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Abstract

Optical fiber sensors have attracted significant interest in their physical properties and
potential applications due to their advantages of compact size, light weight, immunity to
electromagnetic interference, and viability in harsh environments. To achieve the potential
for applications, it is essential to reveal the underlying physics through both
experimentation and simulation, which is an ongoing task now. In this study,
microstructures in optical fiber, such as tapers and long-period grating (LPG), are
investigated by simulation with COMSOL Multiphysics software, which is also compared
with experiments in this study or the experimental results achieved by this group. In the
experimentation of this study, the effects of different fabrication parameters on the
formation of micro-taper in optical fiber and the transmission spectra of the resulting LPGs
are carried out, which indicates that the average diameter of the micro-taper decreases and
a blueshift in the transmission spectrum of the LPG occurs by increasing any of the three
fabrication parameters such as arc current, arc duration, and tension along the fiber. The
sensitivities of LPG to environmental refractive index and temperature are studied
computationally, which shows the highest sensitivity of refractive index of 171.82 nm/RIU
(Refractive Index Unit) and the temperature sensitivity of 10 pm/°C. Furthermore, tapered
fibers in the configurations of either single or in-line Mach-Zehnder interferometer are
studied as biosensors for detecting the concentration of Streptavidin (SV) protein
computationally and compared with the experimental results previously obtained in our

research group. The simulation results show good agreement with the experimental results



indicating the effective refractive indices of the coating materials play a significant role in
determining the sensitivity. The findings achieved from this study are helpful for designing
LPG-based and tapered fiber-based optical fiber sensors and biosensors, which enable the
applications of these optical sensors in various fields, such as telecommunication,

chemistry, medical and environmental sciences.
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Chapter 1 Introduction

Photonic components and devices play essential roles in many optoelectronic applications.
Significant efforts have been undertaken to fabricate micro-/nano-structures onto tiny
components in order to achieve enhanced performance on a small footprint. Optical fibers
have been well recognized as an excellent medium to achieve these aims. In 1966, Dr. C.
Kao and his colleagues at Standard Telecommunication Laboratories Ltd. were the first
group to propose the idea of an optical fiber to transmit information [1]. Optical fibers are
cylindrical waveguides carrying light along their length and have undoubtedly
revolutionized modern communications and optical science. The 2009 Nobel prize

awarded to Dr. Kao demonstrates the importance of this innovative discovery.



Since attenuation in optical fibers was reduced below 20 dB/km, optical fibers have
been employed in communication systems, lighting applications, imaging optics, and laser
gain media. In parallel with these developments, optical fiber sensors, which exploit the
optoelectronics technologies and fiber optic communications, have fascinated the
researchers and tantalized the application engineers for over fifty years. Among the
different optical fiber applications, using optical fibers as sensors provides tremendous

advantages that are very attractive for various industries.

Optical fiber sensors have high sensitivity to external physical perturbations, such
as the refractive index of the surrounding medium, temperature, strain, and current.
Sensitivity measured using the optical method is often dramatically higher than that
measured from electrical sensors. Also, using electrical sensors in some harsh
environments may not be possible. Optical fiber sensors are the highly practical, if not the
only solution for such conditions, due to their immunity to electromagnetic interference
and their resistance to high temperatures and corrosive substances. The small size and light-
weight of optical fibers make them suitable for limited space and portable applications.
Easy access to low-cost, long fibers makes them excellent candidates for remote and
distributed sensing systems. Over the past several decades, these advantages have been

demonstrated by many different types of fiber sensors.



1.1 Propagation of light in optical fiber

As shown in Fig. 1.1, an optical fiber is a cylindrical waveguide composed of a core (6 to
10 um in diameter for a single-mode fiber) surrounded by a cladding (125 um in diameter).
These two layers are protected from physical damage by a plastic buffer jacket that
generally has a diameter of 250 um. Although solving Maxwell's equations gives a clear
idea of how an optical fiber guides a light beam, geometrical optics approximations can

provide a straightforward overview of light propagation in optical fibers [2].

Buffer Jacket

20pm Cladding
4 125 pm

| Core
|' .‘ 6-10 pm

Figure 1.1 Schematic illustration of a single-mode fiber. The fiber core and cladding are
protected by the fiber buffer jacket.

According to geometrical optics for a plane wave incident on a boundary at angle
6i (incident angle) between two media that have two different refractive indices, part of the
light will be reflected at an angle equal to the incident angle, and the other part will be

transmitted to the second medium, in accordance with Snell's law:

ngsin ; = n,, sin 6, (1.2)



where 6; is the transmission angle, and naand nc, are the air and fiber core refractive indices

(see Fig. 1.2, point A).

Light propagation in an optical fiber is achieved from total internal reflection rule.
Suppose the core and cladding refractive indices are considered as ne and nei, respectively
(Fig. 1.2), when light propagates from a higher refractive index medium (fiber core)
towards a lower refractive index medium (fiber cladding) with an incident angle greater
than a critical angle (6 = sin™ na/neo), it is reflected back to the medium with the higher
refractive index (see Fig 1.2, point B) [3]. According to this effect, a light beam is limited
to propagating within the core. As long as the fiber is not significantly bent, a light beam
can propagate over a very long distance along the fiber with very low intensity loss in the

order of 0.2-1 dB/km [2].
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Figure 1.2 Propagation of light inside a fiber relying on total internal reflection rule.

The total internal reflection criterion limits the incidence angle of a light beam that
strikes the fiber core from outside. Only beams with an incident angle smaller than an

absolute maximum can propagate through the fiber. This absolute maximum is called the



acceptance angle (¢=) and is identified as the arcsine of the fiber's numerical aperture (NA),

which is given by [3]:

NA = ,/ncoz + Tlclz . (12)

Therefore, beams with an incident angle greater than 6. = sin’* (NA) are not propagated

within the fiber core (Fig 1.2).

Another critical parameter in the fiber optics field is the V-number or normalized
frequency. To better understand this parameter, it is necessary to have prior knowledge of
mode theory. Mode theory uses electromagnetic wave theory to describe light propagation
through a fiber. An optical fiber is a linear, isotropic, homogeneous, lossless dielectric
material without any sources, including currents, free charges, and ferromagnetic media;

therefore, the relevant Maxwell's equations can be written as follows [3]:

B

VXE:_E’ (133.)
_ o

VxH=2 (1.3 b)

V.D =0, (13¢)

V.B=0, (1.3 d)

where E, H, D, and B are the electric field vector, magnetic field vector, electric
displacement field vector, and magnetic induction vector, respectively. For isotropic

materials, the material relationships are:

D = ¢E, (1.4a)

B = ,H, (14 b)



where & = gn? is the dielectric permittivity of the isotropic medium with a dielectric
permittivity of free space (eo), and po is the magnetic permeability of the free space.
Substituting Egs. (1.4 a & b) for (1.3 a & b) and taking their curl provides two

homogeneous wave equations for E and H, as follows:

V2E = gpq (?,ZTE)’ (1.5a)
VH = epo (30), (L5 b)

In the next step, with the assumption of the time dependency of harmonic fields with an
el where w is the single angular frequency, and p is the propagation constant for a mode
guided in the z-direction, the electric and magnetic field vectors in cylindrical coordinates

can be written as [3]:

E = Ey(r, @) expli(wt — Bz)], (1.6 a)
H = Hy(r, ) expli(wt — Bz)]. (1.6 b)
This solution generally produces a set of electromagnetic field configurations that generate
a standing wave pattern in a direction normal to the fiber axis. Based on the electromagnetic
field pattern of radiation measured in a plane perpendicular to the propagation direction of

the beam, there are different types of modes that can be classified as:

e Transverse electric (TE) modes: E;=0,

e Transverse magnetic (TM) modes: H; = 0,



e Hybrid modes: E; # 0 and H; # 0, depending on whether the magnetic component
(Hz), or the electric component (E;), has a dominant effect on the magnitude of

transverse field, denoted as either HE or EH modes, respectively.

In optical fibers, due to the weakly guiding approximation (nc /nc.=1), fiber modes
are usually known as linear polarization (LP) modes. Using this approximation makes it
possible to achieve some modes with only one electric field component (Ex, Ey, or E;). For
the fundamental mode (HE11), using this approximation results in an exact linear polarised
mode (LPo1), while for higher-order modes, achieving single component modes (LP
modes) requires a combination of modes achieved from the exact theory of waveguide [4].

The relationship between LP modes and conventional modes is represented in Fig. 1.3.

It is convenient to define the /-number or normalized frequency, which is expressed

as follows [3]:

__2ma

vV ==2NA4, (1.7)

where 4 is the vacuum wavelength, a is the fiber core radius, and NA is the numerical
aperture. The V-number includes information regarding the range of propagation constants
and the number of modes that a fiber can support. A fiber with a high V-number, which
occurs in a fiber with a high core radius, can support several modes, but when the core
radius decreases to a value at which the V-number is less than 2.405, all modes except
the HE11 mode are cut-off. These fibers support a single-mode and are referred to as single-

mode fibers. They support only HE1: mode, which is known as the fundamental fiber



mode. LPo1 is denoted as the lowest order mode HE11. The V value, 2.405, at which TEg:

and TMoz reach the cut-off is known as the single-mode condition [5].

LP mode Traditional Electric field Intensity
designations designations distribution distribution of Ex
LPoz HE11 .

TEo1 .
LP11 TMoz .

HE2 @

Figure 1.3 Relationship between electric field vectors and intensity profiles of LP» modes and
conventional modes.



1.2 Types of optical fiber sensors

In terms of operation, optical fiber sensors can be divided into two main groups: point
optical fiber sensors operating in a localized area and distributed optical fiber sensors
operating along the entire length of the fiber sensor. The operation principle of distributed
optical fiber sensors is based on optical scatterings such as the scatterings of Rayleigh,
Brillouin, and Raman. Every external disturbance, such as the environmental refractive
index, temperature, strain, and pressure, can have a slight or massive effect on the intensity,
frequency (wavelength), polarization, and optical backscattering of an optical fiber sensor.
As a result, these devices can be used as measuring tools. However, there are some
limitations in the operation of distributed optical fiber sensors due to, for instance, high
cost or a bulky system. The best alternative for a distributed optical fiber sensor is a point
optical fiber sensor. Point optical fiber sensors operate using different types of principles
and geometries, including tapered fibers, fiber gratings, and various combinations such as
those used in the Fabry-Perot Interferometer, Mach-Zehnder Interferometer, and other
structures. Point optical fiber sensors have some advantages over distributed sensors, such
as higher sensitivity, lower cost, lower weight, easier manufacturing, and greater

compactness.

In terms of sensing location, optical fiber sensors can be classified as intrinsic or
extrinsic sensors. When explaining this classification, one needs to consider the general

components of a typical optical fiber sensor system.



As shown in Fig. 1.4 on general components, the first component is a light source,
which can be any optical source like a laser, LED, or laser diode. The second component
is the optical fiber. The third one is the transducer, the sensing or modulator that transduces
the measurand to an optical signal. Detection of any modulation is done by the detector,

which in most cases is an optical spectrum analyzer.

1 22

Light source

Transducer

()

Optical fiber 111

Measurand

Figure 1.4 Basic components of an optical fiber sensor system.

In general, optical fiber sensors operate by modulating the intensity, phase, or
polarization of the passing light. In an extrinsic type of optical fiber sensor, the optical fiber
only plays a light carrier role to and from the external optical device where the sensing
takes place. The fiber structure is not changed in any way for sensing purposes. Figure
1.5(a) shows this type of sensor. Examples of such types include optode [8], Doppler
anemometers [9], non-contact vibration measurements systems [10], and fibers with end
face mirrors or Fabry-Perot interferometers [11]. The main advantage of these sensors is

their convenience when using an electrical counterpart would be impossible or prohibited.
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Figure 1.5 (a) Extrinsic and (b) intrinsic types of optical fiber sensors.

On the other hand, intrinsic optical fiber sensors do not require the light beam to
leave the fiber for sensing purposes. For this type of optical fiber sensor, the fiber plays an
active role in the sensing function by modulating its structure. The propagating light beam
undergoes a modulation due to the written structures on the fiber. Examples of an intrinsic
type of fiber sensor include the taper-based fiber sensor [12], grating-based fiber sensor
[13], a sensor with modified cladding [14], and a micro or macro bend-based sensor [15,
16]. Figure 1.5(b) shows a schematic illustration of this type of sensor. Since the main
topics of this thesis (long-period grating fibers and tapered fibers) focus on intrinsic optical

fiber sensors, this study will examine this type of sensor in detail. Intrinsic optical fiber

11



sensors can be divided into different groups based on the electric field of the modulated

light beam emanating from an intrinsic sensor. The light electric field can be expressed as:
E = Ael@t=9)g, (1.8)

where A is the amplitude, w is the angular frequency, ¢ is the phase, and & is the unit vector
representing the polarization state. The light intensity is proportional to ( | A | )2, and the
light beam wavelength is 1 = 2zc/w, with ¢ being the speed of light in the vacuum. The
four fundamental elements of a light field on which external disturbances can modulate are
intensity, phase, polarization state, and wavelength. Measuring these modulations can
make it possible to sense specific external parameters. Based on this fact, intrinsic fiber
sensors can be classified as wavelength-, intensity-, polarization-, or phase-based sensors.

Intensity-based fiber sensors rely on signal intensity variations in which the
measurand modulates the intensity of propagating light through the fiber following various
mechanisms such as transmission, reflection, micro-bending, or phenomena such as
absorption, scattering, or fluorescence. Due to the attenuation of the signal, there will be a
demand for a high intensity of light, and therefore, in most cases, multimode fibers are used
in this type of sensor. Some advantages of this type of sensor include ease of use, low cost,
and operational feasibility in real distributed sensors. Despite these advantages, this type
of sensor is not very reliable due to relative measurements and some natural changes in
light source intensities, which cause incorrect measurement results [17]. Wavelength
modulated-based fiber sensors exploit light wavelength variations as a measuring tool for
external parameter detection. Bragg grating sensors [18], black-body sensors [19], and

fluorescent sensors [20] are some examples of this type. Another type of intrinsic fiber
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sensor is the polarization modulating-based fiber sensor. This type of sensor works based
on variations in the electric field direction of the light beam. The last type of sensor in the
intrinsic fiber sensor class is based on phase variations of the light beam with the sensor
exposed to external disturbances. Since in this type of sensor, phase modulation is detected
by interferometry, most examples consist of interferometric fiber sensors, such as the
Fabry-Perot etalon interferometer (FPI), Sagnac interferometer (SI), Michelson

interferometer (M), and Mach-Zehnder interferometer (MZ1).

1.3 Interferometric optical fiber sensors

The early types of interferometric optical fiber sensors mainly were Fabry-Perot etalon.
Figure 1.6 is a schematic illustration of this type of interferometer, which is divided into
two main categories: extrinsic and intrinsic FPI. Both types consist of two mirrors that are
distant from each other. If these mirrors are outside the fiber, the FPI is an extrinsic type
(Fig 1.6(a)). In contrast, in the intrinsic type, the mirrors are located inside the fiber (Fig

1.6(b)). The mirrors reflect part of the incident light and pass the rest of the light through

(b)

Figure 1.6 Types of Fabry-Perot Interferometer sensors: (a) extrinsic; (b) intrinsic FP1 (M1 and M.
are mirrors).
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the fiber. The interferometric pattern is the result of interference between two beams, one
reflected and the other transmitted. For sensing purposes, external parameters will
influence the optical path and change the beam phases, resulting in a shift in the
interferometric pattern. FPIs have been used as sensors for the measurement of various
physical parameters, such as temperature [21], pressure [22], strain [23], and refractive

index [24].

