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This thesis emphasises an elaborate research finding on the fabrication, analysis of resonance spectral
response and sensing applications in various fields using different type of optical fibre grating
devices over an entire wavelength range from near- to mid-infrared (IR).

Firstly, the major contribution described in the thesis is a thorough investigation of sensor structures,
detailed in respect to writing techniques for optical fibre gratings irradiated by a frequency-doubled
Argon ion laser. Thereafter spectral modulation for these UV-inscribed fibre Bragg gratings (FBGs),
long period gratings (LPGs) and tilted fibre gratings (TFGs) of small and large angled structures are
analysed. Special LPG devices with both dual peaks and 1'&2"™ orders, and excessively tilted TFGs
(Ex-TFGs) are also achieved with the resonances in the mid-IR range for enhanced sensitivity.
Investigations of different sensing measurements, such as temperature, strain, bending and
surrounding refractive index (SRI) for these fibre grating devices are performed.

Another important contribution is the study on experimental investigation for the fabrication of FBGs
into multicore fibre such as four core fibre (4CF) with two different core spacings and seven core
fibre (7CF) are explained. A selective inscription method is utilised for inscribing FBGs into different
cores of multicore fibre (MCF). The measurement performance with vector bend/twist sensing results
in an enhanced sensitivity for FBGs in the distributed cores around the circumference of 4CF and
7CF is analysed in detail, showing the effective detection of both amplitude and direction. Whereas,
in 7CF the central core FBG acts as the temperature reference having low bending sensitivity of -
8.83 pm/m’!, presenting extra function for eliminating temperature cross-talk effect. The application
for these grating devices is largely associated to structural monitoring in astronomy, biomedical
sciences, and robotics.

Finally, I have investigated different enzyme functionalised and nano-deposited LPG devices for bio
and environmental sensing applications. The experimental findings for these sensors are discussed
in glucose sensing measurements by observing resonance wavelength shift. Whereas LPGs
fabricated with mono or multi-layered deposition of 2D nanomaterials, such as graphene oxide (GO)
solution and single walled carbon nanotubes (SWCNT) are demonstrated with SRI measurement.
Here, the fabricated devices show a significant intensity change into the transmission spectrum. The
resonance response is observed in the near- to mid-IR ranges. This enhanced sensitivity is utilised
for haemoglobin sensing in the detection of anaemia in human body and relative humidity sensing
for monitoring environmental condition respectively. All demonstrated optical fibre grating based
sensors have potential for a wide range of future applications in industry, medical and environmental
sectors.

Keywords: Optical fibre gratings, Vector sensors, Enzyme functionalisation, Glucose sensing,
Haemoglobin sensing, Relative humidity.
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1.1 Introduction

Fibre optics is one of the technological advancements over the last few decades and currently its vast
application in different areas of research is highly advantageous. The propagation of light through a
fibre core is not only utilised for near-infrared wavelength telecommunication but it can also be used
for sensing purposes in biomedical science, civil engineering etc. So as a result, the fibre optics has
two main applications: telecommunication and sensing. Communication implies a transfer of
information such as speech, images, data etc over a distance, i.e., from one point to another. In this
case the modulated wave acts as a carrier and reaches the receiving end. In another application the
fibre itself is modulated with difference in refractive index within it, typical examples are optical
fibre gratings. In-fibre gratings were first demonstrated by Hill et al. in 1978 [1]. This utilises the
application in sensing fields depending on different temperature, strain, and other environmental
conditions. Our research focus is optical fibre grating based sensing for various real time

applications.

Photosensitivity has significant role in optical fibres and waveguides. It is utilised from
telecommunication industry to sensing technology through fibre grating inscriptions.
Photosensitivity was first discovered into germanium doped silica fibres [2]. It depends on different
mechanisms, namely photochemical, photomechanical, thermochemical etc. It is also dependent on
the intensity and wavelength of incident light. There are different models that can explain
photosensitivity mechanism. These are mainly colour centre model and compaction densification

model. The other alternative models are electric dipole model and electron charge migration model.

