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them, FBGs are often preferred because they offer high sensitivity, multiplexing
capability, and ease of integration into various structures, allowing multiple sensing
points along a single fibre, making them particularly suitable for distributed sensing
applications in complex environments [16|. Specifically, in real world FBGs are
used in structural health monitoring of bridges, dams and buildings [17], in nuclear
reactors [18], in hydraulic systems [19], in wind turbine blades [20], inside the human
body during surgery [21], and in automotive structures [22].

Fibre Bragg gratings(FBGs) are periodic structures written in optical fibres
that allow wavelength-specific reflection of light. By measuring the reflection peak,
FBGs can be used as highly sensitive and accurate sensors for many physical
properties such as temperature, strain, pressure, humidity, refractive indices and
many other physical properties in remote and extreme environments [1]. As well as
sensing, FBGs are used for many other applications. For example, FBGs serve as
highly effective optical filters due to their ability to reflect specific wavelengths while
transmitting others, making them ideal for wavelength division multiplexing (WDM)
systems [23]. This selective filtering capability is crucial for managing and routing
different data channels within optical networks. Furthermore, FBGs are employed in
pulse compression techniques [24], where they help to shorten the duration of optical
pulses, enhancing the resolution in OTDR and improving performance in ultrafast
optical systems. Their precise control over light propagation also makes FBGs
valuable in laser stabilization and the development of narrow-linewidth lasers, where
they help maintain consistent output by filtering out unwanted wavelengths [25].

Despite these considerable advantages, there has been a problem that has existed
for more than 40 years ever since the discovery of FBGs [26], which is their intrinsic
temperature dependence when measuring other parameters. For example, the
strain response due to an applied strain on FBGs arises from both the change in
grating period from physical extension and the refractive indices due to photoelastic
effects, while the temperature response is also determined by both the thermal
expansion of the grating period and refractive index variation because of thermo-

optic effects[16]. This explains the problem as with a single measurement of the
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Bragg wavelength, one is not able to tell whether there has been a temperature
variation or an applied strain on the FBGs.

Discrimination between temperature and strain has attracted attention for
more than four decades. The temperature dependence could be compensated by
adding athermal packages [27] but the additional mechanical components will
prevent the use of FBGs as sensors. Approaches such as using two wavelengths
to give two measurements with differing sensitivities to temperature could be
employed [28]. Others take advantages of FBG properties with different polarisation
modes in specific fibre devices such as high birefringence “quasi-rectangle” fibres
[29], fibre devices with composite laminate [30], or with a micro-structured fibres
[31]. However, all these wavelength or polarisation dependent methods only give
small changes in sensitivity.

A number of indirect approaches are known to combine an FBG with different
types of optical fibre sensors to provide on extra measurement for the two physical
properties. Devices with multi-mode fibres acts as a Mach—Zehnder interferometer
(MZI) [32]. Devices utilizing the four-wave mixing effect allow the temperature
of one FBG to be compensated by the other FBG [33]. A Fabry-Pérot cavity
could also provide a temperature and stain dependent measurement just as an MZI
[34]. Long period gratings have different sensitivities and could be fabricated with
exactly the same technique as FBGs [35]. A few-mode fibre considering different
effective index and sensitivities of different propagration modes [36]. In a no-core
fibre (NCF), Multimode inter- ference (MMI) will occur along the NCF due to the
different longitudinal propagation constants [37]. The the amplified spontaneous
emission (ASE) power of erbium-doped fibre is dependent on temperature thus
could be used as a strain independent indicator[38]. Rocking filter interferometer
could be produced by manipulating the pitch of FBGs and intrinsicly has different
temperature and strain dependence[39]. There are many more approaches to
provide another measurement not listed here.

There are also approaches that rely on intensity-based measurements including

analysis of side lobe power [40] and overall spectral analysis by machine learning
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[41]. However, those measurements are vulnerable to noise and bending losses.
Alternative approaches include modification of the thermal or strain response of
FBG sensors, which can then be compared with a conventional FBG sensor. Such
modifications include strain compensation with a glass tube [20], and altering the
strain response with fibres of different diameters so that the strain response is
different due to the same stress applied [42] [43]. Fibre Bragg gratings have been
written in tapered optical fibre to give a strain-induced bandwidth change [44], but
tapering the fibre compromises its mechanical strength. However, the additional
materials can make the fibre incompatible for embedding within the infrastructure
to be instrumented. Alternatively, previous research has shown that the thermal
sensitivity is enhanced to 50.8 pm/°C by coating the FBG with higher thermal
expansion materials [45]. But since the expansion of the coating causes a strain on
the grating, the devices could not be used to measure a strain of something else.

There have been a number of reports of microstructured fibre with an array of
holes in the cross-section that have been filled with liquid. Liquid, compared
with fused silica that standard fibres are made of, presents a significant and
negative thermo-optic coefficient dn/dT. For example, Naeem et al. were able
to achieve a modest change in temperature sensitivity using methanol-filled holes
[46]. Alternatively, Huy et al. showed plots with flattened temperature response
over a limited temperature range but did not show spectra for the filled fibres
[47]. It is likely that such a configuration would be multi-moded and there is no
information on loss. Very recently a fibre with a filled 2 um hollow core showed high
temperature sensitivity, but with very high loss and poor spectra[48]. There have
been theoretical papers proposing filled microstructured fibres for low temperature
sensitivity [49][50] and high temperature sensitivity[51], but these designs were
not realized experimentally.

The cross-sensitivity between strain and temperature is a longstanding issue
that significantly impacts many applications. This problem often acts as a limiting

factor, and addressing it could provide substantial benefits. Current solutions
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have not been highly effective, and this work aims to develop a practical and

robust method to resolve the issue.

1.2 Thesis outline

Chapter 2 will be background and theories of optical waveguides, optical fibres, opti-
cal FBGs, FBG fabrication methods and FBG applications, especially FBG sensors.

In Chapter 3 there will be discussion on different simulation techniques about
optical waveguides. Firstly, there will be introduction on the well-known analytical
waveguide theories and the analytical FBG coupled wave theories. There will
also be introduction on some useful numerical simulation methods for waveguide
solving including Film mode matching (FMM) method, Finite-difference mode
(FDM) method and Finite element mode (FEM) method. And finally there will be
comparison of some test structures to find the convergence between the numerical
and analytical methods.

Chapter 4 introduces the actual design of the liquid-filled FBG temperature
devices employing the theories and simulation techniques discussed in the above
chapters. Different liquids to be filled are compared and a conclusion is drawn. There
will be discussion on figures of merit according to what the potential costumers need.
The chapter will also include several analytical and numerical simulation methods
to compare the performance of the designs and give a set of optimised solutions.

Then in Chapter 5 and Chapter 6 there will be illustration on how such liquid-
filled devices were fabricated. The two main composition of the device, the FBG
and the microchannels will both be fabricated by the direct laser writing (DLW)
system. Also the ability of laser alignment of liquid crystals is also demonstrated
by fabrication of micro-cells, which might be an interesting foundation for future
development. Additionally, there will be introduction on other essential techniques
for fabrication including fibre splicing, fibre cleaving and fibre re-coating.

In Chapter 7 the experimental apparatus and results are presented. The appa-
ratus includes waveguide testing rig, the reflectivity and transmission measurement,

the temperature control system and the strain measurement rig. Then there will be
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results on the high thermal sensitivity devices and low thermal sensitivity devices,
where both glycerol filled and refractive index liquid filled devices will be presented.
The discussion section will follow.

In Chapter 8 a further development of such devices will be reinforcement
for strain sensing purposes. There will be discussions on improvement of the
robustness for strain sensing in several aspects, which are cross-sectional design
optimisation, custom fibre instead of microchannel fabrication, polymerisable liquid,
and poly-acrylate for coating.

Eventually in Chapter 9 there will be a brief conclusion and future work including
further development on device reinforcement, liquid crystal devices development

and compensation for coated materials.
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2.1 Introduction

In this background chapter, there will be a brief introduction, followed by an
introduction to the theoretical aspects of optical waveguides, optical fibres, and

Bragg gratings. In each case, a review of the literature will be provided.

2.2 Optical waveguides explained by total inter-
nal reflection

A waveguide is defined as a structure that guides electromagnetic waves such as
visible light, where energy can be transferred from one end of the waveguide to the

other. Optical waveguides represent a crucial component in the realm of modern
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photonics, playing a pivotal role in guiding and manipulating light for various
applications. These sophisticated structures serve as pathways for optical signals,
confining and directing light waves with precision. By exploiting the principles of
total internal reflection, optical waveguides enable the efficient transmission of optical
signals over considerable distances, fostering advancements in telecommunications,
sensors, imaging systems, and beyond.

The condition for total internal reflection (TIR) can be derived from Snell’s
law. Considering a boundary between two different media with different refractive
indices, the relationship between the incident angle #,, refraction angle 6, and

refractive indices n; and ng is given by [52]:
ny18inf; = n9sinb, (2.1)

When ny; > ns, there exists a set of incident angles #; > 6 at which no light is

refracted. The angle 64 is called the critical angle given by:
Oc = arcsin(ng/nq) (2.2)

61 > 0¢ is called the TIR condition. When light is incident on a boundary between
two media, both refraction and reflection occur while the refracted rays escape
from the waveguide and the reflected ones bounce between the boundaries and
propagate within the media. A planar waveguide is formed when a sheet of higher
index core is placed in between lower index cladding and the TIR condition is
met on both interfaces.

A significant feature of a waveguide under TIR condition is the evanescent field,
which indicates that the guided wave penetrates the cladding. The penetration
depth d, is given by [53]:

d, = A (2.3)

[20i12 2
2my\/nisin“6; — nJ

Under TIR, the penetration depth is approximately 5 times the wavelength of the

light A. Furthermore, the equation also indicates that modifications to the cladding
could affect the TIR condition of the waveguide. The concept of evanescent field

penetration establishes the foundation of putting micro-channels in the cladding.
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(a) Slab Waveguide (b) Cylindrical Waveguide

Figure 2.1: Sketch of planar and cylindrical Waveguides. Incident light is propagating
along the z-axis and bouncing between the core-cladding interfaces.

Step-index planar waveguide

In this subsection the ray approach is used to provide basic understanding of a
planar waveguide and a circular waveguide. A planar waveguide is a 2-D rectangular
waveguide that does not exist in reality. As shown in Fig. 2.1a, a step-index planar
waveguide is composed of a higher refractive index core of thickness 2a in between
lower index cladding. Incident light propagates along the z-axis which is placed
in the centre of the core. The refractive index has the profile:

n, —a<zx<a
n(x) = 24
(2) {n e (2.4)

where n; and ny are the refractive indices for the core and cladding, respectively.
For light with freespace wavelength, A, a nomalised frequency, V', that indicates

the number of modes is defined:

2 2
V= %“ N3 —nd = %GNA (2.5)

where NA is the numerical aperture given by NA = /n} — n3.

In a 2-D planar waveguide only two circumstances occur for incident light, the
rays are either bound between the interfaces or refracted and escape from the
waveguide. The condition for each circumstance to happen is determined by the

relationship between the incident angle and the critical angle defined in Eq. (2.2):

{Bound rays 0. <60, <7 (2.6)

Refracting rays 0 <6, < 6.

10
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In order to characterise the rays, an invariant § is introduced and defined

from Eq. (2.1):

B = nysinf; = nosinfy (2.7)
Noting that rays bounce between the interfaces periodically, 3 must be a constant
at any position. By substituting Eq. (2.7) into Eq. (2.6):

(2.8)

Bound rays Ny < B <ny
Refracting rays 0 < § < n

The propagation of rays is now fully characterized once /3 is defined. Because the
reflection of rays is periodic, it is useful to characterise parameters within one
period. The path length L,, defined by the distance light travels between the

successive reflections can be determined geometrically.

2 2
L,=—2 - 2 (2.9)

P - —
cosb /n% — B2

The optical path length L, is therefore given by the product of the path length

and refractive index:

2 2
Lo=mniL,=——d (2.10)
-
It is also useful to define the ray half-period z, as the component of L, in the

direction of the z-axis:

zp = Lycosth = ———— (2.11)
ot =7
The group velocity v, of light inside the waveguide is given by:
c
= — 2.12
Yg - ( )

where ¢ is the speed of light. Therefore, one can work out the transit time as:

L
p=—p 2 M (2.13)
2p Vg ccost

11
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Step-index cylindrical waveguide

For a cylindrical waveguide such as an optical fibre, the parameters in Fig. 2.1b
can still be combined with the normalised frequency V with exactly the same
equation as Eq. (2.5) that was used to describe planar waveguides. However, in fibre
waveguides instead of only meridional rays that always cross the axis, there exist
skew rays that never cross the fibre axis. In order to indicate the skewness of the
rays of incidence, 84 is introduced as the angle between the normal of the interface
and the projection of the rays onto the cross-section. For meridional rays 6, = 0.

For a skewed ray incident and reflected by the interfaces, the angles of incidence

a can be described by the above two-direction angles by:
cosa = cosficosb, (2.14)

In a planar waveguide the TIR condition for a ray to be bound is independent

of 04 given by 0. < ¢; < 7 in Eq. (2.6). In a cylindrical waveguide one could

assume «, as a critical angle of TIR given by:
ac = arcsin(ng/ny) (2.15)

However, the condition was derived for a planar interface. For a fibre, the curved
surface causes leakage although the TIR condition is met.
Another class of rays referred to as tunneling rays [54] exist and the condition
for the three classes are given by:
Bound rays 0. <0, <73
Refracting rays 0 < a < a, (2.16)
Tunneling rays 0 <6; <0.and a. <y < 3
Both refracting rays and tunnelling rays cause energy loss thus are considered to
be leaky. Again, the identical 3 invariant as in a planar waveguide is introduced.

However, another invariant to characterise the skewness angle 0, is required. Again

f4 is unchanged at any position. The second invariant [ is defined as:
[ = n1sind;cosb (2.17)

12
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where | = 0 indicates meridional rays and [ > 0 indicates skew rays. So that
B2+ 1? = nisina (2.18)

Whether or not the waveguide is leaky only depends on § while I determines the

subdivision of tunnelling and refracting rays. The conditions are then given by:

Bound rays Ny < B <ny
Refracting rays 0 < /2 + (2 < ny (2.19)

Tunneling rays 1, < /82412 <n; and 0 < § < ny

Again, the ray model can be fully characterised by the invariants 3 and [. Similarly,

one can define the path length L, optical path length L,, and ray half-period z, by:

inb /n2 — 32 — |2
L, =2 = 2an1% (2.20)

sind, a n% — [3?
sin9¢ 2 n% - BQ — l_2
LO = nle = 2@”1 sin X = 1W (221)
ind _ 2_p52_]2
2= Lycost = 205008 _g,g¥i = = (2.22)

tand, n? — 52
Applying the same method when calculating the ray transit time in Eq. (2.13) obtains

the same expression because the ray transit time is independent of ray skewness.

2.3 Optical fibres

Optical fibres make use of cylindrical waveguides and behave like the backbone of
modern optical communications. The inception of optical fibres can be traced back
to the pioneering work of Charles Kao and George Hockham|[55], the former of whom
received the Nobel Prize in Physics in 2009 for his groundbreaking contributions
to the understanding and development of optical fibre communication. A common
optical fibre has a step-index refractive index profile as shown in Fig. 2.2. The
very centre of the optical fibre is called the fibre core made of doped glass with a
higher refractive index. The core is covered by the cladding, which together form
the basic waveguide for optical fibre that allows light transmission. The cladding is

often covered by different layers of coatings made of plastic such as polyacrylate
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plastic coating

core
cladding

light ray

Figure 2.2: Structure of optical fibres.

or polymide to enhance the mechanical strength to overcome issues like bending.
There are many types of optical fibres and the following is a brief introduction on

some of typical ones categorised by some key features.

Refractive index profile

Firstly, there is an introduction on conventional fibres where light is combined
within the core region. Depending on the doping method the refractive index profile
near the core region can be either stepped or graded [56]. A step index fibre has
a step-change in refractive index between the cladding and the core, where as a
graded index has a gradual change in refractive index. Generally the design of
graded-index fibres helps mitigate the limitations associated with modal dispersion,
by equalising the optical path length between modes. This reduces pulse spreading,

enabling for high-bandwidth and long-distance applications.

Number of modes

Commercial optical fibres can often be categorised by the number of modes. Those
with smaller V number V' < 2.4 are called single mode fibres (SMF) that only allow
one propagation mode in their cores. While those with larger V' number supporting
more than one modes are called multi-mode fibres (MMF). In terms of sensing
purposes it is often favourable to use SMF as there is only one refractive index of

the propagation mode known as the effective refractive index.
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Photonic crystal fibres

Photonic Crystal Fibres (PCFs) have a periodic array of airholes or voids. This
design creates a photonic bandgap, enabling precise control over light propagation
and offering tailored optical properties. Pioneering work in this field includes
the foundational research on photonic crystal structures by Yablonovitch and
John, laying the groundwork for the development of PCFs [57][58]. Photonic
Crystal Fibres exhibit advantages such as customisable dispersion, broadband
transmission, and enhanced nonlinear effects, making them versatile for applications
in telecommunications, sensing, and nonlinear optics [59]. The ability to engineer
specialty fibres with specific characteristics further expands their utility [59]. PCFs
continue to drive innovation in photonics, contributing to the evolution of high-

performance optical communication and sensing systems.

2.4 Fibre Bragg gratings

Fibre Bragg gratings (FBGs) are periodic or quasi-periodic structures written along
an optical fibre that reflect light at wavelengths determined by their periodicity.
They have been universally adopted as sensors for providing measurements of
strain, temperature, pressure, and many other physical parameters in remote and
inhospitable environments [1]. They are key components in telecommunication
systems for dispersion compensation, filtering and multiplexing. They are also used
as reflectors for semiconductor and fibre lasers as well as for pulse compression
and stretching, along with many other applications.

The theory of coupling oppositely propagating modes by periodic exposure of
the fibre core in an optical fibre was first reported in 1978 [26]. This periodic

structure will reflect a certain wavelength of light satisfying: [60]
Ap = 27’LeffA (223)

which correlates the reflected Bragg wavelength Ap with the effective refractive

index of the fibre n.;; and period of the grating A. Fibre Bragg gratings are
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typically formed in an optical fibre, such that the refractive index of the core varies
periodically along the fibre length Fig. 2.3. The reflected wavelength depends on the
pitch and effective refractive index of the waveguide and the effect is accumulated

as the number of periods increases.

/Direction of A
. .y T 1 nz
) incident ‘
24 ny !
n;

.‘\
F

Core Refractive ié1dex

z=-L z=0

Figure 2.3: Illustration and refractive index profile of a Fibre Bragg Grating. n is the
core index, ng is the cladding index and ng is the modified core index. L is the length of
the grating and «a is the radius of the core. For a square-wave modulation in refractive
index, there are Fourier harmonics, which allows higher order FBGs.

Special types of grating

If there is an abrupt change between the periodic modulation of the refractive
index of the grating and the unmodulated regions at either end, then there will
be side-lobes in the reflection spectrum. The process known as apodisation is
used to solve this problem [61]. The amplitude of the modulated refractive index
has a smooth transition from zero up to a maximum value and back down. This
avoids the step-discontinuity which gives rise to the side-lobes. Various window
functions can be used, for example raised cosine, Hamming, Hanning and many
other. For a variety of applications including FBG sensors and optical filters,
apodisation is necessary to remove the side lobes. A drawback is that apodised
FBGs have lower effective FBG length and thus require extra physical length of

FBG to retrieve an identical reflectance.
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A chirped Fibre Bragg Grating (CFBG) has a grating period which instead
of being constant, varies along the grating length. Typically, there would be a
linear change in pitch with distance along the grating, but other chirp functions are
possible. For instance, a flattened reflection band with controlled bandwidth
can be formed by chirping [62]. The chirped FBGs can further be used to
compensate for dispersion, which is an intrinsic property of a fibre especially
in long distance optical communication systems due to different delay for light
with different wavelengths [63].

Tilted Fibre Bragg Gratings (TFBGs) , unlike conventional FBGs, are specialized
structures within optical fibres where the grating planes are angled. This tilt gives
TFBGs unique spectral and polarisation properties, making them valuable for
sensing and telecommunications [64]. They offer advantages such as enhanced
sensitivity [65][66] and tunable spectral response [67], leading to their widespread
use in various applications.

Long Period Gratings (LPGs) are another type of Fibre Bragg Gratings. While re-
flective FBGs have a short period (e.g.around 500 nm), LPGs operate in transmission
by coupling light from the forward-propagating mode into cladding modes, resulting
in the transmission spectrum exhibiting attenuation bands. LPGs are widely used
in telecommunications [68], sensing [69], and optical filtering applications [70].

A comparison between different types of gratings are summarised in Table 2.1

Aspect FBG CFBG TFBG LPG
. . Reflects single | A range of Multiple peaks | Cladding mode
Functionality wavelength wavelengths by tilt angle coupling
Bandwidth 0.1-1 nm 5-20 nm 5-20 nm 10-50 nm
Sensing Ca- | High precision Dlst}"lbuted Pola.rl'satlon Broad spectral
pability (~ 1 pm)/psc) sensing sensitive response
(~ 10 pm/pe) | (~2pm/ue) | (~ 10 pm/pe)

Table 2.1: A comparison of FBG, CFBG, TFBG, and LPG

Fabrication methods

FBGs are crafted through diverse methods, each offering distinct advantages for

specific applications. Historically, FBGs were fabricated using an ultraviolet (UV)
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laser to modify the fibre refractive index [15]. This required the fibre to be made
photosensitive, either by loading it with hydrogen or by using a specially doped
fibre (such as geranium-boron co-doped). The periodic modulation can be achieved
by splitting the UV beam into two and combining them to form an interference
pattern. Alternatively a phase mask can be used. More recently, femtosecond
pulsed lasers in the infra-red and visible regions have beend used. These can also
used with a phase masek. However, they can also be used to generate each period
of the modulation individually on a point-by-point basis. Common techniques
include the "point-by-point" method, utilizing a focused UV laser beam for creating
periodic refractive index variations [71]. The phase mask technique involves using
a patterned optical element to induce interference patterns and refractive index
changes [72]. The Talbot interferometer technique combines the phase mask with
the Talbot effect, ensuring a stable interference pattern for precise FBG inscription
[73]. Additionally, femtosecond laser inscription provides ultrafast and controlled
refractive index modifications [71] [74]. In this thesis, the focus will be mainly

on the femtosecond laser fabrication method.

2.5 Fibre Bragg grating sensors

Fibre Bragg grating sensor for temperature and strain

The shift in Bragg wavelength A\ due to a change in temperature AT is
given by: [16]

AXp
Ap

= (@ + AT = KrAT (2.24)

where « is the thermal expansion coefficient and £ is the thermo-optic coefficient

of the fibre depending on the material used for fabrication. Ky is defined as the

normalised thermal response for a FBG temperature sensor. Although « is a constant

once the system is built, £ is dependent on the effective refractive index given by:
dneysy

£ = I (2.25)
Neff
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When the fibre has homogeneous dZ‘;ff , € is a constant. However, if the cladding and
core have different thermo-optic dependence, ¢ will be a function of temperature
and a non-linear response is expected.

Similar to temperature, an FBG sensor will also respond to strain that has

been applied in the z direction Ae¢, given by: [16]

A/\B _ (1 _ (ngff
Ap

)[Prs — u(Pi1 + Pra)]Ae = K. Ae (2.26)

where P;; are the Pockel’s coefficients of the stress-optic tensor, i is the Poisson’s
ratio measuring variation in width against variation in length. Eq. (2.24) and
Eq. (2.26) Eq. (2.26) presents how the relative shift of the Bragg wavelength
depends on a change in temperature or strain. Thus, this relationship is important

in designing FBG sensors.

Temperature and strain discrimination

An important issue that has concerned the sensing community is the cross-sensitivity
between strain and temperature [26]. The thermal response of the change in
wavelength of reflected light is due to both thermal expansion and the dependence
of the refractive index on temperature, while the strain response arises from both
the physical extension and the photoelastic effect[16]. For a typical silica FBG
sensor at 1550 nm, the thermal response is approximately 11.3 pm/°C[75] and the
strain response is approximately 1.2 pm/ue [76]. As a result, it is not possible
to monitor either temperature or strain with a single measurement of an FBG.
Discrimination between temperature and strain has attracted widespread attention
and continuous attempts have been made over the last four and a half decades [26].

There have been a number of reports of microstructured fibre with an array of
holes in the cross-section that have been filled with liquid. Liquid, compared
with fused silica that standard fibres are made of, presents a significant and
negative thermo-optic coefficient dn/dT. For example, Naeem et al. were able
to achieve a modest change in temperature sensitivity using methanol-filled holes

[46]. Alternatively, Huy et al. showed plots with flattened temperature response
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over a limited temperature range but did not show spectra for the filled fibres
[47]. Tt is likely that such a configuration would be multi-moded and there is no
information on loss. Very recently a fibre with a filled 2 gm hollow core showed high
temperature sensitivity, but with very high loss and poor spectra [48]. There have
been theoretical papers proposing filled microstructured fibres for low temperature
sensitivity [49][50] and high temperature sensitivity [51], but these designs were not
realized experimentally. A design framework for microengineering the temperature
coefficients of FBGs over specified temperature ranges will be introduced, which
could help solve this historical problem.

The shift in Bragg wavelength AAg due to a change in temperature and strain

is given by [16].