Another common type of interferometer is the Sagnac interferometer. The fiber
Sagnac interferometer is a type of two-beam, common-pass interferometric device. As
shown in Fig. 1.7, the optical beam is first split into two beams by the beam splitter. These
beams traverse the same fiber loop but in opposite directions, usually known as clockwise
(CW) and counter-clockwise (CCW) directions. After traveling the entire loop, the two
beams recombine at the optical coupler and form an interferometric pattern. Since the paths
for both beams are the same, there is no optical phase difference; therefore, no
interferometric pattern will be created at first sight. However, suppose one external
disturbance, such as a change in the temperature or the refractive index, affects the fiber
close to the loop end. An instant phase shift occurs in such a case, and an interferometric

pattern is formed [25]. This feature makes it possible to use the Sagnac interferometer as

Ccw
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(%
S Uy
- '
@ er CCW

Figure 1.7 Schematic illustrations of an optical fiber Sagnac interferometer.
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an online sensor for any variation in environmental perturbations. Nowadays, scientists use
the Sagnac interferometer for measuring various physical parameters, such as temperature
[26], magnetic field [27], and vibrations [28].

The third common interferometer is the Michelson interferometer (MI). The Ml is
a two-beam interferometer consisting of two arms and two mirrors connected by a coupler
to recombine the beams and form interferometric patterns. Figure 1.8 is a schematic
illustration of this type of interferometer. This interferometer is very similar to the MZI in
terms of operation. Although the phase difference is twice that of the MZI (with resulting
higher sensitivity), the MI requires very high-quality mirrors. This places the MI at a
disadvantage compared with the MZI. Despite this problem, Ml is often used for sensing
purposes. Recently, Bao et al. used it for measuring temperature [29]. Another group
measured environmental humidity by coating an MiI-based fiber sensor with
Methylcellulose film [30]. MI-based fiber sensors were also used for measuring liquid

refractive index [31] and liquid level [32].

Reference Arm I Mirror

ransduce ‘

Figure 1.8 Schematic illustration of an optical fiber Michelson interferometer.

Light
source

Detector I Mirror

Since one of the focuses of this study is the Mach-Zehnder interferometer, it is

discussed in detail here. The MZI is a typical two-beam optical fiber interferometer used
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to disclose the phase difference between two collimated beams emitted from a coherent
light source. It is suitable for measuring slight phase shifts in one of the two beams because
of a slight external disturbance in the beam's path. Figure 1.9 is a schematic illustration of

the fiber-based Mach-Zehnder interferometer.

Reference

ight Source Detector

Sensing Arm

UL

Environmental
Perturbance

Figure 1.9 Schematic illustration of an optical fiber MZI.

As seen in the above figure, the MZI consists of three main parts. The first part is a
coupler that splits the input light into two beams. The second part, in the center, is two
separated arms, with one arm having a fiber length longer by AL. This longer length gives
the MZI the phase difference between the two beams propagated along the two paths. The
last part is another coupler that recombines the two beams from the arms. An
interferometric pattern is then made using a detector. The phase difference between the two

beams in the arms can be calculated by [67]:

27Tn1
y!

2% (L, + AL) —

Ap = 2

L, (1.9)

where n; and ny are refractive indices for different environments, and A is the beam
wavelength. It is worth noting that the resulting phase difference can be obtained from

either a different optical path (4L) or a difference in the refractive index of the different
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environments (ny, n2). The typical transmission spectrum resulting from MZI is shown in

Fig. 1.10.

Intensity (dB)

Wavelength (nm)

Figure 1.10 Example of an interference pattern made using a Mach-Zehnder interferometer.

In most cases, when measuring external parameters such as temperature or
humidity, one arm is kept in contact with the environment. In contrast, the other arm, called
the reference arm, is isolated from the surrounding space. The MZlI is very flexible in shape.
There are many examples of MZI sensors. In-line double tapered fiber MZI is one of the
best-known types of MZI and has many different shapes. It can consist of two similar
tapers, in which case it is called a symmetrical MZI, or two different tapers, in which case
the resulting structure is called an asymmetrical MZI. Using a single-mode fiber between
two multimode fibers, or vice versa, can create another shape of MZI. Figure 1.11 shows

two possible forms which can be classified as MZI sensors.
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Figure 1.11 Some types of in-line fiber MZI sensors based on (a) tapers; (b) core offset.

1.4 Long-period grating

The invention of fiber gratings has significantly promoted developments in communication
systems and optical fiber sensors. Fiber gratings have the ability to control different
properties of propagating light through a fiber. They have various applications in
communication systems, such as spectral filters, dispersion compensating components, and
wavelength dividers in multiplexing systems [33, 34]. Also, their response to external
perturbations, such as the environmental refractive index, temperature, electric field, and
some biomolecules due to suitable surface functionalization, make these devices ideal
candidates for sensing and biosensing purposes [35, 36]. Although the earliest fiber

gratings were formed by creating periodic modulations in the core refractive index [33],
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nowadays, fiber gratings are defined as a periodic perturbation in fiber parameters, which

in most cases is the refractive index and/or the geometry of the fiber.

Fiber gratings depend on the periodic distances of the perturbations and can be
divided into two main classes. In one class, these periods are shorter than one micron; this
class can be named short period fiber grating or fiber Bragg gratings (FBG), as is common
in the literature. Bragg gratings can couple the forward propagating core mode of the fiber
with the backward, counter-propagated core mode due to its configuration. In each period,
a small amount of light is reflected. All reflected light signals are coherently coupled at a
particular wavelength in one considerable reflection, satisfying the Bragg condition (1s
=2nesid Where ness and A4 are the effective refractive index of the fiber core and the

periodicity of the FBG, respectively, and /g is the Bragg wavelength). Therefore, the output

| E—

Figure 1.12 Schematic illustrations of an FBG. The output light includes all wavelengths except
the Bragg wavelength.

light will include all input wavelengths except the Bragg wavelength [37, 38], as illustrated

in Fig. 1.12.

In the other class, the periodicity of gratings is between 0.1 and 1 mm. This type

of fiber grating is referred to as long-period gratings (LPG). In LPG-based fibers, periodic
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refractive index modulations in the fiber core cause coupling between the core mode and

the exciting forward propagating cladding modes [39]. However, the cladding modes are

AR1 ARz ZR3

Figure 1.13 Schematic illustration of changes in the spectrum during light propagation through
an LPG. The output light includes several dips, which correspond to the resonance wavelengths
(Ar) because of the presence of LPG.

attenuated rapidly but leave several loss bands in the transmission spectrum centered at
discrete wavelengths (resonance wavelengths). These discrete wavelengths are related with
coupling the core mode to a different order of cladding modes. Figure 1.13 schematically

shows these phenomena.

The resonance wavelength position and the resulting spectrum are very sensitive to
the period and length of the LPG. These parameters are also quite sensitive to variations in
external environment parameters, such as temperature, strain, bending, and the refractive
index of the medium surrounding the fiber. These responsive properties make LPG
applicable for sensing systems [39]. Their high sensitivity to the surrounding refractive
index makes them suitable for super-sensing systems for chemical and biological materials
[40]. Dissanayake et al. coated LPG fiber with graphene oxide and used it as a relative
humidity and refractive index sensor [41]. In other work, Hromadka et al. used an LPG
array to monitor temperature and relative humidity (RH) changes in air delivered by a

mechanical ventilator operating in different modes [42]. Another group used LPG torsion
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characteristics to utilize it as a twist sensor [43]. Yet, another group used Fe-C coated LPG
to measure the mass loss for chemical purposes [44]. Richter et al. used coated LPG as a
virus sensor for clinical and veterinary purposes [45]. In addition to coating, several
approaches, such as cladding etching [46, 47] and exploitation near the LPG dispersion
turning point [48], are employed to enhance their sensitivity to external parameters. LPG
merits have been demonstrated by creating such structures on polymeric optical fibers.
Polymeric long-period fiber gratings can support a more extensive strain range and possess

a small Young's modulus [49, 50].

1.4.1 LPG fabrication techniques

Among different LPG fabrication techniques, the most important ones are the use of UV
radiation [51], CO2 lasers [52], IR femtosecond lasers [53], mechanical deformation [54],
and electric arc discharge (EAD) [55]. Although one of the sophisticated techniques is the
UV radiation approach, which can be applied to photosensitive fibers, some alternative,
and cheaper methods, such as, CO. lasers or EAD, were proposed because of their
flexibility and acceptable results. With these approaches, LPG can be created even in non-
photosensitive and unconventional fibers. In 1996, Dianov et al. were the first to use the
EAD method for writing LPG on a nitrogen-doped fiber [56]. Since then, research groups
have used this technique to achieve many positive results and published many scientific
reports [57, 58]. The EAD method involves applying an electric arc to fiber with a
particular spatial periodicity, resulting in perturbations on the core and the cladding

refractive indices [59, 60].
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Since the EAD method was developed for writing LPG on a fiber, many attempts
have been made to understand its mechanism. Rego et al. found that during arc discharge
for typical fabrication parameters (10 mA and 250 ms, respectively), fiber temperature
reaches a maximum of 1300 °C in less than half a second [58]. It has been proposed that
the main reason for the formation of arc-induced perturbations may be due to local stress
relaxation in the fiber core and cladding [61, 62]. This phenomenon makes some
modifications to the local refractive indices of the core and the cladding. The discharge
decreases the core refractive index in the order of 10 and increases the cladding refractive
index in the order of 107 [62]. The EAD method for fabricating LPG offers some
advantages. Firstly, gratings resulting from electric arc discharge have very high thermal
stability due to their formation mechanisms, which rely on thermal effects [63]. This high
thermal stability makes them the best candidate for use in high-temperature sensors in
environments up to 1000°C [64] and, therefore, more suitable than gratings fabricated by
other techniques such as UV radiation, in which high temperatures will eliminate the
gratings [56]. Secondly, the fabrication cost is low since expensive equipment is not
required. The method can also be used to write LPG on different fibers, including non-
photosensitive fibers and photonic crystal fibers. However, the EAD method has some
drawbacks, such as difficulty in reproducibility and difficulty in the fabrication of LPG

with smaller periods.

1.4.2 Theory of LPG

The LPG hypothesis was developed in 1996 when Vengsarkar and his group used a UV

laser to induce a periodic modulation in the refractive index of a fiber core [33]. Periodic

22



refractive index modulations in a fiber core cause coupling between the core mode and the
excited forward propagating cladding modes. However, the cladding modes are attenuated
rapidly but leave some series of loss bands in the transmission spectrum. Resonance
wavelengths in the LPG transmission spectrum satisfy the phase-matching condition,

which is given by [34, 65]:

/12(125 = (neff,co - ng]lcf,cl)/l’ (1-10)

where A is the grating period, and nefr, co, and N™er, 1 are the effective refractive indices of
the core and the m™ order of the cladding modes, respectively. The typical transmission
spectrum for LPG is shown in Fig 1.14. The dips in the wavelength axis indicate resonance

wavelengths.

Wavelength

Transmission (dB)

'

Figure 1.14 Transmission spectrum of a typical LPG. Each dip in the wavelength axis
indicates resonance wavelengths resulting from coupling the core mode with one order
of cladding modes.

One notable fact about beam transmission through a fiber is that when a light beam

confronts an LPG in its path, it behaves like a sinusoidal function as follows [66]:
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T = cos (%), (1.11)

where L is the grating length equal to NxA (N is the number of gratings, and 4 is the LPG
periodicity) and D is the coupling coefficient that depends on the fiber core refractive index

modulations.

1.5 A brief review of biosensing experimental results

In addition to investigations on arc-induced LPG properties, this study will simulate
experiments performed by Maryam et al. to measure protein concentrations using a tapered
fiber-based MZI coated with (PAH/SiO2:Au)s/Biotin and (PAH/PSS)s/Biotin [67], where
PAH, SiO2:Au, and PSS are referred as poly (allylamine hydrochloride), silica and gold
nanoparticles and poly(styrene sulfonate). The following is a brief explanation of their
experiments. Their experimental results will be used as a reference to compare the
simulation results obtained in this study. The software used for the simulation is

COMSOL® Multiphysics Version 5.

1.5.1 Biosensor coated with (PAH/SiO2:Au)z/Biotin

For the experimental results [67], two types of streptavidin protein biosensors were
examined. For one type, a symmetrical in-line tapered fiber MZI was coated with three
bilayers of PAH/SiO2:Au NPs, covered with Biotin particles, since this material is the main
material used for adsorbing proteins. In general, adsorbing proteins on a surface increase
the effective refractive index of the bilayers, thereby causing a shift in the interferometric
pattern. In the first step, bare MZI immersed in water was exposed to a broad-band light

beam ranging from 1530 nm to 1580 nm, and the transmission was recorded. Then, an MZI
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coated with the previously mentioned materials was used, and its transmission spectrum
was collected. The subsequent steps included the addition of the protein in set
concentrations: 83, 300, 800, and 1300 nM (nanomolar). The results are shown in Fig 1.15.
The resonance wavelength shift for the coated material was 0.18 £ 0.01 nm towards shorter
wavelengths. This new point was chosen as the reference point for the following shifts.
Adding proteins at 83 nM shifted the dip position by 0.18 £ 0.01 nm towards shorter
wavelengths. These phenomena were repeated for 300 and 1300 nM of SV concentration,
which had the same blueshifts of 0.27 + 0.01 nm towards short wavelengths. An SV protein
concentration of 800 nM resulted in the highest blueshift of 0.36 + 0.01 nm. This number
was used in the sensitivity calculations for this biosensor. The decrease in the wavelength
shift in transmission spectrum for 1300 nM protein concentration can be explained by the
fact that an increase in protein concentration enhances the chance of protein particles being
repelled by other proteins and increases the loss of more protein-biotin bonds in the

washing process [67].
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Figure 1.15 (a) Transmission spectra of tapered MZI before and after coating (PAH/SiO2:Au
NPs)s/Biotin, and (b) at A = 1553.22 nm (Reprinted from [67], with permission).
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In this case, the sensitivity for the biosensor is calculated by the formula [68]:

§ = Amax (1.12)

’
g

where ¢ is the surface density of the detected biomaterial (Streptavidin protein) given by
o = 6.23 ng/mm?, and 4Amax is the highest wavelength shift observed during the experiment.

For this case, Aimax Was 0.36 nm; therefore, the sensitivity is 0.07 nm/(ng/mm?) [67].
1.5.2 Biosensor coated with (PAH/PSS)s/Biotin

In the second case, the same structure was coated with three bilayers of PAH/PSS and
Biotin. First, the transmission spectrum was collected for the bare MZI in water, then for
the coated structure. Finally, the protein concentrations were added to the system, similar
to the previous case. The spectrum shift for coated bilayers was 0.81 £ 0.01 nm, towards
shorter wavelengths. It is essential to mention here that the new position for the resonance
wavelength obtained after coating was the reference point for the following steps. The
addition of protein at 83 nM concentrations shifted this spectrum by a further 0.72 £ 0.01
nm towards shorter wavelengths again. Increasing the concentration to 300 nM increased
this blueshift by 0.81 + 0.01 nm. Adding more protein at a concentration of 800 nM to the
solution caused a 1.44 + 0.01 nm shift towards shorter wavelengths. Finally, increasing the
SV concentration to 1300 nM shifted the resonance wavelength by 1.80 £ 0.01 nm. All
these results are summed up in Fig. 1.16. The resulting sensitivity for this biosensor was S
=0.29 nm/(ng/mm?), which is almost four times greater than in the (PAH/SiO2:Au)s/Biotin

coated biosensor. Table 1.1 shows the shifts in the resonance wavelength of two types of
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biosensors transmission spectra resulting from the addition of different protein

concentrations [67].
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Figure 1.16 Transmission spectra of tapered MZI before and after coating (PAH/PSS)s/Biotin,

as well as their exposure to streptavidin solutions of different concentrations (reprinted
from [67], with permission).

Table 1.1 Resonance wavelength shifts due to the different concentrations of protein.

Wavelength shifts (nm) in transmission spectrum
with concentration of SV added at:

Structure of the sample | o5 ) 300 nM 800 nM 1300 nM
(PAH/SiOz:Au)y/Biotin |  0.18 0.27 0.36 0.27
(PAH/PSS)/Biotin 0.72 0.81 1.44 1.80
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1.6 A brief introduction to COMSOL Multiphysics software

For this thesis, experimental results will be simulated using COMSOL Multiphysics 5. The
main problem-solving method of the COMSOL software is finite element analysis (FEA).
This method uses numerical techniques to find an approximate solution to the various
problems. The numerical approach applies partial differential equations that can be solved
using numerical integrations to achieve reasonably close to exact answers. This method
has been used for solving problems in optics, thermal physics, solid mechanics, dynamics,

and so on.