The non-photosensitive or weak-photosensitive effect of the fibre also could directly affect the
refractive index modulation within fibre in the presence of strong laser illumination. This method is
based on compaction-densification model. Fiori and Devine explored their work based on this model
and they used a KrF excimer laser to irradiate thin-film amorphous silica samples grown on silica
wafer. As the laser illuminates the film thickness is reduced continuously and corresponding

refractive index is formed. They retrieved the original refractive index and thickness after annealing
at 950 °C for an hour when the compaction disappears [3]. Later, photosensitivity enhancement

technique with much followed hydrogen loading method was reported by Lemaire et al. [4], and all

these techniques have been utilised to inscribe grating structures in optical fibres.

More dominated applications in using optical fibre gratings are in fibre optic sensing area. A grating
is formed by periodic perturbations of refractive index within the fibre core or cladding. The

refractive index modulated structures can be created by exposing the Ge and B/Ge doped fibre to
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ultraviolet (UV) radiation with a wavelength range of 244-248 nm [4]. Depending on the refractive

index modulation period length, the gratings are of two major types: Fibre Bragg Grating (FBG) and
Long Period Grating (LPG). In an FBG, it is required to couple a forward propagating core mode to
the backward mode and the period length lies in the order of few micrometres. Whereas, in an LPG
the coupling occurs between co-propagating core and cladding modes, and it has a period length of

several hundred micrometres.

For the past 15 years or more, the optical fibre gratings with tilted structures became more attractive

due to their excellent optical properties. Meltz et al. first reported the light coupling phenomena from
the core mode to cladding and radiation modes through tilted fibre gratings (TFGs) [S]. Erdogan &

Sipe elaborated a complete theoretical analysis of TFG structure with gratings inscribed at 45° tilted

angle, enables the light coupling through s-polarised light from guided core-mode to the radiation

mode and propagation of p-polarised light through the fibre [6].

In recent years, optical fibre gratings are largely implemented in structural health monitoring
purposes, bio and environmental sensing applications. The optical fibre gratings fabricated into
special fibres such as thin-cladding single mode - single core fibre and single mode - multicore fibres
(SM-MCF) are useful in-fibre components operating through near-IR to mid-IR. The UV-inscribed
FBGs into SM-MCF in the near IR enable these for the applications in vector bending and load

sensing in structural health monitoring and medical devices [7, 8]. Ultrasensitive-sensors fabricated
into normal SMF and thin cladding fibres in the mid-IR range have potential applications in health

and environment [9, 10].
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1.2 Structure of thesis

The thesis consists of six chapters and the content summary for each chapter are listed as below:
Chapter 1 contains a brief introduction and elaborates the structure of thesis.

Chapter 2 represents a brief historical perspective for the development of fibre gratings. The
photosensitivity effect with different models such as, colour centre, stress relaxation and
compaction/densification are briefly discussed. Then, different photosensitivity enhancement
methods are reviewed in detail. A complete theoretical analysis for different types of grating
formation in the phase matched condition and light coupling mechanisms are schematically
explained. Finally, different fabrication methods for UV-inscription of FBG, LPG and TFGs are

explained.

Chapter 3 is discussed in two parts. Part A emphasises about the fabrication and characterisation of
different types of grating in the near IR range. The chapter starts with the fabrication of normal FBGs
with the chosen centre wavelengths in the range of 1530 — 1568 nm and followed by the thermal and
strain sensing measurements. Then the fabrication and characterisation for UV-inscribed LPGs are
discussed. These LPGs with the sensitivity measurements not just for temperature but also
surrounding refractive index (SRI) are presented. Following this, a section for the inscription of small
angle titled gratings (STFGs) and their thermal sensing analysis are discussed. The Part B is focused
onto the fabrication and characterisations of optical fibre gratings in the mid-IR range. The spectral

response of LPGs and TFGs are explained with temperature and SRI sensing results.