A)\);B = (1 — (niff> [Pz —v (P + Pl?)]) Ae+ (a4 §)AT (2.27)

= K.Ae + KpAT (2.28)

where and « is the thermal expansion coefficient of the fibre. Ae and AT are the
changes in strain and temperature, respectively. For an FBG sensor with known
K. and K7p, a single measurement of A\g is not sufficient to calculate both Ae
and AT. One solution is to take two measurements of the Bragg wavelength with
two distinctive systems placed in the same environment in terms of temperature

and strain [77][46]. Then temperature and strain discrimination can be achieved

A)\l - Kel KTl AE
[an) = s ) (57 @

where subscripts 1 and 2 are for the different FBG sensors mentioned above. By

by solving the matrix:

observing Eq. (7.1) it is noticed that in order to solve for the matrix, the two
systems should have either distinctive K, or K. In addition, since the thermal
response and strain response are also indicators of sensitivity of the FBG sensors,
the aim is to design FBG sensors with a value of K, or Ky which is significantly
higher than conventional ones. As both of them are dependent on the effective

refractive index, one could design waveguides that give a suitable value of n.s;.
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2.6 Conclusion

In this chapter, a brief background of optical waveguide, optical fibres, FBGs, and
FBG sensors has been provided. The literature was also reviewed in the relevant
fields of research. The theories mentioned in this chapter will not only be used for
simulation techniques but also be used to illustrate the idea of designing novel FBG

devices, both of which will be introduced in the later chapters
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3.1 Introduction

In this chapter, analytic methods and computer simulations are used to model

the optical waveguide devices. Firstly, there are analytical simulation methods for
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- .

I |

(a) Slab Waveguide (b) Cylindrical Waveguide

Figure 3.1: Sketch of planar and cylindrical Waveguides. Incident light is propagating
along the z-axis and bouncing between the core-cladding interfaces.

some standard symmetrical waveguides such as a planar waveguide, a cylindrical
waveguide and a double-cladding waveguide. This is followed by computer-based
simulation techniques. There are also comparisons and comments on each method

and the rationale for choosing a particular method.

3.2 Analytical waveguide theories

The analysis in this section is based on [78]. The cross-sections and the coordinates
of a planar and a cylindrical waveguide are shown in Fig. 3.1 The light bound in
the waveguide is expressed by the electric and magnetic field vectors E(x,y,z) and
H(x,y,z), respectively, in terms of a finite sum of transverse resonances, known
as modes. The field distribution of jth order for forward and backward propagat-
ing modes are denoted with E;(z,y, 2), H;(z,y,2) and E_;(x,v, 2), H_;(z,y, 2),
respectively. Assuming that only spatial variances exist, the modal fields can

be expressed by:
E;(z,y,2) = ej(x,y)e (3.1)
H, (2, 2) = hy(a,y)e'™* (3:2)
where e and h are fields in the xy plane and f3; is the propagation constant of
the jth order. Similar to the ray invariant 5 in the ray approach, the propagation

constant § can be used to characterise the modes. Given the frequency w of

incident light the phase velocity is:

(3.3)

’UPZ

d
B
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The phase velocity must be within the limit of minimum and a maximum speed
of light that are ¢/ny and ¢/ng, respectively. Therefore, without consideration of
the refractive index profile of the waveguide it is obvious that the range of the

propagation constant for any modes is:
nok < Bj < nk (34)

where k = 27/\ is the free space wavenumber.
The fields can be separated by direction in terms of transverse and longitudinal

with respect to the propagating direction denoted by L and z, respectively.

E = (e, +e,2)e (3.5a)

H = (h, + h.2)e"* (3.5b)

where 2 is the unit vector in the z-direction.

The fields can be solved using Maxwell’s equations. Assuming the time de-
pendence is given by e~ permittivity e(z,y, 2) is a function of refractive index
as € = n’ey and the permeability p is constant u = g, Maxwell’s equations

can then be written as [79]

V xE =i |2kH (3.62)
€o

VxH=J—i | kn’E (3.6b)
Ho
V- (n’E) = (3.6¢)

o | Q

V-H=0 (3.6d)

where €y and g are the permittivity and permeability of free space, respectively,
A is the wavelength of the incident light.
Substituting fields described in Eq. (3.5) into Maxwell’s equations in Eq. (3.6)

and assuming J=0, 0=0. The field components in the transverse and longitudinal
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directions are:

o 1 :

e = — ?OWZ X {th_ —|—ZVJ_hz} (37&)
€0 ].A .

hJ_ =,/—=2Z X {ﬁeL + ZVJ_@Z} (3711))

V 1o k

eZ:i @LZ-VLxhzi{VL-eL+(el-Vl)lnn2 (37C)
€0 kn? ﬁ
_Jeg 1. 1

h, = —i, /;‘;Ez V. xe = BvL ‘h, (3.7d)

where the core refractive indices follows a spatial function n = n(z,y). V_ is the
vector differential operator of the transverse directions x and y only. From Eq. (3.7d)

transverse fields can be written in terms of the longitudinal fields [80]

1 Ho ;
€L =55 7 {6V e, — 1le—okz x V. h,} (3.8a)
hJ_ = m{BVLhZ — “%k‘n Z X VJ_@Z} (38b)

If either the E or H fields from Eq. (3.6) are eliminated, the inhomogeneous

vector wave equations are obtained

{V?+n’k*}E = —V(E - VIn n?) — i, [E0k3 + ;}V(Vn;]) (3.9a)
€o
(V24 n?k*H= (VxH) x Vilnn? -V xJ —J x V, In n? (3.9b)

where, by simplification, it is assumed that all the operators are scalar. When

there is no external source, the homogenerous vector wave equations become:

(V2 +n%k? — f?Ye = —(V, +ifz)e, - V. In n?) (3.10a)
{V3 +n%k* — 8°th = {(V, +iB2z) x h} x V In n?) (3.10D)

For a step-index planar waveguide all terms in the vector wave equation in
Eq. (3.10) involving V, In n? vanish because of the homogeneous refractive index

within the core and cladding. Therefore, the vector wave equation is reduced to:
(V3 +n’k* = 3510 =0 (3.11)
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where ¥ denotes either e, or h,
In order to describe the modal fields, two dimensionless parameters U; and W

are introduced for the core and cladding, respectively, given by:

Uj = a\/k*n} — 533 (3.12)
W; = a\/BF — k2n3 (3.13)

so that by definition of the normalised frequency V', the parameters satisfy:
2 2 12
U, +W; =V (3.14)

3.2.1 Step-index planar waveguide

The cross-section of a step-index planar waveguide is shown in Fig. 3.1a. The
boundary conditions for Maxwell’s equation apply only when h and e, are continuous
at the interface between the core and cladding. Substituting the refractive index

profile of Eq. (2.4) into the scalar wave equation, Eq. (3.11), yields:

(L +U3W=0 0<|z]<a
{{azd@‘f2 —W2 =0 a<|z|<o0 (3.15)
Solving the equations with the boundary condition |z| = a yields the eigen-
value equations as:
Even TE modes W = UtanU
Odd TE modes W = —UcotU (3.16)

Even TM modes n2W = n3UtanU
Odd TM modes  niW = —niUcotU

The transcendental equation can be solved numerically. A graphic solution for the
transverse electric (TE) modes of a slab waveguide is plotted in Fig. 3.2, where each
intersection of the left hand side (LHS) and the right hand side (RHS) indicates
a different mode. An even mode has symmetrical F, about the z = 0 axis and
an odd mode has asymmetrical E,,.
Solving for U and W gives the propagation constant 5 and thus the effective
refractive index n.s; of this mode:
Neff = gjr\ (3.17)
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Figure 3.2: A graphic solution for the TE modes in Eq. (3.16) (slightly modified). LHS
and RHS are plotted against the dimensionless product of the propagation constant 3

and radius of core a.

3.2.2 Step-index Cylindrical Waveguide

The cross-section of a step-index cylindrical waveguide is shown in Fig. 3.1b

Similarly for a cylindrical waveguide, the scalar wave equations are:

o+ won T wop TUNY=0 0<R<I (3.18)
o T Ror T — WP =0 1<R<oo |

where R is the normalised radius given by R =

As before, these equations are solved by applying the boundary condition R = 1

The fundamental modes have the eigenvalue equations given by:

J1(U) K (W)
{TEOmmodes U}o(U) + Wll(o(W)

=0
n?J1(U) n2K (W) (3'19)
T My,,modes L}JOI(U) + I/IiK(l)(W) =0

where J; is a Bessel function and K; is a modified Hankel function of i** order.
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3.2.3 Double-Cladding Waveguide

A double-cladding waveguide is a standard cylindrical waveguide with another layer
of cladding around the core, forming an inner cladding with index, n;ner. One
type of double-cladding waveguide is a depressed cladding waveguide in which the
refractive index of the inner cladding is less than the outer cladding A solution for a
depressed cladding waveguide has been derived [81][82] for dispersion compensation
in telecommunications systems. Although this solution was for waveguides where
the inner cladding has a lower refractive index than the outer material, it also
holds true for cases where the inner cladding has a higher refractive index. The
propagation constant 3 of a single-mode double-cladding waveguide can be found

by the following equation[82]:

[vJo(ka) 1 (va) + kJi(ka)lo(va)]
X [0 Ko(7b) K1 (6b) — K1 (7vb) Ko (6D)]
+[vJo(ka) Ky (va) — kJi(ka) Ko(ya)]
)

X [615(vb) K1 (3b) + 711 (16 Ko (66)] = 0 (3.20)

where K, J,, and I, are the modified Hankel, Bessel, and modified Bessel functions
of order v, respectively. a is the radius of the core and b is the radius of the
inner cladding. The outer cladding is assumed to have an infinite radius. The

terms in Eq. (4.1) are defined as:

K= \/nf,l(l + A)2k2 — 32
=B =31+ ANk
R
A = (Neo — Nat) /Nt
A" = (Neo — Ninner) /Nl (3.21)

where Ny, Ninner and ng are refractive indices of the fibre core, inner cladding, and

outer cladding, respectively, [ is the propagation constant and k is the wavenumber.
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3.3 Analytical FBG simulation

3.3.1 Coupled Wave Equation

The analysis here is based on that in [83]. Analysis of an FBG can be simplified to
a 1-D grating structure as shown in Fig. 3.3. The model consists of a sinusoidal
dielectric variation in the z-direction with an incident plane wave polarised along
the x axis. If the FBG is written point by point with a femtosecond laser, the
resulting refractive index modulation would be more like a square-wave profile.

However, there will be sinusoidal Fourier components.

;"birection of A
Hon :

n
_incident ? ‘
24 da '

)

.
I

Core Refractive ié1dex

M ?

Y

z=-L z=0

Figure 3.3: Illustration and refractive index profile of a Fibre Bragg Grating. n is the
core index, ng is the cladding index and ng is the modified core index. L is the length of
the grating and a is the radius of the core. For a square-wave modulation in refractive
index, there are Fourier harmonics, which allows higher order FBGs.

The Helmholtz equation for the E field is given by:
VEE+n* (2)kiE =0 (3.22)

where n(z) is the refractive index of the 1-D structure as a function of length z

and kg is the free space wavenumber satisfying:

2

S (3.23)

2 2
kg = wieopuo =
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where )\ is the free-space wavelength of the incident light. The index variation

along the z axis can be written as:
1% (2) = [ness 4 0n cos (K2)]* & neps? + neppone’ B 4 (K= (3.24)

where dn is the index modification of the grating assuming on << n, and ngsy is
the effective refractive index along the grating. K = 27/A with A representing the
pitch of the grating. It is also assumed that although the incident wave is along
the -z-direction, a wave is also generated along the +z direction due to the grating.

The E fields along the z axis can be written as a superposition.
E,=F, +E_=A(2)e P 4 B(2) e (3.25)

where A(z) and B(z) are amplitudes dependent on the longitudinal distance z.
is the propagation constant in a waveguide with homogeneous dielectric constant
given by = n.srko. By substituting Eq. (3.25) and Eq. (3.24) into Eq. (3.22)
the following is obtained:
213 (nge_’ﬂz — (fei52> = kgneffén {ei(KZ) + e_i(Kz)} (Ae_iﬁz + Bewz) =0
(3.26)
where the Slowly Varying Envelope Approximation is applied[84] and it is assumed
that the dependence of A(z) and B(z) on distance z is sufficiently small that
‘57‘3 < /\—10% . Given a small detuning factor 0k = 5 — % thus K ~ 2 the terms

including e*#* and e~*#* are matched, while the others are withdrawn. This leads to:

dA .

= — ik Be!(29F2) (3.27)
dB :

E = Z.KIAGZ(_z(SkZ) (328)

The equations Eq. (3.27) and Eq. (3.28) are one form of coupled wave equation for
Bragg gratings. x is the coupling coefficient. For a fibre, x is defined as [85]:

k= —1T7T (3.29)
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where Ap is the Bragg wavelength and I' is the confinement factor of the fibre

core given by :
F~1-V2 (3.30)

where V is the normalised frequency parameter of a fibre defined in Chapter 2

Section 2.2 and can be written as:

B 2ma

V= 3 ni —n3=——NA (3.31)

A

where n; and ny are core and cladding refractive indices, respectively, A is the

wavelength of the wave in vacuum, a is the radius of the fibre core.

3.3.2 Reflection Coefficient of Bragg gratings
In order to solve the coupled wave equations, the following terms are defined as:
a(z) =e " A(2) (3.32)

b(z) =" B(2) (3.33)

Eq. (3.27) and Eq. (3.28) can be expressed by:

G-f A e

So that by taking the derivatives of Eq. (3.34) the decoupled equations can be writ-

d (a s (a
£ ()-+()

where S? = k? — 6k?. Therefore, a reasonable prediction of solutions to a and b is:

ten:

a=are 5 +a_e¥* (3.36)

b=bre 5 4 b e (3.37)
To verify the prediction, the derivatives of Eq. (3.36) and Eq. (3.37) are taken
and substituted into Eq. (3.34), yielding:

da_

= —Se *%a, + Se*a_ = —idka — ikb (3.38)
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db

= —Se b, + Se*b_ = ika + idkb (3.39)
z

Some manipulation gives the four equations:

S + idk
b:t = iai (340)
—1KR
ok
g = 00k, (3.41)
1K

Solving for any pairs that are composed of identical variables gives:
S? = K — 0k? (3.42)

Now it has been confirmed that Eq. (3.36) and Eq. (3.37) are the general solutions.
Then the boundary conditions are applied. At the surface of reflection the field is

reduced to zero. From Eq. (3.37), and applying b=0 at z=0, gives:
by = —b_ (3.43)
Eq. (3.37) can therefore be written as:
b=bye ™ +be% = — (bye —bre %) = —2bsinh(S2) (3.44)
By substituting Eq. (3.44) into Eq. (3.34) a can be solved as:

Zb = —2b, (ScoshSz) =i (ka + 0kb) (3.45)
z

. —2b, Scosh (Sz) .—l— i2b; 0ksinh(Sz) _ 2, (Scosh (S2) — idksinh (S2))

iK iK

(3.46)

A= —Q,b—Jr (Scosh (Sz) — idksinh (Sz)) e~ (3.47)
iK

B = —2b,sinh(Sz) e (3.48)
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Now after removing the phase terms the field amplitude reflection coefficient for

the Bragg grating can be obtained:

B rsinh(—S1)

A~ Scosh (SI) + idksinh (SI) (349)

T =

The field reflection amplitude coefficient can be written in a more consistent
form as in[86]:

B irsinh(—SL,)
~ —ApBsinh (SL,) + iScosh (SL,)

r

(3.50)

where S? = k% — §k?, L, = | which represents the length of the grating and
Ap = 6k is the detuning factor telling how far the propagation constant is from
the wavenumber of the grating. The intensity reflection R is therefore the modulus
squared of Eq. (3.50):

irsinh(—SLy,) 2

k= —ABsinh (SLg) + iScosh (SLg)

(3.51)

3.3.3 Bragg wavelength and Bandwidth

The Bragg wavelength is defined as the resonance wavelength where the peak

reflection occurs. At resonance dk = 0 and by definition:

2w
ne - 3.52
1 T A (3.52)
This leads to the Bragg condition:
A = 2neps (3.53)

which gives a relation between the Bragg wavelength \p, effective refractive index
nefs and the period of grating A. At the Bragg wavelength, Ag in Eq. (3.51)

is zero. The equation becomes:
Roor = tanhQ(ﬁLg) (3.54)

where R, indicates the maximum reflection at the Bragg wavelength. The
reflection spectrum is plotted against wavelength in Fig. 3.4 for different values of

x (by varying on) and L, according to Eq. (3.51). In Fig. 3.4, it is apparent both x
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Figure 3.4: Intensity Reflection as a function of wavelength A for various (a) Coupling
coefficient k (or grating index modification én) and (b) length of grating L.

and L, contribute to a stronger reflection. The reflectivity eventually saturates at
higher kL such that further increase in coupling coefficient or length results in only
minimal increase in reflectivity. As the grating gets stronger, the bandwidth gets
wider due to the reflection occurring predominantly from the front of the grating.
As a result, the effective grating length reduces.

Another important figure of merit is the bandwidth measured by the wavelength
between the two zeros nearest to the Bragg wavelength. Taking the numerator of

Eq. (3.51) the reflected power (reflectance) is written as:
R o sinh?*(—SL,) (3.55)

Since sinh(z) is not a periodic function, some manipulation is needed with the rule
isin(z) = sinh(iz) and substituting for ST = \/k2 — A%, Assuming the detuning

factor 0k is small so that ST is real, Eq. (3.55) can be written as:

R o sinh?(—iSTL,) (3.56)
o sin® (=St L) (3.57)

Now it is obvious that the zeros occur at (and taking the symmetry of sin?(x))
—S*L, = nr (3.58)
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where n = 1,2,3,.... So at the first minimum the condition —S*L, = 7 should
be satisfied. By expressing this equation in terms of wavelength in order to find

the bandwidth, the AS can be written as:

AB=p~— I; (3.59)

11
= 27nesp(5 —

) (3.60)

By defining A\ = A — A and assuming A\ << Ap one obtains:
AN
Aﬁ = ZWneff)\T (361)
B
By combining Eq. (3.58) and Eq. (3.61) the bandwidth can be written as [87]:

22 kL
AN = B —9y2 41 3.62
Lgneff\/( - )2+ (3.62)

From Fig. 3.5, the bandwidth increases for a shorter L, and a larger dn. This

indicates that in order to obtain a narrow peak, an FBG system with a lower &

and a longer grating length L, is preferred.

3.4 Numerical simulation methods

There are a number of numerical simulation methods that can be employed in order to
model waveguides. Various numerical techniques, including Finite-Difference method
(FDM), Finite Element Method (FEM) and Film Mode-Matching (FMM) Method,
offer effective tools to study waveguide characteristics, such as mode propagation,
dispersion, coupling, and losses. Compared with the analytical waveguide theories,
these methods provide fully vectorial calculation and they are easier to deal with
complex structures of waveguides. Here there will be a brief introduction on
different mode solving methods that are accessible from the numerical waveguide

simulation software FIMMWAVE [88].
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Figure 3.5: Bandwidth between two zeros nearest to Bragg wavelength as a function of
the length of the grating L, for different values of the coupling coefficient x from 0.00017
to 0.00057.

3.4.1 Film mode matching (FMM) method

The FMM method is a semi-analytical method suitable for waveguide structures
with a rectangular geometry. The method operates by decomposing the waveguide
structure into discrete layers and applying mode matching principles at each interface
to solve for the propagation constants and modal profiles of guided modes. It is
particularly efficient to calculate modes for structures with very thin layers such
as quantum wells. Meanwhile, it works extremely well for bend modes. However,

the FMM method is generally not accurate for cylindrical waveguides.

3.4.2 Finite-difference mode (FDM) method

Among the suite of numerical simulation methods for waveguides, the FDM solver
stands out for its simplicity and effectiveness in characterizing guided modes within

waveguide structures. FDM discretises both the transverse spatial domain and
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the longitudinal propagation direction, allowing for accurate determination of
mode profiles, propagation constants, and dispersion characteristics. This makes it
particularly well suited to model waveguides with high-step refractive index profiles,
slanting/curved interfaces and gradient profiles. It is therefore a very good choice
for applications in silicon photonics. However, FDM is less effective with complex

mixed geometries due to its intrinsic rectangular meshing as shown in Fig. 3.6a.

3.4.3 Finite element mode (FEM) method

The FEM method discretises the domain of interest into smaller, interconnected
elements, allowing for the approximation of complex geometries and material
properties as shown in Fig. 3.6b. By formulating the governing equations within
each element and enforcing continuity across element interfaces, FEM enables
accurate solutions to waveguide problems, including mode propagation, scattering,
and coupling phenomena. FEM’s flexibility in handling arbitrary geometries, non-
uniform material distributions, and boundary conditions makes it particularly

well-suited for studying diverse waveguide structures.

3.4.4 Fibre solvers

There are two types of fibre solvers that are accessible from FIMMWAVE, the
general fibre solver (GFS) and the Finite-Difference Fibre Solver (FDFS). These
methods offer a faster alternative by employing circular coordinates and symmetry.
There are also scalar versions of these two methods that use the same condition
as the analytical solutions, making them suitable for initial investigations. Again,

they can not be used to deal with arbitrary geometries.

3.4.5 EigenMode Expansion (EME)

The Eigenmode Expansion (EME) Method is a powerful computational technique
employed in the analysis and design of waveguides and optical structures for three-
dimensional analysis. It relies on decomposing the electromagnetic field distribution

within the waveguide into a superposition of its constituent eigenmodes, each
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(b)

Figure 3.6: Examples of (a) FDM and (b) FEM meshing on the same waveguide cross
section. The FDM method is more suitable for rectangular shaped structures while the
FEM method can deal with more complex structures with its triangular meshing. Figures
plotted by FIMMWAVE.

characterised by a unique propagation constant and modal profile. By solving
the eigenvalue problem associated with the waveguide structure, EME enables
the determination of these modes and their corresponding coefficients, allowing
for an accurate representation of the field distribution. The EME method has
been employed for three-dimensional FBG simulation that will be illustrated in

the later chapters.

3.5 Comparison between analytical and numerical
methods

Now it is necessary to test the stability of simulation methods by comparing the
analytical and numerical solutions. The performance test introduced in this section
introduces how different methods are used for the two simplest waveguides, a slab
waveguide and a cylindrical waveguide. The aim of the performance tests are to

verify that the simulation tool is well-understood and reliable.
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Figure 3.7: The plot of effective refractive index n.s; as a function of cladding index ng
for different core thickness d from 2 pm to 10 um calculated by (a) analytically solving
the field equations and using (b) FIMMWAVE simulation (FEM solver).

3.5.1 Performance test with a planar Waveguide

It is helpful to start with a simple and well-known structure like a slab waveguide to
test the performance of the software as well as to verify the feasibility of our design.
A planar waveguide was designed and Eq. (3.16) was used to calculate the
effective refractive index. The effective refractive index was plotted as a function of
the cladding index ny at different thicknesses d in order to qualitatively determine
the effect of the evanescent fields on a slab waveguide. From Fig. 3.7a one can tell
that the effective refractive index increases with the cladding index. The dependence
is greater with a narrower core thickness. This is because a narrower core thickness
allows deeper penetration of evanescence fields into the cladding. The same model is
simulated with FIMMWAVE as well to be compared with the analytical solutions. By
comparing results in Fig. 3.7b with Fig. 3.7a one is able to tell that the FIMMWAVE
software has given reliable results for a simple structure like a slab waveguide.
In the next simulation, two 2-D planar waveguide models are considered. In
one model, both the cladding and core are made of silica, while in the other, the

cladding is composed of a material with a much higher thermo-optic coefficient,
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resulting in a different temperature dependence for the effective index of the first
mode. The Bragg wavelength is calculated based on the effective index. The Bragg
wavelengths for each model are calculated using both analytical and numerical
(FEM) simulations. Note that the thermal expansion coefficient is not considered

in this simulation to avoid confusion.
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Figure 3.8: (a) and (b) Bragg wavelength in ym and (¢) and (d) Thermal response
in pm/ as a function of temperature for different values of the normalised frequency V'
parameter from 1 to 2.4 with silica cladding and cladding material with much higher
thermo-optic coefficient, respectively.

The modelling results from Fig. 3.8a and Fig. 3.8b confirm that both simulation
methods yield identical results for a simple structure, such as a planar waveguide.

Additionally, it was concluded that the cladding material significantly affects the
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waveguide conditions, making this observation relevant for further work.

3.5.2 Performance test with cylindrical waveguide

The analytical results from Eq. (3.19) were compared with several solver options
availiable in FIMMWAVE. The Finite Element Solver (FEM) is based on rectangular
coordinates, which supports complex structures but the processing speed is slow for
a cylindrical waveguide. The General Fibre Solver (GFS) is developed especially
for solving for fibres with circular coordinates. The GFS with scalar option takes
the same approximation as used in Eq. (3.19) and the GFS with vectorial option
provides the most precise results.

The comparison is shown in Fig. 3.9. The software’s GFS scalar option matches
our analytical results with the same approximation. The FEM and GFS vectorial
solvers agree with each other, indicating that FEM can also give high precision.
Overall, despite the low processing speed, the FEM is the superior choice for its

capability to handle complex structures and greater accuracy.
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Figure 3.9: Comparison between analytical solution from Eq. (3.19), GFS scaler, GFS
vectorial and FEM solver in FIMMWAVE.
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3.6 Conclusion

In this chapter, different simulation techiniques are compared. Analytical waveguide
theories and some simulation techniques to calculate the effective index have been
introduced. Among them the FEM method was considered as the most suitable
approach for its accuracy and ability to handle complex geometries. Meanwhile
there are introductions on the FBG analysis by the coupled wave theory with
a few examples. These allow the Bragg wavelength of the simulated devices to
either be calculated by the coupled wave theory by the effective refractive index
or by using the EME method directly. There are also comparisons between the
analytical waveguide solutions and numerical simulations to verify the reliability

of these simulation techniques.
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4.1 Introduction

In this chapter, we introduce a novel approach to differentiating between temperature

and strain measurements. We have developed two types of devices to address this
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issue. First, we present an advanced FBG with significantly higher sensitivity
compared to conventional FBGs. This enhanced sensitivity allows it to be used
alongside a standard FBG, enabling independent measurements of strain and
temperature. Second, we have engineered a temperature-insensitive FBG, designed
specifically to measure strain without being affected by temperature variations.