In general, COMSOL software first examines a problem and simplifies it as a
geometrical model. The next step is to design the model. For every component in the
COMSOL, the material must be identified. The most important steps when using a
COMSOL code are determining the boundary conditions and meshing the structure. Each
user-defined interface has its mathematical formalism and functions. COMSOL software
solves problems using FEA, which divides the geometry into several pieces called

meshing. Below, we summarize the procedures [69]:

e Discretize the continuum: the primary step is to divide the problem geometry into
finite elements. In COMSOL software, the operator determines the division using
prepared patterns. Meshing quality ranges from extra-coarse to finest.

e Select interpolation functions: as is evident by the name, interpolation functions
must interpolate variables over elements. Usually, polynomials are selected as

interpolation functions. This step is done automatically by the COMSOL software.
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e Find the element properties: in this step, matrix equations are established. These
equations relate the nodal values of interpolation functions of one element to these
values of other elements. In other words, the values of functions on boundaries of
elements are achieved, compared together, and saved for the next steps. This step
is done by the COMSOL software as well.

e Assemble the element equation: in this step, all separate element equations are
assembled. The result is to achieve a global equation system for the entire solution
region. In other words, all discretized local element equations are combined to form
a global equation. In COMSOL software, assembling local element equations takes
place after determining the boundary condition. In this study, the boundary
condition is the scattering boundary type.

e Solve the global equation system: after assembling the element equations and
forming a global one, the software solves the equation, thereby achieving the
desired functions. Since COMSOL software is a graphical software, this step takes
time, depending on the problem's meshing quality.

e Compute additional results: in this study, in addition to solving Maxwell's
equations, obtaining other information such as strain or stress is required. For this

step, COMSOL software facilities are used to obtain this information.

1.7 Thesis outline

The present thesis consists of 5 chapters. The content of subsequent chapters is as follows:
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Chapter 2 discusses the experimental details used to construct LPG on standard single-
mode fiber. The chapter introduces the electric arc discharge technique used for this thesis
and analyzes prepared samples in terms of average micro-taper diameters.

Micro-tapering simulations are examined in Chapter 3. The acquirement of
different simulation results on tapered fiber and the analysis of the experimental results
through simulation are also explained. The simulation of LPG as a sensor for
environmental refractive index and temperature is also discussed and reported in the
chapter.

Chapter 4 reports on simulations based on experiments performed for measuring
Streptavidin protein concentrations, using a single tapered fiber and in-line tapered fibers
as MZlI.

Chapter 5 presents the conclusions of the research performed in this study and

summarises the results.
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Chapter 2 Experimental details

This study uses the electric arc discharge (EAD) method for LPG fabrication. The first
step of the fabrication processes consists of placing an uncoated fiber between the
electrodes of a fiber fusion splicer. One side of the fiber is affixed with a piece of tape in a
fiber holder on top of a micro-stepper. A weight is attached to the other side of the fiber to
maintain the fiber at a constant axial tension. In the second step, an arc discharge, controlled
by specific arc current magnitude and arc duration, is applied on a small segment (several
hundred micrometers in length) of the fiber. In the third step, the fiber is moved by the

grating period, typically 400-800 um. A pulley is used to facilitate fiber movement, as
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shown in Fig. 2.1 (a). Exposure of the fiber to the electric arc in sequence with a specific
periodicity may lead to the emergence of loss peak(s) in the transmission spectrum of the
fiber. Since both ends of the fiber are accessible, it is possible to carry out in-situ spectral
monitoring during the grating writing, enabling simultaneous characterization of the fiber

during grating fabrication.
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Figure 2.1 Fabrication of LPG in this study: (a) use of arc discharge to write LPG on the fiber,
(b) setup for fabricating LPG on the fiber.

2.1 General fabrication processes using electric arc discharge method

A standard single-mode optical fiber (Corning SMF 28e), which exhibits low loss in the

infrared region, is determined to be suitable for writing LPG in this study. The maximum
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attenuation of this fiber at the telecommunication wavelength of 1550 nm is 0.18 dB/km
[70]. The diameters of its cladding and core are 125 and 10 um, respectively [70]. For all
samples in this study, fiber length is set at one meter, and the transmission spectrum is
monitored with an optical spectrum analyzer. The one-meter fiber is stripped using a fiber
stripper in a location near the middle to remove the plastic jacket. The stripper removes
most of the jacket, although some tiny plastic or glass particles remain. Wiping with an
ethanol-soaked napkin clears the fiber part effectively where the jacket has been removed.

The following procedures are adopted to assemble the setup using a fiber fusion
splicer (Yokogawa, FITEL Model S182A), as shown in Fig. 2.1(b). Figure 2.2 shows the
fiber fusion splicer used in this study, including two movable stages, ZL and ZR, V-grooves
where the fiber is positioned, and two electrodes that generate an electric arc discharge.
The section of fiber with the jacket removed is placed in the V-grooves. Also, Fig. 2.3
shows these components schematically. One side of the fiber is attached to a micro-stepper

with a translation precision of 30.75 um (0.00125 inches). The fiber is connected to a

%)

Figure 2.2 Fusion splicer used in this study (FITEL S182A): (a) the instrument with display and
keyboard; (b) electrodes, V-grooves, and fiber holders as the key components of the instrument.
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weight on the other side to induce tension along the fiber. Regulating the fusion splicer in

the manual state makes it possible to set the arc current and the arc duration through the

fusion splicer panel.

.~ Electrodes
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ZL-Stage V-groove V-groove ZR-Stage

Figure 2.3 Schematic illustration of fusion splicer components used in this study.

Figure 2.4 shows the complete setup in the lab for LPG fabrication in this study.
By setting the fusion splicer parameters and changing the tension in the fiber through
adjusting the mass of the attached weight, writing LPG on the fiber in a controlled manner
becomes feasible. The writing is accomplished with an arc current and arc duration set at
5 mA and 150 ms, respectively, with a tension of 12.5 mN (milli-Newton) (a mass of 1.275

g). One micro-taper for every discharge is expected. There is a wait time between every

Figure 2.4 Complete setup for LPG writing on a single-mode optical fiber.

35



discharge, depending on the arc current and the arc duration. The wait time is varied from
30 to 90 minutes during the writing process. There is always a possibility that any discharge
can break the fiber if the wait time is not carefully monitored. In the next section, the
effects of various fabrication parameters, such as arc current, arc duration, and tension, will
be investigated experimentally with this setup to reveal the physical mechanisms governing
fabrication and the resulting properties, compared with what is achieved through

simulation.

2.2 Sample preparation

2.2.1 Variation of arc current

The influence of the magnitude of arc current is investigated by fabricating samples with
different arc current values, while other parameters, such as arc duration and tension,
remain unchanged. In order to construct Sample #1, an arc current of 5 mA and arc duration
of 150 ms are chosen, with a tension of 12.5 mN. The selection of optimum values for these
experiments is judiciously evaluated to prevent damage to the sample. However, in order
to form a pronounced transmission spectrum for the LPG, such as that shown in Fig. 1.14,
several tens of microstructures are required to generate the spectrum. An optical image of
the achieved sample is shown in Fig. 2.5. The raw transmission spectrum for this structure
can be found in Fig. 2.6, which shows a resonance wavelength at around 1542 nm. Due to
the low arc current (5 mA), the refractive index modulations are not such high for exciting
LPo2. Therefore, the LPo1 is the only appearing mode in the range between 1494 to 1594
nm. Note that in the raw transmission spectrum, the background noises or transmission

spectrum regarding the light source are included in the final spectrum. Other noises in the
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Fig 2.6 as well as a dip at around 1580 nm, is not related to the sample but represents a
background noise relevant to the light source. As mentioned before, since the arc current
amount is pretty low (5 mA), for producing a pronounced transmission spectrum, the
number of gratings is set to be 100 with a periodicity of 508 + 15 um. The average diameter
of the resulting micro-tapered sections along the LPG, measured using a micro-meter on

the optical microscope display, is 110 £ 1 pm.

Figure 2.5 Arc discharge written LPG in SMF: arc current, 5SmA,; arc duration, 150 ms; tension,
12.5 mN.
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Figure 2.6 Raw transmission spectrum of arc discharge-written LPG in SMF: arc current, 5mA,;
arc duration, 150 ms; tension, 12.5 mN; periodicity of grating, 762 um; number of gratings, 100.
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It is essential to mention that the formation of micro-tapers results from
deformation on the fiber surface due to the melting and stretching processes, not a result of
material removal. There are two leading causes for material removal: vaporization and
etching. Since the boiling point of the silica glass (single-mode fiber main material) is
2230°C [74], the glass vaporization cannot play a role here, because the maximum
temperature produced by the transferred heat at the arc discharge position is 1300°C [73].

Also, the arc discharge is not strong enough to etch the fiber surface [73].

Sample #2 is fabricated with an arc current of 10 mA. The average micro-tapered
diameter is about 105 + 1 um. In order to achieve a spectrum pattern exhibiting pronounced
grating features, the arc discharge process is continued until the grating number reaches

70. Figure 2.7 shows the morphology of this sample with a periodicity of 508 + 15 pm.

Figure 2.7 LPG written in SMF: arc current, 10 mA; arc duration, 150 ms; tension, 12.5 mN.
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The raw transmission spectrum of this sample without background subtraction is
shown in Fig. 2.8. In this case, due to the higher arc current (10 mA), the decrease in the
effective refractive index difference of the fiber core and cladding is significant so that in
addition to LPo1 mode in the range between 1493 to 1593 nm, the LPo2 mode is appeared
as well. The figure indicates two resonance wavelengths, one at around 1539 nm, and the
other around 1555 nm. Like the previous case, the background noise in the same position
of around 1580 nm also appears here. In fact, the unchanged position of these dips in Figs

2.6 and 2.8 is the main reason for being as background noise.
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Figure 2.8 Raw transmission spectrum of arc discharge-written LPG in SMF: arc current, 10

mA; arc duration, 150 ms; tension, 12.5 mN; periodicity of grating, 508 pum; number of gratings,
70.

Sample #3 is fabricated with an arc current of 15 mA, with fixed values for the arc
duration (150 ms) and tension (12.5 mN). The fabricated component is shown in Fig. 2.9.

The figure indicates that the average diameter for the micro-tapered sections is smaller than
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that of Sample #2 (99 £ 1 um). The periodicity and the gratings number of Sample #3

exhibited in Fig. 2.9 are 508 £ 15 um and 30, respectively.

Figure 2.9 LPG fabricated in SMF with an arc current of 15 mA, arc duration of 150 ms, tension
of 12.5 mN, and grating periodicity of 508 pum.

Sample #4 is fabricated using an arc current of 20 mA, while the other parameters
are maintained at the same values as those for previous samples. The average micro-tapered
diameter is 91 £ 1 um, and the grating number is 15. Unfortunately, the number of gratings,
15, is insufficient to yield an excellent spectral pattern. In previous samples (Samples #1,
#2, and #3), the arc current magnitudes are not such high to break samples. However, when
the arc current magnitude exceeded 15 mA, no successful results are achieved for
microstructure numbers over 15 due to the high heat transfer to the fiber resulting from the

arc discharge [71]. Figure 2.10 shows the resulting structure when the arc current is 20 mA.

40



Figure 2.10 Microstructures fabricated in SMF with an arc current of 20 mA, arc duration of
150 ms, and tension of 12.5 mN.

Sample #5 is fabricated at an increased arc current of 25 mA. Although the number
of gratings can not exceed more than 15, which is not enough to have a concrete
transmission spectrum, the resulting structure can be analyzed using geometrical analysis.
It would appear that an arc current exceeding 15 mA is too strong to create an LPG on SMF
due to the high heat transfer from the arc discharge to the fiber structure [71], making its
structure too weak for the existing tension along the fiber. Figure 2.11 shows the resulting
structure in this case. The figure indicates that the average diameter of the micro-tapered

sections is small (86 £ 1 um) in comparison to cases with lower arc currents.

For an arc current larger than 25 mA, LPG fabrication in the fiber is not possible
because high-temperature discharges would melt the fiber at the arc location, and the

existing tension along the fiber would become unbearable for the fiber structure [71].
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Figure 2.11 Microstructures fabricated in SMF with an arc current of 25 mA, arc duration of
150 ms, and tension of 12.5 mN.

Varying the arc current applied to the sample indicates an upper limit of 25 mA.
Note that for Samples #1 and #2, the number of gratings is continued until the concrete
transmission spectrum is achieved. For samples #3, #4, #5, the maximum number of
gratings is reported right before the breaking of the sample. Table 2.1 shows a summary of
the resulting samples made by arc current variations. Since the geometrical analysis can be
done using both successful and unsuccessful samples, Table 2.1 includes either successful
or unsuccessful samples.

Table 2.1 Samples obtained from arc current variations while arc duration and tension remain
constant at 150 ms and 12.5 mN. The uncertainty of the average diameter is 1 um.

Parameters Sample #1 | Sample #2 | Sample #3 | Sample #4 | Sample #5
AC (mA) 5 10 15 20 25
Average diameter 110 105 98.5 91.25 85.83
(Hm)
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2.2.2 Variation of arc duration

The following set of samples is produced to investigate the impact of varying arc durations
on the LPG fabrication process. The arc duration is changed from 150 to 450 ms, while the
arc current and tension are fixed at 10 mA and 12.5 mN, respectively. Sample #1 is
produced with a 10 mA arc current, a 150 ms arc duration, and a 12.5 mN tension, as
discussed in Section 2.2.1. Sample #2 is produced using a 250 ms arc duration with fixed
values for the arc current and the mass. The periodicity and number of gratings are 762 +
15 um and 20, respectively. The average diameter of the micro-tapers in this sample is 101
+ 1 um. Sample #3 in this group is produced when the arc duration is increased to 350 ms.
The average micro-tapers diameter is found to be smaller in comparison with the former
case. Also, due to the higher arc duration, wait times between each discharge are longer.
1.25 hours is the average wait time for Sample #3. The micro-tapered diameter and the
periodicity of this sample are 97 + 1 um and 508 + 15 um, respectively. Sample #4 in this
group is produced using a 450 ms arc duration. The average micro-tapered diameter is 94
+ 1 um. For an arc duration longer than 450 ms, the fiber is found to break. Table 2.2 lists

the samples produced when the arc duration varied from 150 to 450 ms.

Table 2.2 Samples fabricated with different arc durations set in the fiber fusion splicer (arc
current: 10 mA, tension: 12.5 mN). The uncertainty of the average diameter is 1 um.

Parameters Sample #1 | Sample #2 | Sample #3 | Sample #4
Arc duration (ms) 150 250 350 450
Average diameter (um) 105 100.5 97.5 935
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2.2.3 Variations of tension

The last set of samples is produced to investigate the result of changes in the tension
supplied using weight attached to the fiber. As illustrated in Fig 2.12, since the tension
along the fiber is equal to the gravity force of the hanging weight (T = mg), the mass used
for sample fabrication is reported as tension. Sample #1 is produced using 10 mA, 250 ms,
and 12.5 mN (1.275 g) for the arc current, arc duration, and tension (mass), respectively,
as discussed in Section 2.2.2. Sample #2 in this group is obtained when the tension is
increased to 16.7 mN (1.7 g). The average micro-tapered diameter is 95 £ 1 um. The last
sample in this group, #3, is obtained when the tension is increased to 24.5 mN (2.5 g). The

average micro-taper diameter for this sample is 89 £ 1 um. Table 2.3 lists all samples in

- Fiber T

Pulley

this group.

Fiber fusion splicer .

Figure 2.12 The free body diagram of the fiber and hanging mass. The tension along the fiber
equals the gravity force of the mass (T = mg).
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Table 2.3 Samples fabricated with a different tension set in the fiber fusion splicer (arc
current; 10 mA, arc duration: 250 ms). The uncertainty of the average diameter is 1 um.