Chapter 4 investigates the FBG inscription into multicore fibre (MCF) such as 4-core fibre (4CF)
and 7-core fibre (7CF) and the details for the vector sensing measurements using MCFs are presented.
This chapter starts with the discussion on core positioning into MCF with various core spacings for
selective inscription. Then the inscription methods and characterisation for the UV-inscribed FBGs
into different cores for both 4CF and 7CF are presented in detail. Finally, vector sensing
measurements using FBGs in 4CF and 7CF are demonstrated, and the sensitivity analysis shows
clearly these sensors are not just capable of measuring the amplitude but also recognising the

direction of the physical structure changes under bending condition.

Chapter 5 describes the fabrication and characterisation of biomaterials coated fibre grating sensors
based on LPG and dual peak LPG (dLPG) operating in the near IR to mid-IR region. Initially, the
chapter starts with theoretical analysis for fibre sensor with respect to light-matter interaction and
investigated for glucose sensing. Then the fabrication and characterisation of enzyme functionalised
LPG/dLPG based biosensors are discussed for glucose sensing. In the later section, the GO-based
LPG device is demonstrated for fabrication methods and detailed characterisation with respect to

thermal and SRI sensing measurements. Thereafter, GO-LPG/ dLPG are presented for haemoglobin
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sensing and RH sensing measurements for bio and environmental applications. Finally,

nanodeposition with SWCNT for LPG device is investigated for SRI sensing.

Chapter 6 is the thesis conclusion with the discussions of important research findings and suggesting

possible future works that might be explored.
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Chapter 2

Review: History, photosensitivity, theoretical
background of fibre grating and inscription
methods
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2.1 Brief history of optical fibre grating

The successful experimentation for fibre Bragg gratings (FBGs) formation into germanosilicate fibre
was first achieved by Hill et al. in 1978 at the Canadian Communication Research Centre (CRC) [2].

The photosensitivity is the periodic modulation of refractive index along the fibre length. The
experiment was performed by the irradiation through an Argon ion laser with the emission
wavelength in the visible range of 488 nm or 514.5 nm. These are known as ‘Hill’ gratings. It was
noted from their experiment that the reflectivity continuously increases when a light is launched into
the fibre core. As a result, refractive index grating is written in the form of intensity distribution from
the 4% back reflected light at the end of fibre core and the forward propagating light. The refractive
index modulation increases with an increase in reflectivity. During this process a permanent,
narrowband Bragg reflection filters achieved with 100% reflection. The only requirement for this
method is a longer exposure time of few minutes. This renowned phenomenon remained unexplored
further for almost ten years due to difficulties in the experimental setup. The experimental
observation was thought to be limited to one “magic” fibre at CRC in Canada. At that time an
increased interest has been shown for developing new methods for grating inscription with different
types of fibre such as non-germanosilicate varieties. It is found that the photosensitivity is achievable
in several different type of optical fibres that do not have germanium content or very minor fraction
of it. This effect is induced by a two-photon process [11] . Germania doped fibre shows maximum

photosensitivity than other fibres doped with cerium [12] and erbium [13].

Later there was a continuation of experimental research on second- harmonic generation in a
germanium doped optical fibre. A Germania-doped silica fibre has a zero second-order nonlinear co-
efficient and is responsible for second-harmonic generation. Another phenomenon called sum-
frequency generation was reported by Ohmori and Sasaki [14]. The efficiency of second harmonic
generation is found to be increased by a long exposure and it was first shown by Ulf Osterberg and

Walter Margulis [15].