The concept is based on creating microchannels in the cladding of an optical fibre
and filling it with a liquid which has a dn/dT which has much higher magnitude
and the opposite sign to silica. This has the effect of modifying the effective
refractive index of the waveguide etc. Hence the temperature dependence of
the FBG can be modified.

The FBG device configuration has several microchannels filled with liquid in the
cladding adjacent to the core. The concept is shown in Fig. 4.1. The dimensions of
the microchannels vary according to the design. There is a Bragg grating within
the fibre core in order to obtain the desired temperature dependent properties. The
microchannels run along the length of the fibre in proximity to the core where the
grating is located. There are advantages to having microchannels in the cladding
as it allows a weaker interaction with the optical mode, thereby allowing greater
design flexibility and lower loss. The channels are brought out to the side of
the fibre so that capillary filling of the liquid is possible. In this chapter there
will be discussions on selection of the liquid, figures of merit and optimisation

of designs to meet the requirements.

4.2 Initial investigations on waveguide geometries

In this section, I provide an introduction to my initial investigations on waveguide
geometries. One aim of this work is to verify that the waveguide with microchannels
in the evanescent field could affect the effective refractive index of the fibre. Another
aim of this work is to find the consistency between different methods and make
sure the simulations are reliable. For this reason these investigations are also

known as stability tests.
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Microchannels
filled from the side —

Bragg gratings

Figure 4.1: Device configuration (not to scale) in a section of fibre. The dimensions and
shapes of the microchannels vary with different designs.

4.2.1 Waveguide with microchannels in evanescent field

It is not only the core but also the cladding that affects the effective refractive
index of the fibre. It is not realistic to replace the whole fibre cladding with liquid,
but micro-channels filled with liquid around the fibre core would be enough to
improve the thermal response compared with a conventional silica FBG sensor.
Thus micro-channels filled with fluid can be put in close contact with the core. In
planar substrates, microfluidic channels in the evanescent field of Bragg gratings
have been achieved with a femtosecond laser [89].

The layout of the micro-channels within the fibre is sketched in Fig. 4.2. In
Fig. 4.2a a cylindrical waveguide with eight micro-channels is sketched. The optical
mode overlaps regions with and without microchannels and results in an averaging
effect of the refractive index. Thus it is possible to design a novel cylindrical
waveguide that has an effective refractive index depending on the refractive index
of the fluid and the contact area between the micro-channels and the core. Fibre
Bragg grating sensors with a different temperature response and similar strain
response are capable of discriminating temperature from strain. A device consisting
of a conventional silica FBG sensor and a liquid-filled FBG sensor, can be used

to measure strain and temperature independently. A change in strain causes the
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Micro-fluid Channels

Micro-fluid Channels

(a) Cylindrical waveguide with micro-channels (b) Cross-section view

Figure 4.2: (a) Sketch of Cylindrical Waveguide with micro-channels. (b) Cross-section
view of (a) cut along the dashed line.

two wavelength peaks to move together, while a change in temperature causes

the separation between the peaks to change.

4.2.2 Interaction with the micro-channels

Simulations were carried out in order to verify the effects of micro-channels in the
evanescent field. Three models are designed and simulated. Model A is as a simple
step-index waveguide for reference. Model B has twelve micro-channels that have
the dimensions shown in Fig. 4.2(a) but the micro-channels have a refractive index
which is constant and the same as the cladding. The effective refractive index
as a function of cladding refractive index is plotted for model A and model B in
Fig. 4.3(a). Model C has microchannels with dimensions shown in Fig. 4.2(a) filled
with a material of varying refractive index. In model C instead of varying cladding
index, the channel index is varied. Figure 4.3(b) shows how the effective refractive
index varies with channel refractive index in Model C.

Comparison of models A and B in Fig. 4.3 shows that the software can solve
complex structures similarly (although the processing time is almost doubled).
There is near identical agreement with the solution of a standard step-index profile
when the microchannels has the same refractive index as the cladding. This gives
confidence the model has been set up correctly. Comparison between model A

and model C demonstrates that modifications to the micro-channels are able to
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affect the refractive index. Although the response is only about one-third of

that of the whole cladding.
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Figure 4.3: Comparison between the three models. A: step-index waveguide without
micro-channels. B: step-index waveguide with micro-channels that always has the same
refractive index as the cladding. C: step-index waveguide with micro-channels with fixed
cladding refractive index but varying channel index. Plot of effective refractive index
comparing (a) models A and B to show that the software can deal with complex geometries.
(b) models A and C to show that the channel refractive index has an effect on the effective
refractive index.

4.2.3 Number of microchannels

In the initial stage of the design a positive thermo-optic coefficient material
was considered to be filled in the micro-channels. The effective index of the
waveguide was calculated by a 2-D FEM solver and the Bragg wavelength was
calculated accordingly.

The simulation started with twelve micro-channels and managed to achieve
convergence for two limiting cases. When the number of micro-channels is zero
the model should be identical to a conventional silica waveguide. Alternatively,

when the number of micro-channels is large the structure converges to a ’band’
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Figure 4.4: Convergence test varying the number of micro-channels comparing (a) Bragg
wavelength and (b) Thermal response. As the number of micro-channels increases, the
sensor is eventually equivalent to an FBG sensor with a micro-channel ’band’. As the
micro-channels vanish the sensor gives the same response as a conventional silica FBG
Sensor.

around the core. Clearly, from Fig. 4.4 the convergence has been achieved for both
the upper and lower limits in terms of the number of micro-channels. Also, the
model with twelve micro-channels has a higher and non-linear thermal response
compared with a conventional FBG sensor [16] plotted on the graph. All models are
normalised at 20°C when the core index = 1.458, cladding index = 1.455, Channel
index = 1.450453 (with a much higher thermo-optic coefficient), Core radius = 4.1
pm, channel radius = 1 pm, V' = 1.8947, and A\g = 1.55 um. The cladding radius
is sufficiently large that there is negligable modal power at the extremity.

The simulations did not result in a practical design because the material assumed
in the micro-channel region was not available. Meanwhile, the micro-channels had
dimensions which were too small to be practical. However, it is undeniable that

this initial work has provided a very solid foundation for future designs.

4.2.4 Consistency with 3-D simulation

The same model can also be simulated in 3-D so that the whole spectrum of

transmission can be plotted against wavelength.
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Figure 4.5: Simulation of an FBG sensor with 12 channels filled with liquid (a)
Transmission Spectrum calculated by 3-D simulation. (b) Bragg wavelength as a function
of temperature comparing 2-D (red solid line) and 3-D (blue solid line) simulations.

The sensor with the 12 micro-channels in the previous section was simulated
and some additional parameters at 20°C are: Pitch = 0.5322 pm, length of the
grating L, = 0.5322 mm, and dn = 0.001.

In Fig. 4.5a the transmission intensity was plotted as a function of wavelength.
The shape of the transmission curve matches the Bragg grating transmission with a
short L,. The transmission spectrum shows the increase in Bragg wavelength due
to an increase in temperature. The wavelength where minimum transmission occurs
(assumed to be the Bragg wavelength) for each temperature was then extracted
and plotted against temperature. In Fig. 4.5b the results obtained from the 3-D
simulation are compared with the previous 2-D simulation. Generally, the 3-D
simulation results agree with the cross-section simulation. The accuracy could be
improved at a cost of processing time by increasing the number of modes. Although
only the fundamental mode is useful, the FEM solver of software tends to give a
better result with more modes involved. The convergence of accuracy is achieved at

above 60 modes and only 32 are calculated in this simulation to save time.
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4.3 Figures of merit

Before moving on to the actual design parameters, it is necessary to understand
what is needed in a practical device. The most important feature that makes these
devices different is their radically different temperature sensitivities compared to
a conventional FBG. It is important to understand the temperature range over
which the desired temperature sensitivity is achieved. Other features including
loss and reflectivity revealed in reflection and transmission spectrum should also
be considered. And finally, all the components made up of the device shall be

sourced commercially.
Sensitivity

One of the most significant features is the temperature sensitivity of the devices.
There are two extreme cases that are interesting: One is as high a sensitivity as
possible and the other is as low as possible. The former would enable applications
such as temperature and strain discrimination when used in combination with
a conventional FBG and the latter would be used on its own as a temperature-

independent sensor for other physical parameters.

Working temperature range

The working temperature range here is defined as the variation of temperature
where a claimed sensitivity is achieved. Ideally, the working temperature range
is as large as possible. However, it was heavily restricted by practical constraints.
Therefore, the aim is that the design should be able to tune the working temperature

range according to requirements.

FBG spectrum

It is also important that the FBG transmission and reflection spectrum are suitable
for potential applications. This could be discussed in several aspects. Firstly, the loss
of the device should be minimised, which includes the modal loss and the absorption

loss. This device should be robust to noise and bending losses. Secondly, the
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reflectivity of the FBG should not vary with temperature. For sensing applications,

the bandwidth of FBG should be as small as possible for high sensitivity.

Availablity of materials

Last but not least, all the components made up of the device should be available.
These will include the liquid and the fibre types that has been chosen. The fibre used
in the design was a standard single mode fibre, and the liquid will be commercially

available as will be discussed in the following section.

4.4 Choice of liquid

In order to design such micro-structured devices, it is essential to consider the type of
liquid to be filled into the micro-channels. Generally, the refractive index of the liquid
must be close to the fibre cladding index to reduce the modal loss of the waveguide.
In order to achieve novel temperature sensitivity the liquid shall also have a different
thermo-optic coefficient g—gi compared with optical fibre made of fused silica, which
is about 7.94 x 107%°C~1. In the following subsections, all refractive indices and

thermo-optic coefficients mentioned are for a wavelength of 1550 nm at 25°C.

Alcohol

Photonic crystal fibre (PCF) filled with optical grade ethanol [50] and methanol
[46] has been reported previously. Ethanol and methanol have refractive indices
of 1.3519 [90] and 1.3172 [91], respectively. Their thermo-optic coefficients are
both around —394 x 1075°C~! [92] providing a large parameter space. However,
their refractive indices are very different to silica, making their incorporation into
waveguides problematic. Furthermore, both of them are highly flammable and
volatile at room temperature making the potential devices unstable for long term

use. Therefore, either methanol or ethanol is not an optimal choice.
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Glycerol

Glycerol, on the other hand, is quite stable at room temperature and non-flammable.
The refractive indices and thermo-optic coefficients are 1.4473 and —225 x 107%°C~!
93] so very well matched to silica. Furthermore, glycerol is soluble in water, which
enables easy realisation of glycerol-water mixtures that have controlled refractive
indices. Due to the advantages glycerol solution was the first selection for the initial
stage of investigations. But as the work further progressed, it was found that the
absorption of glycerol solution at 1550 nm was far too high [94], causing a high loss
in the devices fabricated. A similar concern was also observed by previous research
with cladding etched fibre immersed in glycerol solution [95]. Therefore, although
the achievement of glycerol-filled devices has been revealed both numerically and

experimentally, glycerol solution was not chosen for the final designs.

Refractive index liquid

The success of glycerol-filled devices was encouraging, so a strategy was to look
for a liquid similar to glycerol but with lower absorption. Refractive index liquids
from Cargille Labs were selected for a much lower absorption and much higher
magnitude thermo-optic coefficient of % = —395 x 1076°C~* [96]. Although the
refractive index liquid is not soluble in common inorganic solvents such as water, a
set of liquids with refractive indices varying between 1.420 to 1.460 at 1550 nm in
0.002 increments, is available to closely matching that of silica (1.444) [96]. This

set of refractive index liquids became the optimal choice for the above reasons.

Polymerisable waveguide resin

A concern was the mechanical strength of the fibre. Replacing part of the glass
with liquid will restrict the device’s capability for measuring physical properties
such as strain. As a result, a polymerisable resin has become the next choice.
For example, the waveguide resins provided by ChemOptics have a thermo-optic
coefficient of j—; = —180 x 107%°C~! and refractive indices selectable from 1.430

to 1.460. By using polymers instead of liquid the mechanical strength would be
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improved. Furthermore, as they do not mix with poly-acrylate polymers, this would

enable the use of re-coating which would further improve the mechanical strength.

4.5 Waveguide and FBG parameters

In this section, a demonstration will be provided on how the final designs were
developed by investigating which parameters are essential, which are not, and
how they can be utilised. Parameters that remain constant are primarily related
to fibre materials, including core index, cladding index, and their thermal and
elastic properties. Meanwhile, there are sufficient degrees of freedom to explore

the parameter space.

Microchannel size

The microchannel size is an adjustable parameter for controlling the effective
refractive index of the waveguide. A simple test is having the core surrounded
by ’a band’ of microchannel filled with material of different refractive index. The
simulation results are presented in Fig. 4.6. It can be seen that not only the Bragg
wavelength but also the reflectivity have changed with different band radius. Thus,

this should be taken into consideration for future designs.
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Figure 4.6: Plot of intensity transmission of FBGs with a core surrounded by
microchannel ’bands’ of 6 ym and 20 pm radius.
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FBG length

An investigation was carried out to determine the optimum FBG length. This
time the aim was to identify how the FBG conditions would have impact on the
designs. Again, the band structure was used and for each FBG length a full
spectrum at a range of temperature points are plotted in Fig. 4.7. For FBG
devices with identical structure and identical temperature, the Bragg wavelength
is unchanged. However, the reflectivity has varied according to the FBG length.
These simulation results are comparable with the previous analytical calculations
for FBGs. By increasing the FBG length, the reflectivity can be moved closer to the
asymptotic value of the tanh?(kL) reflectivity, thereby reducing the reflectivity’s

dependence on temperature.
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Figure 4.7: Plot of intensity transmission of FBGs with identical microchannels and
different FBG lengths, for a range of temperatures of 10 to 50°C at a step of 10°C from
the right to the left of the plot.

Polarisation dependence

It is also interesting to find out if the devices are polarisation dependent. In order
to find this, a so-called "kidney’ shaped FBG device is designed as shown in Fig. 4.8.
The idea is to make the cross section as asymmetric as possible to allow some
discrimination between different angles of linear polarisation. If this is achieved it

would open up a great potential on polarisation based sensors of different physical
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parameters. The simulated transmission spectra at different temperatures are

Fluid-filled
Microchannels

Cladding Core

Figure 4.8: The geometry of the asymmetrical FBG devices designed to achieve
discrimination with different incident polarisations. The ’kidneys’ are filled with liquid
materials.

plotted in Fig. 4.9. The spectra for different polarisations are nearly identical at a
given temperature. Although the waveguide is deliberately designed as asymmetric
as possible, the polarisation dependence was still negligible. The conclusion on
one hand was negative as the polarisation dependent sensor was not possible to
be fabricated. However, on the other hand, polarisation independence is very

important for many applications.

4.6 Design graph

This section introduces some design graphs that will directly guide the fabrication
process. After establishing a solid understanding with a number of simulations, it
is now possible to identify how the temperature sensitivity is controlled with our
selected refractive index liquids. With either a double cladding waveguide or a bow-
tie shaped waveguide as shown in Fig. 4.10, the factors affecting the temperature
sensitivity can now be simplified to two factors: i) The percentage area of liquid in
the evanescent field that the liquid is filled; and ii) The actual refractive index of the
liquid. Simplistically, we can consider the cladding to have an average cladding index
that lies somewhere between the refractive index of the cladding n.;, and the liquid,
niiq, depending on the size of the microchannels and their proximity to the core.

As the temperature increases, the refractive index of the core, n., and the cladding
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Figure 4.9: Simulation of an asymmetric kidney shaped FBG device at different
temperatures with (a) horizontal and (b) vertical polarised incident light.

material, ny both increase, while the refractive index of the liquid, ny;,, decreases.
By engineering the waveguide design appropriately we can adjust %. In this
work, we use two independent variables to achieve this: The refractive index liquid

proportion in the cladding and the liquid refractive index at room temperature.

4.6.1 Double cladding waveguide analysis

It appears too difficult to analytically solve for the waveguide solution with
microchannels of arbitrary shapes. A simplified model is therefore used for analysis.
The analysis of the devices in this work use the approximation that the microchannels
around the core can be represented as a continuous band of material, forming an
inner cladding with index, njpner, which is between ny, and ny, depending on the
microchannel size. This approximation allows us to use the solution for a depressed
cladding waveguide [81][82]. Although this solution was for waveguides where the
inner cladding has a lower refractive index than the outer material, it also holds true
for cases where the inner cladding has a higher refractive index. The propagation

constant [ of a single-mode double-clad waveguide can be found by the following
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(a)
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Figure 4.10: Models of the FBG for the (a) analytic model and (b) numerical simulation.
The refractive index variables are indicated as follows: n., = core, ny = cladding, nyq
= liquid, npper = inner cladding (approximating liquid microchannels within the silica).
The core has radius a and the inner cladding has radius b. The proportion of liquid is
varied by varying n;nner in the analytic model and by varying the sector angle ¢ in the
numerical model.

equation[82], that has previously been presented in Chapter 2:
[vJo(ka) L (va) + kJi(ra)lo(va)]
X [0 Ko(70) K1 (0b) — K1 (D) Ko (00)]
+[vJo(ka) Ki(vya) — kJi(ka) Ko(va)]
)

X [615(vb) K1 (3b) + 7L (16 Ko (66)] = 0 (4.1)

where K, J,, and I, are the modified Hankel, Bessel, and modified Bessel functions
of order v, respectively, where a is the radius of the core and b is the radius of
the inner cladding. The outer cladding is assumed to have an infinite radius. The

terms in Eq. (4.1) are defined for our case in Fig. 4.10(a) as:

K = \/nzl(l + A)2k2 — 32
V= \/52 —ng(1+ A2k
5= [T

A = (Neo — Net) /M

A/ = (ninner - ncl)/ncl (42)
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where Ny, Ninner and ng are refractive indices of the fibre core, inner cladding, and
outer cladding, respectively, 3 is the propagation constant and k is the wavenumber.
By solving Eq. (4.1) numerically the effective refractive index, n.ss is obtained,
using nepp = %

The Bragg wavelength can then be estimated, since the pitch of the grating
is known. The inner cladding to be the weighted average of the silica and liquid
refractive indices according to a percentage contribution from the liquid. The
full parameter space was analysed with different liquid proportions and refractive
indices. Design graphs are plotted in Fig. 4.11. A general trend is that at lower
temperatures the temperature sensitivity is negative with a positive change in

sensitivity with increasing temperature. We can quantitatively analyse the effects

20% 50% 100%
n=1.465 a ---b —c

Shift in Bragg Wavelength(nm)

0 20 40 60 30 100 120 140
Temperature(°C)

Figure 4.11: Analysis of parameters that affect the Bragg wavelength of the FBG (a)-(i)
with microchannels filled by liquid with different refractive indices and proportion of
liquid in the inner cladding, (j) with the inner cladding refractive index equal to that of
the outer cladding.

of the two independent variables on the Bragg wavelength. Varying the liquid
refractive index causes a horizontal translation of the plot and can be used to

control the working temperature of the device. In contrast, varying the proportion
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of the liquid causes a tilting of the plot, thus determining the thermal sensitivity.
This important analysis provides the information for designing a device with the
desired temperature sensitivity and working temperature range.

To summarise, a liquid proportion is selected first to meet the requirement of
the temperature sensitivity of the devices. Generally, a lower liquid proportion
results in a more positive thermal response, and a larger liquid proportion results
in a more negative thermal response. Then, the refractive index of the liquid is
tuned to set the operating temperature.

In order to achieve optimized parameters for specific designs more accurate
numerical simulations of the fibre were performed, based on the model in Fig. 4.10(b).
The microchannels were modelled as four individual sectors of a circle, but not
including the core (with a small margin around the core). This enables the liquid
proportion to be varied by varying the sector angles. The FIMMWAVE (Photon
Design Limited) mode solver software was employed. The fibre used in the simulation
was SMF28e+ with a core diameter of 8.2 ym and a cladding diameter of 125 ym
[97]. The core index, n., and the cladding index, n., of the fibre are 1.451 and
1.445, respectively [98]. The radial length of each microchannel is 10 pm, and the
axial length of the FBG and the microchannels is 6 mm. The pitches were slightly
tuned so that all Bragg wavelengths were not far from 1550 nm.

Simulation results for the change in Bragg wavelength with temperature at 1550
nm are shown in Fig. 4.12. Figure 4.12(a) shows curves for a liquid refractive index
of 1.43 for different proportions of liquid between 0 to 100%. Figure 4.12 (b) shows
curves for a 100% liquid proportion, for liquid refractive indices between 1.42 and
1.44. The shifts in Bragg wavelength are plotted against temperature with different
liquid proportions and liquid refractive indices in Fig. 4.12 (a) and (b), respectively.

A general trend is as follows: When the temperature increases, the thermal
response of the Bragg wavelength increases (more positive). This is because when
nyiq is further away from n., the impact of liquid cladding is less significant than
that of silica cladding. Eventually, at a higher temperature, the devices have a

positive thermal response since the silica cladding dominates in the cladding region.
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In contrast, at a lower temperature where the liquid refractive index is higher, the
liquid cladding dominates and the thermal response is therefore negative.

A similar trend is seen from the liquid refractive index as shown in Fig. 4.12
(b) where the thermal response is more negative with a higher liquid refractive
index (closer to the core index) and more positive with a lower liquid refractive
index (further away from the core index). A different liquid proportion not only
shifts the thermal response but also changes the range of the operating temperature.
One extreme case is when the liquid proportion equals 100% where the device
has a cladding made of liquid with the corresponding refractive index. In this
case, the variation in thermal response due to temperature is high and can be
approximated by a quadratic function. When the liquid proportion is zero the
device is a conventional FBG with a constant thermal response. Therefore, by
varying the liquid proportion between the two extreme cases, we can set the required
thermal sensitivity. Then by appropriate choice of liquid refractive index, we can
shift the operating temperature window to match the required application.

The strategy of designing such a device is therefore important and here a general
method to follow is demonstrated. A liquid proportion is selected first to meet
the requirement of the temperature sensitivity of the devices. Generally, a lower
liquid proportion results in a more positive thermal response, and a larger liquid
proportion results in a more negative thermal response. Then the refractive index

of the liquid is tuned to set the operating temperature.

4.6.2 Bow-tie shaped waveguide simulation

The double cladding waveguide has shown the possibility of designing novel FBG
sensors. However, there are some limitations associated with this tool. The most
significant limitation is that an averaging approximation was applied which enables
the trends to be shown, but which is not sufficiently accurate for a final design. In
order to achieve optimized parameters for specific designs, more accurate numerical

simulations of the fibre were performed, based on the model in Fig. 4.10(b).
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The microchannels were modeled as four individual sectors of a circle, but not
including the core (with a small margin around the core). This enables the liquid
proportion to be varied by varying the sector angles. By sweeping over a range of
values for the two parameters the waveguide can be treated equivalent to a bow-tie
shaped waveguide where the percentage of liquid can be controlled by the angle
of the bow-tie. The FIMMWAVE (Photon Design Limited) mode solver software
was again employed. The fibre used in the simulation was SMF28e+ with a core
diameter of 8.2 pm and a cladding diameter of 125 um|[97]. A convergence test was
undertaken to determine the optimum cladding boundary to be 50 pum to speed
up the simulation. The core index, n.,, and the cladding index, n., of the fibre
are 1.451 and 1.445, respectively [98]. The radial length of each microchannel was
10 pum, and the axial length of the FBG and the microchannels was 6 mm. The
pitches were slightly tuned so that all Bragg wavelengths were not far from 1550 nm.
Simulation results for the change in Bragg wavelength with temperature at 1550
nm are shown in Fig. 4.12, curves for a liquid refractive index of 1.43 for different
proportions of liquid between 0 to 100% are shown in Fig. 4.12(a): Curves for a
100% liquid proportion, for liquid refractive indices between 1.42 and 1.44 are shown
in Fig. 4.12(b). The shifts in Bragg wavelength are plotted against temperature
with different liquid proportions and liquid refractive indices.

A general trend is as follows: At a lower temperature where the liquid refractive
index is higher, the liquid cladding dominates and the thermal response is therefore
negative. A similar trend is seen from the liquid refractive index as shown in
Fig. 4.12(b) where the thermal response is more negative with a higher liquid
refractive index (closer to the core index) and more positive with a lower liquid
refractive index (further away from the core index).

In contrast, when the temperature increases, the thermal response of the Bragg
wavelength increases (more positive). This is because when ny;, is further away
from n., the impact of liquid cladding is less significant than that of silica cladding.
Eventually, at a higher temperature, the devices have a positive thermal response

since the silica cladding dominates in the cladding region.
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Figure 4.12: Simulation of the shift in Bragg wavelength against temperature with
(a) liquid proportion from 1% (nearly purely silica cladding) to 100% (purely liquid
cladding) along the black arrow, with liquid refractive index of 1.43 at 1550 nm and
(b) liquid refractive index from 1.42 to 1.44 at 1550 nm along the black arrow, with a
liquid proportion of 100%. The raw data labeled with red X’s are fit with second-order
polynomials plotted with the solid blue lines.