Parameters Sample #1 | Sample #2 | Sample #3
Tension (mN) 125 16.7 24.5
Average diameter (um) 105.0 94.75 88.75

In general, due to the high effect of tension on fiber tapering, there is a limited
possibility for tension variations. An arc discharge using 10 mA arc current in a duration
of 250 ms prepares highly heat transferred to the fiber structure, which is unbearable for
the fiber under tensions greater than 24.5 mN. Therefore, the number of samples that can

be manufactured is limited to three for the tension variation.

2.3 Geometric properties of micro-tapered fibers

After the micro-tapered fibers are fabricated, their geometric properties are investigated to
explore their effect on spectral properties. The first part of the experiment is carried out
while the arc duration and tension are fixed at 150 ms and 12.5 mN, respectively, with the
arc current varying from 5 to 25 mA. As can be seen from Table 2.1, the average diameter
of the fiber taper fabricated at 5 mA is 110 £ 1 um, while this value is 105 + 1 um when
fabricated at an arc current of 10 mA. The average diameters of micro-tapers produced at
arc currents of 15, 20, and 25 mA are 99 + 1, 91 + 1, and 86 £ 1 um, respectively. Figure
2.13 demonstrates that, as the arc current increases, the average diameter of micro-tapers

experiences a linear decrease. A linear regression model indicates that for each unit
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increase in the arc current, fiber diameter decreases by 1.24 um, while the other parameters

remain constant.
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Figure 2.13 Dependence of micro-taper diameter as a function of arc current strength.

Also, by fixing the arc current and tension values at 10 mA and 12.5 mN,
respectively, the effect of arc duration variations is studied. As shown in Fig. 2.14, the
trend again indicates a downward linear fit. A linear trend with a negative slope shows that
the average diameter of micro-taper fabricated along the fiber decreases as the arc duration

increases, while the arc current and mass remain constant.
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Figure 2.14 Dependence of micro-taper diameter as a function of arc duration.

Finally, the same investigations are conducted for tension variations while the arc
current and the arc duration are fixed at 10 mA and 250 ms, respectively. As shown in Fig.
2.15, the average diameter of the micro-tapers decreases nonlinearly when the tension

increases. Since the number of data is less than four, the connecting line is not displayed.
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Figure 2.15 Dependence of the diameter of micro-taper as a function of mass.
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In general, during the arc discharge process, the heat transferred to the fiber is

linearly proportional to the discharge power (P) and the arc duration (t), as follows [72]:

Q = Pt. (2.1)

As the voltage difference between electrodes is almost constant, 500-600 V for such fiber
fusion splicer in this study [72], discharge power is essentially proportional to the arc
current (P = VI). Therefore, the heat transferred to the fiber is linearly proportional to the
arc current and the arc duration. As a result, any increase in the arc current or arc duration
causes a linear increase in the heat transferred to the fiber structure. Hence, deformation on
the fiber structure can also be linear since the tension along the fiber is fixed at a constant
value. However, as will be discussed in Chapter 3, Section 3.2, since the glass fiber is a
type of viscoelastic material, increasing the tension exerted on the fiber cross-section
(stress) causes a non-linear deformation in the fiber structure while the heat transferred to
the fiber is constant (the arc current and arc duration remain unchanged) [74].

This chapter discusses writing LPG on the single-mode fiber using the EAD method
and the effect of variations in its fabrication parameters. The diameter of the micro-tapers
decreases by 1.24 um/mA when the arc current is increased and while the arc duration and
tension on the fiber are fixed. Expanding arc duration produced the same results. The slope
of the variation is found to be -0.037 um/ms. The last parameter is the tension along the
fiber, controlled by hanging weights attached to the fiber. When the tension is increased
while other parameters are kept constant, the average diameter of the micro-tapers

decreases nonlinearly.
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Chapter 3 Simulation on the formation and application of long-
period gratings

3.1 Micro-taper analysis using two methods in COMSOL®

This chapter discusses the formation and characteristics of tapered fibers and arc-induced
long-period gratings (LPG). First, the most suitable method for solving problems in
COMSOL Multiphysics software must be chosen, which is the main topic of this section.
To find the most appropriate approach for this study, electric field analysis of the tapered
fiber will be carried out using two different methods: the frequency domain method and
the beam envelope method. All other quantities, such as magnetic field (B = E/c where B,

E, and c are magnetic field vector, electric field vector and the speed of light in free space,
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respectively), and light intensity (Subsection 3.1.2), can be obtained directly from the

electric field.

In COMSOL Multiphysics, any electromagnetic wave problem is solved by
constructing a model composed of domains and boundary conditions. Within the domains,
material models are used to represent a wide range of substances. However, from a
mathematical perspective, all these materials are dealt with nearly identically within the
governing equations, which are Maxwell's equations in this study (as mentioned in Section

1.1)

In the wave optics module in COMSOL Multiphysics, simulations of light
propagation in an extensive optical system are challenging due to the complexity of mesh
element size optimization for solving Maxwell's equations for an optical system with
massive dimensional variations in dimensions. Note that the domain is split into a discrete
number of elements in the meshing process for which the solution can be calculated. In
the wave optics module, Maxwell's equations are solved for the fields using the equation
of E(r) = Ex(r)ek") (where E1 is the field amplitude vector and k is the wave vector) in
two different methods. The full-wave method involves solving Maxwell's equations from
scratch to obtain the amplitude and wave vector (E1, k). The corresponding simulation is
extremely difficult and time-consuming, which requires significant memory in
computation. In the beam envelope method, in case the wave vector is known, the solution
can be downgraded to find the wave amplitude only. Since the wave vector is the fast
oscillation part that moves around the phase velocity (Vp = w/k), determining it before

compiling the code will significantly simplify obtaining the solution because the electric
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field's envelope (or amplitude) part slowly varies. Therefore, there is no need to solve the

entire equation.

These different procedures influence the number and size of the mesh elements.
The size of the mesh elements used in the full-wave method is in the order of the
wavelength because the problem is solved directly for the full-wave, thereby increasing
the number of the mesh elements significantly. Small-sized and large-number mesh
elements will affect the computation time and memory resources required to complete
the calculations. However, since the expected result of the beam envelope method is an
electric field amplitude, the number of mesh elements used for large structures can be
reduced significantly. The needed memory and the simulation time depend on the number
of mesh elements, which can substantially influence the computational requirements of

the simulation.

In this study, the tapered fiber is simulated using both methods. However, as
mentioned above, in order to decrease the computational cost when using the full-wave
method, the fiber dimensions are chosen to be almost five times smaller than in the actual
system. Due to the decrease in dimensions on the modeled structure in the full-wave
method, the transmission spectrum of the propagating light through the structures will
not be comparable since this parameter depends on the length and waist of the tapered
fibers, as discussed in Section 4.2. Therefore, the difference in the electric field amplitude

of the propagating light in the fiber input and output for each method will be discussed.
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3.1.1 Simulation on the tapered fiber using the full-wave method

As mentioned in Section 1.6, COMSOL uses the finite element method to solve
electromagnetic fields within modeling domains. When the material properties are linear
with respect to the field strength and the field varies sinusoidally in time at the angular
frequency w=2xf, the governing Maxwell's equations in three dimensions can be reduced

to [3]:

VX (' VX E) — 2 (e, =) E =0, (3.1)

wEp

where W, er, and c are relative permeability, relative permittivity, and the speed of light
in free space, respectively, and o is the electrical conductivity of the material. The above
equation is used to obtain the electric field of propagating light for the tapered fiber
shown in Fig. 3.1. However, the dimensions chosen are almost five times smaller than
the actual fiber due to limitations in the simulation tools (the length of the tapered fiber
is decreased more). The modeled fiber geometry includes two rectangles as the core and

the cladding in the regular fiber section and four half-ellipses in the tapered section.

The diameters of the fiber core and cladding are set to be 25 and 2.5 pm,
respectively, and both have a length of 40 um along the longitudinal direction. The tapered
section in the cladding is formed by two ellipses, with its major axis representing the length
of the tapered section, while its minor axis stands for the depth of the taper. The same
denotation is applied for the core region as well. In the next step, the properties of the
different segments or domains in the structure are determined. The fiber core and cladding

refractive indices are set to be 1.4457 and 1.4378, respectively [70]. In the full-wave
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method section on the code, the boundary type is chosen as a scattering boundary condition
due to the power loss through the boundaries during light propagation in the fiber taper. In
the electromagnetic wave module in COMSOL software, "port” is the location where the
electromagnetic wave enters or exits the structure to be modelled. Therefore, two numeric
ports at the input and output of the structure are determined. The meshing process is done
using an "extremely fine" type of mesh. Due to the presence of two numeric ports, two
"boundary mode analyses™ must be added to the "Study" section and run the code for
modeled structure. By adding two cut lines through the "Datasets" section to the code using
the start and end locations of the structure, obtaining the input and output electric field
amplitudes of the wave propagating along the fiber becomes feasible. In Fig. 3.1, the input
is at the left end of the fiber that receives the input electromagnetic wave, while the output

is at the right end.
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Figure 3.1 Geometry of a single-mode fiber modeled in the full-wave simulation. The
dimensions are much smaller than those of the actual fiber.
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Figure 3.2 indicates the electric field amplitude of the input wave, which is the same
for all tapers with different waists. Clearly, most of the light propagates through the fiber
core. However, due to the small diameter of the core, part of the propagating light

penetrates to the fiber cladding.
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Figure 3.2 Input electric field amplitude achieved from full-wave simulation for a tapered fiber.

Figure 3.3 illustrates the output electric field amplitude of the propagating wave
along the fiber tapers, which show two different waist thicknesses, 25 pum (no tapering) and
5 um. The electric field amplitude decreases during its propagation from the input to the
output end. When the wave passes through the tapered section, it partly penetrates the
cladding section at the waist, loses some of its strength, and exhibits different amplitudes

at the output.

54



= < < It = -
o N [N %0 = o

Electric field amplitude (10* V/m)

e
=

1.2

0.8

0.6

0.4

0.2

Electric field amplitude (10* V/m)

00 L

(a)
0 5 10 15 20 25
Fiber width (um)
(b)
0 5 10 15 20 25
Fiber width (um)

Figure 3.3 Output electric field amplitude obtained from the full-wave simulation for (a) no
tapering, and (b) a tapered waist of 5 um. There is a decrease in electric field amplitude for

smaller waist tapers.
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3.1.2 Simulation on the tapered fiber using the beam envelope method

In this simulation, the beam envelope method is applied to simulate a tapered fiber having

the exact dimensions of the actual fiber. The main equation for this method is given as [82]:
(V x V1) X ur [(V = iV6;) X Eq] — k3 (& — 2= ) E1 = 0, (3.2)

where W, e, and o are the relative permeability, relative permittivity, and angular
frequency, respectively, o is the electrical conductivity of the material, Ei1 is the
dependent variable (beam envelope) and ¢1 is the phase (k.r) in phasor representation of

the field as follows:

E = Ejexp(—i¢,). 3.3)

As mentioned before, with prior knowledge of ¢1, the only unknown variable is E:.
In this thesis, achieving the field amplitude satisfies our requirement since the light
intensity is proportional to electric field amplitude (1 = % (ceE1?)). After setting the "type
of phase specification” as "wave vector" in COMSOL code, a defined variable could be
used in the beam envelope interface in COMSOL software, called "ewbe. beta_1". This
variable represents the propagation constant for the wave, which propagates through the
structure. As indicated in Fig. 3.4, for every propagating wave through a fiber, there are
two components in the propagation constant: transverse (f1) and longitudinal (fy).
COMSOL first computes the transverse component of the propagation constant and then

analytically calculates the longitudinal component using the following formula:

k? = nfw?c? = B2 + B (3.4)
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In the beam envelope method, g is referred to as ewbe. beta_1 and is used as a predefined

wave vector in the code.

Figure 3.4 Wave propagation in waveguide with transverse and longitudinal components of
the wave constants labeled as frand pi, respectively, in which g, refers to ewbe. beta_1.

The geometry of the tapered fiber for a specific waist is shown in Fig. 3.5 (a),
with a length of 500 um. The fiber core and cladding diameters are 10 and 125 pum,
respectively. Figure 3.5(b) indicates the input amplitude of the electric field of the wave
propagating through the tapered fiber. Figure 3.5 (b) illustrates that the fiber core is the
main path for light propagating along the fiber since the distance from 57 to 67 um (fiber
core) includes the highest field amplitude so that in the core center, the field amplitude is

around 9000 V/m, while this parameter in the fiber cladding is negligible.
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Figure 3.5 (a) Geometry of a fiber modeled in the beam envelope simulation. (b) input electric
field amplitude achieved using the beam envelope method in COMSOL.

Figure 3.6 shows the output electric field amplitude of the propagating wave along

an untapered and a tapered fiber with a waist of 25 um, simulated using the beam

envelope method in COMSOL Multiphysics software. Except for the amount of the field
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amplitude, the results match the full-wave case since the output electric field amplitude
is considerably lower than the input electric field amplitude for tapered fiber. However,
the fiber dimensions are the actual values adopted in simulation using the beam envelope

method.
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Figure 3.6 Output electric field amplitude for a tapered fiber simulated using the beam envelope
method for (a) a fiber without tapering, and (b) a tapered fiber waist of 25 um.
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The two methods provide the same results, but the full-wave method does not adopt
actual fiber dimensions. Therefore, the beam envelope method will be employed in the

following computations.

Before investigating LPG properties fabricated using the arc discharge method, it
is worth examining the formation of a taper in a glass fiber. The geometry deformation on
an optical fiber using the arc discharge method will be simulated and discussed in the next

section.
3.2 Geometry deformation in the fiber using the arc discharge

In this section, the formation of a micro-tapered fiber by arc discharge and the effect of arc
duration variations are simulated and investigated. The temperature profile resulting from
the arc discharge is considered as a Gaussian distribution, with the temperature peaked
around the arc discharge position. Figure 3.7 shows the temperature profile during the

formation of a taper in the fiber.
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Figure 3.7 Schematic illustration of viscous stretching conforming to the temperature profile, scaled
by color. The maximum temperature is 1300°C.
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As shown in Fig. 3.7, the temperature at the arc point is the highest, which decreases
as the distance moves further from the center until it finally reaches ambient temperature.
In accordance with Ref. [73], the maximum value of the Gaussian-shaped temperature
profile is set at 1300°C. Silica glass is known as a viscoelastic material, and when it is
exposed to a stress at a high temperature along its axial direction, it undergoes successively
elastic deformation, uniform plastic deformation, and non-uniform plastic deformation
where localized necking occurs (see Fig. 3.8). The elastic contribution diminishes at a high-
temperature range like the case here, and plastic deformation plays a dominant role [74].
Figure 3.8 shows a stress-strain diagram of a viscoelastic material with some information

taken from Ref. [74].

Necking

Yield point

Stress
Non-localized necking
Localized necking

Elastic Uniform plastic i Non-uniform plastic
deformation deformation deformation

Elastic strain Plastic strain

Figure 3.8 Stress-strain relationship in the uniaxial tensile stretching of a viscoelastic material.

The central temperature range in the arc discharge location is around 1300°C,

according to references on arc-induced LPG [73, 75]. Based on this information, the
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simulation is conducted in this temperature range. After determining the temperature
profile, building a model of glass fiber is the next step. The following Subsection is

included a model of a glass fiber using the actual fiber dimensions.

3.2.1 Structure model

In the model adopted for this study, a cylindrical glass fiber with a length of 500 pum and
a radius of 62.5 um (the radius of standard silica fiber) is subjected to various elongations.
Since this problem requires highly sufficient fine mesh (small in size and large in number),
a two-dimensional axial symmetry model is adopted to conduct the calculations for only
one-fourth of the geometry. The entire geometry can be obtained using a rotation around

the vertical axis and a mirror oriented on the horizontal axis, as illustrated in Fig. 3.9.
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Figure 3.9 Schematic illustration of the model of the optical fiber used in this simulation. The
dash line and the square indicate the rotational symmetrical axis and mirror, respectively.