The famous grating writing technique using two beam holographic method was first reported by
Gerry Meltz et al. [16]. They showed the formation of gratings using single photon absorption in the
UV range at 244 nm. A further demonstration depicts that the reflection gratings using two interfering
beams were formed at the visible range of spectrum, i.e., 571 - 600 nm. The angle between the
interfering beams plays a major role in grating formation. It induces the shift of Bragg condition to
higher wavelengths, and it was achievable to fabricate reflection grating at around 1530 nm. This
spectrum is very useful for telecommunication purposes and also utilised for demonstrating fibre
laser operation [17]. Later a lot of improvements have been done to achieve fibre gratings with longer

period length. Lemaire and co-workers showed that a greater refractive index change can be obtained

using hydrogen loaded photosensitive fibre [4].
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Further technological advancement enhanced the application of FBG in different areas. The optical
fibre dispersion was compensated using FBGs reported by Hill et al. [18]. The other type of gratings
namely sampled gratings [19], apodised gratings [20], Moiré gratings [21], phase shifted gratings
[22] etc. were designed depending on the area of application. Vengsarkar et al. [23] first investigated
a special type of grating, that is different from the normal Bragg grating. The main purpose of these
gratings is their usage as band rejection filters to get low loss fibres. The difference in period length
varies in the range of few hundred microns, named as long period grating (LPG). In this case
fundamental guided mode is coupled to the forward propagating cladding modes. Transmission
spectrum is measured due to absorption and scattering loss of these propagating modes. The absolute
periodicity of LPG depends on phase matching condition during the coupling from one mode to

another [24].

A new sensing area was explored with the availability of microstructured fibre to polarisation
maintaining fibre [25]. The radiation mode coupling can be increased with an introduction of tilt in
the grating fringes. The fabrication of tilted fibre grating (TFG) requires a fibre to be tilted out of the
plane. Grating inscription takes place along the direction of propagation of the mode through a fibre.
P.S. Westbrook demonstrated the first 45° tilted fibre grating (TFG) in 2000; and later in 2005, Zhou
et al., shown the function of 45°-TFG as an in-fibre polariser [26, 27]. Again, the large angled TFGs
were developed in 2006 by Zhou et al. at Aston university, UK, which has excellent performance for

their high refractive index sensitivity and optimised thermal sensitivity [28].

Effectively, there is a wide exploration of optical fibre grating technology in the modern age.
Photosensitivity enhancement and its utilisation with the fabrication of various types of optical fibre
gratings are most discussed topic in a number of books, journals, proceedings of conferences etc.
Different fabrication methods require high power pulsed laser for writing strong gratings. However,
inscription of optical fibre gratings most uses femtosecond laser [29] and UV laser, which produce

high-power output to make strong refractive index perturbation onto the fibre.

2.2 Optical fibre photosensitivity

The photosensitivity effect is associated with the formation of optical fibre gratings in silica fibre
after the fibre section is exposed to laser radiation at suitable wavelength. The change in refractive
index is influenced by UV power and wavelength. It also depends on other parameters such as the
fibre type and laser consisting of an absorption band near to 244 nm. In this process a standing wave
interference pattern is generated by the counterpropagating light emissions. The photosensitivity
enhancement for standard silica fibre depends on several factors, most importantly, fibre core
material and type, the radiation wavelength and intensity of light, and the treatment method of fibre
such as hydrogen loading. The photosensitivity into germanosilicate fibre induces the perturbed

refractive index after a suitable exposure to incident radiation. The photosensitivity phenomenon
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enables fibre grating formation, and the grating devices have been widely used in applications as

fibre sensors [30], lasers [31] and narrowband filters [32].

2.2.1 Photosensitivity mechanisms

The manufacturing and fabrication of different materials introduce minor defects within it. These can
create enormous risks if applied in some applications such as high-speed rotating turbines. Whereas
in some fields, this has advantages by utilising the energy band structure for semiconductor materials

such as in germanium doped silica fibres.

Optical fibre glass material has significant defects in it. It happens during the fabrication process
such as modified chemical vapor deposition (MCVD) method developed by Bell labs in 1978, where
the germanium-doped preform is prepared. In this process the doping concentration can be adjusted
by the proportion of gases, such as nitrogen and oxygen with silicon/germanium tetrachloride.
However, this complex system of chemical reactions introduces the formation of suboxides and

defects into the host matrix with silica.