A different liquid proportion not only shifts the thermal response but also

changes the range of the operating temperature. One extreme case is when the
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liquid proportion equals 100% where the device has a cladding made of liquid with
the corresponding refractive index. In this case, the variation in thermal response due
to temperature is high and can be approximated by a quadratic function. When the
liquid proportion is zero the device is a conventional FBG with a constant thermal
response. Therefore, by varying the liquid proportion between the two extreme cases,
the required thermal sensitivity can be found. Then, an appropriate choice of liquid

refractive index can shift the operating temperature window to match the required.

4.6.3 Comparing double cladding with bow-tie

There are now two tools for exploring the characteristics of FBG designs with
novel temperature sensitivities. It is important to find the consistency between
the two methods. Since the double cladding waveguide is a special shape of the
bow-tie waveguide it is believed that the simulation method should give identical
analysis when the liquid proportion is 100%. Hence, it is possible to compare the
two tools in this specific case. The first work was to emulate the results in Fig. 4.12
(b) with the double cladding analysis method. Figure 4.13 shows a comparison
of the double cladding approximation with simulation results of a bow-tie using
FIMMWAVE Photon Design Ltd. It is clear in the plot that the double cladding
approximation shows great consistency when there is a full band of liquid region
at different refractive indices and temperatures.

It is useful to determine the effect of different microchannel cross-sections.
Although the double cladding approximation cannot solve for bow-tie shaped
waveguides with different sector angles directly, it is still possible to vary the shape
of the double cladding waveguide by changing the radius of the liquid control
region. Figure 4.14 shows simulations of the double cladding approximation and
the simulation results as the radius is varied. Similarly, this plot shows consistency
between the analytical solution and the simulation results. Varying the outer radius
of the liquid control region does provide a new degree of freedom to design the
sensors. The model is quite sensitive to radius but in reality the radius of the

micro-channels is often not well controlled. This means the random error caused
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Figure 4.13: Shift in Bragg wavelength as a function of temperature for a full band of
liquid obtained using the double-cladding approximation (solid blue lines) and simulations
of a double cladding configuration using FIMMWAVE (red stars). The raw data labeled
with red stars are simulation of the shift in Bragg wavelength against temperature with
a liquid refractive index from 1.42 (top) to 1.44 (bottom) at 1550 nm, with a liquid
proportion of 100%. The solid blue line plots the analytical double-cladding waveguide of
the shape.

by the fabrication process is well above the design tolerance of the radius. The
situation is worse when the radius is close to the core radius, but as the radius
goes above two times the core radius further variation would not cause a significant
difference. So, in practise, the best strategy is to make the radius at its saturation
position and vary the sector angle of the band.

Although the double cladding approximation cannot give an exact calculation
of the bow-tie waveguide, it is interesting to note that varying the outer radius has
a similar effect to varying the sector angle. So, emulation of the results in Fig. 4.12
(a) can still be made by comparison with the analytical results provided in Fig. 4.14.
The comparison is plotted in Fig. 4.15. An interesting phenomenon noticed was
that although different area-related parameters are varied with different methods,
similar curves were obtained. An explanation is that it is the microchannel area that
determines the performance of the FBG sensor, and both sector angle and radius
appeared to be a factor of that area. These results have essentially shown that the
designs are shape independent. A more rigorous explanation will be introduced

later in the next section when considering the filling factors.
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Figure 4.14: Simulation of the shift in Bragg wavelength against temperature with liquid
region radius varying from 4 pym (top) to 12 pm (bottom), with liquid refractive index of
1.43 at 1550 nm. The solid blue line plots the analytical double-cladding waveguide of

the shapes of various outer radius. The red stars represents the results from simulations
of a double cladding configuration using FIMMWAVE.
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Figure 4.15: The solid blue line plots the shift in Bragg wavelength against temperature
for the double-cladding waveguide calculated from the analytical model, with shapes of
various outer radius, varying from 4 pym (top) to 12 pm (bottom), with liquid refractive
index of 1.43 at 1550 nm. The stars are simulation results of the bow-ties shaped waveguide
by varying the microchannel sector angles. The radius is tuned so that the two curves are
best fit.
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4.7 Optimization of temperature insensitive FBG
devices

The analysis and simulation from the work above has shown the possibility of
making temperature-insensitive FBG devices, which are of significant interest for
many applications, such as optical filters, laser stabilization, fibre lasers, add-drop
multiplexers, wind turbines, space and aerospace. The above work also indicates
that it is easier to fabricate a high temperature sensitivity device because this only
requires maximizing the liquid proportion around the fibre core and minimizing the
difference in refractive indices between the liquid material and the core. Fabricating a
temperature-insensitive device, on the other hand, is more sensitive to the geometry.
The initial approach was to try to experimentally fabricate microchannels that
occupy the same area indicated by the simulation (these results are presented in
Chapter 7). After several iterations a device close enough was realised. Then the
liquid refractive indices were tuned slightly to make the zero sensitivity point at the
required temperature range. However, this method was really time consuming and
has restricted further development of different geometry designs. An interesting
analytical method was introduced by Dr. Frank Payne, which has dramatically
simplified the problem. In the following section, it will be demonstrated how this
method reaches an analytical approach to optimise the temperature insensitive

design, together with some simulation work.

4.7.1 Find when the temperature sensitivity is zero

In order to find the turning point where the temperature sensitivity crosses zero,

the thermal expansion can be ignored for now and the aim is to find the condition

dneff —

when e

0, where n.ss is the effective index of the propagation mode. The
derivations start by considering the problem for a step-index optical fibre, then the

problem is generalised to arbitrary shaped fibre waveguides.

66



4. Design of liquid-filled FBG temperature sensors

2a

(a) (b)

Figure 4.16: (a) Step-index Optical fibre cross sections with core radius a; (b) General
Optical fibre with arbitrary geometries as temperature control region

Step index optical fibres

The analysis starts from the simplest step-index optical fibres as shown in Fig. 4.16(a),
where one could calculate n.sy and d’:i% directly to find the conditions for the
turning points. In this, and the following calculations, all the waveguides are

assumed to be weakly guided. The waveguide modal parameters are:

u = a\/nik? — (32 (4.3)
w = ay/ B — n3k? (4.4)

V2 =u? +w? = a’k*(n] —nj) (4.5)

where a is the radius of fibre core, n; and ny are core and cladding refractive
indices, respectively, k is the free space wave number k = 27/\ and f is the
propagation constant defined as: 8 = nesrk. The eigenvalue equation for the
fundamental LFy; mode is given by:

uJy(u) _ wki(w)
Jo(u) Ko(w)

(4.6)

where J; is a Bessel function and K; is a modified Hankel function of i** order. The

effective refractive index n.ss can be expressed in terms of the above parameters:

2
us . 9

n?aff = nf - W(“l - ”3) (4.7)

Both sides of Eq. (4.7) are differentiated with respect to temperature 7"

dnZ; _dn? u? w?dni 1, , o d u?

= ar LTy ey e o m) s

(4.8)
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where it is noticeable that u is a function of V' only, and V' is a function of 7. So

u?

the derivative at the end -1-(i;) can be re-written as:

d  u? d v, dV

v = ') ar (49)
the expression %% can be calculated from the definition of V' in Eq. (4.5):
dV V dn1 d?’LQ
b - 4.1
T~ =)\~ "ar) (4.10)
Meanwhile, ﬁ(‘%) can be calculated:
d  u? 2u  du  u
()= —(— - = 4.11
dV(VQ) V2 (dV V) (4.11)

The term 2 can be derived by differentiating both sides of Eq. (4.6) with respect to
V:

The derivatives of relevant Bessel functions are given by:
0 1) (4.14)
dfiloi(i) — K (4.15)
d‘];Z@ — Jo(i) ‘]12(2) (4.16)
d[i;i(i) — Ky(i) - Kli(i) (4.17)

By applying the above relationships, Eq. (4.13) becomes:

v [+ ()

- ey o (M )|

where J/(u) = % Kj(w) = %o By substituting for Eq. (4.6) this equation

can be simplified to

w2 (1 + le(“)> — <Klz(w) - 1) (4.19)
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It is derived from w? = V? — %? that:
d d
w% =V - u% (4.20)

so Eq. (4.19) may be written as
du JE(u) du\ [ K#(w)
—(1+ = =V —u— =1 4.21
“dV< - J&(u)) ( “dV> (K&(w) (&21)

Applying Eq. (4.6) again this can be simplified to:

du  w KZ(w)

— =_]1-29 4.22

vV l K%<w>] (422
so that j—;} becomes:

du u?  KZ(w)

—— —_9~ .20 4.23

dV V3 KZ(w) ( )

Eventually, by substituting this expression into Eq. (4.8), the following is obtained:

dnegy _ dni l1 v (1 - Kg(w)ﬂ L dnz [“2 (1 = Kg(w))] (4.24)

AT~ dT | V? K2(w) ar | Vv? K2(w)

Before further analysis, it is necessary to recognise the significance of the expressions
in square brackets. In fact they are equivalent to expressions for the filling factors
I'; and T's, the fractions of modal power in the core and the cladding, respectively.

Here are the derivations. The scalar modal function v is given by:

= Ay (?) r<a (4.25)
_ A}?Z((Z))) Ko (ug) r>a (4.26)

The normalisation constant A is defined as:

w

~aVl, (u)y/7

so that the mode is normalised as:

A (4.27)

/ SPrdrdd = 1 (4.28)
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The filling factors I'y and I'y are defined and derived as:

a u? K2 (w)
r:/ 2 —1- . (1-20 4.2
1=/ Yordrdd 2 ( K2 (w) (4.29)
; 2 2
_ [ 2 _u Kg(w)
F2 = /a nfw rdrdf = W . (1 — K%(w)) (430)
By substituting those into Eq. (4.24) a key result is obtained:
dn? dn? dn?
eff 1 2
= -T T 4.31
ar ar tar (4.31)

For temperature compensation, the turning point of the Bragg wavelength which
with temperature is of interest, satisfying the condition d’c}% = 0. Also by
normalisation I'y + I's = 1, the filling factor I'y must satisfy:

dny
Py=  la (4.32)

dn dn
nigr — N2gr

This equation has elegantly separated the geometry related parameters to the left
hand side while the material parameters are to the right hand side. This will be

the key equation in designing different temperature compensated FBG devices.

General weakly guiding waveguides

The conclusion drawn in Eq. (4.32) can be shown to have a similar form as for general
weakly guiding waveguides with arbitrary shapes of temperature controlled regions

as shown in Fig. 4.16(b). The scalar wave equation at temperature 7" is given by:
Vi(T) + E*n?*(T)y(T) = B*(T)y(T) (4.33)

where n = n; in each region of the waveguide and the Laplace operator with

respect to time V7 is determined by:
0 0
2=+ — 4.34
Vi 0x? + oy? ( )
At a different temperature T' + 07T the wave equation becomes
V(T + 6T) + k*n*(T + 0T)Y(T + 6T) = B*(T + 0T)yY(T + 67) (4.35)
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Multiplying Eq. (4.33) by ¥(T + 6T) and subtracting by Eq. (4.35) multiplied by

P(T), the following is obtained after rearranging:

(8%(1) = (T +6T) ) (T + 5T)(T)
=k (n*(T) = n*(T + 0T)) (T + 6T)(T)
+ (T + 6T) Vi (T) = (T) V(T +6T))  (4.36)

Apply integration on both sides over all space:
(BA(T) — BA(T +6T)) / (T + 6T)p(T)dA

_ e / (n*(T) — n*(T +6T)) (T + 6T)i)(T)dA
+ / (&(T + ST)V2(T) — $(T)VAT + 6T)) dA (4.37)

By applying the Green’s second identity the last integral can be written as a line

integral dl with a normal n around the area of integration:

[ (9T +9T)V26(T) — $(T)VAT +6T)) dA
= /V (YT +T)Vp(T) — P(T)Vip(T + 0T)) dA

— § (T +6T) Vb (T) = $(T)V(T + 6T)) - il (4.38)

At a distance infinitely far away, the wave function vanishes. Both ¢ and V¢ (T')
approach zero on the boundary. Therefore, this integral in Eq. (4.38) becomes zero

if the area of integration is assumed to be infinity. Then Eq. (4.37) is left as:

(8%(T) — BX(T +6T)) /z/;(T +0T)(T)dA
— )2 / (n*(T) = n*(T +6T)) (T + 6T)(T)dA (4.39)

When both sides are divided by 67 and the limit 67" — 0 is taken:
dﬁz 2 , [dn?
= —_— A 4.4
/ A=k ped (4.40)
Dividing both sides by k? gives:
d”eff 2 2
/w dA = /—w dA (4.41)
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If the wave function v is normalised, so the integrals become 1. Using that n = n;

in each region A;, Eq. (4.41) becomes:

dn? dn?
Wff => 7L (4.42)

=1

where the filling factor I'; is defined as the integral of the wave function over each area

Ail

T, = / PdA; (4.43)

Now consider a step index fibre with core, cladding, and control region indices nq,

no, and n., respectively. Since the cladding and core are made of the same material,

and the waveguide is weak, then n; = no, and % = %. Thus Eq. (4.42) becomes:
dn? dn? dn?
eff 1 c

=— (I +7T I 4.44

ar a2 (4.44)

By considering the normalised wave function, I'y + I'y + I'. = 1, hence:

dn? dn? dn?
eff 1 c
dT dT ( ) + dT

I, (4.45)

. o d . .
For a temperature compensated device, the condition for = is derived as:

dnq
ny—+
[=—— 4 (4.46)
n dni n dn.
Lar cdT

Note that Eq. (4.46) is in the same form as Eq. (4.32). The conclusion drawn from

the step-index fibre is therefore applicable generally to different waveguides.

4.7.2 Particular solutions in bow-tie and side hole fibres

Equation (4.46) indicates that if the filling factor of the control region is known, it
can be used in conjunction with the material parameters to give an optimised design.
A more detailed analysis was then derived for two specific shaped waveguides,

bow-tie fibres and side hole fibres.
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W

b

(a) Bow-tie shaped temperature control regions. (b) Four circular temperature control regions.

n2 n2

R2

Figure 4.17: Step-index optical fibre with temperature control regions of different
patterns.

Double bow-tie fibres

The design is a "double bow-tie" structure consisting of four segments. Each segment
is an annulus shape enclosed by two straight lines and two arcs as shown in Fig. 4.17a.
The arcs are concentric to the fibre core, with an angle of ¢ and radius of R; and
R,, respectively. Solving for the filling factor in an arbitrary geometry analytically
is challenging. In the following calculations the condition n, = ny at T' = T,
should be satisfied, where T,y is defined as the temperature when dzejff =0.

At the reference temperature, the modal field will be that of a step-index fibre.
The wave function is then independent of the angle ¢. Thus the filling factor

['. in the control region is given by:

= [ pedr / do (4.47)
Ry
By applying the wave function described in Eq. (4.26) the filling factor becomes:
Jg (u)
r, = A? / K? ( ) rdr 448
K3 ” Ju 0 )
The integral of K2 follows the formula given by:
2
z
/ Kizdz = o [K3(:) - K3(2) (4.49)
By substituting Eq. (4.49) into Eq. (4.48), the following is obtained:
L= o (B i () e (V0]
2rV2K} (w) * a? a a (4.50)
g (1) ()]
a? a a
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When T'. in Eq. (4.50) meets the condition given by Eq. (4.46) it is possible to
obtain a temperature compensated device. Note that although the double bow-tie
shaped waveguide is easy to calculate, the difficulty of fabrication makes it less

preferred compared with the side hole fibre introduced in the next subsection.

Side hole fibres

A side hole fibre here is defined as a step index fibre with a temperature control

region consisting of a series of circular shapes as shown in Fig. 4.18. It is

nl R Xe

bn3

n2

Figure 4.18: The geometry of the step index fibre with a side hole as a temperature
control region.

possible to analytically calculate the filling factor I', at temperature when nz = ns
by applying the step index equations, where the wave function is the same as

Eq. (4.26) when R > a:

;;((l;)) K, (waR> (4.51)

The normalisation constant A is given by:

w
A= ————— 4.52
aV Jy(u)y/7 (4.52)
The filling factor of the control region I'. is given by:
I, = / V2 (R)rdrdd (4.53)

Using the cosine rule, the distance R centred on the fibre core centre can be written

as a function of the distance r centred at the hole centre:

R = \/r? 4+ d? — 2rdcosy (4.54)
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By applying the addition theorem for Bessel functions [99], and the angle re-
lationship ¢ = 7 — 6:

Ky <waR) — Iy <“;7") Ko < ) 42 Z (“D K, <“;d> cos(ph)  (4.55)

The integral of K2 (@) over # can be calculated as the terms cos(pf) are orthogonal
over the range 0 to 27, and [™ cos?(pf)df = w. The integral over the whole

control region becomes:

JE (“’R> rdrdf = 27?/0 12< - >K2 <wd> rdr+47r2/ I (W> (“;d> rdr

(4.56)

Some relevant Bessel function integrals are given by:
/ 2I2(\2)dz = EIQ(AZ) I (A) L (M\2) (4.57)
/ 2I2(\2)dz = %Ig()\z) ~L(\2) (4.58)

By substituting the above integrals into Eq. (4.56):

/ K2 <waR)rdrd9 (4.59)
o) e
() (B () (=)

Then the filling factor I', is calculated to be :
r_ w?b? JE (u)
T a?V? JR(u) K3 (w)

3 ()0 2)
S (5(2) 0 (e (2) ()

By applying the eigenvalue equation Eq. (4.6), the expression for T'.. finally becomes:
u?b?

@V2IK2(w) (4.65)
() (1) - (2)
—|—27rb2p§:1 (Ig (“j’) — I, (?) L (“j)) K (“:L‘l)] (4.67)

(4.62)

—~

4.64)
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Now by equating Eq. (4.67) with Eq. (4.46) the geometry and refractive indices of

a side-hole temperature compensated FBG devices can be predicted.

4.8 Conclusion

The work introduced in this chapter has shown a complete path from an idea to
manufacturable device designs. In the initial stages of the work it was verified
by simulation how the microchannels would affect FBG performance. Then the
problem was set up to find the best liquid and optimise the waveguide and FBG
parameters. After which, general design graphs for two different methods were
generated, simplifying the problem into two parameters, the liquid area and
the liquid refractive index. Further work was been introduced to optimise the
temperature compensated device for more precise future manufacturing such as
making custom fibres. The designs also introduce some tolerance which allows
fabrication with non-perfect accuracy.

The significance of this work is that the design graphs derived from double
cladding fibre or bow-tie shaped fibre provide a guideline on fabricating FBG
devices with various temperature sensitivities over defined temperature ranges. For
a laser fabricated FBG device, although the focal position was reasonably accurate,
there was some tolerance on the sizes and shapes of the micro-channels. So the
design graphs which provide the relationship between the temperature sensitivity
and the hole area were more than enough for fabrication. In fact, with the help
of these design graphs, FBG sensors with an ultra high temperature sensitivity
or an ultra low temperature sensitivity have successfully been fabricated, which
are discussed in the later chapters.

For a more accurate fabrication with custom fibre however, the hole geometries
will be very precisely controlled. In the later chapters, work on the optimisation of
temperature-compensated FBG devices, which provide more accurate sweeping of
geometry parameters, will be necessary. Thus, designs with bow-tie shaped holes and
side holes have been analysed. The designs with side holes are further simulated for

an optimised design that is suitable for custom fibre fabrication in the later chapters.
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5.1 Introduction

The refractive indices of glasses can be modified by exposure to intense light. The
development of femtosecond lasers has allowed a much higher laser intensity and as
a result, a wider range of studies on laser-matter interaction has been established.
Also a femtosecond laser has less heat dissipation into surrounding areas. Permanent
physical and chemical modifications of transparent materials induced by lasers were

demonstrated in 1996 with near infra-red femtosecond pulses, including refractive
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index modification [100][101] and etching rate enhancement [102]. By focusing
the femtosecond laser into the bulk of transparent materials, desired patterns can
be written onto the materials. This technique, known as Direct Laser Writing
(DLW) or Femtosecond Laser Inscription (FLI) [103] [104], has been widely used
and has allowed a variety of applications such as 3-D integrated optical devices
[105], and microfluidic chips [106].

In this work, a femtosecond direct laser writing system was used extensively
for important processes of fabrication including FBG formation and laser assisted
chemical etching. Aberration correction was used to overcome distortion due to
the refractive index mismatch of the material being processed and the surrounding
air. In this chapter, there will be demonstration of the femtosecond direct laser

writing system used and the aberration correction methods.

5.2 Femtosecond Direct Laser writing system

5.2.1 System configuration

A regenerative femtosecond laser system (Light Conversion Pharos SP-06-1000-PP)
was used at a second harmonic generation wavelength of 515 nm and a pulse duration
of 170 fs. A half-waveplate in conjunction with a polarizer was used to control the
pulse energy between 10 and 300 nJ. A spatial light modulator (SLM) (Hamamatsu
X10468) was used to compensate for the aberration generated in the optical path
of the whole system. The fibre was taped onto a microscope slide and placed on
a motion stage (x, y: Aerotech ABL10100L and z: ANT95-3-V). The objective

used had a x20 magnification and numerical aperture of 0.5.

5.2.2 Laser writing process

This section briefly introduces the physical principles behind DLW and how they

can be used for fabrication of devices.
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(a) Multiphoton ionisation (b) Tunnelling ionisation

Figure 5.1: Two mechanisms of nonlinear photoionisation. When ~ >> 1.5 multiphoton
ionisation dominates and when v << 1.5 tunnelling ionisation dominates. For v ~ 1.5 we
expect an intermediate between both.

Light-matter interaction

For a transparent material such as fused silica, there is no linear absorption of
the induced laser photons at visible light wavelengths. Thus, in order to achieve
optical breakdown followed by material damage, one of the two nonlinear absorption
mechanisms of photons must take place, that is photoionisation and avalanche
ionisation [107]. As a result of both ionisation mechanisms, the plasma of free

electrons is formed and free carriers start to accumulate.

Nonlinear Photoionisation

Photoionisation refers to the excitation of electrons from the atoms’ valence band
by absorption of energy of induced light [108]. There are two possible nonlin-
ear photoionisation processes during FLI, multiphoton ionisation and tunnelling
ionisation [109].

One single photon of visible light is unable to provide sufficient energy to excite
an electron from the valence band to the conduction band. However, the electron
can simultaneously absorb multiple sub-bandgap photons as shown in Fig. 5.1(a).
The total energy gained by the electron by absorbing photons must be higher

than the bandgap energy given by [110]:

Nvh > E, (5.1)

79



5. Direct laser writing with aberration correction

where N is the number of photons absorbed by the electron, v is the photon
frequency, h is the Plank’s constant and E, is the bandgap energy, which is
about 8.9 eV for silica[111]. During multiphoton ionisation, the photoionisation

rate Py p; is given by [107]:
PMPI = O'NIN (52)

where [ is the intensity of the laser at focus and o is the multiphoton absorption
coefficient [112]. From this estimation, we realise that the rate is largely dependent
on the laser intensity. Multiphoton ionisation is dominant when the induced laser
has high frequency and low intensity.

As the intensity increases, the potential barrier is lowered by the induced electric
field of the laser. The potential barriers that prevent electrons from escaping from
their parent atoms are weakened. As a result, quantum tunnelling occurs and
electrons are released into the conduction band as shown in Fig. 5.1b. This type of
ionisation is called tunnelling ionisation. Compared with multiphoton ionisation,
tunnelling ionisation has less dependence on laser intensity.

Both of the mechanisms can be described within the same theoretical framework.
The likelihood of multiphoton ionisation and/or tunnelling ionisation to take place
is modelled by the Keldysh parameter v [113],
- [mcnmE}

Tl I

(5.3)

where w is the angular frequency of the induced laser, e and m are the charge and
mass of a single electron, respectively, ¢ is the speed of light, n is the refractive
index of the material and ¢; is the free space permittivity. Despite the material
parameters, v is dependent on the frequency and the intensity of the induced laser.
For high frequency and low intensity such that v >> 1.5, multiphoton ionisation
is dominant. While for a higher intensity when v << 1.5, tunnelling ionisation
dominates. For FLI the Keldysh parameter is approximately 1 therefore both

multiphoton and tunnelling ionisation are expected [107].
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3
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(a) Free carrier absorption (b) Impact ionisation
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Figure 5.2: Photons are absorbed by the electrons in the conduction band followed by
impact ionisation.

Avalanche photoionisation

Photon absorption also occurs in electrons within the conduction band. After
free-carrier absorption of several photons, an electron may gain enough energy to
impact excite another electron from the valence band across the bandgap. The two
electrons end up at a minimum of the conduction band. Both electrons will then
keep absorbing photons and impact ionise others. This ionisation process, called
avalanche ionisation, is continuous as long as there are sufficient ’seed’ electrons
and a strong electric field. The condition for avalanche ionisation is similarly given
by Eq. (5.1), but in this case N refers to the number of photons absorbed by
an electron in the conduction band. The ’seed’ electrons are initially provided
either by ionised impurities, thermal effects or nonlinear photoionisation (including

multiphoton and tunnelling ionisation)[107].

Optical breakdown

As more electrons are excited to the conduction band a micro-plasma of free carriers
is formed. When the free electrons have accumulated, the frequency of the plasma
increases and eventually it reaches the laser frequency; the plasma becomes strongly
absorbing and boosts the avalanche photoionisation [109]. This is often considered
as the threshold for optical breakdown when permanent damage will be found in the

material. Modifications to the material may occur when the energy is transferred
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from the plasma to the lattice. For femtosecond pulses, the time scale for absorption
of photons is much less than that for energy transfer between ions in the lattice
(several picoseconds) [114]. Therefore the effects from the lattice heating process
and laser-induced photon absorption are decoupled.