The main module used in the simulation for this study has been chosen as

"Structural Mechanics". The range of material behavior is selected as "Plasticity”, and the

62



plasticity model is determined to be "Large Plastic Strains.” The bottom and top
boundaries are set as high-temperature plane and stress-affected plane, respectively. In the
following Subsection, the governing equations of viscoelastic material and its adoption to

the glass fiber are discussed.
3.2.2 Material model

The elastic behavior of silica fiber material is characterized by Young's modulus of 73.1
GPa and Poisson's ratio of 0.17 [74]. At a high enough temperature, the plastic response of

a viscoelastic material like glass can be characterized by yield stress as follows [74]:
Oy = Oyg + Op, (3.5)

where ayo is the initial yield stress and on is the nonlinear hardening function as given in

the following:

on(&pe) = Hepe + (0ye — 0y0)[1 — exp(—Eepe) |- (3.6)

The hardening function on depends nonlinearly on the equivalent plastic strain epe. Here, H
is the linear hardening coefficient, oy is the saturation flow stress or residual yield stress,
and ¢ is the saturation exponent. The corresponding numerical values for the hardening
function are listed in Table 3.1 [74].

Table 3.1 Numerical values for parameters relating with hardening function.

Parameter Value
Oy 1.5 MPa
H 0.07 MPa
Gy 3 MPa
£ 100.93
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Figure 3.10 shows the plotted diagram of Eq. 3.5 using the parameters shown in Table 3.1.
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Figure 3.10 Nonlinear isotropic hardening as a function of equivalent plastic strain for a glass
fiber.

3.2.3 Glass fiber necking

Applying the above stress-strain relationship on glass fiber with a temperature of 1300°C
results in an elongation of 0 um to 220 um (Fig. 3.11). Figure 3.11 shows the gradual
transformation of a non-tapered fiber to a tapered fiber. The figure includes 3D geometric
deformation along the fiber at 3 MPa stress (or 29.4 mN), scaled by color. As shown in
Fig. 3.11(a), the green color throughout the fiber shows no stress on the fiber, which means
there is no tapering on the fiber at the beginning. Upon an elongation of 24.3 um, the
tapered fiber waist decreases to 120.11 um. The color scale indicates the occurrence of
non-localized necking through the entire fiber with maximum stress (red) (Fig 3.11(b)).
Although increasing the fiber elongation to 48.1 um reduces the tapered waist to 105.35

um, the uniform plastic deformation regime dominates because most of the fiber is exposed
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to the maximum stress (3 MPa) as shown in Fig 3.11(c). A 70.2 um elongation changes the
effective stress distribution from the entire length of the fiber to the middle section,
resulting in localized necking (Fig 3.11(d)). For elongations greater than 70.2 um, the
tapered waist decreases significantly due to the maximum stress on the central region,

implying that the process is in the non-uniform plasticity regime.
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Figure 3.11 Simulation results for stretched fiber under the stress of 3 MPa. The stress is scaled by

color.
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It is noteworthy to consider the diameter of the waist of the prepared micro-tapers
and tapered fibers. As shown in Fig. 3.12, increasing the fiber elongation results in a

nonlinear decrease in the tapered waist.
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Figure 3.12 Necking development in the middle section of a fiber at a temperature of 1300°C and
stress of 3 MPa.

3.3 Simulation on the effect of fabrication parameters on the formation
of the LPG

3.3.1. LPG electric field distribution and transmission spectrum

This Subsection describes an LPG simulation using a two-dimensional geometry model in
COMSOL Multiphysics software. Figure 3.13 shows one period of the LPG model, during
which the fiber core and cladding sections are created using rectangles. The lengths of these

rectangles are the same and equal to the product of the number of gratings multiplied by
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the periodicity (N x ). In contrast, the transverse dimension corresponds to the diameters
of core and cladding sections of the single-mode fiber, which are 10 and 125 pm,
respectively. The grating segment and geometric deformation are shown using half ellipses.
The minor and major axes of the ellipse are used to simulate LPG geometric deformations
that result from the use of the arc discharge method. Generally, this model simulates a

dielectric slab waveguide that is finite in the x and y directions.
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Figure 3.13 Geometry of one period of the of a two-dimensional model of the LPG in COMSOL.
The y-direction is compressed by 0.5 to permit the entire period to be represented in the figure.
the vertical axis scale is (um), and transverse axis is scale (x 10* um).

The refractive indices of the core, the cladding, and the surrounding area (air) are
reported to be 1.4457, 1.4378 (with £1% relative error on An (= neo - Ner)) [70], and 1.0 (1.0
+ 1.2 x10™) [77], respectively. Based on Ref. [74], changes in the refractive indices of the
fiber core and cladding in the tapered sections due to the arc discharge are assumed as (-
7.0+0.2) x 10*and (3.0 + 0.1) x 107, respectively. Therefore, the refractive index for the

grating sections in the fiber core is determined to be 1.44500 + (0.00002), while the
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cladding refractive index modulation is neglected due to its small values compared to the
core refractive index modulation. A scattering boundary condition is also selected due to
the power loss through the boundaries during light propagation in the LPG. The periodicity
of the LPG is chosen to be 500 pum according to experimental samples. In the
electromagnetic wave module in COMSOL software, "port™ is the location where the
electromagnetic energy enters or exits the model. Since the outcome of the model is electric
field amplitude, the numerical type of port (input and output boundaries) is used to model
the propagating wave. Another important aspect is the choice of the method used to model
electric field distribution. As discussed in Section 3.1, the best option to model the LPG is
to use the beam envelope method. Main equations and assumptions are explained in
Section 3.1. Since the wave propagates predominately in one direction, a unidirectional
wave is chosen instead of a bidirectional one. Due to its nature, the beam envelope method
does not require the fine mesh to perform these calculations, but the maximal element size
must still be in the same order of magnitude as the central wavelength. In this model, the
core region is meshed by an equilateral triangular coarse mesh consisting of a height equal
to the wavelength (1.550 um), while the cladding and air region are meshed by the height
of 3.65 times the wavelength (3.65 x 1.55 pum). Figure 3.14 shows the electric field
distribution along the x-direction. The color scale indicates that most of the energy still
propagates in the core region. Only a small part, peaked at the resonance wavelengths due
to the coupling of the core mode with the higher-order cladding modes, penetrates the

cladding regions (Fig. 3.15).
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Figure 3.14 Electric field distribution in all fiber areas at a wavelength of 1550 nm. The color
scale shows that most light energy propagate along the fiber core.

Since the LPG fabricated using the electric arc discharge method is usually weak
in terms of core refractive index modulation, many periodicities are required to achieve
concrete grating formation. The achieving transmission spectrum of the abovementioned
structure is illustrated in Fig. 3.15. This spectrum is obtained from an LPG with a grating
number of 100 and a periodicity of 500 um. As discussed in Subsection 1.4.2, resonance
wavelengths in the transmission spectrum of LPG satisfy the phase-matching condition,

which is given by:

/H‘%s = (neff,co - ngil”f,cl)/l' (1-10)

where A is the grating period, and nefrco and N"esrc1 are the effective refractive indices of
the core and the m™" order of the cladding modes, respectively. As Fig. 3.15 shows, the first
resonance mode is formed at 1491.1 + 0.1 nm, while the second resonance is positioned at

1665.8 £ 0.1 nm. Several side lobes around the second resonance mode in Fig. 3.15 indicate
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that those wavelengths partially meet the phase-matching condition. For a detailed study
of this phenomenon, one may need to consider the detuning parameter ¢, which is used to
describe the coupling efficiency between the core and cladding modes in an LPG, as given

by [34]:

S(A) = 7T(”eff,co - ng}f,cl) (% —— )’ (3-7)

AFES

where 4 indicates the wavelength where the detuning parameter is studied. Depending on
how much the studied coupling has been detuned, the detuning parameter can be changed
from 0 to 1. =0 occurs when the resonance wavelength corresponding to the coupled
modes fully satisfies the phase-matching condition, and when 6=1, the coupling between
the core mode and the cladding modes is not detuned. Therefore, the side lobes around the
second resonance mode corresponding to the cases when the values of the detuning

parameter are close to zero, while this parameter is zero in case of resonance.
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Figure 3.15 Transmission spectrum of an LPG with a periodicity of 500 um, grating number
equal to 100, and a grating length of 100 pum.
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This study uses the second resonance mode to study LPG properties since higher-

order modes are more sensitive to environmental perturbations.

3.3.2 Effect of the number of gratings on the properties of LPG

Since the transmission spectrum of LPG is crucial for its applications, it is vital to
investigate the formation of the spectrum during LPG fabrication, focusing primarily on
how varying the number of the grating periods (N) affects spectrum growth. In this study,

the grating longitudinal length (100 pum) and the periodicity (500 um) are kept constant.

As shown in Fig. 3.16, the spectrum of this structure revolves around a resonance
wavelength of 1665.8 nm as the number of grating periods changes. Figure 3.16 implies
that, as the number of gratings increases, intensity loss becomes considerable. For instance,

the attenuation dip for N =100 is -22.134 dB, while for N =75, it is -10.76 dB.
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Figure 3.16 Evolution of the transmission spectra of LPGs with an increase in the grating
number.
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The remainder of this section investigates the effect of variations in the LPG
fabrication parameters, such as arc current, arc duration, and mass as tension applied to the

fiber.
3.3.3 Influence of arc current variation on the transmission spectrum of LPG

Arc current is one of the important parameters in the operation of the fiber fusion splicer,
playing an essential role in LPG fabrication. This part of the study uses a grating number
of 100 and a periodicity of 500 um. According to the experimental results, geometric
deformation and refractive index modulation in the core and cladding sections of the fiber
result from the arc discharge applied on the fiber. The arc discharge serves to form micro-
tapers in the fiber core and cladding sections. The average waist of a micro-taper fabricated
at an arc current of 5 mA is 110 £ 1 um, and 105 + 1 um when the arc current is 10 mA.
The corresponding diameters with arc currents of 15, 20, and 25 mA are 99 + 1, 91 + 1,
and 86 = 1 um, respectively. In the tapering process, in addition to occurrence tapering in
the fiber cladding, there is a fiber core tapering that must be included in the modeled
structure in the COMSOL code. Since the tapering process occurs in fiber as a unified
structure, an approximation to start quantitative analysis to take this modulation account is
to use the same tapered waist ratio for the fiber cladding (tapered waist/fiber cladding
diameter). For instance, for an arc current of 5 mA, the ratio of the tapered waist to the
fiber diameter is 110/125; therefore, the tapered waist in the core is [(110/125) x10 = 8.8
um. These data are adopted in the model to run in the COMSOL Multiphysics software.

The results are illustrated in Fig. 3.17. For an arc current of 5 mA, LPo, mode is located at
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1686.6 = 0.1 nm, whereas the same mode for the LPG fabricated at an arc current of 10
mA peaks at 1678.2 £ 0.1 nm. The resonance wavelengths for arc currents of 15, 20, and

25 mA are 1669.7 £ 0.1 nm, 1663.7 + 0.1 nm, and 1657.7 = 0.1 nm, respectively.
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Figure 3.17 Evolution of the LPG transmission spectrum with varying arc current during
fabrication.

As shown in Fig. 3.18, a linear dependence of the resonance wavelength on the arc
current with a slope of - 1.43 £ 0.0068 nm/mA (blueshift) is found. Note that the
uncertainty for the slope of the linear trend is achieved using the equation: 1- R?. Figure
3.19 shows the quadratic relationship between the intensity loss and the arc current applied
for LPG fabrication. As the arc current increases, the fitted downside curve shows that the

propagating light loses its intensity to a greater extent during propagating along the LPG.

74



1690

- g J

z 1685 |

5 L

= 1680 |

5 s | -

o 1675

> L

° 1670 [ %

s | PTlAmTIens

g : R?=0.9932 3.

5] C

& 1660 |
C 9

]6557|||\I||||I\|||I||\\I|||\I\|||

0 5 10 15 20 25 30

Arc current (mA)

Figure 3.18 Dependence of resonance wavelength of the LPG on arc current.
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Figure 3.19 Intensity loss variations of the LPG when the arc current changes.

3.3.4 Influence of arc duration variation on the transmission spectrum

This Subsection examines how arc duration variation affects the LPG transmission

spectrum. During the experiment, while the other parameters are fixed (arc current and
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tension are set at 10 mA and 12.5 mN, respectively), the arc duration is varied from 150
ms to 450 ms. The average micro-taper diameter obtained from an arc duration of 150 ms
is 105 + 1 um, while diameters obtained for arc durations of 250, 350, and 450 ms are 101
£ 1 um, 97 £ 1 um, and 94 + 1um, respectively. These values are used in the COMSOL
Multiphysics software model to obtain the transmission spectra of the LPG (see Fig. 3.20).
Figure 3.20 shows the shifting resonance wavelength position in the LPG transmission
spectrum when the arc duration varies between 150 and 450 ms. Any increase in the arc

duration results in a blueshift of the resonance wavelength.

The resonance wavelength locates at 1678.2 + 0.1 nm for 150 ms arc duration and
1669.7 £ 0.1 nm for the arc duration of 250 ms. Resonance wavelengths obtained using arc

durations of 350 and 450 ms are 1661.7 £ 0.1 nm and 1657.7 £ 0.1 nm, respectively.
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Figure 3.20 Changes in the transmission spectrum of the LPG resulting from arc duration
variations.
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Figure 3.21 shows the dependence of resonance wavelengths on their
corresponding arc durations. The best linear fit shows a negative slope of —0.069 + 0.023
nm/ms, indicating that the resonance wavelengths shift towards increasingly shorter
wavelengths as arc duration increases. Since each increment in the arc duration in the
fusion splicer is 100 ms, with a one-increment increase in the arc duration, the blueshift in

the resonance wavelength is 6.9 nm.
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Figure 3.21 Shifts in the resonance wavelength of the LPG resulting from variation in arc
duration.
Figure 3.22 shows changes in the intensity loss when the arc duration is varied. In
this case, the best fit for the data is a nonlinear trend. Thus, as the arc duration increases,
the propagating light loses its intensity to a greater extent during propagating along the

LPG.
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Figure 3.22 Changes in intensity loss of the LPG resulting from arc duration variation.

3.3.5 Influence of tension variation on the transmission spectrum of LPG

The last parameter examined is the tension along the fiber. As a standard procedure, the
arc current and the arc duration are fixed at 10 mA and 250 ms, respectively, while the
tension is varied between 12.5 to 25.5 mN. The calculated transmission spectra are shown
in Fig 3.23. This figure shows that the resonance wavelength shifts increasingly towards

the shorter wavelengths as the tension increases.
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Figure 3.23 Changes in the transmission spectrum of LPG resulting from tension variation.

Figure 3.24 shows the resonance wavelengths shift when the applied tension along
the fiber changes. As the tension increases, the resonance wavelength in the LPG

transmission spectrum shifts towards shorter wavelengths.

1668
1666 £ ¢
1664 £ :
1662 F '
1660 | % p=0.1892x2-8.2801x + 1739.9
1658 :
1656 £ _
1654 F i

. "

1648 Bt '
10 15 20 25 30

Tension (mN)

Resonance wavelength (nm)

Figure 3.24 Shifts in the resonance wavelength of the LPG when the tension change.
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An examination of the changes in the intensity loss due to variations in mass proves
to be worthwhile (see Fig. 3.25). The best fit for the data exhibits a quadratic trend,

indicating that the propagating waves increasingly lose their intensity as the mass increases.
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Figure 3.25 Changes in the intensity loss of the LPG resulting from tension variation.