The suboxides formation also occurs at the time of fibre drawing process. Different absorption bands
associated with the defects are affected by the incident radiation. A new type of defect known as the
drawing induced defect (DID) can be formed due to a partial chemical reaction into the silica matrix
and as a result many sub - oxides and defects are formed [33, 34]. These are primarily known as
wrong bonds which are 2- coordinated Ge or Ge-Si or Ge-Ge and situated into the core of an optical

fibre. These are highly thermally unstable at the time of fabrication process [35].

In a germanium-doped optical fibre an absorption band at 240 nm is associated with GeO defect
(oxygen-deficient Ge defect). After the exposure to UV irradiation, the Ge-Si band breaks, forming
the GeE' centre and emitting free electrons into the glass matrix until it finds another defect site. As
a result, some wavelength matches with the incident light and some other creates an absorption band
that leads to a refractive index change following the Kramers-Kronig relationship. Evidence showed
that a number of experiments support this GeE’' model and original Hill gratings were developed by
this process. The fundamental phenomena involved in this process is two photon absorption into the
240 nm band. Theoretical implementation of Kramers-Kronig model for the calculation of refractive

index strongly agrees with the measurement of photoinduced grating.
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Figure 2. 1 Point defects of Germanium doped silica glass for enhanced photosensitivity [35].

Germanium oxygen deficiency centres (GODC) are formed as the concentration of germanium
becomes large. The absorption related to GODC is eliminated by the incident UV radiation and
creates new defects with associated new absorption bands. Figure 2.1 shows the details of GODC

structures and its modification with UV radiation.

An extra defect with Ge (1) is created and bonded in the silica matrix whenever an emission of GeE'
is there, resulting in a release of an electron [36]. The photo- induced refractive index modulation
occurs due to transformation of the diamagnetic (with paired electron spins) GODC defects to
paramagnetic defects (with unpaired electrons). Another technique enhanced by the thermal effect,
known as the stress modified or compaction of silica that results in an improved level of index
change. This happens with UV exposed germane-silicate fibre creating a modification of stress and

refractive index.

2.2.2 Photosensitisation techniques

Photosensitivity depends on different mechanisms, namely photochemical, photomechanical,
thermochemical etc. It is also dependent on the intensity and wavelength of incident light. There are
different models that can explain photosensitivity mechanism. These are mainly colour centre model
[37] and compaction densification model [38]. The other alternative models are stress

relief/relaxation model [39], electron charge migration model [40] etc.
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a. Colour centre model

Firstly, Hand and Russell used Kramers - Kronig model [41] to show defect centres into an optical
fibre material and mentioned the popular colour centre model. A quasi-periodic structure comprises
of four silicon atomic bonds with four adjacent oxygen atoms to form a tetrahedral structure of pure
amorphous silica. Deformation of normal tetrahedral lattice occurs in this process. Germanium also
has similar atomic structure like silicon and four valency creates a silica matrix. GeO and GeO; are
the two stable oxidation states (+2 and +4 respectively). Chemical vapour deposition (CVD) method
is used to prepare a germanium doped preform and the doping concentration is modified using the

ratio of silicon/ germanium tetrachloride and oxygen.

™~ ~ hv
—  Ge — Ge — T > GeF' +GeO;+e
Ge Ge ¢ e ebste (a)
~ ~ Spontaneous
Or Ge - Si

recombination

| hv

— Ge +Ge — — >  GEC+STH ———>» GeE'+0+STH (b)
/ \ Spontaneous
| recombination

Figure 2. 2 Two photochemical reactions (a) single photon process and (b) two-photon process [41].