When there is only nonlinear photoionisation, the threshold intensity for optical
breakdown varies significantly between materials of different bandgap energies.
However, when avalanche ionisation dominates, the rate is approximately linearly
dependent on the intensity so the threshold does not vary much for different
bandgap energy [115]. Therefore, the theory of optical breakdown can be applied
to a wide range of materials.

Generally, the modifications to the material are classified into three types
depending mainly on the laser intensity [116]: (i) A modification of the refractive
index caused by the densification of the materials [117], causing a smooth refractive
index change [100] or a birefringent index modification [101]. (ii) A higher pulse
energy causes formation of nano-gratings or nano-pores [103], which are resultant
from the interference of electric field. The nano-pores are easier to be washed
away by a chemical etchant such as HF or KOH. (iii) With higher intensity, the
plasma will cause micro-explosions and break the lattice [118]. This so-called laser

ablation process forms tracks at the micrometre scale.

5.2.3 Femtosecond laser assisted selective chemical etching

Figures of merit

There are two main figures of merit that determine the performance of etching
and help us to think about the parameter space. Firstly, a reasonable etching
rate is expected. Based on the Bragg grating conditions of the device, the aim
is to fabricate micro-channels that are several millimetres long. To complete the
etching process within several days, the goal is to achieve an etching rate of tens

to a hundred micrometres per hour.
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Selectivity S should also be taken into consideration, defined as the ratio of the

etching rate of the modified region to that of the unmodified region given by [110].
S = (l+¢€t)/et) (5.4)

where [ is the distance etched in the laser modified region, € is the pristine material
etching rate depending on the etchant and material, and ¢ is the etching time. Note
in the equation that an extra term of et appears in the numerator assuming that
pristine material etching also takes place in the laser modified region. The devices
with microchannels are approximately several millimetres in length and several
micrometres in diameter. Thus, in order to ensure that the channels have a uniform

cylindrical shape a selectivity of up to one thousand is expected.

Etchant

The mechanism of HF as an etchant is well understood. HF reacts with pristine
silica with a series of four sequential steps after which an Si-O bond is broken due
to the insertion of an HF molecule [119]. Among the four steps, the replacement
of the first oxygen atom is 20 times slower than the subsequent steps [120]. After
laser inscription, the average number of oxygen molecules attached to each silica
molecule reduces in the laser modified region [121]. As a result of fewer Si-O bonds
being broken (which limits the rate of a chemical reaction) the etching rate in the
modified region is needed to be much faster than that of pristine silica.

On the other hand, a similar theory of silica densification cannot be applied
to KOH. One reasonable explanation involves the formation of microcrystalline
silica within the bulk of the region exposed to FLI [122]. The hydroxide molecules
provided by the KOH can bind to the silica molecules of crystalline silica and break
the Si-Si bonds [123]. Therefore, crystalline silica gives a much higher etching rate
of up to three orders of magnitude compared with pristine silica [124]. As a result,
KOH often provides a significantly higher selectivity compared to HF.

Studies have shown that the etching rate of HF is up to 300 pm/hour [125] while
that of KOH is a bit less at 290 pum/hour[126]. However, in terms of selectivity
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KOH performs much better as it does not react with pristine silica. A study has
shown that under controlled parameters the maximum selectivities for 5% HF and

8 mol/L KOH were found to be 66 and 955, respectively [110].

Parameter Study

It is necessary to study the parameters that affect the performance of femtosecond
laser assisted etching (FLAE), including the laser parameters. Intensity related
parameters such as pulse energies [127], pulse duration [126], repetition rate [104]
and writing speed [128] have been investigated in the previous studies. The intensity
should be high enough to excite the electrons and cause avalanche photoionisation
but in a limited range to prevent micro-explosions around the channel, which leads
to a trade-off between etching rate and selectivity. In addition, the polarisation
of the laser should also be considered since the electric field is essential to the
photoionisation process. For the multiphoton ionisation mechanism to take place,
the wavelength of the laser should be such that the photon energy is sufficient. Also,
sub-picosecond pulses are fundamental requirements in order to decouple lattice
heating and photon absorption during the photoionisation process. In order to
achieve higher selectivity, the direction of polarisation should be perpendicular to the
writing direction [125]. For the same reason, a selected direction of polarisation would
significantly improve the surface roughness [103]. Beam shaping methods using a

spatial light modulator (SLM) will give better control of the written patterns [129].
Etching Trials

In order to identify a suitable recipe for etching, etching trials were conducted on
a rectangular fused silica substrate. The laser used was a Pharos SP-06-1000-PP
with a pulse duration of 170 fs, repetition rate up to 1 MHz, a wavelength of 514
nm, pulse energy up to 1 mJ and an average power up to 6 W. Initially, the same
parameters were used as Ross et al. with KOH as the etchant [103].

The experiment set-up is shown in Fig. 5.3. The laser beam was shaped by an
SLM and focused into the bulk of the sample, which was placed on a translation stage.

straight channels were written with different powers, writing speeds and polarisations.
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The experiment is under Laminar Flow

Objective lens

(a) Laser writing on a rectangular substrate. (b) KOH etching of the substrate

Figure 5.3: Experiment set-up of our etching trials: (a) Femtosecond laser inscription
of nanogratings followed by (b) Chemical etching with 12mol/L. KOH solution heated to
85°C.

Then the sample was polished on both edges to expose the modified region. Finally,
the sample was placed in 12 mol/L KOH solution and heated to 85 °C.

Some of the results of the etching trials are presented in Fig. 5.4. A maximum
etching rate of 130 pum/hour was achieved at a writing speed of 0.5 mm/s, power
above 300mW and when the polarisation of the laser was perpendicular to the
writing directions.

The parameters are then applied to a microchannel. in a bulk substrate with
two entrances from the surface. The etched channel is presented in Fig. 5.5. The
etching took 4.5 hours. The middle part of the channel seemed not to be fully

etched thus one more etching may be required.

5.3 Aberration correction by direct laser writing

5.3.1 Introduction

Direct laser writing plays a significant role in the fabrication processes, including the
FBG formation, laser assisted chemical etching and potentially direct laser ablation
for LC alignment. Unfortunately, the intrinsic mechanism of direct laser writing

relies heavily on the quality of the laser beam focus. Attempts have been reported
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Figure 5.4: Some etching results following the steps in Fig. 5.3 taken on a microscope.
The separations between two adjacent channels are 100 pm. The channels are written
with different power, polarisation of laser and writing speed. However, the difference in
etching depth is mainly due to the surface polishing condition.

Figure 5.5: Etching results of a microchannel with entrances from the surface of a fused
silica bulk substrate. Top view taken under a microscope. The two parts of the figure
each show a half of the same channel. The channel is 1100 pm in length and about 7 pym
in width. The first and last 50 ym of the channel are 45° written from surface. Then the
channel is written horizontally at the depth of 50 ym and length of 1 mm.

to resolve this problem such as immersing the fibres in oil [130][74][131][132], putting
the fibres in a ferrule [133] and using a cylindrical lens [134]. Beam shaping is
another solution and has be reported in for different applications including the

fabrication of symmetric micro-channels [135], waveguides [136] and FBGs in D-
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shaped fibre [137]. However, these methods are not suitable for mass production.
Moreover, since the designed FBGs filled with liquids should have more than one
entrance from the side of the fibre, there is a requirement on focusing the laser
beam into different positions inside the fibre. Hence the aberration of a laser
beam varies according to the focal position. For example, when focusing on the
surface of the fibre there is no aberration caused by the fibres, while focusing in
the centre of the fibre raises a combination of astigmatism and defocus. There is a
requirement of continuous variation in aberration parameters to create a channel
from the evanescent field to the fibre surfaces. This introduces a method based on
adaptive optics with an SLM as a development from a previous work by the group
[138]. The aberrations while focusing at different positions within the fibre were
calculated. A wavefront compensation could then be applied to the laser beam

before the objective lens so that the focal position is corrected.

5.3.2 Geometrical Analysis
Define the Coordinates

The origin of distortions at the focus comes from wavefront difference or aberration.
Without aberration, a parallel wavefront is required at the pupil plane for the best
spherical wavefront towards the focus. The wavefront can be characterised by the

relative phase delay ¢ at different spatial positions. Now we consider an interface

Figure 5.6: Interface between two materials with refractive indices of n1 and no. This
plot is used to define the phase delay caused by refraction.
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between two transparent materials with refractive indices of n; and no respectively
as shown in Fig. 5.6. The figure indicates two possible paths of light rays sourced
from an infinite distance reaching the same point A inside the second material.
One path assumes the ray reaches A without any refraction while the other takes
refraction into consideration. The optical path difference between the two paths

can be used to define the phase delay 1, given by:

_27T

Y= X (n2Le —nyiLy) (5.5)

where ) is the wavelength of incident of the rays, nyL, and nyL, are the optical

paths. The next aim is to put the phase delay v in a more complex and realistic

Pupil Plane

Sixy 1021dO 43
Q!X\?’I 11dQ J

i)

Figure 5.7: The coordinate system set up for the aberration calculation. A light ray is
traced from a position A(x,y, z) inside the fibre sample with a radius R, to a position
B(p, ¢) at the pupil plane. The light ray propagates along the directions §; and $3 before
and after refraction. The ray approaches the pupil plane at an angle of 8 from the laser
optical axis. The acceptance angle of the pupil plane is «

circumstance by considering focusing a laser beam into a position A of an optical
fibre. Tt is assumed that refraction only occurs at the air-fibre interface (negligible
refraction at the cladding-core interface). Note that because of the geometry of the

fibres it is easier to trace the light from the focal point back to the pupil plane,
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this will be explained later. The coordinate system is established in Fig. 5.7 as
follows: a general ray at a direction §s is traced from the focal point A(z,y, z) in a
Cartesian coordinate with an origin on the fibre optical axis. This ray is refracted at
the interface between the fibre glass and the air then propagates in the direction §;.
Both §; and §, are unit vectors so that ||$;|| = 1 and ||32|| = 1. The ray approaches
the pupil plane at an angle of g from the laser optical axis, and reaches a point

B(p, ¢) at the pupil plane. The acceptance angle of the pupil plane is a.

Snell’s Law in vector form

N:

[ n:

~)

Figure 5.8: Plot of a ray refracted and transmitted through the interface of two media
of different refractive indices applying Snell’s law.

It is obvious that since $, is a refracted ray from §; they must satisfy a relationship
defined by Snell’s law. In this subsection a three dimensional vector form of Snell’s
law is derived. In Fig. 5.8, a light ray in direction ¢ is refracted at the interface
between the two media with different refractive indices n; and n; such that it is in
a direction £. The angle of incidence is 6;, the angle of refraction is 6, and the unit
vector for the normal at the intersection is N. The unit vectors : and f can each be

decomposed into two vectors along horizontal and vertical directions as:

<o

=) +iL (5.6)

t=t+t; (5.7)
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where the parallel subscript || is for that along the interface and the perpendicular
subscript L indicates the direction along the normal. Snell’s law defines the relation-

ship between the angles of incidence and refraction, and the refractive indices as:
n;sin(6;) = nsin(6;) (5.8)

where the trigonometric terms can be written as:

_ il
ol

sin(6,) = [l (5.9)

where 0 is a general unit vector decomposed similarly as in Eq. (5.7). So that

Eq. (5.8) can be re-written as:

nilligll = nelléy

Loon - (5.10)
)1l = EHZ”H

Since the vectors zﬂ and tﬂ are parallel to each other we have:

t) = 7712”
. & s
= [0 — ]

(5.11)

By substituting i, = costN it becomes:

— le /} O
= n—t[z — cosb; N (5.12)

By Pythagoras, the perpendicular component can be found as:

t] = [tL|N = /1 — [#]2N (5.13)

Now the transmitted vector ¢ can be written as the sum of the two components as:
t=t +t1

N~ “ . (5.14)
— "5 costN] + /1 — |42
" [i — cost;N| + 12yl

Using the trigonometric relationship in Eq. (5.9) and after some re-arrangement £ be-

7 My + (W — nicos&-) N (5.15)

Uz Uz

comes:
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The Snell’s law in Eq. (5.8) can be used again here to re-write the trigonometric

terms of refractive angle as:

2 ni\? . 5
sin“f, = () sin“6;

Uz

— <m>2 (1 — cos?6;)

Uz

(5.16)

By taking into consideration that cos; = i - N the following is obtained:

=" (\/1— (m)2(1—(€.N)2)—m(z.N))N (5.17)

Nyt Uz Uz
This is the vector form of Snell’s law. This equation can be further simplified and

written as the cross product form by employing the vector triple product rule:

ax (bxc)=(a-c)b—(a-b)c (5.18)
(axb)xec=(a-c)b—(b-c)a (5.19)

By applying the relationship |a x b| = ||a||||b]|sinf the equation Eq. (5.17) becomes:

LS A % ni\? Siro K
F= TR x (Gx K) +4/1— () i x N|2N (5.20)

ny ny
Calculate the aberrations

It is now possible to substitute in the unit vectors 8, 8, and N into Eq. (5.20) as:

A 2 A A
= "N x (3 x N) + \/1 - (”1> 15 x N|2N (5.21)
No na

Note that §; is made an independent variable which can be defined in terms of
the pupil plane coordinates:
p sin(a)cos(¢)
§ = | psin(a)sin(9) (5.22)
1 — p2sin?(a)
This definition for §; will be used later.
Now let the unit vectors N and §, interact at a point I, such that the ray
traced inside the fibre A7 can be written as:
AT = OA + || Al||3,

T+ L2 (5.23)
= | y+ Lasyy,
2+ Losy,
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where the physical path L, was defined earlier in Fig. 5.6, and sg;, s9,, and sa,

are the orthogonal components of 55. So the unit vector N is :

0
N 1
N = E Yy + LQSQy (524)
Z+ LQSQZ

where R is the fibre radius. Now there is a relationship between N and $,, the next
step is to find an expression for Ls. Note that the vector OT points from the fibre

optical axis to the fibre surface, the fibre radius R can be used to write an equation:
(y + L252y)2 + (Z + L282Z>2 = R2 (525)

This quadratic equation can be solved for L, using the quadratic formula:

b= Vb? — 4dac

Loy 5 (5.26)
the positive root of which is taken, where
a = sgy + s%z

b= 2(ysay + 252.) (5.27)

c=y"+2"— R’
By substituting Eq. (5.24) and Eq. (5.22) into Eq. (5.21), it can be used to solve
for soz, s9, and sg, with a fixed pupil plane point B(p, ¢) and focal point inside
the fibre A(z,y,z). Then the physical path Ly can be calculated.
It is straightforward to show that the physical path L; in Fig. 5.6 is:

Ly = Lo||3; - % (5.28)

Therefore, the optical phase delay v tracing from the position A(x,y,z) to the
position B(p, ¢) is:

27

¢<x7y727p7 ¢) = 7(”2 - n1||§1 ' §2||)L2 (529>

5.3.3 Numerical analysis

Notice that Eq. (5.21) is a transcendental equation with no analytical solution,

but the equation can be solved numerically.
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Solve for the equation

The first method I attempted was to solve for the equation by iteration. For
every position B(p,®) on the pupil plane, the path needs to be calculated to
reach a position A(zx,y, 2) inside the fibre. However, since the normal vector N
is undetermined, an initial estimate of sy, say s, is made. Then it is possible to
locate the interface and a normal vector N so that a refracted unit vector s} can
be calculated. Then this predicted s} is compared with the actual s; defined by the
pupil position B(p, ¢). This process is iterated until eventually an s} value which is
sufficiently close is obtained. However, there are several circumstances where the
iteration does not converge. Firstly, it is not always predictable in what direction
so should be shifted in order to improve the estimate of s;. There are positions
where an increase in p or 3 of sy would cause them to decrease in s;. Secondly, the
iteration can ofter get stuck in a local maxima where one of the p and f falls is
optimium while the other is still far away. A better initial estimate would make the
iteration faster but it is still complex to deal with all the circumstances.

An alternative method used was to scan the whole parameter space of so. The
equation Eq. (5.21) was used to calculate a predicted s}, for each position of s;.
Instead of iterating the difference, this time the minimum difference from s, and
s, was plotted over the whole parameter space. This method was slower but
more reliable compared with the iteration method as the program always gives a
solution. The results were further improved by optimising the steps. Practically,
the iteration method works better when the focal position A is near the centre of
the fibre and above the centre of the fibre. However, the scan method gives a better
estimation when tracing the focus near the point of total internal refraction. In the
following subsections both methods are used for numerical derivation depending

on the circumstances.

Z Depth

In terms of the FBG designs, it is most useful to correct for aberrations at different

depths. It is less necessary to calculate the aberrations on the sides since the
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v

Figure 5.9: The region where the aberration correction is required for the novel FBG

devices fabrication.
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Figure 5.10: Wavefront error focusing at different depth of fibre as a ratio of the radius
of fibre.
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evanescent field is quite small. The actual working region of the aberration correction
required is as shown in Fig. 5.9. The parameters used here are as follows: NA =
0.5,n1 = 1,19 = 1.46, and A\ = 6.014um. As discussed in the previous section, for a
focus that is further away from the edges of the fibre the iteration method is faster
to maintain sufficient accuracy. The wavefront error or aberration while focusing at
different depths within the fibre near the centre is plotted in Fig. 5.10. Interestingly,
the pupil plane when focusing near the bottom was not fully analysed. This is
because the light at a point near the bottom can never reach the pupil plane at
certain angles due to total internal reflection. The ray tracing for a focus at the

bottom of the fibre is plotted in Fig. 5.11. For a focus position at the bottom of the

94



5. Direct laser writing with aberration correction

Tracing light from a point inside a fibre Tracing rays with NA = 0.5 (30°)
E . that goes into a fibre

pm

]
=50 a o -50 o 50 100 °

There is a maximum angle at ~15° The region is not illuminated

Figure 5.11: COMSOL plot by Tongyu Liu showing why an incomplete pupil plane is
viewed by tracing a light from the bottom and tracing parallel rays from the pupil.

fibre, there is a maximum angle depending upon maximum pupil size. For parallel
rays heading towards this focal position there is a certain region that the rays at
this angle will never reach. Both of these circumstances indicate that with the

current parameters the pupil plane at NA = 0.5 is not complete near the bottom.

Zernike decomposition of depth

It is easier to program for the laser fabrication system using Zernike coefficients
rather than a full wavefront plot. Zernike polynomials are a series of polynomials

orthogonal on a unit disc such as a pupil, defined as:

Z" = R (p)cos(mo) if even (5.30)

= R (p)sin(me) if odd (5.31)

where n, m are positive integers satisfying n < m and the radial function R} is de-

fined as:
n_w (DR .
R = - if(n—m)iseven (5.32)
% a0 0
=0 if (n—m)isodd (5.33)
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The orthogonality is proved as :

2 1
/ ZiZipdpde = 7

¢=0 J p=0

=0

ifi=
ifi#

J

J

(5.34)
(5.35)

where ¢ and j are index integers given by certain combinations of n and m. The

wavefront error 1, calculated in the previous section, can be written as a sum of

the first n terms of Zernike polynomials as:

k=1

(5.36)

The aberration calculated has been decomposed into Zernike coefficients plotted in

Zernike amplitude

Zernike Coefficients at different depth

F—F

z4 Zernike Coefficeints

#*  z4 Quartic fit ~

25 Zernike Coe rﬁceint:s‘.\*_‘
z5 Quartic fit
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#* 211 Quartic fit

212 Zernike Coefficeints
212 Quartic fit

214 Zernike Coefficeints

*  z14 Quartic fit

e,

.

i R N

ek

—

10 20 30

40

focussing Depth (um)

50

60

Figure 5.12: Zernike Coefficients when focusing into the fibre at different depths with
no y displacement. A quartic polynomial fit was also plotted for better transformation
into the actual fabrication parameters.

Fig. 5.12. It is noticed from the figure that the main aberrations here are 7, and Z5

which are known as defocus and astigmatism, respectively. Defocus is more dominant

near the surface, while astigmatism is more significant near the bottom of the fibre.
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Y shift

Although less useful it is interesting to determine what the aberration looks like
at different y. The figures are as plotted in Fig. 5.13. The same plot at the centre

of the fibre core is plotted as well. This time, as the focal position is closer to the

Iy,
R’ (|Efﬂ (central)
f;v

( rnzht!

Figure 5.13: Wavefront error focusing at different y position of fibre as a ratio of the
radius of fibre.

edge of fibre, it is more difficult to predict the normal unit vector N. Therefore, the
numerical scanning method is more favourable. A similar Zernike decomposition
was carried out for moving the focus along the x axis and is plotted in Fig. 5.14. A
large amount of tilt is observed because of the asymmetric shape of fibre surfaces
moving away from the centre. The light beam from the left side and right side
reach the fibre bulk with different normal vector N. Also a certain amount of

defocus and astigmatism should be expected.

5.4 Conclusion

In this chapter, there is a demonstration on how direct laser writing with aberration
correction can be used to fabricate the designed fibre devices. The first half of
the chapter introduces the direct laser writing system with femtosecond lasers
including their physics. Then there was a focus on one of the most important
steps, the femtosecond laser assisted chemical etching and the optimum set of

parameters to use.
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Figure 5.14: Zernike Coefficients when focusing into the fibre at different y shift at the
centre depth. A quartic polynomial fit was also plotted for better transformation into the
actual fabrication parameters.

The second half of this chapter discussed aberration correction applied to DLW
inside fibre. This work was an extension on previous work by investigating the
aberration compensation at points over a wide area of the fibre cross-section. The
problem has been analysed and different numerical simulations methods given. It
was found that different numerical evaluation methods were suitable for different
applications depending on the complexity of the geometry. Wavefont errors at
different depth and horizontal positions were calculated and decomposed into
Zernike coefficients for analysing and laser writing purposes. It was observed that
the defocus and astigmatism dominates while focusing at different depth and the
tilt is even larger while shifting the focus horizontally.

This chapter provides a foundation for a key step of the whole fabrication process.

The unique FBG designs provide the capability for realising novel FBG devices.
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6.1 Introduction

In this chapter, there will be an introduction to how the liquid filled devices are
fabricated. The devices are manufactured from bought-in SMF 28e+ single mode
fibre which is readily commercially available. This is transformed into a liquid-
filled FBG device. The chapter starts with an overview of the fabrication process,
followed by a discussion on each steps of fabrication and this is followed by parameter

optimisation for the actual fabrication. The chapter will contain as many details as
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possible for the future duplication of the work. There will also be some preliminary

experimental results that demonstrates the fabrication process.

6.2 Fabrication process overview

The whole fabrication process is as illustrated in Fig. 6.1. The first three steps
are laser fabrication processes including FBG formation (Step 2) and nano-pore
formations (Steps 1 and 3). Then the nano-pores are etched leaving microchannels

(Step 4), which will later be capillary filled with liquid (Step 5).

T L = e [y I
" z. \ z |
Step 1 y Cladding x \ Yol
ep 1: |
Write bottom : Core :| | — J|| :
Nano-pores \ \ /
i .
: Nano-pores f{ bl 2 / :
| il \ 1
I |: FBG 5 I
_ i ‘ |
Step 2: ' rsG " 00000000 | |
Write FBG 1 Ny \ A 4 [ I
|
I " \ / l
I Nano-pores il |
- il LCEE ]
I I
I \
Step 3: I ll | .‘....... | !
Write top I l| \ U . 1
Nano-pores | ! \ / |
| i I
————————————— I e S S e e  m— m—
r R ‘I'- E I
Step 4: : 2| K-:| / ZTT.:
Chemical 1
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Etching with Air holes h 100005000 I
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1 |: I
I '| o I
Step 5: : :| :
Fill with . Refrac.tlw_e l| ..‘.. . .. !
Refractive I index Ligquid | \ |
index Liquid ! Refractive index liquid |
I
1 | I

Figure 6.1: The whole fabrication process including FBG formation, microchannel
formation, chemical etching and capillary filling.
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6.3 FBG formation

The first main step of fabrication is writing the FBG with the femtosecond laser.
After stripping off the coating, the aberration correction technique from the previous
chapter can be used. The sample is attached to the motion stage with tape and an

LED array of a different wavelength to the laser was used to illuminate the fibre core.

6.3.1 Locating the core

The FBG quality is quite sensitive to its position within the fibre core. Principally,
the optimised position is to focus at the centre of the fibre core. However, in
practice, there are several parameters involving position information that should
be taken into consideration.

It is straightforward to find the correct location horizontally. The fibre is uniform
along the optical axis so there is no difference in where to focus the light. Care
is needed when moving the focus horizontally perpendicular to the fibre optical
axis. Fortunately, if the core is visible from the LED illuminated from the bottom,
the focus can be located by the position of the core.

Locating the core in terms of depth is more challenging. Here three terms are
introduced regarding the depth, take focusing a laser beam on the surface of a glass
bulk for example. The first depth information that can be observed is where the
surface image is sharp on the camera. As described in the previous chapter, there
is an imaging system sharing the same optical path as the laser beam, and this
image was used to find the core position in the previous paragraph. The problem
is that the imaging system is not always confocal with the laser writing beam. So
this position will only be used as an approximate indication.

Given the above reason, a more accurate way of locating the laser depth is to
set the laser beam with a slightly lower power so that the glass bulk is not damaged
and to observe the reflection pattern. If the laser is focused optimally on the surface
there will be an Airy disk pattern with approximately one ring since the laser
intensity is quite dim. Instead of imaging of the glass surface, we are imaging the

laser focus reflection on the surface. The imaging method of reflected light does not
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need to consider the difference between the different optical paths but relies on the
imaging system, which makes it not an optimal choice. The reason is that different
objectives are required for different experiments so the tube lens used for camera
imaging is interchanged frequently. Thus it might be worth the time required to
adjust them precisely each time. Thus again this indication was not accurate enough.
However, it is always a good practice to unify the sharp surface position and the laser
reflection position. The process involves moving the tube lens forward and backward
and to move the sample up and down until the two positions are in the same plane.