In general, increasing any of the fabrication parameters results in a decrease in the
effective refractive index of the fiber core, while the effective refractive index of the fiber
cladding is negligible compared to the core refractive index modulation [74]. According to
Eq. (1.10), since the periodicity is fixed at 500 pm, the resonance wavelength value
decreases, which means a shift towards shorter wavelengths. Furthermore, increasing one
of the LPG fabrication parameters, whether arc current, arc duration, or tension, leads to
the formation of micro-tapers with a smaller waist. Smaller waist micro-tapers cause a
decrease in the local fiber core diameter and increase the coupling strength between the

core mode and higher-order cladding modes, resulting in a more substantial loss in the
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guided mode. In addition, any modulations in the core refractive index can nonlinearly
change the transmission spectrum of the LPG due to Eq. (1.11), which implies that the light
transmission through the core of LPG follows a sinusoidal function of the core refractive

index modulation for the wavelengths in the resonance [66].

This section has discussed simulations conducted on an LPG using the electric arc
discharge method. The effects of varying parameters on LPG fabrication have been
investigated, and the influence of those parameters on the LPG transmission spectrum has
been examined. The sensing properties of the arc-induced LPG will be discussed in the

next section.

3.4 Use of LPG as a sensor

Variations in external parameters, such as temperature, strain, bending, load, or refractive
index, change the physical properties of LPG, including their transmission spectrum. This
feature enables LPG to act as a sensor to monitor environmental parameters by detecting
shifts of resonance wavelengths in the transmission spectrum. This section describes the
simulation of arc-induced LPG in response to external refractive index and temperature

using the beam envelope method with COMSOL Multiphysics software.

3.4.1 LPG as an environmental refractive index sensor

This subsection examines the sensing performance of LPG refractive index sensors. As
previously mentioned, resonance wavelengths in the transmission spectrum of an LPG

result from the coupling of the core mode into the higher order of cladding modes. The
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phase-matching condition for the coupling of the forwarded propagating core mode and

the m™ order of the cladding mode has been explained using Eq. (1.10) in Section 1.4.

Due to absorption and scattering, cladding modes escaping from a fiber into its
surrounding medium are the main mechanisms for an LPG to act as a refractive index
sensor. According to Eqg. (1.10), a resonance wavelength is dependent on the effective
refractive indices of core (ne#*°) and cladding (ne#*") modes, as well as on the grating period
(4). Because the effective refractive index of a cladding mode depends on the refractive
index of the ambient environment (Eq. (3.9)), any change in the refractive index of the
surrounding medium will result in a shift in the transmission spectrum [78]. In the present
model, this issue addresses by changing the refractive index of the surrounding layer from

1.0 to 1.4375. Figure 3.26 shows the geometry model for these measurements. The model
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Figure 3.26 Geometry of 2D model of LPG adopted in COMSOL simulation.
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adopts the same structure used to investigate arc-induced LPG properties. The geometric

deformations and the surrounding area are illustrated in the inset of the figure.

Figure 3.27 shows a simulation result of the LPG transmission spectrum shifts when
the environmental refractive index changes. As shown in Fig. 3.27, an increase in the
surrounding refractive index results in a blueshift in the transmission spectrum. Since an
LPG fabricated using the arc discharge technique is a weak grating, to achieve a better
resolution, the number of the gratings, the mass, the arc current, and the arc duration are
set as 70, 2.5 g, 10 mA, and 250 ms, respectively. As evident in Fig. 3.27, when the
surrounding refractive index is very close to 1.0 (the refractive index of air), there is no
considerable change in the resonance wavelength. Even for the case with a refractive index

of water (1.33), the spectrum is still very close to the situation where the surrounding
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Figure 3.27 Influence of refractive index variation on resonance wavelength in arc-induced
transmission spectra of LPG (simulation results).
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medium is air. However, when the surrounding refractive index approaches that of the
cladding, the variation of the transmission spectrum becomes significant. As shown in Fig
3.27, a considerable blueshift in the spectrum is found for values very close to 1.4378 (the

cladding refractive index).

As shown in Fig. 3.28, the shift in resonance wavelength is minimal for a
surrounding medium having a small refractive index. However, when the refractive index
approaches that of the cladding, the resonance wavelength shifts significantly, so that for a
range from environmental refractive indices 1.4000 to 1.4375, the LPG sensitivity to the

surrounding medium refractive index is significant (-170.82 nm/RIU).
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Figure 3.28 Dependence of resonance wavelength shifts on environmental refractive indices for
an arc-induced LPG (simulation results).
LPG sensitivity to the environmental refractive index originates from the

dependency of the fiber cladding's effective refractive index on the surrounding medium

refractive index (ns). The effective refractive index of the cladding modes determines the
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resonance wavelength in a transmission spectrum. This dependency can be represented by

the following equation [79]:

dlres
dng

= Ares¥Ts, (3.7)

where y is the general sensitivity factor describing waveguide dispersion, given by [79]:

dAres/dA
Y = e dmy (3.8)

Neff~Meff

in which dAres/d A represents the slope of the dispersion curves, and I's is expressed by [79]:

3
Fs - _ b Aesns (39)

3 co_clm\r, 2 . 23/2’
87"c1”c1(”eff‘”eff )(ncl‘”s)

which is valid for ns < ng. In equation (3.9), which confirms the waveguide dispersion
dependency on the environmental refractive index, the term um is the m" root of the zero-
order Bessel function. Equations (3.8) and (3.9) imply that the sensitivity can be enhanced
with the slope of the dispersion curves (dA/d1), which require higher-order modes. This is
why the LPo2 mode is chosen as the reference resonance wavelength for measuring external
refractive index variations. I's is a negative parameter; therefore, for any surrounding
medium refractive index smaller than the refractive index of the cladding, there is a
blueshift since all other parameters are positive in Eq. (3.7). As Eqg. (3.9) shows, there is
an increase in sensitivity as the environmental refractive index approaches that of the
cladding. This is why any resonance wavelength shift becomes significant when the
surrounding medium refractive index is very close to that of the cladding. For a refractive

index very close to the refractive index of the cladding, the evanescent field penetrates
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further in the external medium and has a stronger interaction with the surrounding
environment; therefore, the sensitivity is increased in this range of the refractive index. If
the environmental refractive index equals that of the cladding, the resonance disappears
because the total internal reflection rule becomes invalid. The resonance appears at longer
wavelengths for a refractive index higher than that of the cladding [80]. These results have

been proven through experiments [81, 82, 84].

3.4.2 LPG as a temperature sensor

To simulate LPG acting as a temperature sensor, a thermal stress module with a
temperature variation ranging from 20°C to 120°C is used in the COMSOL Multiphysics
software. This module, which is a combination of a "solid mechanics™ interface and a "heat
transfer" interface, permits heat energy from the heat transfer interface to act as a thermal
load for the solid mechanics interface, resulting in thermal expansion of the LPG (and as a
result, periodicity expansion). Also, environmental temperature variations affect the
transmission spectrum by influencing the refractive indices of the fiber core and cladding.
This effect is examined using the beam envelope method. The temperature sensitivity of

the LPG originates from the following equation [84]:

di da dn dn dA1dL
@ _ (B —2a) 44222 (3.10)
dT ~ d(6neg) \ dT dT dA L dT

where 4 is the resonance wavelength of the attenuation band, T is the environmental
temperature, neo is the effective refractive index of the core mode, nq is the effective
refractive index of the cladding mode, dnesf IS (Nco — Nei), L is the length of the LPG, and 4

is the LPG period. Two main terms form the right-hand side of Eq. (3.10). The first term
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shows the material contribution from the thermo-optical properties of the core and the
cladding materials. Obviously, fiber composition and cladding mode order are the main
factors in this contribution. For coupling to lower-order cladding modes, which can be
obtained for 4>100 pum, the material contribution dominates the temperature sensitivity of
the fiber. In contrast, for higher-order cladding mode couplings (accessible for 4<100), the
impact of this term will be negligible [85]. In this term, the material contribution appears
as a change in differential effective refractive indices. The second term of the right-hand
side of Eq. (3.10) is the waveguide contribution. This term originates from the LPG
periodicity variations. Increasing the temperature expands the length of the structure, which
in turn expands the periodicity. The order of the cladding mode determines the sign and
the magnitude of this part. Since all components in this term are positive, the sign of this
term is determined by dA/dA. The sign of di/dA is positive if the primary core mode is
coupled with the lower-order cladding modes, i.e., for m from 1 to 9 in the cases discussed
in this thesis, while this term will be negative in cases where the modes are coupled into
higher-order cladding modes [85]. Since all parts in Eq. (3.10) are positive, an increase in
the environmental temperature results in a redshift in the LPG transmission spectrum. To
simulate these effects on a standard single-mode optical fiber, COMSOL uses the required

parameters of the fiber, which are listed in Table 3.2 [74].

Table 3.2 Physical parameters of a single-mode fiber.

Property Value
Coefficient of thermal expansion 0.55x10¢ [1/k]
Heat capacity at constant pressure 703 [J/(kg.K)]
Density 2203 [kg/m?]
Thermal conductivity 1.38 [W/(m.K)]
Young’s modulus 73.1 [GPa]
Poisson’s ratio 0.17
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Since the refractive index modulations in the arc-induced long-period fiber gratings
are relatively low (around 10 for ncore = 1.4478 and 107 for Nciagding = 1.4378), the
calculation must use LPG with a high grating number. In this model, the number of gratings
is chosen to be 100 so that the intensity loss for the LPo> resonance mode is around -23 dB,
as shown in Fig. 3.29(a). In addition, the calculations are conducted with lower uncertainty
(0.05 nm) because of very small shifts in resonance wavelength (compared to the
environmental refractive index variation) due to temperature variations. The original
resonance wavelength for the modeled structure is 1665.70 + 0.05 nm, measured at room
temperature (20°C). When the temperature is increased to 40°C, the resonance wavelength
shifts to 1665.80 + 0.05 nm, indicating a 100 pm shift towards longer wavelengths. This
change is very small and difficult to distinguish in Fig. 3.29(a); therefore, enlarged curves
around 1665.70 = 0.05 nm are shown in Fig. 3.29(b). When the temperature increases to
60°C, the resonance wavelength shifts by 300 pm towards longer wavelengths. A further
increase in the temperature to 80°C results in a resonance wavelength shift of 400 pm in
the transmission spectrum towards longer wavelengths. Running the code for temperatures
up to 100°C induces a shift in the resonance wavelength from 1665.7 to 1666.4 nm,
corresponding to a 700 pm redshift. The environmental temperature of 120°C leads to a

redshift in the transmission spectrum by 900 pm.
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Figure 3.29 (a) Influence of temperature variation on resonance wavelength in the transmission
spectrum of an arc-induced LPG. (b) Enlarged curves of the resonances at around 1665.70 nm.

From Fig. 3.30, the temperature sensitivity of the LPG can be derived from the
linear fit, which is (9.8 * 0.0036) x107 nm/°C (=10 pm/°C). In most cases, for an LPG

fabricated using UV light or femtosecond lasers, its sensitivities were reported to change
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in a range from 0.01 to 0.1 nm/°C [85]. The same order of the sensitivity magnitude is

revealed here for a sensor fabricated using the electric arc discharge method.
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Figure 3.30 Effects of temperature variation on resonance wavelength in the transmission
spectrum of arc-induced LPG (simulation results).

In summary, this chapter has investigated the suitable method for simulations on
LPG properties resulting from the arc discharge method and its sensing properties. Using
the beam envelope method in COMSOL Multiphysics software, the formation of geometry
deformation resulting from applying the arc discharge on the fiber and variations in
different LPG fabrication parameters have been simulated and discussed. The resulting
LPG has been used as a sensor for environmental refractive index and temperature in the

last section.
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Chapter 4 Tapered fibers as a protein sensor

4.1 Introduction

Although fiber Mach-Zehnder interferometers (FMZI) consisting of dual tapers have been
reported [86], the properties and applications of a single fiber taper have not been well
studied. Such a study is worthwhile since single taper structures possess such salient
advantages as simple structure and easy fabrication. The first part of this chapter discusses
three single tapered fiber-based biosensors, each having different tapered waists. The first
sample is a tapered fiber with a waist of 97 um and a length of 378 um. The second sample
has the same length and a 58 pum waist. This sample has an experimental correspondence
that forms an inline MZI [67]. The third sample is a tapered fiber with the same length and

a 45 pm waist.
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4.1.1 Structure functionalization

A symmetrical double tapered structure was used as an interferometer in experimental
work performed by A. Maryam [67], a former MSc candidate of this Photonics Group. In
this section, the sensing of protein concentrations is simulated only for a single tapered
fiber. Figure 4.1 shows the geometry of a tapered fiber used for simulation in COMSOL

Multiphysics with a length of 378 um and a waist of 58 pum.
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Figure 4.1 Geometry of a tapered fiber used for sensing in simulation.

The experimental results of Maryam et al. [67] state that the surface of a tapered
fiber must first be functionalized in order to achieve biosensing capability. For this purpose,
the structure is first treated with 1 wt% ethanolic KOH solution for 15 minutes. This step
is essential because it provides the surface with negative charges so that the poly
(allylamine hydrochloride) (PAH) monolayer can adhere to it. Next, the structure is dipped
into 0.5 wt% PAH and then into negatively charged SiO.: Au nanoparticles, each for 15

minutes to form one bilayer of PAH/SiO2:Au NPs. This process is repeated two more times
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to create two more bilayers. Finally, the three bilayers of PAH/SiO2:Au NPs are
functionalized with 7 mM of Biotin for 30 seconds, rendering the structure ready to

function as a biosensor [67].

Simulation computed using the COMSOL Multiphysics software also follows these
steps adopted for the experimental study. In the simulation, it is challenging to determine
how to model the nanoparticles on the structure. Every particle is a "Domain” in COMSOL
software, and the maximum number of domains that COMSOL can support in a simulation
code is limited to around 2000, whereas the actual number of nanoparticles deposited on
the structure far exceeds this limit. Therefore, nanoparticles are treated as a nano-layer in
the simulation, although the thickness of this layer has to be in the order of the relevant
nanoparticle's average diameter. Also, it can be a good thought if the nanolayers are
considered as several discrete pieces with several gaps between them. In this case, the gaps
between every two discrete pieces must be filled with air or other related material which

increase the number of Domains and makes it difficult to compile the code. In general, the
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Figure 4.2 Schematic illustration of three bilayers used to functionalize a tapered fiber.
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variety of dimensions from nanometer to centimeter in the structure makes the Domains
meshing complicated enough and adding any more Domains to the COMSOL code, while
the system facilities remain the same, makes stop the code compiling. In all structures
adopted in the simulation, the thicknesses of PAH, SiO; and Au are 50 [87], 30 [88], and
10 nm [87], respectively, with refractive indices of 1.38 [89], 1.44 [90], and 0.5 +10i (10
for the imaginary part of the refractive index at 1550 nm wavelength) [91], respectively.
For the top bilayer on the structure, the thickness and refractive index of the Biotin are
considered as 10 nm [91] and 1.5 [93], respectively. Figure 4.2 shows the resulting three

bilayers on the structure.

4.1.2 Adsorption process

On the surface of the fiber taper, a massive number of Biotin particles (in layer shape)
adsorb Streptavidin proteins and change the optical properties of the surface, such as the
refractive index. In the COMSOL Multiphysics software, surface reactions can be
performed in the "Reaction Engineering"” interface as a part of the "Chemistry" module.

The reaction between surface Biotin and Streptavidin is expressed as [67]:
SV + Bsurf = SVBsurf' (4-1)

where SV represents nearby Streptavidin proteins, and Bsurf is an abbreviation for Biotin on
the tapered surface. The adsorption process takes place between these two materials. Since
the Biotin concentration is fixed at the surface (7 mM), changing the protein concentrations
makes it possible to control and adjust the reaction. The simulation using the COMSOL

Multiphysics software is shown in Fig. 4.3.
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The initial concentration of the protein is 83 nM (see Fig. 4.3). It is reasonable to
assume that all the proteins adsorb to the Biotins due to the massive number of receptors
on the surface of the fiber taper (7 mM). Figure 4.3 indicates the initial value for protein,
which depletes in one second to produce SVBsur. The final SVB amount is the same as the
initial protein concentration. Since the "Surface Reaction™ interface in the "Chemical”
module includes a "deforming mesh” for the structure surface, the refractive index
modulation caused by adsorption of the proteins onto the surface can be detected using the
beam envelope method.
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Figure 4.3 Adsorption reaction occurring between Biotin and Streptavidin protein on taper

surface at room temperature.