With reference to above explanation, the GODC comprises of two possible compositions with Ge**

ions organised with two oxygen atoms and having two electrons lone pair as depicted in Fig. 2.2 [36,
41]. The Ge-Ge or Si-Ge wrong bonds are famously linked with two different possibilities for
photochemical reaction. These are single-photon process and two-photon process respectively. A
photon absorption occurs through a wrong bond based GODC and converts it into GeE’, GeO;" and
an electron [41, 42]. Whereas, in the latter case the two photon absorption takes place for the wrong
bond GODC and Ge electron centre (GeC) with self-trapped hole centre (STH) is created in the
process. After this there is GeE’ as shown in Fig. 2.2(b).

In colour centre model there is refractive index modulation with the absorption of UV radiation. The

index change could be expressed by Kramers - Kronig relation [37] as shown below:

_ 1 o A‘Xeff(l)
Anerr(A) = 551 J, oz (2.1)

Here, p is the principal part of the integral, A" is the wavelength for refractive index modulation and

the change in effective absorption coefficient for the defects is expressed as ¢ (4).

The effective refractive index is the function of both real and imaginary parts of the complex

equation. In this colour centre model, the imaginary part is associated with the UV absorbed
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refractive index change in the infrared and visible range. So, the calculation dealt into their model by
considering the real term of imaginary part. This efficient equation was applied in various

experimental measurements [41, 43-45].
b. Stress relaxation model

The stress-optic effect causes the refractive index perturbation within silica fibre at the presence of
UV exposure of certain intensity. There is inherent thermo-elastic stress relaxation within the fibre
core which induces the refractive index change [41]. The strength of stress within the fibre depends
on property of fibre material and the manufacturing process through which fibre is produced. The
difference in stress in the fibre cladding and core region makes various thermal expansion
coefficients. After the fibre is drawn and cools down, thereby restoring the additional stress. The

refractive index is reduced by the modified tension of the fibre.

Theoretically the core of the fibre has higher thermal expansion coefficient compared to the cladding
(Olcore > OLclad). The reason is because the core cools down to lower temperature due to thermal
contraction or due to the condition that the core has lower thermal expansion with respect to the
cladding. Mathematically if the integration of stress for the fibre is zero, the additional stress at
different points of the fibre will be dependent on the value of the ratio of their area. While drawing
the fibre, the applied tensile force solidifies that region and other part of the silica glass would solidify
with lower temperature as it gradually decreases. With this effect a complete stress in that part of the
fibre is obtained with comparatively lower transition temperature [42]. An approximate refractive
index modulation of the order of An ~ 10~ can be achieved from this stress relation in largely stressed

fibre [46].
c. Densification compaction model

The densification/compaction happens due to UV irradiation and thereby perturbation of refractive

index. An amorphous silica film is structurally deformed through the compaction effect and it was
first shown by Fiori and Devine [3, 47]. Different silica glasses have different softening temperature

proportional to the UV induced densification while processing through lithography applications [48].
An atomic force microscope (AFM), tunnelling electron microscope (TEM) [49] and variations in
Raman spectra [50] were used to observe UV induced densification for a germanium-doped silica
fibre. An increase in refractive index causes a compaction within the core and therefore an increased

tensile stress.

In the process of FBG fabrication, there is a strong change in tension within the fibre core. It is
different from the stress relief model [51]. The compaction or increasing refractive index and the
tensile stress or decreasing refractive index are combined to observe the mentioned effect while FBG

inscription is taking place. Some analysis showed that UV induced refractive index modulation is
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reduced by 30%-35%. This is because of photo-elastic effect whereas it is increased by the

compaction induced RI change.