A more accurate way of identifying the depth position was to use a higher power
laser pulse energy to be just above the silica damage threshold. The advantage
of this method compared with the previous ones is this will no longer require the
precision of the imaging system. This means that wherever the tube lens and the
camera are placed, the tracks are only determined by the relative position between
the laser objective and the sample surface. However, there is also a draw-back
that the laser voxel at focus has a certain volume so the tracks will be formed at
several different depths. There are two steps to compensate for this effect. The
first step is to write tracks at various depths in small increments. Then the thickest
track observed is taken to be written on the surface. However, in practice there is
always an offset between the thickest track position and the actual focal position.
Thus, the next step is to add this offset to the measured position. It is preferable
not to damage the sample surface to locate the depth information. Therefore, an
additional test on a glass bulk is recommended.

The whole process is demonstrated as follows. Firstly, by moving the sample
while looking at the camera, the position of the motion stage z; of the sharpest
surface is found. Then the laser beam is turned on and a second position zy of the
best Airy disc image is found. The laser power is increased so that a track can be
formed. The third position z3 is the position where the thickest track is formed.
The difference between z3 and 2, is recorded as z,frset1- S0 that on the actual
sample, it is only necessary to measure the position at the best laser reflection image

and add z,frset1 to it. In order to find the second offset this position is used to
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fabricate some nano-gratings in fibre and glass bulks. By measuring the difference
between the actual nano-grating position and the focal position (by cleaving the
samples) it was found that this offset seems to be a constant value for the same
laser power used, recorded as 2z, fser2. Note that although z,f e is imaging system
dependent, z,ffset2 i quite constant so it is not necessary to cleave the sample every
time. After finding the surface, it is quite straightforward to shift the depth by

62.5 pm which is the radius of standard single mode fibre.

6.3.2 FBG orders

The FBG order is dependent on the quality of light focus. Specifically, it is important
to consider the required pitch of the FBGs that can be fabricated. As demonstrated

earlier the Bragg wavelength A of an FBG is given by:
mAp = 2nep A (6.1)

where m is the FBG diffraction order, n.ss is the effective refractive index of the
fibre waveguide, and A denotes the pitch of the gratings. Practically, for a Bragg
wavelength Ag = 1550nm, the pitch required for first, second, and third order are
approximately 0.53 pm, 1.07 pm and 1.60 pm, respectively. Theoretically, the FBG
reflectivity decreases with number of diffraction orders [139], which means the first
order FBG is preferred. However, practically, the second order FBG often provides
the best quality as experimentally demonstrated previously [71]. This idea will be

briefly explained here. While the Abbe resolution can be estimated by:
Abbe Resolution = A/2NA (6.2)

where ) is the laser wavelength for the femtosecond laser which is 514 nm, and NA
is for the objective which is NA = 0.5 for our system. These give an Abbe resolution
of approximately 0.5 pm. This is equivalent to the pitch required for the first order
FBG. Therefore, with an ideal aberration correction the first order FBG can be
fabricated with high quality, but in most cases second order FBGs are easier to be

fabricated. In this work second order FBGs are the primary choice for fabrication.
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6.3.3 FBG pitch

According to Eq. (6.1), where m = 2, the pitch required for the second order
FBG is = 1.07 um. For the direct laser writing system, the FBG was written
by moving the translation stage while turning on and off the pulse picker that
control the laser output at a constant frequency. The laser at default is at a
repetition rate of 1 MHz. A 0.1071 mm/s writing speed together with 100 Hz
repetition rate will give the correct pitch. Thus the pulse picker should operate at
a frequency of 1 MHz/100 Hz = 10000 times/s. Other pairs such as 1.071 mm/s
together with 1000 shutter frequency could also give an identical FBG. All of the
combinations with reasonably low stage moving speed (like < 10 mm/s) would

be able to fabricate similar quality of FBGs.

6.3.4 FBG Coupling coefficient

The coupling coefficient of an FBGs « is mainly determined by the refractive index

change dn of the laser modified regions, given by:
k=—T (6.3)

where I' is the confinement factor of the fibre core. As demonstrated in the
earlier chapters the coupling coefficient affects both the reflectivity and the band-
width of an FBG.

The refractive index modification is directly related to the laser power or the
laser pulse energy, which in our system are controlled by a half waveplate followed
by a polariser. The difference between the angle of waveplate and the polariser
allows a continuous control of the laser pulse energy. The lower limit of the laser
power is the minimum by which a track of modified refractive index is formed,
which is approximately 0.02uJ per pulse for fused silica. By increasing dn, the
increased coupling coefficient will effectively decrease the length of FBG since the
majority of light is reflected by the front sections of the gratings. Eventually, at
sufficient high pulse energy the FBG will reach saturation. Another upper limit

of the FBG writing process is the formation of nano-gratings or nano-pores. They
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are formed when the energy carried by the spatial resonance is large enough to
create explosions on the nano-scale. Among these two phenomenons that limit the
pulse energy, it is always the nano-pore formation energy that is reached before
the satuation energy. Therefore, the upper limitation of the laser pulse energy is
defined by the nano-pore formation energy which is about 0.2 puJ.

Laser power not only affects the coupling coefficient in terms of dn, but also
in terms of the confinement factor I'. This is because the laser focal voxel size is
dependent on the laser power. A higher laser power or pulse energy results in a
larger radius focal voxel, making the refractive modified region occupy a larger
region in the core. Hence the coupling coefficient in fact has a second order effect
on the coupling coefficients. In practice, by some iterative experiments, it apears
that a pulse energy around 0.13 pJ gives a sufficient FBG reflectivity of > 10%

being far enough away from the nano-pore formation.

6.4 Microchannel formation

Microchannels in this thesis refer to the air holes on a micrometre scale to be
filled with the liquid. The microchannels have various of shapes but have general
dimensions of = 5 ym in radius and ~ 5 mm in length consistent with the FBG
length. The microchannels should also have entrances to enable the liquid to fill
in. In principle, the entrances could be in from the side of the fibre or the cross
section of the fibre. However, in practice, filling the liquid from the cross-sections
causes extra problems when splicing. Hence all the microchannels have more than

two entrances all from the side of the fibre.

Fabrication process

The process of the microchannel fabrication is called ultrafast laser assisted etching
(ULAE). A laser modified region is required by employing motion stages. The
difference is that a higher pulse energy is used to create nanopores, which are
needed for the ULAE process. These allow erosive chemicals such as HF or

KOH etch the nano-pores and form microchannels. In order to do this the laser
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pulse energy should be above the threshold of the nano-pore formation mentioned
above. Practically, a pulse energy between 0.26 to 0.29uJ would be sufficient.
A higher pulse energy would caused larger laser voxel and modify more region
than required, reducing the precision.

In step 4 the fibre sample will be placed in the etchant and heated to 60°C for a
sufficient amount of time for etching. The difficulty of the etching process is that the
chemical will not only etch the laser modified region but also affect the pristine fibre
material, making the microchannel dimensions less precisely controlled. Furthermore,
the etching will go through a channel of several millimetres to one direction but only
a few micrometers to another. Therefore, it is quite necessary to iterate the laser and
etching parameters to achieve the best recipe. The following sections will introduce

an optimised etching parameters based on a previous work by Ross et al.[103]

Selection of etching material

In terms of chemical selection there are really two candidates, hydrofluric acid (HF)
and potassium hydroxide (KOH). KOH was the optimal choice for several reasons.
A significant parameter for this process is the selectivity, defined in Chapter 5 as
the etching speed of the laser modified region compared with the pristine material.
KOH has a higher selectivity of up to 1400[128][126] compared with around 100
for HF[121]. Both can give an etching speed of around 300 pm/hour.

As mentioned earlier, the process requires a fully etched length of several
millimetres along the FBG direction while keeping the tolerance in the orthogonal
direction to within several micrometres. The selectivity is then required to be
at least over 1000. In fact, in the first practical device the microchannls were
3 mm in one direction while 7 pm radius circular cross-section. The waveguide
would allow less than 2 pum for over etching thus a selectivity of 1500 must be
achieved, which is higher than that of KOH. To solve this problem, an additional
entrance was added at the midpoint of the 3 mm length, splitting both channels
into 1.5 mm segments. Then the required selectivity is around 750. So in terms

of selectivity only KOH satisfies the requirement. Another fact to consider is that
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HF poses a significantly higher safety risk compared to KOH due to its highly
corrosive nature and potential for severe health hazards upon exposure. HF can
cause deep tissue damage, particularly through its ability to penetrate the skin
and react with underlying tissues, potentially leading to systemic toxicity and even
death. Moreover, HF exposure requires specific treatment protocols, including
calcium gluconate therapy, to mitigate its effects [140]. In contrast, while KOH
is caustic and can cause burns upon contact, its effects are typically localized
to the skin and mucous membranes, with lower potential for systemic toxicity.
Proper handling and safety precautions are necessary for both substances, but the
consequences of mishandling HF are considerably more severe compared to KOH.

KOH was thus selected for the above reasons.

Laser Parameter optimisation

The laser parameters affect the chemical etching process as well. Ideally, only the
laser modified regions should be removed and thus several parameters should be
kept optimised. Firstly, it is important that the laser polarisation is perpendicular
to the laser writing direction. This is due to the fact that the nano-pores formed by
the harmonics of the electric field are continuous in one direction while periodic
in the other. While moving the focal spot the continuous direction would easily
join together leaving "barriers’ if the wrong polarisation is used. This light-matter
behaviour restricts the direction of the polarisation to be perpendicular to the laser
writing direction. Also the polarisation should be perpendicular to the long axis of
the optical fibre to achieve maximum length of smooth nano-pores.

The pulse energy of the laser plays a significant role as well. Within the stated
range, the actual pulse energy required is dependent on the repetition rate. The key
idea for improving the etching rate and thus selectivity is to keep well-ordered nano-
pores. The repetition rate should be kept below 500 kHz and the pulse energy should
not be too large to disorder the nano-pores[141]. Practically, a good combination is

to use 0.265 puJ pulse energy combined with a repetition rate of 250 kHz.
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Etching Parameter optimisation

The etching parameters were based on a recipe given as 12 mol/L concentration
of KOH solution combined with 85°C temperature. The upper limit of the
concentration was not too significant, as long as the liquid is not too viscous to flow
into the nano-pores via the entrances. However, it is important to keep sufficient
amount of active KOH molecules in the liquid which restricts the lower limit.

The temperature is a bit more interesting to control. It has been shown that
the temperature does not appreciably affect the etching speed of pristine material
but does have an effect on the laser modified region[103]. This phenomenon gives
us the ability to tune the selectivity for the actual device. For example, if a higher
selectivity is required, the temperature should be tuned to be above 85°C while
if some over-etching is expected the etching could occur at lower temperatures,
which is the reason that 60°C was actually selected for our process. The actual
recipe did not give the best selectivity nor etching speed, but was more viable for
the specific dimensions of the required microchannels.

The etching time of a specific structure is also significant and dependent on
the temperature used. Generally, a longer etching time is to be paired with lower
temperature. Hence the challenge is to trade off between these two factors. To find
the best combination the etching temperature is kept constant and the etching time
was varied. The recipes were different for different cross-section and lengths of the
microchannels and can only be predicted within certain limitations.

Over-etching should always be considered due to the intrinsic property of laser
assisted etching, especially in smaller dimensions. The laser focus has an intensity
variation profile that is graded rather than stepped. Consequently, the selectivity
should also vary along the radial direction of the laser beam voxel decreasing
away from the centre. Hence, the over-etching could not be entirely eliminated
and should always be considered. It was found through experimentation that the
etched region should be approximately a factor of 1.5 times larger than the laser

modified region observed on a microscope.
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Sample Type Separation | Pulse Etch Etch time Fully FBG
[nm] Energy Temp. [°C] | [hours] etched? reflection?
1 Low 10 0.29 50 145 No Yes
2 Low 9 0.29 50 16.6 No Yes
3 Low 9 0.29 60 16.5 No No
B Low 10 0.29 60 15 No Yes
5 Low 10 0.29 60 17 Yes No
6 Low 10 0.29 60 16 Yes Yes
7 High 8 0.26 75 12 No No
8 High 8 0.26 50 16 Yes No
9 High 9 0.26 60 15 No Weak
10 High L 0.26 60 13.1 Yes Yes

Figure 6.2: The fabrication details of the samples. Each sample is a laser fabricated
single mode fiber, prior to filling. Type: indicates if the sample is fabricated for a High
or a Low sensitivity device, Separation: The center to center seperation between the
channels and the core, Pulse Energy: The laser pulse energy, Etch Temp: The etching
temperature, Etch Time: The etching time, Fully etched?: Yes if the channels were etched
the whole way along, FBG reflection?: Yes if a Bragg reflection was visible.

The etching parameters of some samples that are close to success are pre-

sented in Fig. 6.2.

6.5 Liquid filling

Capillary filling Process

The remaining step was to capillary fill the liquid into the microchannels. Capillary
effects, also known as capillary action or capillary force, is defined as a process
to passively manipulate liquids. These effects are determined by the interaction
between the surface tension of a liquid and the geometry and surface chemistry
of the solid support[142]. Capillary filled microfluids are commonly described as
'passive’ because they generally lack real-time control over flow, unlike ’active’
devices that rely on external peripheral control mechanisms[143]. One advantage
of capillary fill over active filling methods is its simplicity and lack of reliance on
external power or control systems. Capillary fill utilizes the natural capillary action
of the microchannels to draw fluids into the device, requiring only the manipulation
of the device’s geometry and surface properties. In this section, there will be an

introduction to the filling methods.
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6. Fabrication of liquid filled devices

Initially, the fact that the microchannel geometries were designed with multiple
entrances suggests a straightforward method to fill the fibres: confine the liquid to
one entrance while keeping the others clear. However, the capillary effect extends
beyond the microchannels, affecting the liquid outside the fibre as well. Consequently,
there’s a risk that the liquid outside the fibre may reach the alternate entrance
sooner than its counterparts inside the microchannels. In such cases, all channels
become blocked, halting the capillary effect. To address this issue, experiments
were conducted at various temperatures to assess whether viscosity could improve
the situation. However, only a small, random subset of samples exhibited fully filled
microchannels, indicating inefficiency and lack of temperature dependence.

When all the entrances are blocked, an alternative approach was to fully immerse
the fibre in excessive liquid. At higher temperature, presumably under low pressure,
and after sufficient long time the air gaps inside the fibre core tends to move out

of the channel due to the unbalanced pressure. As a result, the microchannels

would be well-filled with liquid.

Filled channels

There are several methods to verify if the channels are filled. The most direct
method was to observe it under the microscope. As illustrated in Fig. 6.3, at
high magnification it is possible to tell the regions of fibre with slightly different
refractive indices. Light from the microscope is reflected by the boundaries between
the cladding, filled microchannels and the core. The cylindrical shaped core and
microchannels also act like micro-lenses that cause the edges to be dimmer than the
centre region. Additionally, the image also shows an unfilled region near the entrance
which appears as a dark region. This is because the lower refractive index of the air
acts like a concave lens that diverges light away from the centre of the microchannels.

Besides, since the FBG devices fabricated were sensitive to variation in refractive
indices, the filling quality can be seen in the spectrum. The filling strategy mentioned
above was tested. The sample with empty channels was placed at room temperature,

fully immersed in excess liquid with a refractive index of 1.43. Reflection spectra were
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Figure 6.3: A microscope image of a micro-structured FBG device near one end of the
microchannels.

measured at 50°C after different amounts of time and these are plotted in Fig. 6.4.
Firstly, the Bragg wavelength is different for different filling times. A shorter filling
time results in a lower overall refractive index due to the air gaps and thus the
Bragg wavelength is shorter. Secondly, the reflectivity is different for different filling
properties. For one the propagation mode is affected by the air-liquid boundaries
which results in external loss. Also the distorted structure allows cladding (guided
by the air cladding interface) causing modal losses. Meanwhile, it is noticed that
there is additional Fabry-Perot interference at shorter filling time indicating the
existence of air gaps. After 24 hours, the Bragg wavelength seems to be unchanged
after longer times. The microscope images also shows fully filled microchannels.
These observations serve to validate the effectiveness and reliability of the method.

The samples in Fig. 6.2 are filled with liquid of different refractive indices

and presented in Fig. 6.5.
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Figure 6.4: Reflection spectrum measured to test the capillary filling effect when
immersing the sample in the refractive index liquid at room temperature after different

times.

Device | Type | Sample | Liguid Center Sensitivity at
used temperature [*C] | 0°C [pm/*C]

1 Low 6 Cargile 1.430 ~ 20 N/A

2 Low 6 Cargile 1.440 Multi-moded N/A

3 Low 6 Cargile 1.432 29 N/A

4 High 10 Cargile 1.435 N/A -30

5 High 10 Cargile 1.440 NiA -55

Figure 6.5: Device performance data. The samples in Table S1 were filled with different
liquids and their performance as an FBG sensor was measured. The center temperature
is only applicable to the low temperature sensitivity devices. The Sensitivity at 10 °C is
only applicable to the high temperature sensitivity devices.
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6. Fabrication of liquid filled devices

6.6 Apparatus for waveguide characterisation

While a comprehensive introduction to the fabrication parameters has been provided,
further tests and investigations are necessary to facilitate iterative improvements.
Various tools are available to assess the performance of the fabricated waveguides and
ascertain whether similar fabrication parameters should be employed in subsequent
iterations. These tests aid in refining the fabrication process and optimizing the

functionality of the waveguides.

Waveguide testing

The waveguide testing rig is a standard setup for waveguide characterisation. The
sample is placed on a 6-axis motion stage. Light from a tunable laser (Agilent
8164A) is coupled into the sample’s waveguide via an optical fibre on a 3- axis stage.
Light is coupled out of the waveguide with a 50x objective lens on a 3-axis stage
and image onto an InGaAs camera (Hamamatsu C14041-10U).

The waveguide testing rig was mainly used for cross-section investigation of the
fibres. The fibres were imaged from the side to examine the quality of the fabrication
process and tune the design. In Fig. 6.6 there are some example microscope images of
a device design with four side-holes before etching. They were used to determine the
optimum laser parameters. The microchannels in the top left figure are smaller than
expected, which indicate that the pulse energy used for the laser fabrication was not
sufficient. In the top right figure the microchannels are not centred, indicating that
the depth was not correct. The dark regions show the paths towards the entrances
which are helpful for determining the orientation. The figure at the bottom shows

microchannels that are mostly corrected as they have the right sizes and positions.

Refractive index measurement with UV-Vis spectroscopy

In order to measure the refractive index, a known length of cavity of several
micrometres is required. The Ultraviolet-Visible (UV-Vis) (Agilent Cary 8454
UV-Vis) spectroscopy is used to measure the thickness of an empty cell. When

light propagates through a cell of a certain thickness, reflection will occur at both
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Figure 6.6: Examples of fibre devices with microchannels that have (a) wrong pulse
energy, (b) wrong position and (c) correct size and positions. All measured by the
waveguide testing apparatus.

interfaces (the air-slice A interface and the air-slice B interface). There will be
a phase difference between the two reflected signals, This forms a Fabry-Pérot
Cavity. When they are constructive the transmission is maximum and they are
destructive the transmission is minimum. The transmission spectrum for an example
5 pm commercial liquid crystal cell is plotted in Fig. 6.7. Each peak in the figure
indicates that the thickness ¢t equals to a whole integer of half-wavelength A\, that
is t = NA/2 where N is an integer counting from zero. It was noticed in the
graph there is a bit of noise near the infra-red region. This is probably due to
the insufficient time in pre-heating of the UV-Vis.

Given a series of N and A where peaks occur we are able to find the thickness
by calculating the gradient of N versus reciprocal of \/2, as the plot shown
in Fig. 6.8. A bum commercial glass cell was measured and the air gap was
calculated to be 4.8400 pm.

Since this measurement uses Fabry-Perot interference which is in fact a mea-
surement of the optical path, this method can also be used for refractive index

measurement for a given thickness.

Refractive index measurement

The refractive index measurement of a desired liquid can be carried out similarly
using Fabry-Pérot interference. An experiment measuring the refractive index of

a 85 % glycerol solution was taken as an example. A commercial cell of 5 um
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Figure 6.7: Transmission spectrum of an empty 5 pm commercial glass cell. At each
peak the thickness d is an integer multiple of half wavelength.
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Figure 6.8: Peak wavelength (reciprocal) vs number of peaks.
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was used and the thickness of the blank cell was measured to be 5.15 ym. The
cell was filled with liquid and the optical path was measured again to be 8.09
pum. The ratio gives the average refractive index of the glycerol solution to be
1.5709 between 400 to 700 nm wavelength. However, according to the published
materials the refractive index of glycerol solution should be below 1.47. The error
of measuring the thickness is much larger than expected.

Another problem preventing me from using the UV-Vis is that the actual devices
are designed for the optical communication wavelengths at around 1550 nm. A
tunable laser source is used to scan from 1400 nm to 1620 nm to obtain a similar
spectrum with the same commercial cell of around 5 um. Several trials were made
but the frequency for the desired cavity could not be found. A main reason is that
at 1550 nm the refractive indices of the liquid to be measured was quite close to
those of the glasses of the commercial cell. The precision of the lab experiments
was not high enough to tell the difference, not to mention meeting the desired
precision of <0.001. For the above reasons, the refractive indices information given

by the manufacturers data sheets were used instead.

6.7 Ancillary processes for device fabrication

In additional to the main steps of fabrication, there are also some ancillary processes

that are necessary for device fabrication.

Sample preparation

The fibre sample should have no coating on to enable the laser fabrication process.
The coating of the fibre samples is stripped off with a stripper of a suitable size
followed by acetone cleaning to remove any residuals. The stripped fibre will then

be taped onto a microscope slide and placed onto the motion stage.

Fibre cleaving

The sample fibre was cleaved to make a 10 c¢m section before the process of

laser fabrication. Compared with fabrication on a full length of fibre, a sectional

116



6. Fabrication of liquid filled devices

fibre is easily handled both on the motion stage or in the etching process. A
number of samples can be fabricated in a short time to allow comparison of
different laser and etching parameters. Cleaving may also be necessary for observing
the cross-sections of the fibres.

The cleaving process is fairly simple, a commercial fibre cleaver FC6RS from
SUMITOMO Ltd. was used. A sharp rotation blade was used to create a weak point
in the fibre and a mechanical pressure was applied to cleave the fibre. Alternatively,
when the fibre length was not sufficient to be placed on the fibre cleaver, a ruby
blade can be used to manually create the weak point, followed by pressure cleaving.

The cleaver works perfectly well for a single mode fibre but it is not quite
suitable for the laser modified fibre samples with microchannels. Due to the
mechanism for cleaving with pressure the structure near the microchannels is often
damaged, especially with larger dimension of microchannels. Thus, there is room

for improvement using a more precise cleaving method such as laser cleaving[144].

Microchannel refilling

Sometimes a sample is to be filled with different liquid several times to find the
optimised refractive indices. This requires a flushing process to remove all the
liquid material inside the fibre microchannels. The simplest way is similar to the
liquid filling process by fully immersing the fibre samples into volatile cleaning
agents such as IPA to sufficiently exchange with the liquid inside the microchannel.
Then the cleaning agents can be evaporated by heating under a low pressure. The

microchannels can be filled and re-filled a large number of times in practice.
Fibre splicing

Fibre splicing is a process that creates seamless connections between optical fibres
to maintain signal integrity. During fibre splicing, two optical fibres are carefully
aligned and fused together to form a continuous optical path, ensuring minimal
loss of signal strength and transmission efficiency [145]. Various techniques are
employed for fibre splicing, including fusion splicing, which involves heating the

fibres with an electric arc or laser, causing them to melt and fuse together at the
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splice point[146]. Fibre splicing is necessary for connection of cleaved samples

to a long fibres with connectors.

6.8 Conclusion

To conclude, this chapter has demonstrated a fabrication process for liquid filled
fibre devices. All the main steps including FBG formation, microchannel formation
and liquid filling have been discussed in detail with sufficient information for future
possible duplication. The aberration correction techniques described in Chapter 5
were employed. A recipe for the fabrication of the actual devices will be presented
Chapter 7 in relation to the specific devices. The necessary ancillary processes
were also described. In addition, there was an introduction of a work on progress
liquid crystal alignment experiments, which provided some preliminary results

on putting LC into the microchannels.
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7.1 Introduction

This chapter demonstrates novel liquid filled fibre devices experimentally. The
chapter starts with a demonstration of apparatus for spectral characterisation of

an FBG sensor device. In the second part there will be experimental results of
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7. Sensor Fvaluation

some highlighted FBG devices that gave impressive results using these charac-
terisation methods.

The results in this chapter has been presented in the top international conference,
The 28" Optical Fiber Sensors (OFS-28) Conference. I was awarded the Best Paper
Award at the conference for my paper titled Fiber Bragg grating sensors with

ultrahigh or ultralow temperature sensitivity’ [147].

7.2 Sensor characterisation

In order to determine the viability of the fabricated devices, they must be experimen-
tally evaluated. Specifically, there are requirements of measuring the transmission

and reflectivity spectra at controlled temperatures, strains, and input polarisation.

7.2.1 Transmission and reflection spectrum

The most important part of the sensor characterisation apparatus is the spectrum
measurement. To test the FBG, connectorised pigtails were spliced onto the bare
fibre ends of the device. A polarisation controller was connected to the FBG. The
light source used was a tunable laser (Aglient 8164A). The high coherence source
will potentially result in a small amount of Fabry-Pérot ripple on the spectra. For
transmission measurements, the other end of the FBG was connected to the optical
power meter within the 8164A. Transmission spectra were recorded by scanning the
tunable laser in steps and recording the power on the power meter under automatic.
To measure the reflection spectrum an optical circulator is used as shown in Fig. 7.1,
so that the reflected light can be separated from the input light. The FBG device
could be plugged directly from the light source to a photodiode for the transmissive
power measurement. By scanning the wavelengths of the laser it is possible to
obtain the spectrum for the sensor purposes.