4.1.3 Simulation on sensing of Streptavidin protein concentration

To investigate the feasibility of a protein optical fiber sensor, it is a standard approach to
use the Biotin-Streptavidin binding process [94]. The process mechanism is quite simple:
binding the proteins to localized Biotins on the surface induces an increase in the refractive

index of the surface. The change in the refractive index of the surface results in a detectable
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change in the transmission spectrum, signifying a blueshift or redshift in the resonance
peaks. The change in the refractive index strongly depends on the amount of proteins that
bind to the Biotin on the surface. The amount of bound protein depends on the
concentration of the protein. Therefore, based on the mechanisms mentioned here, it is
feasible to detect SV protein concentration variations by evaluating the shift in the

transmission spectrum.

4.2 Single tapered fiber biosensors

4.2.1 Single tapered fiber biosensors coated with (PAH/SiO2:Au)s/Biotin, with
a waist of 97, 58, or 45 ym
Figure 4.4 shows the transmission spectra of a single tapered fiber biosensor with a waist
of 97 um, a length of 378 um, and a coating of (PAH/SiO2:Au)s/Biotin. The peak
wavelength, which occurs at 1564.42 nm for a bare single tapered fiber in water, shifts to
1564.410 £ 0.001 nm after coating, thereby showing a blueshift of 0.010 + 0.002 nm. At
1564.410 + 0.001 nm, this resonance wavelength serves as the reference point for
measuring wavelength shifts due to different SV concentrations on the surface. Adding 83
nM SV-protein to the solution results in a shift in resonance wavelength towards shorter
wavelengths at 1564.400 £ 0.001 nm, corresponding to a blueshift of 0.010 + 0.002 nm.
Increasing the SV concentration to 300 nM exhibits a blueshift of 0.030 £ 0.002 nm in the
resonance wavelength. In contrast, the blueshift values are 0.050 = 0.002 nm and 0.090 +
0.002 nm for the 800 and 1300 nM SV concentrations, respectively. Tapered fiber with a

large waist, such as in the case here, does not show a pronounced sensitivity due to a low
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likelihood of evanescent field interaction with the surrounding environment. The same
measurements are conducted for the tapered fibers with 58 and 45 pm waists. Resonance
wavelength shifts corresponding to each step are shown in Figs. 4.5 and 4.6. Table 4.1

shows the resonance wavelength shifts for all three tapers.
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Figure 4.4 (a)Transmission spectra of a tapered fiber biosensor coated with (PAH/SiO;:
Au)s/Biotin, having a waist of 97 um and surrounded by different concentrations of streptavidin
protein; (b) enlarged curves in the vicinity of a resonance wavelength at 1564.42 nm.
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Table 4.1 Resonance wavelength shifts due to the addition of protein with different

concentrations.

Shifts in resonance wavelength (nm)
Tapered fiber waist (um)
83nM-SV | 300 nM-SV | 800 nM-SV | 1300 nM-SV
97 0.01 0.03 0.05 0.09
58 0.02 0.05 0.11 0.17
45 0.03 0.08 0.15 0.21

The shapes of the curves are different since the tapered waist thicknesses differ.
The decrease in tapered waist thicknesses results in a larger intensity loss due to the
coupling between the core and higher-order cladding modes. Thus, when the tapered waist

IS changed, the transmission spectrum varies accordingly.

4.2.1.1 Analysis of results on (PAH/SIO2:Au)3/Biotin coated single tapered
biosensors

This subsection analyzes the performance of the (PAH/SiO2:Au)s/Biotin coated biosensor
derived from simulation on a single tapered fiber. According to [68], the sensitivity of a

biosensor can be calculated using the following formula:

S — Almax
o

: 4.2)

where 4Amax IS the maximum wavelength shift observed in the process, and & is the surface

density of the detected biomaterial, as described by the following equation:

_ Mmw
Npxp2'

(4.3)
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where Mmw is the molecular weight of Streptavidin (Mmw = 60.0 g/mol), Na is Avogadro's
number, and P is the average length of Streptavidin (4.0 nm). Since ¢ = 6.23 ng/mm?, the
sensitivity of the single tapered fiber biosensor with a 97 um waist is 0.014 + 0.008
nm/(ng/mm?). The corresponding sensitivities for single tapered fiber biosensors with 58
and 45 pm waists are 0.027 + 0.008 and 0.033 + 0.008 nm/(ng/mm?), respectively. These
results are reasonable since decreasing the tapered waist excites more cladding modes, and
as a result, the biosensor becomes more sensitive to external change in the refractive index.

Figure 4.7 shows shifts in the resonance wavelengths when SV protein
concentrations change. The sensitivity of the sensors increases with a decrease in the

thicknesses of the tapered waists.
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Figure 4.7 Comparison of resonance wavelength shifts for three tapered fiber-based biosensors
with three different waist thicknesses, all coated with (PAH/SiO2: Au)s/Biotin.
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4.2.2 Single tapered fiber biosensor coated with (PAH/PSS)3/Biotin

The previous section described how tapered fibers coated with (PAH/SiO2:Au)a/Biotin are
applied as protein sensors. This section describes a simulation on structures coated with
the (PAH/PSS)s/Biotin, where PSS stands for poly(styrene-sulfonate). The structure
functionalization process is the same as for the (PAH/SiO2:Au)s/Biotin case. The only
difference is that, instead of depositing SiO2: Au NPs, PSS is used. The other materials and
drying times are the same as in the former case. The physical and chemical properties of
PSS can be found in Ref. [67]. In the COMSOL code, PAH and PSS thicknesses are
determined as 50 and 40 nm [95], respectively. The refractive indices of PAH and PSS are
1.38 and 1.50 [96], respectively. Figure 4.8 shows an enlarged illustration of the coated
structure designed using COMSOL Multiphysics software.
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Figure 4.8 Functionalization of tapered fiber with (PAH/PSS)s/Biotin coating.
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Following similar procedures for simulation using the COMSOL code, as monitored in
the previous section, an adsorption interaction is activated first, after which the protein
concentration is computed (the interaction between the SV proteins and the Biotins on the
tapered fiber surface has been explained in Section 4.1.2). The hosts for the
(PAH/PSS)a/Biotin coatings are the tapered fibers shown in Table 4.1. The waists of these
structures are 97, 58, and 45 um, while their length is fixed at 378 um. Since the effective
refractive index of (PAH/PSS)a/Biotin is around 1.425, larger than that in the (PAH/SiOz:
Au)s/Biotin case (1.320), a more significant shift in resonance wavelength is expected due

to an increase in protein concentration.

4.2.2.1 Single tapered fiber biosensors with a waist of 97, 58, or 45 ym

Figure 4.9 illustrates the transmission spectra of a tapered fiber with a coating of
(PAH/PSS)a/Biotin having a waist of 97 um and a length of 378 um. Similar to the case of
the (PAH/SiO2:Au)s/Biotin coated taper, the initial concentration of the SV protein is 83
nM. Note that, since the 83 nM concentration of SV protein is not sufficient to have a
tangible effect of the transmission spectrum of tapered fiber, the concentration of 160 nM
is added to the calculations. The peak wavelength at 1564.490 + 0.001 nm shifts to
1564.430 £ 0.001 nm after coating, indicating a blueshift of 0.060 = 0.002 nm for a bare
single tapered fiber in water. The resonance wavelength at 1564.430 nm serves as the
reference point for measuring wavelength shifts at different SV concentrations. Adding 83
and 160 nM of SV-protein to the solution lead shifts the resonance wavelength to 1564.350

+ 0.001 and 1564.330 £ 0.001 nm, corresponding to blueshifts of 0.080 + 0.002 and 0.100

104



+ 0.002 nm, respectively. Further increasing the SV concentration to 300 nM results in a
blueshift of 0.130 + 0.002 nm in the resonance wavelength. In contrast, for 800 and 1300
nM SV concentrations, shift values are 0.190 £+ 0.002 and 0.230 £ 0.002 nm towards shorter
wavelengths, respectively. This process is also conducted for tapered fibers with a waist of
58 or 45 um. Table 4.2 indicates the resonance wavelength shifts at each step of the process
for all three (PAH/PSS)s/Biotin coated tapered fibers. Figures 4.10 and 4.11 show the
transmission spectra of single tapered fiber biosensors with waists of 58 and 45 pum,

respectively, when the protein concentrations vary.
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Figure 4.9 (a) Transmission spectra of (PAH/PSS)s/Biotin-coated single tapered biosensor
(97 pm waist) with different concentrations of streptavidin protein; (b) enlarged curves in
the vicinity of the resonance wavelength at 1564.49 nm.
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Figure 4.10 (a) Transmission spectra of (PAH/PSS)s/Biotin-coated tapered fiber biosensor (58
pm waist) surrounded by different concentrations of SV; (b) enlarged curves in the vicinity of
the resonance wavelength at 1571.80 nm.
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Figure 4.11 (a) Transmission spectra of (PAH/PSS)s/Biotin-coated tapered fiber biosensor (45
pm waist) surrounded by different concentrations of SV; (b) enlarged curves in the vicinity of
the resonance wavelength at 1562.55 nm.
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Table 4.2 Resonance wavelength shifts for three (PAH/PSS)a/Biotin-coated single tapered fibers

having different waists thicknesses.

. ) Wavelength shift (nm)
Tapered fiber waist
(um) 83 nM- 160 nM- 300 nM- 800 nM- 1300 nM-
SV SV SV SV SV
97 0.08 0.10 0.13 0.19 0.23
58 0.13 0.15 0.19 0.24 0.30
45 0.12 0.17 0.20 0.21 0.31

4.2.2.2 Analysis of results on (PAH/PSS)3/Biotin-coated single tapered fiber
biosensors

Figure 4.12 shows the dependence of the shift in the resonance wavelength of the three

single tapered fiber biosensors on SV protein concentrations when the fiber tapers are

coated with (PAH/PSS)s/Biotin.
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Figure 4.12 Comparison of resonance wavelength shifts for three single tapered fiber-based
biosensors with three different waists thicknesses, all coated with (PAH/PSS)a/Biotin.
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Clearly, the sensitivity of the biosensor with the smallest waist is the highest. This
can be explained by evanescent field theory. For a taper with a smaller waist, cladding
modes with higher order can be excited due to more penetration of its core mode to the
cladding area [96]. Since higher-order cladding modes are more sensitive to external
perturbations, the fiber tapers with smaller waist are more sensitive to the surrounding
medium refractive index changes [92]. This is supported by calculating the sensitivities of
the biosensors using Eqg. (4.2). Repeating the calculation for these biosensors reveals
sensitivities of 0.037 + 0.008, 0.048 + 0.008, and 0.050 + 0.008 nm/(ng/mm?) for 97, 58,
and 45 um waist biosensors, respectively. For a protein concentration of 83 nM, these
calculations are not reasonable for the 58 and 45 um waists because the low protein
concentration cannot considerably change the surface refractive index. Within the
uncertainty range, both taper-based biosensors have approximately the same resonance
wavelength shifts. However, when the protein concentration is increased to 160 nM, the
resulting shifts in the transmission spectrum of 45 and 58 pm waists of tapered fibers

follows the general trend.

4.3 Inline tapered fiber Mach-Zehnder Interferometer as a protein sensor

This section discusses the response of an inline tapered fiber MZI to Streptavidin protein
concentration variations. The experimental study has been carried out by Maryam et al.
[67] using two symmetrical tapered fibers as a Mach-Zehnder interferometer with a tapered
waist of 58 um and a length of 378 um. The present section provides a computational

analysis of the protein concentration detection using two inline tapered fiber MZIs, one
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symmetrical, the other asymmetrical. Both MZIs are 4 cm in length (the distance between

the centers of the two tapers)

Figure 4.13 shows the 4 cm-long inline tapered fiber MZI structure modeled in
COMSOL Multiphysics software. For the symmetrical MZI, the waists and lengths of the
fiber tapers are 58 um and 378 pum, respectively, and the distance between the two tapered
fiber centers is 4 cm. For the asymmetrical MZI, the first tapered waist is the same as 58
um, and the second tapered waist is reduced to 45 um, while the interferometer length is
fixed at the same as 4 cm. The same materials with the same thicknesses are used for
functionalizing MZI. As mentioned before, protein sensing is achieved through two steps:
(a) adsorption process and (b) concentration detection (both steps have been explained in

Section 4.1).
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Figure 4.13 Model of a Mach-Zehnder interferometer with a length of 4 c¢cm, adopted for
simulation using COMSOL Multiphysics.
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4.3.1 Properties of an inline symmetrical MZI coated with (PAH/SiO2:Au)s
/Biotin

Figure 4.14 shows the transmission spectra of the MZI when the SV concentration changes
from 83 to 1300 nM. As the protein concentration increases, the transmission spectrum
shifts towards shorter wavelengths. According to Maryam's experimental results [67], no
specific signal loss is found when the SV concentration increased, however, a blueshift in
the resonance wavelength is observed. The 1556.10 nm resonance wavelength in the
transmission spectrum of the bare MZI surrounded by water is shown in Fig 4.14(b).
Coating the MZI with (PAH/SiO2:Au)s/Biotin leads to the shift of the abovementioned
resonance wavelength to 1555.95 + 0.01 nm (towards shorter wavelengths), indicating a
wavelength shift of 0.15 £ 0.02 nm. This point is used as the reference for measuring
wavelength shifts when the SV concentration changes. Adding SV protein with a
concentration of 83 and 160 nM to the structure leads to shifts of resonance wavelength to
1555.82 + 0.01 and 1555.73 nm, showing blueshifts of 0.12 £ 0.02 and 0.22 + 0.02 nm in
the resonance wavelength of the transmission spectrum, respectively. Increasing the SV
concentration to 300 nM results in a blueshift of 0.40 £ 0.02 nm in the transmission
spectrum. The corresponding resonance wavelength shifts for the SV concentration of 800

and 1300 nM are 0.75 + 0.02 and 0.95 + 0.02 nm, respectively.
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Figure 4.14 (a) Transmission spectra of a coated FMZI (length: 4 cm) with different
concentrations of streptavidin protein; (b) enlarged curves around the wavelength in the vicinity

of 1555.75 nm.
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4.3.2 Properties of an inline asymmetrical MZI coated with (PAH/SiO::
Au)a/Biotin
Having considered the symmetrical MZI, it is now instructive to examine the asymmetrical
one, for which the first tapered fiber (on the right in Fig. 4.13) has the same waist thickness
(58 um) and the same length as the symmetrical one (378 um). The other taper has the
same length, but its waist is shortened to 45 um, and the distance between tapers centers is
the same as 4 cm. Similar to the practice adopted in the previous case (symmetrical MZI),
as a first step, computation is performed for the bare MZI while the structure is surrounded
by water, then the whole structure is coated with (PAH/SiO2:Au)a/Biotin. The addition of
the SV protein at different concentrations induces shifts in the transmission spectrum of
light, as indicated in Fig. 4.15. A resonance wavelength of 1556.80 nm is chosen in Fig
4.15(b) for detailed observation of resonance wavelength shift induced by different SV
protein concentrations absorbed on the surface. Adding the coating to the structure leads
to a shift in the resonance wavelength by 1556.70 + 0.01 nm, indicating a blueshift of 0.10
+ 0.02 nm. This point is chosen as the reference of resonance wavelength for measuring
shifts due to the SV concentration variations. When an 83 nM concentration of SV protein
is added to the structure, the resonance wavelength in the transmission spectrum shifts by
0.17 £ 0.02 nm towards shorter wavelengths. When the SV-protein concentration increases
to 160 nM, the transmission spectrum shows a blueshift of 0.27 = 0.02 nm. Increasing the
concentration to 300 nM shows a blueshift of 0.45 + 0.02 nm in the resonance wavelength,

reaching 1556.25 + 0.01 nm. The additions of SV protein with 800 and 1300 nM
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concentrations result in blueshifts in the resonance wavelength with magnitudes of 0.90 +