2.2.3 Photosensitivity enhancement techniques

The photosensitivity of normal telecommunication fibre (SMF-28) needs to be increased for
refractive index modulation. A standard silica fibre has low germanium dopant (approximately 3%)
resulting in low photosensitivity and the photoinduced refractive index perturbation is less, about
3x107 [30]. There are several materials except germanium which can be used as dopant with silica
matrix to increase the refractive index. Germanium has the advantage with respect to the overall fibre

designing and flexibility in the fabrication process. But to avoid an excessive germanium doping,

another co-dopant like Boron can be used to enhance the photosensitivity [3].

a. Hydrogen loading technique

The hydrogen loading technique is applied to enhance the photosensitivity of normal silica fibre
while the physical properties are unaffected. This is a substitution of any other complex method such
as increasing dopant concentration in germane-silicate glass. The hydrogenation for standard silica
(SMF-28) fibre was firstly reported by Lemaire et al., where a 100 times higher index change was
achieved compared to non-hydrogenated fibre. Here hydrogen is diffused within silica matrix while

a high pressure (ranging from ~20 atm to 750 atm) is maintained at a suitable temperature range
from 20 °C to 75 °C [4]. The fibres are soaked into a loader for few days depending on the set

pressure and temperature and it is seen that a higher index change of the order of 3.43x10~ is obtained

in the optical fibre as it is exposed to UV irradiation.

There is temperature induced effect between hydrogen and existing defect sites at the time
photoreaction takes place [52, 53]. Later Awazu studied that the absorption band within the optical
fibre can be influenced by the hydrogenation process at 242 nm, 325 nm and 2.75 pm [54]. The first
two absorption bands at 242 nm and 325 nm are linked with GODCs. Fig. 2.3 represents the proposed
model for the chemical reaction that takes place within the hydrogen diffused fibre [54].

~
— 0 0 — T — — 0
N/ ™~ AN -
Ge +Hy — Ges 2HO — T —
N\ - / ™~
— 0 0 — T — — 0
~

Figure 2. 3 The proposed model for chemical reaction within the fibre into a hydrogen loading system [54].
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The important feature of hydrogenation process is that the hydrogen gets diffused as the sample is
taken out from high pressure environment. Silica contains hydroxyl (‘-OH”) group which has an
absorption band at 1400 nm and is extendable to 1550 nm in the telecommunication region (C- band).
‘-OH’ groups can be formed within the silica matrix during hydrogen loading and UV irradiation
process, but this structure gives increased transmission loss. The additional hydrogen causes a major
loss around the communication windows [52, 53]. One alternative method is by using deuterium with
similar properties to hydrogen, and the higher wavelength loss can be removed from the

telecommunication window [55].
b. Co-doping technique

At the beginning photosensitivity was dependent on a single dopant, i.e., germanium concentration
within the core of an optical fibre. Later other different materials were used for doping or co-doping
with germanium to increase the photosensitivity. Highly photosensitive fibres are obtained when
silica fibres are co-doped with B,O3 or GeO,. When a GeO; doped silica fibre is co-doped with B>Os3
and if the doping concentration is less than 10 mol%, the absorption band remains unchanged for
240 nm UV radiation. Therefore, an increased B,O3 concentration reduces the 240 nm absorption
band. The UV absorption starts at 190 nm and it diminishes at 240 nm for a B,O3 — SiO» glass [38].

This co-doping method is influenced by the increased densification when there is a stress effect [39].

The photosensitivity enhancement for a germano-silicate fibre can be done by using other materials
as the co-dopants, except boron. These are tin (Sn) co-doped fibre and nitrogen (N,) co-doped fibre.
There are some limitations with respect to the fabrication with these materials. Tin (Sn) as a co-
dopant has the advantage over boron as it has very low loss at the telecommunication window [40,

56].

Another co-doping material such as nitrogen (N;) doped with germanosilicate fibre enhances large
photosensitive effect, where the high index change of the order of 2x107 can be achieved for normal
non-hydrogenated fibre, and an index change of 1x107 for hydrogenated fibre [57]. An increased
absorption band at 240 nm can be obtained for N>-doped fibre as the concentration of GODC defect

centres becomes high.
c. Flame brushing technique

The principle involved in flame brushing method is similar to the hydrogen loading technique. Here
the photosensitising method depends on locally heating the fibre and waveguide using hydrogen
flame which creates an increase in the UV absorption wavelength. A hydrogen fuelled flame and
oxygen at high temperature (nearly 1700 °C) are used to treat the fibre for around 20 mins resulting

in the creation of GODC defect centres within the core of germanosilicate fibres after the diffusion
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of hydrogen and hydroxyl molecules in it. Therefore, the UV absorption band of 240 nm becomes

wider and it increases the UV induced refractive index perturbation [33].