The reflection spectrum, however, needs one more step to accomplish the
measurement. An additional equipment such as either a multiplexer or a circulator
was used. Among which, the optical circulator is a better choice for a lower signal

loss. It consists of three or more ports, with light entering through one port and
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Figure 7.1: System for measuring FBG devices with a tunable laser source and a
polarisation controller. (a) The transmission spectrum is measured directed by the power
meter. (b) The reflected signal is sent to the power meter by an optical circulator.

exiting through the next port in sequence so that the reflected signal could be

measured using the same photodiode mentioned above.

7.2.2 Temperature Control

Since the FBG devices are designed for novel temperature sensitivities, an apparatus
for accurate temperature control is required. A temperature controlled mount for
the FBGs was therefore designed and constructed. The set up used a temperature
controller (Thorlabs I'TC4001) together with a Peltier Controller and a negative
temperature coefficient (NTC) thermister.

The FBG temperature mount was custom-designed and fabricated by the in-
house workshop. The mount was made of two layers of brass metal with 250 pm

V-grooves so that the fibre sample could be placed sandwiched in between the two
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pieces of metal. Another larger groove was used to place the thermister as close as
possible to the fibre groove so that the thermister experiences the same temperature
as the fibre. The brass metals were placed onto one side of the Peltier module.
The bottom end of the Peltier was securely mounted to a heat sink with nylon
screws to prevent energy transfer between two sides of the Peltier module. All the
components attached were treated with a layer of heat sink compound to ensure
good thermal transfer. The temperature controller system can precisely control the
temperature to within 0.001°C and the response time was a few seconds.
During the measurements of the FBG spectra, the FBG sample should be
immersed inside the same liquid used for filling. This is because as the sample is
heated, the thermal expansion effect would drive the liquid out through the entrances.
Otherwise when the temperature cools, the amount of liquid remaining will be
smaller than initially, causing air cavities inside the microchannels. It is therefore not
straightforward to measure the reflectivity at descending temperatures. Thus most
results measured in the later sections are with ascending order of temperatures. In a

future commercial device, the holes would be sealed, so this problem would not arise.

7.2.3 Strain Measurement

A strain measurement system has been constructed to test the FBG sensors. Two
3-axis motion stages were employed, each with the fibre sample attached at one
end, to control the extension of the fibre. This allows the strain to be calculated
by the extension over the original length. A challenge was the method to attach
the fibres firmly onto the stages without sliding. A simple magnetic clamp does
not provide sufficient force to hold the fibre firmly. A super glue would result in
destruction of samples. Therefore, the best option was to use some screwed clamps.
It was found, however, that the samples were not strong enough to be properly
strain tested. Future work will investigate methods of sealing the fibres followed

by recoating the stripped fibre, to increase the mechanical strength.
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7.3 Experimental Results on Glycerol-filled FBG
devices

These two sections present experimental results for selected FBG devices. A
demonstration of a glycerol-filled FBG will be provided as an initial stage of the
research. followed by FBG devices filled with refractive index liquids. The design
process allows great control over the temperature sensitivity with in limits imposed
by the material properties. However, the ultra-high sensitivity FBG device and
the temperature compensated FBG device are of most interest. There will also
be a comparison of the experimental results with the simulation results followed
by loss and polarisation analysis.

In the initial stage of experiment an aqueous glycerol solution was chosen for its
ease of assess. The refractive indices of the glycerol-water solution can be easily

tuned by varying the proportion of glycerol.

7.3.1 First novel FBG device

Fluid-filled
Microchannels

Cladding Core

Figure 7.2: The geometry of the first FBG devices that provided novel temperature
sensitivities experimentally. The ’kidneys’ are filled with liquid materials.

The first FBG device with novel temperature sensitivity was fabricated with
a 'kidney’ shaped cross-section as described in Fig. 7.2. Several FBG devices

with microchannels had been fabricated but none of them were fully filled with
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glycerol solution, leaving some air gaps that caused multiple peaks in the reflection
spectrum. At that time while struggling to fill in the liquid, I was also trying to
identify the polarisation dependence of the device experimentally while running the
simulations. A kidney shaped sample was easy to fabricate compared with a double
bow-tie shaped device because it was simply combinations of circles. So this sample
was initially fabricated for polarisation tests where the microchannels are written
further away from the core. Occasionally this sample was over-etched, making
the microchannels large enough to allow more glycerol solution to be filled in. So
I eventually got an optimal sample with sufficiently large area of microchannel
cross-section but with the core kept clear from being etched. Meanwhile, the
simulation results of this kidney shaped waveguide described in the previous section
have shown that this device does not give strong polarisation dependence. All of
those reasons led to the first working novel FBG device.

The device was first filled with 85% concentration glycerol solution. The reflection
spectra were measured at different temperatures. The liquid was then cleaned out
and refilled with 94% concentration glycerol solution and the same measurements
were repeated. The spectra is shown in Fig. 7.3. Note that the reflection spectra
filled with 85% glycerol solution at some high temperatures became distorted.
This was because when the liquid is heated, it expands out of the entrances of the
microchannels and leaks out of the fibre device. When the liquid is cooled down some
air gaps arise. The air holes have much smaller refractive indices and thus the high
contrast waveguide would make the fibre multi-moded, and hence more reflection
peaks are observed. This could be avoided by immersing the device, especially the
entrances, in the same liquid or by sealing the entrances. It can be seen that these

are early forms of temperature-insensitive and ultra sensitive FBG devices.

7.3.2 Comparison with simulations

Besides being the early forms of temperature-insensitive and ultra sensitive FBG
devices, a more important role of this first device was to allow optimisation of the

simulation parameters. Since the refractive indices of the glycerol solutions were
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Figure 7.3: Experimentally measured spectra of an FBG with over-etched kidney shaped
microchannels in the cladding filled with (a) 85% concentration glycerol solution and (b)
94% concentration glycerol solution at a range of different temperatures. The core radius
is 4.1 pm and the microchannel diameters are about 9um
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Figure 7.4: Comparison between the over-etched kidney shaped microchannels filled
with glycerol solution of two different concentrations. The simulation results are plotted
as solid lines and the experimental results are plotted as stars.

precisely known from their concentrations, it was possible to back calculate the
exact refractive indices of the fibre core and cladding with the aid of simulations and
published measurement data for SMF-28e+. The actual refractive indices of optical
fibre are not publicly disclosed and the optical fibre data sheets generally quote

a mode field diameter instead. The experimentally measured Bragg wavelengths
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together with simulation results are plotted against temperature in Fig. 7.4.

The refractive index values 1.451 and 1.444 for the core and cladding, respectively,
measured by Wu et al. were the most reliable [98].

Although this over-etched kidney device was not optimal for either a high
temperature sensitivity device or a compensated temperature sensitivity device, it
was an essential step as the design graph presented in the previous section could
not have been produced without the work on this sample. The design graph was

needed to develop the optimised devices.

7.3.3 Glycerol temperature sensitivity device

Thanks to the development of design graph, it is now possible to design FBG
devices with desired temperature sensitivities within specified temperature ranges.
Glycerol-filled FBG sensors with novel temperature sensitivities in room temperature
ranges are presented in this subsection. Glycerol is non-toxic and non-flammable
with a much larger thermo-optic coefficient of 2 = —225 x 1075°C~'[93] than
that of fused silica. Furthermore, pure glycerol has a refractive index of 1.4473
at 1550 nm at room temperature [148]. Another advantage is that glycerol can
be easily tuned to a lower refractive index by dilution with water to match the
refractive index of fused silica, making it easier for designing different devices
that meet different requirements.

Here we present the high sensitivity and low sensitivity devices filled with
glycerol solution in Fig. 7.5 and Fig. 7.6, respectively. Compared with the device
introduced in the previous section, the microchannels in the high sensitivity device
was split into four smaller ’kidneys’. Also the microchannels are brought closer to
the core. As a result, these microchannels would occupy more area in the evanescent
field, and provide more symmetric shape to reduce polarisation dependence. A
solution of 90% glycerol concentration was chosen for the high sensitivity device
while keeping the liquid refractive index as close to the core as possible. The
device becomes multi-moded at temperatures below 24°C and at its temperature

sensitivity was as high as -50 pm/°C.
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Figure 7.5: A high temperature sensitivity FBG with glycerol filled microchannels (a)
the reflection spectrum at temperatures from 22°C to 70°C, and (b) a plot of Bragg
wavelength shift against temperature. Inset: the cross-section profile.

For the lower sensitivity device, there are four circular microchannels which are
further away from the core to reduce their overlap with the evanescent field and a
lower 85% glycerol solution was chosen. In a room temperature range of 14 - 50°C,
the overall peak to peak variation in Bragg wavelength was £ 17.5 pm, on average
0.97 pm/°C. This is an order of magnitude less than that of a traditional FBG.

A key disadvantage of glycerol solution, however, is the high absorption at
1550 nm [93]. As a result, the loss of the device was as high as 5 dB at room
temperature. Furthermore, as the temperature varies, the mode width of the
propagation mode varies accordingly, changing the proportion of power within
the glycerol region. Hence, the loss will depend on temperature. The features
mentioned above make glycerol devices unsuitable for practical use. Therefore,

glycerol was not used in the final device.
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Figure 7.6: A compensated temperature sensitivity FBG device with glycerol filled
microchannels. (a) the spectrum of reflection at different temperatures from 10°C to 70°C
and (b) plot of the Bragg wavelength shift against temperature. Inset: the cross-section
profile.

7.4 Refractive index liquid-filled FBG devices

Given the results for the FBG devices filled with glycerol solution, it was realised
that the glycerol absorption could significantly affect the device performance. In
this subsection some fully functional FBG devices with specified temperature

sensitivities and low losses are experimentally demonstrated.

7.4.1 A high temperature sensitivity FBG spectrum

One motivation for this work is to fabricate a high thermal sensitivity FBG device
with low loss that could be used for temperature and strain discrimination. However,
to be practical the loss needs to be lower than can be obtained with glycerol.
Hence here, specially formulated refractive index liquid with low loss from Cargille
Laboratories are used. The highest sensitivity is obtained with the entire evanescent
field occupied by the liquid cladding. However, a core surrounded entirely by
fluid is mechanically unstable. So some connections are left in between the liquid

filled channels as shown in Fig. 7.7.

128



7. Sensor Fvaluation

Fluid-filled
Micr_qchan_nels

Nladding

1 N 30
A '.I|I :I:
| — l= ::I:'l |J [
3 AR LI °_
it
-c | :I i -"I I'I'.l \ E
1] LHTAR AR =
v | ¥ 1 ) | ;.. 13 ) +—
'T-U I|I I.: / ! 1 i | Il; I:|_ I|I g
| i :r' 'I_'I II lII
£ P &
- I|I | / : v |! l ='I' 3| | I|I \ \ E
o L | @
Z i II' III II ] I: i |I \ III '_
Frii :II'I 1 I| i
.'I { .'II :‘ .rl ::. I|_ '|I \ .II |
I 1R | 1 I'.I I'I I|I
ﬂs i Ml ik -2- —,
1

Wavelength(nm)

Figure 7.7: Experimentally measured reflection spectra at different temperatures from
4°C to 30°C in steps of 2°C of a high thermal sensitivity FBG device. The device has
microchannels filled with refractive index liquid. Inset: the cross-section profile. Each of
the four channels are about 7Tum wide and 10um long

Each of the four channels is about 7 ym x 10 pm in cross-section arranged
symmetrically leaving approximately a 0.5 pum gap between each other and close
contact with the core. A relatively high refractive index of the liquid was chosen to
be 1.440 at 1550 nm so that the operating temperature is at room temperature.

The measured spectrum of this device is filtered to remove Fabry-Pérot ripples,
and plotted in Fig. 7.7 over the working range of 4 to 30°C. Figure 7.8 shows
the peak Bragg wavelength and the peak reflectivity against temperature over a
wider range of 4 to 40°C. The bandwidth for the measured spectrum at different
temperatures is approximately uniform at 0.5 nm. The maximum temperature

sensitivity is as large as -55 pm/°C and over the temperature range of 4°C to 20°C
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Figure 7.8: Experimentally measured Bragg wavelength Ap (primary y-axis) and peak
reflectivity Riq. (secondary y-axis) at different temperatures from 4°C to 40°C of a
high thermal sensitivity FBG device and a normal FBG for comparison. The device has
microchannels filled with refractive index liquid.

the average thermal response was measured to be -42 pm/°C. However, as the
temperature increases, the sensitivity tends to reduce in magnitude and move to
the positive side. Over the temperature range of 4 to 30°C the average temperature
sensitivity within this range is -33 pm/°C.

Generally, the reflectivity is lower at both high and low temperatures. At a
lower temperature, the liquid refractive index is closer to the core index. The
mode has expanded to the liquid region thus the coupling coefficient is lower. As a
result, we expect a high thermal response but a low peak reflectivity. This could
be mitigated by writing the grating line through a greater cross-section of the
core. As temperature increases, the coupling coefficient gradually decreases, thus
the thermal response decreases while the peak reflectivity increases. When the
temperature increases further the device will experience loss due to a mismatch
in the cladding refractive index, resulting in coupling to radiative modes. This
phenomenon is illustrated diagrammatically in Fig. 7.9, where the refractive index
profile is plotted against the fibre position on the same graph with the sketched

fundamental mode profile, for different temperatures.

150



7. Sensor Fvaluation

Refractive Index
9]1101d 9POIN

Refractive Index
911J01d PO

Refractive Index
9)1J01d @PO|A

Refractive Index
9]1J01d PO

T=T3 T=T4_

Figure 7.9: Sketch of the modal profile at various positions across the fibre’s cross-
section on the same graph as the refractive index profile at different temperatures.
The temperatures 77 to Ty are illustrative and increasing temperature, such that
T<To<I3<Ty.

7.4.2 A temperature-insensitive FBG spectrum

An FBG with a compensated thermal response using the low loss refractive index
liquid has also been designed and fabricated. The thermal response has a turning
point where the thermal response is very flat. In order to keep a low thermal
response near the turning point the liquid proportion in the evanescent field was
reduced by moving the micro-channels further away from the core, as shown in
Fig. 7.10. The proportion of liquid in the evanescent field is approximately 35%
at room temperature. The four channels are circular in shape with a diameter of
approximately 7 um leaving a larger gap of 1 um away from the core to allow some
over-etch. The microchannels are fabricated with a higher pulse energy of 0.290
i to overcome the aberration caused by the asymmetric fibre top surface when
the focal position is further away from the center. The liquid refractive index was
chosen to be 1.432 at 1550 nm so that the device operates at room temperature

with zero sensitivity centred at approximately 30°C.
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Figure 7.10: Experimentally measured reflection spectra at different temperatures from
17°C to 45°C in steps of 2°C of a compensated thermal sensitivity FBG device. Inset:
The cross-section profile. The core radius is 4.1 pm and the channel diameter is about
Tum.

Figure 7.10 shows the reflectivity spectra for the FBG over a temperature
range of 17 to 45°C. These spectra show the device to be extremely temperature
stable with only £12.5 pm wavelength variation over this range, which is an 11-fold
improvement over a conventional device. Furthermore, there is only 6.9% reflectivity
variation, showing the device to be insensitive to both reflectivity and wavelength.
The bandwidth is also very constant at approximately 0.5 nm. This is better
than the high-sensitivity device since the modes are more confined within the core.
The Bragg wavelength and peak reflectivity are shown in Fig. 7.11 over a wider
temperature range of 5 to 49°C. This shows the device to be useable over a very

wide temperature range, with only +61.5 pm variation.
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Figure 7.11: Experimentally measured Bragg wavelength Ap and peak reflectivity Rpqx
at different temperatures from 5°C to 49°C of a compensated thermal sensitivity FBG
device and a normal FBG for comparison. The device has microchannels filled with
refractive index liquid.

7.4.3 Comparison with simulations
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Figure 7.12: Comparison of experimental measured Bragg wavelengths with simulation
results of the high temperature sensitivity FBG device. The device has microchannels
filled with refractive index liquid. The dashed line shows simulation results.

The exact shapes for the fabricated devices were then simulated to prove the

validity of the results. The simulation was using the FEM method from FIMMWAVE
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Figure 7.13: Comparison of experimental measured Bragg wavelengths with simulation
results of the temperature compensated sensitivity FBG device. The device has
microchannels filled with refractive index liquid. The dashed line shows simulation
results.

with 120 diagonal elements, 60 modes to obtain the transmission spectrum of the
fundamental TE mode. The simulation techniques have been explained in Chapter 3.

The experimental data that plots Fig. 7.7 and Fig. 7.10 are reused in Fig. 7.12
and Fig. 7.13, respectively. Additionally, the simulated results are plotted as dashed
lines. The parameters are exactly as designed besides taking into the consideration
of over-etching the microchannels. Instead of 7 ym in diameter the microchannels
were calculated to have 9 pm diameter to achieve the measured performance. It can
be seen that in both cases the simulation results and experimental measured Bragg

wavelengths show excellent agreement, indicating the reliability of the method.

7.4.4 Polarisation analysis

The polarisation performance of the temperature compensated device was investi-
gated with the following mechanism. At each temperature, a spectrum is plotted
with the test scan. The wavelength is set to be on one side of the peak of the
Bragg wavelength. Then the polarisation panels are tuned in order of quarter-wave

followed by half-wave, and quarter-wave to achieve a maximum reflection signal
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and a minimum reflection signal respectively. These two positions are considered as
two orthogonal or two extreme polarisations. Spectra of both of them are presented
in Fig. 7.14. The spectra show some variation in intensity at different polarisations.
The spectra are then re-plotted to reveal the Bragg wavelengths for each polarisation
in Fig. 7.15a. The difference in Bragg wavelengths are then plotted in Fig. 7.15b.
This shows a maximum of 17 pm in the working temperatures.

While simulations did not show this much birefringence, the polarisation origin
was due to the asymmetrical fabrication method using the femtosecond laser. The
measured birefringence are comparable in magnitude to FBG devices employing
similar aberration correction methods [138]. This alignment is reasonable as
birefringence accumulate constructively with each fabrication step. However, unlike
a conventional FBG, the differences in Bragg wavelengths are not constant with
temperature. As depicted in Fig. 7.15a, the temperature responses for different
polarisations resemble those of a device with slightly varied liquid refractive indices.
This suggests that birefringence arises not only within the core where the FBG
is inscribed, but also due to the non-symmetrical filled microchannels. Future
work will be eliminate this asymmetry by improving the fabrication process using

techniques such as plane to plane [149].
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Figure 7.14: (a) Reflection spectra of the temperature compensated FBG device with
one extreme polarisation.(b) with another extreme polarisation.
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Figure 7.15: Plot of (a) the Bragg wavelength shift of the two extreme polarisations.
(b) the difference in the Bragg wavelength between the two extreme polarisations. Where
the extreme polarisations are found by locating the maximum and minimum reflection at

a wavelength close to the peak with the polarisation controller
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7.4.5 Loss analysis

The fabricated temperature compensated device was spliced to FC/APC pigtails
and the insertion loss was measured to be 1.29 dB. The transmission spectrum at
room temperature is shown in Fig. 7.16 at an input power of 0.71 mW. The loss was
mainly due to the defects during the manufacturing process in either FBG formation
or microchannels formation. Among these factors, etching primarily contributes
to the loss. During the etching process, damage to the fibre core may occur, and
the non-smooth surface of the microchannels can also cause light scattering. The
transmission spectrum also shows that the FBG had a reflectivity of approximately

10% indicating that the FBG is still far from saturation.
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Figure 7.16: The transmission spectrum at room temperature for the temperature-

insensitive FBG. The device has microchannels filled with refractive index liquid. The
input power was measured to be 0.71 mW.

7.5 Discussions

It is clear from the plots in Fig. 7.7 and Fig. 7.10 that we have tuned the temperature
sensitivity to be either very high or very low in a temperature range around room
temperature. It is notable that a design with any desired temperature sensitivity
in between can also be fabricated. While a large temperature coefficient gives
better sensitivity, it also requires more bandwidth for a given operating temperature
range, thus reducing the number of sensors that may be multiplexed. Hence having
the ability to adjust the sensitivity is a useful design parameter. Meanwhile, the
spectra remain single mode with only one peak present. The loss was measured
to be -1.29 dB so the devices are suitable for many practical applications. The
main source for the losses are defects during the laser fabrication and etching
processes which can be improved with better manufacturing. As the device is made
of standard fibres there should be no additional splicing nor mode-mismatch losses
between dissimilar fibre types. The amplitude is fairly stable for the high-sensitivity
device and extremely stable for the temperature-insensitive device in their working

temperatures. Glycerol was initially used for the injected liquid, but it was found
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that the loss at 1550 nm was high and there was a large variation in reflectivity
with temperature. Rather than room temperatures, devices could also be designed
to have high or low temperature sensitivities for elevated temperatures such as
for monitoring lithium-ion batteries.

The applications for the high temperature sensitivity device involve simultaneous
strain and temperature measurements by using it in conjunction with a conventional
FBG. Each measurement gives two comparable Bragg wavelengths \; and Ay from
each of the two devices. Therefore, temperature and strain discrimination can

be achieved by solving the matrix:

() - (2 K2 ) ™
AV Ko Kro) \AT

where K;; are the sensitivities for strain € and temperature change AT for the
two FBG devices. The novel FBG device could also be used in thermally-tunable
devices such as filters and add-drop multiplexers, where the reflected wavelength
is determined by temperature.

The temperature-insensitive device, on the other hand, could be used for strain
sensing with low temperature cross-sensitivity, using only a single sensor per
measurement. As a result, there is no reduction in multiplexing as the bandwidth
per measurement is less than two sensors. Also, there are no additional complicated
schemes required and the device can be simply a replacement of existing sensors.
Another application is for low-cost temperature stabilized components, such as
optical filters, FBG stabilized lasers, and fibre lasers. The temperature-insensitive
device would further improve the wavelength tolerance of such devices. The process
is compatible with all step-index fibres, such as fibre for 980 nm pump lasers.
The temperature insensitive devices would also find application wherever a stable
reference is required, such as for spectroscopy instrumentation and optical fibre
sensor interrogators.

A future work on these devices is to further control the operating temperature.
Developments such as using material with a smaller value of dn/dT and fabricate

devices with more precisely controlled microchannel shapes would not only further
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compensate or increase the temperature sensitivities, but also significantly enlarge

the operating temperature to cover more application circumstances.

7.6 Conclusion

This chapter has introduced how novel FBG sensors are measured and developed.
The transmission spectra of the FBG sensors were measured with a tunable laser
source, and a polarisation controller together with a power meter. For reflection
spectra measurement an additional optical circulator is required. The temperature
was measured with a temperature controller and the strain was measured with
two 3-axis motion stages.

The experimental results started from a coincidence and ended quite successful.
It was first believed that glycerol solution was the optimum choice. However, due
to the high absorption of the glycerol solution at telecommunication wavelengths
the losses and reflectivities have become unacceptable. Even though, there were
two novel FBG devices fabricated, one with sensitivity of -50 pm/°C and the
other with compensated temperature sensitivity of + 17.5 pm in a range of 36°C.
After realisation The devices were further optimised. The maximum termperature
sensitivity was increased to -55 pm/°C and the temperature compensated device
has only £ 12.5 pm over a temperature range of 17 to 45°C, which is an order of
magnitude less than a conventional FBG. Furthermore, the reflectivity variation was
as low as +3.5% which is far more stable than the glycerol filled devices. The loss
was as low as 1.29 dB and the maximum difference of Bragg wavelengths between
two extreme polarisations is 17 pm across the operating temperature range.

These devices have the potential to significantly improve FBG laser stabilisation,
potentially becoming an enabling technology for strain sensing with minimal
temperature cross-sensitivity using existing sensor interrogation systems. Ad-
ditionally, they are well-suited for applications where tightly controlled wavelength
references are required.

The flexible design process allows the temperature sensitivity to be adjusted

between 410 pm/°C and -55 pm/°C, with the centre of the temperature range
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customisable based on the properties of the infiltrated material. This adaptability
meets the requirements of a wide range of optical devices and optical fibre sensing
applications. Furthermore, this fabrication platform offers the potential for new

classes of tunable optical devices.
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8.1 Introduction

This chapter introduces and compares methods of reinforcing the fibre for strain

sensing. A bare fibre could undertake strain of approximately 0.01 [150]. But

when the microchannels are introduced, the strain limit was measured to be well

below this value.

Thus a reinforcement should be included before the fibre is

used as a strain sensor.
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8.2 Treatments to improve mechanical strength

8.2.1 Re-coating

Although we used uncoated fibre, it is also possible to use coated fibre. Potentially
it may be possible to write the main structures through the coating and only
breach the coating for access channels, or alternatively, the stripped coating may
be re-coated. If the fibre has a coating then the thermal expansion of the coating
needs to be considered in addition, thus transforming Eq. (2.28) in section 2.5

of Chapter 2 into [151]:

AXp
AB

= (1_Pe)+ [(1_Pe)ac+f]AT (81)

where a. is the thermal expansion coefficient of the fibre coating and P, is the
photoelastic coefficient given by P, = (TL‘%‘%)[PH—V(PH +Pj3)]. In this case (1—P,)a.
may dominate over £&. However, the temperature dependence can be compensated
if the fibre can be modified such that £ is made approximately equal to —(1 — P,).