0.02 and 1.00 £ 0.02 nm, respectively.
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Figure 4.15 (a) Transmission spectra of coated ((PAH/SiO:Au)s/Biotin) asymmetrical MZI (4
cm in length) with different concentrations of streptavidin protein; (b) enlarged curves around
the resonance wavelength of 1556.80 nm.
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4.3.2.1 Analysis on results of simulation on symmetrical and asymmetrical MZI
coated with (PAH/SiO2:Au)s/Biotin

A comparison between the simulation results on the 4-cm-long symmetrical and
asymmetrical MZI and the experimental results of the 4-cm-long symmetrical MZI is
illustrated in Fig.4.16. Shifts for the asymmetrical MZI-based biosensors are more
pronounced than for both symmetrical cases. In the asymmetrical MZI, the presence of the
smaller waist results in more exciting cladding modes [96], inducing increasing interaction
with the surrounding environment and enhancing the sensitivity to changes in any of the

external parameters such as the refractive index.
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Figure 4.16 Comparison between results obtained through experimental and simulation studies
on 4-cm-long symmetrical and asymmetrical MZI coated with (PAH/SiO2:Au)s/Biotin. The
dotted line shows the experimental results [67], while the dashed and solid lines indicate the
simulation results for symmetrical and asymmetrical MZI, respectively.
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Applying Eqg. (4.2), the corresponding sensitivities for symmetrical MZI in the
simulation and the experiment has been found to be 0.144 + 0.080 and 0.07 + 0.08
nm/(ng/mm?), respectively. In contrast, the sensitivity for the asymmetrical MZI in the
simulation is calculated as 0.152 + 0.080 nm/(ng/mm?). Also, in the simulation, 100%
adsorption (of proteins to Biotins on the surface) is assumed as indicated in Fig 4.3,
therefore, the sensitivities are higher than those of the experimental results. Some SV
proteins may not have reached the biotin surface during the experimental process, or some
nanoparticles might be lost during the washing process [67]. As a result, the effective
refractive index of the cladding could not increase as much as shown in the simulation.
Another point in Fig 4.16 is related to the 83 nM protein concentration mentioned before
in the discussion on single tapered fiber biosensors (Section 4.2.2.2). The 83 nM protein
concentration is not significant, so that within the uncertainty range, the resonance
wavelength shifts are approximately the same for all biosensors. This problem is solved for
the 160 nM-SV protein concentration so that in this concentration, the blueshifts in the
simulation results of both symmetrical and asymmetrical MZI-based biosensors are higher

than the experimental results.
4.3.3 MZI protein sensor coated with (PAH/PSS)3/Biotin

As mentioned before, the other coating material used for performing SV protein
concentration measurements is (PAH/PSS)s/Biotin. Maryam et al. [67] carried out the
corresponding experiments for the 4-cm-long MZI with two tapers having identical

measurements for the waist (58 um) and length (378 um) (the functionalization process
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was explained in Section 4.1). After the bare MZI transmission spectrum in water is
obtained, the structure is coated with (PAH/PSS)s/Biotin. During this step, the second
transmission spectrum is taken. Subsequent steps are adding different SV protein
concentrations to the solution; and monitoring the transmission spectrum for possible

shifts.

These processes are implemented on symmetrical and asymmetrical inline tapered
fiber MZI in this simulation. As mentioned before, the code is compiled using COMSOL

Multiphysics software.

4.3.3.1 Properties of an inline symmetrical Mach-Zehnder Interferometer
coated with (PAH/PSS)s/Biotin

Figure 4.17 illustrates the transmission spectra of a 4-cm-long symmetrical MZI-based
protein sensor before and after coating with (PAH/PSS)s/Biotin, when exposed to different
SV protein concentrations. A resonance wavelength of 1556.10 nm in the transmission
spectrum of the bare MZI fiber surrounded by water is chosen to show the transmission
spectrum shift at each step, as shown in Fig. 4.17(b). Coating the structure with
(PAH/PSS)a/Biotin induces a shift in the resonance wavelength from 1556.10 + 0.01 to
1555.00 = 0.01 nm, indicating a blueshift of 1.10 £ 0.02 nm in the transmission spectrum.
Adding SV protein at concentrations of 83 and 160 nM leads to blueshifts of the resonance
wavelength 0.90 + 0.02 and 1.3 + 0.02 nm. A wavelength shift of 1.70 + 0.02 nm results
from an increase in the protein concentration to 300 nM. After increasing the SV
concentration to 800 and 1300 nM, the resonance wavelength shifts towards shorter

wavelengths by 2.20 + 0.02 nm and 2.40 + 0.02 nm, respectively.
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Figure 4.17 (a) Transmission spectra of (PAH/PSS)s/Biotin-coated symmetrical MZI with a
length of 4 cm in different concentrations of streptavidin protein; (b) enlarged transmission
spectra around the resonance wavelength of 1556.10 nm.
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4.3.3.2 Properties of an inline asymmetrical Mach-Zehnder Interferometer
coated with (PAH/PSS)s/Biotin

Figure 4.18 illustrates the transmission spectra of a 4-cm-long asymmetrical MZI fiber
structure before and after coating with (PAH/PSS)a/Biotin while exposed to different SV
concentrations. A 1556.80 nm resonance wavelength in the transmission spectrum of the
bare MZI surrounded with water is chosen for determining the transmission spectrum shift
at each step, as shown in Fig. 4.18(b). Coating the structure with (PAH/PSS)s/Biotin
induces a shift in the resonance wavelength to 1555.85 + 0.01 nm, indicating a blueshift of
1.05 + 0.02 nm. This resonance wavelength is used as the reference point for the
asymmetrical MZI coated with (PAH/PSS)a/Biotin. When an SV protein solution with a
concentration of 83 nM is added, the resonance wavelength shifts by 0.95 £ 0.02 nm
towards shorter wavelengths. Increasing the SV concentration to 160 and 300 nM induce
blueshift of 1.45 + 0.02 and 1.85 + 0.02 nm in the transmission spectrum, respectively. The
solution of SV with concentrations of 800 and 1300 nM lead to shifts in the transmission

spectra towards shorter wavelengths as 2.30 £ 0.02 and 2.75 £ 0.02 nm, respectively.
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Figure 4.18 (a) Transmission spectra of (PAH/PSS)s/Biotin-coated asymmetrical MZI with a
length of 4 cm with different concentrations of streptavidin protein; (b) enlarged transmission
spectra around the resonance wavelength of 1556.80 nm.
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4.3.3.3 Analysis of results on symmetrical and asymmetrical MZI both coated

with (PAH/PSS)s/Biotin

Figure 4.19 compares the simulation results for symmetrical and asymmetrical MZI

sensors with the experimental results for the symmetrical sensor, all coated with

(PAH/PSS)a/Biotin. Compared to the experimental results, the simulation results for both

the symmetrical and asymmetrical MZI sensors indicate higher sensitivities. The

asymmetrical MZI sensor shows a higher sensitivity in the simulations due to adopting a

taper with a smaller, 45 pum waist. At lower SV protein concentrations, such as 83 nM, the

two symmetrical and asymmetrical MZI-based biosensors show similar results within the

uncertainty range. In contrast, at a higher SV protein concentration (1300 nM), the

difference in the results is significant.
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Figure 4.19 Comparison between the experimental and simulation results of 4 cm-long
symmetrical and asymmetrical MZI coated with (PAH/PSS)s/Biotin. The dotted line shows the
experimental result, while the dashed and solid lines indicate the simulation results for

symmetrical and asymmetrical MZI, respectively.
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With Eq. (4.2), sensitivities for the 4-cm symmetrical and asymmetrical MZIs are
calculated as 0.38 + 0.08 and 0.44 + 0.08 nm/(ng/mm?), respectively, while the sensitivity
for the experimental symmetrical case was 0.29 + 0.08 nm/(ng/mm?) [67]. Compared to
the experimental result, the simulated sensitivities for both symmetrical and asymmetrical

MZlIs are higher. The reason for this has been mentioned in Section 4.3.2.1.
4.4 Differences between the sensitivities of two biosensors

MZI biosensor simulation using different coatings indicates that the sensitivities of these
biosensors are different: the (PAH/PSS)s/Biotin coating-based biosensor shows a
sensitivity several times higher than that of the (PAH/SiO2:Au)a/Biotin-coated biosensor.
The effective refractive index of the nano-layers in (PAH/SiO2:Au)s/Biotin is very close to
that of water (1.3300). This value is much lower than the refractive index of the cladding,
which is 1.4378; therefore, nano-layer refractive index variations in the order of 10
(resulting from the addition of protein concentrations [89]) would not significantly impact
the transmission spectrum. However, in the case of (PAH/PSS)s/Biotin-coated biosensors,
the effective refractive index of the layers (1.4250) is very close to the cladding refractive
index (1.4478). In this case, any slight variation in the refractive index of the surrounding
ambient will increasingly weaken the total internal reflection of the tapered fiber, so that
more exciting cladding modes will be available to interact with the surrounding area, which
results in a significant shift in the transmission spectrum. This has been proved by the
simulation on an inline tapered fiber MZI with a length of 4 cm. In one case, the

environmental refractive index of inline tapered fiber MZI is changed from 1.3300 to
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1.3350. Figure 4.20 indicates a blueshift in the spectra. Despite a significant change in the
refractive index (10°%) in comparison to changes resulting from the addition of protein (10°
) [89], the highest shift is 1.5 nm (1556.10 nm for 1.3300 and 1554.60 nm for 1.3350),

while the value for protein sensing is 1.00 nm.
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Figure 4.20 Shifts in the transmission spectrum of the MZI due to changes in the environmental
refractive index around 1.330.

These simulations have been performed for the same structure but with an
environmental refractive index of 1.4200. Figure 4.21 shows that any slight variation in the
refractive index of the surrounding medium results in a significant shift in the transmission
spectrum of the MZI. The resonance wavelength corresponding to a refractive index of
1.4200 is 1555.0 nm. The resonance wavelength shifts to 1550.8 nm for a refractive index

of 1.4250, indicating a blueshift of 4.2 nm, which is approximately three times more than
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the shift in the wavelength compared to the case that its environmental refractive index is

around 1.330.
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Figure 4.21 Shifts in the transmission spectrum of the MZI due to variations in the
environmental refractive index around 1.4200.

In summary, this chapter has computationally and experimentally discussed single
tapered fiber and inline tapered fiber-based MZI biosensing properties using two different
types of surface functionalization: ((PAH/SiO2:Au)s/Biotin and (PAH/PSS)s/Biotin.
Sensitivities of (PAH/PSS)s/Biotin coated biosensors are higher in both cases (single
tapered fiber and inline MZI). Calculations on effective refractive indices of two different
types of bilayers show that since the effective refractive index of (PAH/PSS)s/Biotin coated
biosensor is very close to that of the fiber cladding, this type of biosensor is more sensitive

to variations on SV protein concentration. In addition, although the simulation results show
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higher sensitivities than those of the experimental results due to 100% adsorption (of
proteins to Biotins on the surface), which is assumed in the simulation, the simulation
results generally have revealed the same order sensitivity as the experimental results. In
total, single tapered fiber and inline tapered fiber-based MZI biosensors show the excellent

ability to measure the SV-protein concentrations of more than 83 nM.
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Chapter 5 Conclusion

Optical fiber sensors have been playing important roles in science and technology owing
to their extraordinary advantages such as small size, light-weight, immunity to
electromagnetic interference, and viability in harsh environments. Ongoing efforts have
been aimed to improve the performance and applicability of these sensors for industrial
uses. Among the photonic microstructure-based optical fiber sensors, long-period gratings
and tapered fibers have found their place in modern technology. In this thesis study, long-
period fiber gratings fabricated on single-mode fibers using the arc discharge method have
been examined. The influence of variations of fabrication parameters on the properties of
the prepared samples, including their micro-taper diameters and transmission spectra, has

been investigated. The results indicate that the average diameter of micro-tapers decreases
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by increasing any of the three fabrication parameters: arc current, arc duration, and tension

along the fiber.

Local stress relaxation on the fiber core and cladding is a key mechanism in micro-
taper formation. With typical fabrication parameters of 10 mA for the arc current and 250
ms for the arc duration, the fiber temperature in the arc position reaches 1300°C in less
than half a second [58]. Applying stress in the order of several MPa induces a significant
strain on the arc position in the fiber and forms the micro-tapers. This phenomenon is
modeled and confirmed by simulation results using COMSOL® Multiphysics software for

the first time in this study.

To investigate the changes in the transmission spectrum of fabricated LPGs,
investigation on the deformations in the geometries of micro-tapers fabricated with
different values of these three parameters have been implemented in the model using
COMSOL Multiphysics software. The results show a blueshift in the LPG transmission
spectrum when any of the three fabrication parameters increases. In general, an increase in
any of the parameters leads to the formation of micro-tapers with smaller waists, which
increases coupling strength and the corresponding intensity loss. With larger fabrication
parameters, stress relaxation can be enhanced significantly due to higher fiber
temperatures, resulting in a decrease in the core refractive index and inducing a blueshift

in the resonance wavelength.

After considering fundamental LPG features, the feasibility of using such device

for sensing environmental refractive index and temperature has been studied. For
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environmental refractive index ranging from 1.0 to 1.4375, the shift in resonance
wavelength is minimal for a surrounding medium having a refractive index close to 1.
However, when the refractive index approaches that of the cladding, the resonance
wavelength shifts significantly, so that for a range from environmental refractive indices
1.4000 to 1.4375, the LPG sensitivity to the surrounding medium refractive index is

significant (-171.82 nm/RIU).

In general, LPG sensor sensitivity to a refractive index originates from the fact that
the effective refractive index of cladding modes depends on the environmental refractive
index. The effective refractive index of the cladding determines the resonance wavelength
in the transmission spectrum. Tuning the ambient refractive index to approach that of the
cladding weakens the total internal reflection condition. As a result, the evanescent fields
existing in the fiber cladding have a greater potential to interact with the surrounding

ambient, boosting the sensitivity of the sensor.

The arc-induced LPG is also simulated as a temperature sensor. A sensitivity of 10
pm/°C is obtained for this sensor. LPG sensitivity to the ambient temperature is related to
the thermal expansion and the temperature-dependent modulation of the refractive indices
of the fiber core and cladding. Increasing the ambient temperature causes a thermal
expansion in the LPG length, shifting the resonance wavelength towards longer
wavelengths. On the other hand, variations in the environmental temperature influence the

refractive indices of the core and cladding and lead to a shift in the resonance wavelength.
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Furthermore, tapered fibers in the configurations of either single or in-line MZI are
studied as biosensors for detecting the concentration of SV protein computationally and
compared with the experimental results previously obtained in our research group.
According to simulation results, for the structures differently functionalized, the largest
sensitivity has been found for the tapered fiber with the smallest waist. In contrast, for the
in-line tapered fiber MZI, the asymmetric MZI shows the largest sensitivity. The
simulation results also have revealed a very good agreement with the experimental results
indicating the effective refractive indices of the coating materials play a significant role in
determining the sensitivity. The effective refractive index for structures coated with
(PAH/SIO2: Au)a/Biotin is 1.3340, which is considerably smaller than the cladding
refractive index (1.4378). This means that any variation in the surrounding refractive index
will not considerably affect the transmission spectrum. On the other hand, the effective
refractive index of the (PAH/PSS)s/Biotin-coated structure is around 1.4250, which is very
close to the cladding refractive index. Hence, resonance wavelength can be shifted
significantly by any slight variation in the environmental refractive index due to weakening

the total internal reflection of tapered fiber.

These results show the feasibility of using LPG as a sensor, a single tapered fiber,
and an in-line tapered fiber MZI as biosensors, all for external parameters such as
environmental temperature, refractive index, and some biomolecules like proteins (with
concentrations of more than 83 nM). Based on the findings of this study, it will be possible

to design LPG-based and tapered fiber-based optical fiber sensors and biosensors that can

130



be used in a variety of fields, including telecommunications, chemistry, medicine, and

environmental sciences.
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