The fabrication process is not only suitable for a specific type of fibre but also
can be employed for a custom fibre if needed. The process is more viable in terms of
manufacturing as the liquid is not easily spilled out because no additional splicing
is required. Furthermore, as the shapes of the microchannels can be arbitrary,
the etching process also allows tapering of the transition between the fibre with
the microchannels to minimize mode loss.

This technique is not limited to the material used in these examples. Potentially
a similar process can be used to fabricate fibre devices with active materials such as
liquid crystal materials. There is also the possibility of having further microchannels
within the fibre for incorporating electrodes to form electrically tunable devices.

Fibre re-coating would be used in future commercial devices. It offers significant
benefits in terms of protection, performance, and cost-effectiveness, making it a
valuable maintenance technique for ensuring the reliability and longevity of optical

fibres in various applications.
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Figure 8.1: Refractive indices of the waveguide resin provided by ChemOptics at different
proportion. © Copyright ChemOptics Co. Ltd. Reproduced with permission.

For the re-coating process a commercial fibre re-coater FSR116 from Fujikura
was used. The principle of the re-coater is to surround the stripped fibre by
polyacrylate which is polymerised under UV light for several seconds. The final
thickness of the re-coated fibre will be 280 pum in diameter on top of the 125 ym
diameter fibre cladding. An alternative approach is to recoat with polyimide which
is only 12.5 pum thick, strong and gives good strain transfer. However, an issue
with the current device is that before curing the polyacrylate will move into the

microchannels, distorting the effective index of the waveguide.

8.2.2 UV-curable polymers

An improved method is to fill the microchannels with a liquid polymer resin. The
resin can then be UV cured prior to recoating. A suitable polymer resin is ZPU13
found from ChemOptics. The refractive indices of this polymer can be tuned precisely
by mixing two resins of the same series. The thermo-optic coefficient at room
temperature is the same order of magnitude as glycerol and refractive index liquids.

The guidance for tuning the refractive indices of ZPU13 is provided in Fig. 8.1.
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Figure 8.2: Plot of the filling factor I'. against several design parameters of a side hole
fibre. The curve intersections with each black lines indicates a design of temperature
compensated device. (a) Curves plotted against the hole radius b, for different values of
separation, d = 6 to 15 pum in steps of 0.2 um. (b) Curves plotted against separation
d, for different values of hole radius b = 2 to 7 pm in steps of 0.1 um with the labelled
number of holes and material.

8.3 Custom Fibre

Instead of laser fabrication on a standard fibre, using a custom manufactured optical
fibre, drawn with the channels already within it, maybe preferable. It may allow
tighter control of channel dimensions and more scaleable manufacture. In this
section there is an overview of the fabrication techiniques and simulation to give

an optimal design for the custom fibre option.

8.3.1 Geometry parameter sweeping

Fibre with circular holes is preferred over other shapes for ease of fabrication. Putting
in more side holes is equivalent to increasing the filling factor I', in multiples. For
example, a four-holes fibre filled with refractive index oil requires a filling factor of
I'. =~ 0.005. Therefore, by sweeping the parameters b, the side hole radius and d,
the distance from fibre core centre to the side holes centre, it is possible to predict
a series of designs analytically. All the length units used in this subsection are in
micrometres. The filling factors of side hole fibres with different parameters are
plotted in Fig. 8.2, which has been calculated from Eq. (4.67) in section 4.7 of

Chapter 4. Each intersection of a curve with a black line gives a specific design of d
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and b. Since the filled material is defined to have the same refractive index as the
cladding at the reference temperature, it is possible to conclude that for a given
hole radius b there is only one core to hole distance d that gives a temperature
compensated device for a given number of holes and type of filling material. It is
convenient to use one parameter (for instance d) only to define the specific shape
of the side hole fibre. Hence it is necessary to find the relationship between these
two parameters. In Fig. 8.3 the hole radius b in um is plotted against centre to
centre distance d in pm for temperature compensated designs. The general trends
also make sense that for a larger separation, d, the hole radius tends to be larger

for a given material thermo-optic coefficient and number of holes. An immediate
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0 I i
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Distance centre to centre

Figure 8.3: Hole radius b in pm plotted against centre to centre distance d in pm for
temperature compensated designs with different number of holes and materials.

concern is that the holes do not overlap with each other or the core.

There are a large number of combinations of the parameters which give a
temperature compensated device. The next step is to analyse the performance
dependence on those parameters. A way of quantifying the performance is to
determine the effective refractive index over a range of temperatures as in the
previous designs. It is interesting to investigate how the filling factor varies according
to the temperature to verify the above analysis. Designs with several different
geometries of 6 holes filled with polymer material of j—; = —180 x 107%°C~! have

been simulated using FIMMWAVE and plotted in Fig. 8.4. By observing the
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Figure 8.4: (a) Simulated effective refractive index and (b) simulated filling factor
plotted against temperature for various of core-hole distances d in pm for a 6 hole design.

effective index profile firstly all the designs have the same reference temperature,
which is an evidence of the accuracy of the analysis. Meanwhile, at this reference
temperature it is notable that the design with channels having smaller d and b give
a more flattened n.;; dependence on temperature. For a temperature compensated
device, it is therefore more preferable to have a smaller channel with closer distance.

It is also necessary to think about the limitations on the geometry parameters.
For example, the holes should not be too large to overlap with each other, nor too
close to the fibre core. An analysis has been carried to restrict the parameters. In
Fig. 8.5 two different gap sizes are plotted against the centre to centre distance d.
Principally, neither of those two gap sizes should drop below zero where an overlap
has been observed. In the plot the centre to centre distance starts from 4.1 pum
which is the radius of the core. In fact, the centre to centre distance d should be
within two boundaries restricted by the two zero-intersection points. From the

plot the range of acceptable d is 5.01lpym< d < 11.52um.

8.3.2 Tolerance on polymer

Before reaching final design parameters, it is interesting to find out how sensitive to

tolerances the design is. The most uncertain parameter is the thermo-optic coefficient
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Figure 8.5: The gap between adjacent holes and the gap between the holes and the core
plotted against the centre to centre distance d, all in pm for a 6 hole design.

of the polymer, ‘%’f. According to the datasheet, the range of the polymer’s thermo-
optic coefficients lies between —150 x 107°C~! and —220 x 107%°C~!. The hole
radius b is plotted against the centre to centre distance d for different thermo-optics
values within the ranges in Fig. 8.6. The number of holes used in all the designs
was 6. Looking at the plot, it is easy to see that a slightly modified design is
required for a significant improvement. variation in ‘Z‘—T3. Specifically, a larger
magnitude thermo-optic coefficient requires a smaller radius of hole or a further
distance from the core to compensate.

Another tolerance test was carried out with simulations using a single geometric
layout, but filled with polymers of different thermo-optic coefficients. In these
simulations a —40 x 107%°C~! difference in thermo-optic coefficients shifts the

reference temperature by 5 °C. Furthermore, it is found that there is a general

trade-off in terms of the design tolerance, given by:

d
% = 40 x 10°°C™! & AT = 5°C < Anyoigmer = —0.001

& Ab=0.2um < Ad = —0.23um

The trade-off equation in Eq. (8.2) not only defines how the design parameters
affect the final device performance, but also implies that one can use the polymer

parameters to compensate the error in geometry designs. This is an important
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Figure 8.6: Hole radius b in um plotted against centre to centre distance d in um
for temperature compensated designs with upper and lower boundary of the polymer’s
thermo-optic coefficients. All designs are with 6 sideholes.
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Figure 8.7: (a) Effective index and (b) filling factor plotted against temperature with a
design of 6 holes. b the hole radius is selected to be the same as the core radius 4.1 pm.

feature of the designs, making them robust to different manufacturing methods

and materials.

8.3.3 An example of design

Based on the waveguide parameters and tolerance simulation here, an example

design is presented in Fig. 8.8. In this design there are 6 side holes to reduce the

effect of polarisation. The core and cladding parameters are the same as SMF

28e+ standard fibre. The channels have the same dimensions as the core, located
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tT=25°C

1 (core index) = 1.451

2 (cladding index) = 1.445

3 air holes

(hole centre to core centre)= 9.68 um;
(hole radius) = 4.1 um;

(core radius) = 4.1 um;

cladding radius) = 62.5 um

Figure 8.8: An example of custom fibre design with six side holes (cladding not to scale).

symmetrically around the core. The hole centre to core centre distance is 9.68
pm. In this example, the geometries are well within the boundaries described
in section 8.2. Whatever the variation is in the refractive index of the polymer
of dimensional tolerances on the holes are, it is possible to tune the proportions

of the resin components to compensate.

8.3.4 Fabrication techniques

Several methods exist for fabricating fibres with precisely controlled air holes such as
photonic crystal fibres (PCF) or Hollow core fibres (HCF), including stack-and-draw,
extrusion [152], sol-gel casting [153], injection molding [154], and drilling [155]. The
stack-and-draw technique, pioneered by Knight et al. [155], is the most prevalent.
This method is known for its speed, cleanliness, affordability, and versatility. During
the stack-and-draw process, a preform is created by stacking and arranging multiple
layers of different materials, typically glass rods or tubes, with precise control over
their geometry and composition. The preform is then heated and drawn into a
thin fibre while maintaining the desired structure and properties.

The custom fibres have not been fabricated. Figure 8.9 shows the cross-section
of the fibre preform while Fig. 8.10 and Fig. 8.11 are microscope images of the

actual drawn custom optical fibre.
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Figure 8.9: Custom fibre preform.
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Figure 8.10: Microscope image of the actual drawn custom fibre.
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Figure 8.11: Microscope image of the actual drawn custom fibre.
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8.4 Conclusion

In this chapter, there has been a discussion on how to improve the mechanical
strength of the FBGs. Re-coating with polyacrylate or polyimide would potentially
solve the problem. The microchannels can be filled with UV curable polymer resin
of the coating material into the microchannels. The second section introduces how
a custom fibre could be designed and fabricated. There is a full optimisation of
the geometry parameters. The limitations of designing such devices in terms of
microchannel overlapping are also discussed. A tolerance test determined that the
design was robust to the values of refractive indices and the dimensions of the
geometry. Based on the above information there is an example design of such a
custom fibre with six microchannels. Finally, there is a brief literature review on
the fabrication methods of similar fibres such as PCF or HCF and among them the
stack-and-draw method appeared the be the most optimal one. The first designed

custom fibre has now been successfully fabricated and is in test.
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9.1 Conclusions

The primary objective of this thesis is to address the longstanding challenge
of strain and temperature discrimination in FBG sensors, a problem that has
persisted for over 45 years. This thesis extensively explores a novel approach
known as liquid-filled waveguides and fibres, providing detailed insights into its
implementation. It comprehensively covers all aspects related including design,
fabrication, and experimental demonstration, providing a thorough examination of
this innovative solution. A distinct technique of aberration correction was introduced
to focus the laser beam into the optical fibres during the fabrication process. The
significant achievements in micro-engineered FBG devices will effectively address

the requirements of various optical devices and optical fibre sensing applications.
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This chapter serves as a conclusion of the whole thesis and points out the future
work to be accomplished.

Chapter 1 provides a concise introduction to the thesis, highlighting the issue
of temperature and strain discrimination in FBG sensors. The chapter briefly
discusses the origins and importance of this problem, along with a literature review
summarizing previous attempts to address it. Additionally, the chapter outlines
the structure of the entire thesis, offering a brief overview of the content covered
in each subsequent chapter.

Chapter 2 aims to provide foundational knowledge for a general audience. The
chapter starts with an exploration of optical waveguide theories using the ray
approach. The waveguide theories serve as a basis for understanding optical
fibres—a practical application of waveguides. Various types of optical fibres,
classified by refractive index profile and mode number, are introduced, including
the specialized Photonic Crystal Fibre (PCF). A comparison is drawn among
these fibre types in relation to their behavior as fibre Bragg Gratings (FBGs) and
FBG sensors. Additionally, special fabrication and signal processing techniques
for FBGs were discussed. The chapter integrates this background knowledge to
clarify the importance of temperature and strain discrimination in FBG sensors.
Furthermore, an introduction to Liquid Crystals (LC) is provided, highlighting
their unique properties such as temperature response, anisotropic characteristics,
and sensitivity to external electric fields. Further demonstration of work on LC
will be presented in the future plan section.

Chapter 3 compares various simulation techniques. The initial sections of
the chapter introduced analytical simulation methods aimed at solving waveguide
equations. Waveguide theories were analysed using scalar wave theory, covering
simple forms such as step-index planar waveguides, step-index cylindrical waveg-
uides, and double cladding waveguides. Additionally, FBG analysis was included,
employing the solution of coupled wave equations to identify key features such as
the Bragg wavelength and bandwidth. Meanwhile, various numerical simulation

methods are discussed, utilising the commercial waveguide simulation software
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package FIMMWAVE. These methods, including the film mode matching (FMM)
method, finite difference mode (FDM) method, finite element mode (FEM) method,
and fibre solver (FS) methods, were compared, revealing the FEM method as the
most optimal for 2D simulation. For 3D simulation, the EigenMode Expansion
(EME) is recommended to be used together with the FEM. This chapter also
included comparative analysis between analytical and numerical methods using
two simple waveguides, the planar waveguide, and the cylindrical waveguide. The
objective of this comparison was to validate the accuracy of the computer simulation
software packages.

Chapter 4 stands as one of the pivotal sections of this thesis, offering crucial
insights into the design of innovative FBG devices. The initial exploration into
designing such devices primarily focused on achieving consistency among various
waveguide geometries. A key concept introduced in this section was the utilization
of microchannels within the evanescent field, with research conducted on the effects
and quantities of these microchannels through both two-dimensional and three-
dimensional simulations. Prior to designing these devices, it was important to
establish the requirements. Several important parameters were outlined, including
temperature sensitivity, operational temperature range, FBG spectrum, and design
implementation. Various types of liquids were investigated and compared, with glyc-
erol solution identified as the most accessible one and used for initial investigations.
Refractive index oil was selected to produce high-performance temperature-sensitive
products, while polymerisable waveguide resin were marked for future work, taking
advantages of their high mechanical strength and electrical tunability, respectively.

In order to meet the device requirements, waveguide and FBG parameters are
thoroughly investigated. It was determined that the focus of the design work would
center on waveguide geometries, specifically either a double cladding waveguide or a
bow-tie shaped waveguide. The former was useful for analytical calculations, whereas
the latter was more suitable for fabrication. A design graph was constructed featuring
both structures, and further comparison revealed that temperature sensitivity

performance is independent of geometry. This notion was further demonstrated
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during the optimisation process of temperature-insensitive FBG devices. The
conditions for achieving temperature-insensitive FBG devices were demonstrated
analytically, with two specific shapes solved: FBGs with bow-tie shaped waveguides
and FBGs with side hole waveguides.

Chapter 5 introduced the essential component for device fabrication: the Direct
Laser Writing (DLW) system. The chapter begins by detailing the system setup,
followed by an exploration of the fundamental principles governing light-matter
interaction responsible for refractive index modification, nano-pore formation, and
laser ablation. Of particular interest is the technique of femtosecond laser-assisted
selective chemical etching, with discussions on etchant selection, parameter studies,
and early stage trials on etching performance.

Previously, laser fabrication inside optical fibres relied on immersive oil objectives,
with drawback that fabrication speed was slow. The latter part of the chapter
introduced a novel method of aberration correction using air objectives, with the
potential for much faster fabrication. The problem was outlined and supported
by background knowledge. Subsequently, a semi-analytical calculation method
was demonstrated, enabling precise focusing of a light beam within an arbitrary
position within the fibre cross-section. The resulting equations were numerically
solved, and phase errors at different positions were graphically presented. Wavefront
information was further analysed through the decomposition of Zernike polynomials
for experimental validation.

Chapter 6 served as an extensive guide detailing the fabrication process of
the designed device. The fabrication process comprised three main steps: FBG
formation, microchannel formation, and liquid filling. Each of these steps included
full discussions such as material selection, fabrication procedures, and relevant
parameter investigations. There were introductions of equipment for waveguide
characterization, such as the waveguide testing rig, UV-Vis spectroscopy for thickness
measurement, and refractive index measurement setup. Additionally, ancillary

processes such as sample preparation and fibre testing preparation were covered.
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Chapter 7 presented the experimental setup and key findings of the FBG devices
featuring micro-engineered temperature coefficients. The apparatus for sensor
characterization was discussed, including equipment for measuring transmission and
reflection spectra, controlling temperature and polarization, and imposing strain.

The next section demonstrated FBG devices with micro-engineered thermal
sensitivities. A device with a large thermal response has been fabricated and
measured to have a near second order thermal response of up to -55 pm/°C near
4°C. It has an average temperature sensitivity of -33 pm/°C over the range of 4°C
to 30°C with low variation in reflectivity. The device can be used to produce a
large thermal sensitivity compared with a conventional silica FBG sensor to achieve
strain and temperature discrimination. Another device has shown an exceptionally
low thermal variation of +12.5 pm over a temperature range of 17°C to 45°C.
The device has only 1.29 dB loss and the reflectivity variation with temperature
is only +3.5%. This temperature sensitivity is over an order of magnitude less
than conventional FBGs over this range. This device is set to become an enabling
technology for strain sensing with low temperature cross sensitivity while using
existing sensor interrogation systems. It may also potentially provide a large
improvement in FBG laser stabilization. It also has applications where tightly
controlled wavelength references are required. The flexible design process allows
the temperature sensitivity to be adjusted between +10 pm/°C and -55 pm/°C
and the centre of the temperature range to be adjusted within the limits of the
infiltrated material. This enables the needs of a wide range of optical devices and
optical fibre sensing applications to be met. Furthermore, there is the potential for
new classes of tunable optical devices using this fabrication platform.

Chapter 8 explores methods for reinforcing devices for strain sensing. Treatments
such as recoating with polyacrylate or polyimide and UV-curable polymers have
shown significant potential in enhancing the mechanical strength of existing FBG
devices. Alternative approaches, such as using custom fibres, are also considered.
Simulations have been conducted to explore the parameter space of these custom fibre

designs for a temperature-insensitive FBG device. Different fabrication techniques
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were compared, with the stack-and-draw method emerging as the most optimal. A
full custom optical fibre with microchannels within it has been designed. This was
fabricated by a commercial fibre manufacturer using the stack-and-draw technique.

The fibre has the potential to enable a scaleable manifacturing process.

9.2 Future work
9.2.1 Strain measurement

The initial aspect of future work entails completing the strain measurement, which
could be accomplished in the near future. As of the thesis submission, all equipment
has been set up, and some samples are prepared for filling. Once filled and recoated,
the devices will be ready for strain measurement on the set up that has been
already built. Comprehensive measurements of the FBG spectra under varying
levels of strain and temperatures will offer substantial evidence of temperature

and strain discrimination.

9.2.2 Liquid Crystal

Another aspect of future work involves the utilization of LC materials, with
significant potential for filling the microchannels. However, the primary challenge
lies in achieving proper alignment. Some progress has been made in creating
alignment within the microchannels, and potential future developments include laser
polishing of the inner surface of etched microchannels to facilitate specific alignment.
Alternatively, techniques such as photoalignment[156] could be employed to create
LC alignment perpendicular to the channel surfaces. In addition to alignment, the
electric tunability of LC could be experimentally tested, enabling the fabrication
of electrically tunable FBG devices using the same methods.

Liquid crystals (LCs) are a fascinating state of matter that exhibits properties
of both liquids and crystalline solids. In a nematic LC phase, the orientation of the
molecules are ordered like in a crystalline solid, but their positions are relatively
free to move like in a liquid. This unique combination allows LCs to be manipulated

by external stimuli such as electric fields, temperature changes, or mechanical
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stress, resulting in alterations in their optical, electrical, or mechanical properties.
In this thesis of liquid-filled fibre devices, LC could be a amazing candidate of
the filled liquid for its unique properties.

Anisotropy is a very significant property of LC. An LC molecule is generally in
a form of a long chain of carbon atoms, making the molecule absorb quite a large
amount of electric field on one direction while less absorbing on the other direction.
Take nematic LC for example, which is uniaxial and has positive anisotropy. The
direction with a higher refractive index is denoted with a unit vector called the
director n. Light is incident with the optical axis perpendicular to the director

and the dielectric tensor eij] of this nematic LC is defined as:

1L 0 0
e=|10 e O (9.1)
0 0 €l

where the z-direction is parallel to the optical axis. The Fresnel equation in

Eq. (9.1) can be solved to be:

No = VEL

ne<9) none (9.2)

—= = /6”
\/ngcos29 + n2sin?0

Where the refractive indices n, and n. are defined by the incident light wave as
follows [157]. When a linearly polarized wave travels perpendicular to the optic
axis and its electric field aligns parallel to the optic axis, it experiences a refractive
index denoted as n., and is termed as the extraordinary wave. Conversely, if
the electric field vector is perpendicular to the optic axis, the wave encounters a
refractive index denoted as n,, distinguishing it as the ordinary wave. While when
the electric field vector forms an angle € with the optic axis, the wave undergoes a
phenomenon known as birefringence, causing it to split into two waves travelling at
different speeds. This optical anistorpic medium can be defined with the difference

in refractive index An defined as:
An =n|—ny (9.3)
where n and n, are refractive indices in the orthonogal polarisations.
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The director n can be controlled by a various of methods to align the molecules
of LCs as they are critically determined by the surface treatments. One technique
involves physical rubbing of alignment layers, typically composed of polyimide, to
create unidirectional alignment through frictional forces [158]. Another approach
utilizes photoalignment, where photoactive materials induce molecular orientation
according to specific light patterns, offering precise control over alignment [159].
Mechanical shear can also be applied to induce alignment [160]. Recently, the
development of LC aligned by nanoparticles has attracted attention from the
relative fields [161]. In this work, it is useful to determine the suitable LC alignment
methods when filled in microchannels.

An important feature of LCs is that they are sensitive to external electric field,
due to their molecular structures. When an external electric field is applied, a
nematic LC phase with positive anisotropy tends to align its director parallel to
the electric field while one with negative anisotropy tends to align its director
perpendicular to the electric field. This electrically induced tuning capability finds
extensive applications in various fields, including LC displays, adaptive optics,
optical switches, tunable filters, beam steering devices and many others. The ability
to rapidly and reversibly modulate the optical properties of LC materials through
electric fields underscores their significance in modern photonics and optoelectronics,
enabling versatile and dynamic control over light propagation and manipulation.
One of the aims for the future work of the liquid filled device is to make electrically
tunable optical devices mentioned above in optical waveguides and fibres.

Use of liquid crystal (LC) would introduce another degree of freedom that enables
the development of electrically controlled devices. Works with LC-filled fibre devices
were reported including selectively LC-filled Photonic crystal Fibres [162], LC-filled
D-shaped fibre sensors [163], and LC-filled hollow-filiment FBGs [164]. However,
no alignment of LC has been reported in those micro-structures, which means
the devices are not able to be significantly tuned electrically. Alignment of LC in
silica bulk was reported in micro-capillaries [165] and in nanostructured indium tin

oxide (ITO) [166], but it is still a huge challenge to achieve the same alignment in
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microchannels within optical fibres. The design and the experimental realisation of

electrically tunable LC-filled device is an interesting task for the future.

Microchannels fabricated by chemical etching

Some microchannels were written in glass substrates to enable LC alignments. The
channels were laser fabricated and etched with exactly the same parameters to obtain
a similar structure as the microchannels inside the fibres. Then the microchannels
were filled with LC and photos under two crossed polarisers were taken at different
angles, as shown in Fig. 9.1a. It is noticed that the intensity in most of the regions
are not angle dependent but there is a slight periodic variation in a certain region.
This region was further magnified to 50x as shown in Fig. 9.1b. Both figures
have shown that there might be some surface alignment when the channels are
thin enough, indicating that there is a certain pattern of surface texture caused by

etching. It was an interesting discovery but not quite sufficient for practical use.

Microcells fabricated by laser ablation

An alternative method is to create alignment directly by laser ablation. The
following work was an emulation of previous work by Liao et al. in which some
LC alignment micro-cells has been achieved [167].

Laser ablation requires higher pulse energy and hence lower repetition rate for
a same output power. The Pharos femtosecond laser were tuned to be optimised
for 120 kHz and 3 pJ. The laser focus starts from the inside of the glass bulk
near the surface and gradually 'pushes’ the debris outside. Two different writing
methods are used where one of them has the writing direction perpendicular to
the laser polarisation and the other parallel.

The sample was filled with LC and observed under crossed polarisers, as shown
in Fig. 9.2a and Fig. 9.2b. Despite of the fact that the cells were not well-filled
due to the poor quality of fabrication, both of them have shown some surface
texture that causes LC to align. The cell fabricated with perpendicular laser
writing direction and laser polarisation direction tends to show more variation in

intensity at different angles. This indicates that the surface structure caused by
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180 225 270 315

(a) Images taken under cross polarisation of a microchannel filled with LC at different angles
under 4x objective.

180 225 270 315

(b) Images taken under cross polarisation of a microchannel filled with LC at different angles
under 50X objective.

Figure 9.1
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D

50 um Polarisation

(a) Image of a microcell under crossed polarisation under microscope of 4x objective.
The laser writing direction is perpendicular to the laser polarisation direction.

(b) Image of a microcell under crossed polarisation under microscope of 4x objective.
The laser writing direction is parallel to the laser polarisation direction

Figure 9.2

the polarisation is constructive to the writing direction. While that for the other
case shows worse alignment. These results have shown the potential for creating
LC alignment surfaces within microchannels. However, the quality of L.C alignment
caused by laser fabrication is limited by the beam size. Which means that due
to the diffraction limit, under diffraction limitation the separation between two
adjacent tracks has to be larger than 1 ym. For a optimum design of the fibre

devices this would be further improved.
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