One of the disadvantages of this method is mechanical degradation when the fibre is processed for a
long time. However, low loss achievement at the telecommunication window is relatively short time

for fibre treatment and creating the photosensitivity locally are the main advantages of this technique.

2.3 Coupled mode theory

An optical fibre is a cylindrical waveguide with the energy distribution between two orthogonal
modes is linear while considering an ideal structure in an unperturbed condition. The energy transfer
takes place when there is a refractive index modulation within an optical fibre. Various propagating
modes coupled with each other, and power exchange occurs. Hence, the diffraction efficiency and
spectral characteristics of optical fibre gratings was analysed using couple-mode theory (CMT). It is
an accurate model with largely accepted approximate solutions to explain the optical properties of
an in-fibre gratings. Yariv [58], Kogelnik [59] and Erdogan [60, 61] have derived this theory in a

rigorous way. The following will provide a description of the CMT as discussed in Erdogan’s model.

The transverse component of an electric field is considered as a superposition of the ideal modes for

an ideal waveguide without any refractive index modulation,

AT, y,2) = Lon(Am(2) exp(iBmz) + B (2) exp (=i Bm2))ém' (x,y) exp(—iwt) 2.2)

The two coefficients A,,(z) and B,,(z) are the amplitude variations for the m*"® mode where the

mode propagation is along +z and -z directions respectively.

5mT(x, y) is the transverse mode field that depends on the function of time exp(-iot) represented as

a bound-core, cladding or radiation LP modes and f is the propagation constant.

It can be expressed as,

21

B = 7 Nesr (2.3)

nesr denotes the effective refractive index of mt" order mode and X is the propagation wavelength.
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As the m*" mode propagates along the +z directions with amplitudes A,,(z) and B,,(z), mode
coupling occurs with the presence of dielectric perturbation and the change in amplitudes can be

expressed as:

d;% =i%qAq (Com + Cimn) exp[i(ﬁq - ,Bm)z] + i X4 By (Com — Cim) exp[—i(ﬁq + ,Bm)z] (2.4)
D = —i g Aq (Chm — Chn) exp[i(Bg + Bn)z] — iZq By (Chn + Chn) exp[—i(Bq — Bm)z] (2.5)

Here the transverse and longitudinal coupling coefficients between two modes (q and m) are

expressed as Cgm and C,’;m . Usually the longitudinal coupling is extremely less than the transverse

coefficient, i.e., Clyy >> Clm. Chyy can be written as follows:

Cim(@) =5 [f Ae (x,,2). 8] (x, y)dxdy (2.6)
Ae(x,y,2) = 2npppdnesr(x,y,2) (2.7)

Here, Ae(x,y,z) is the change in permittivity and it is approximately equal to 2nén. én is the

effective refractive index modulation which is lower than the local index n in an ideal fibre.

An ideal optical waveguide gives zero coupling coefficient, i.e., Cqu(z) = 0, when there is no

perturbation (Ae = 0). In this case the transverse mode becomes orthogonal with no energy
transformation. If a spatially varying UV radiation is exposed on a photosensitive fibre, a refractive

index change, dn,f¢(z) occurs along the propagation direction

Onesr(z) = Sneff(z) [1 + v cos (anz + d)(z))] (2.8)

In the above equation dn,f¢(z) is the ‘dc’ index variation spatially averaged over a grating period
and it results in a slowly varying envelope of the grating. A is the grating period, ¢p(z) gives the
grating chirp and the fringe visibility of the modulated refractive index is obtained from v. The term

Snerr(x,y,2), i.e., UV exposed refractive index change is uniform across the core of a fibre grating
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and it is very low at the outside of the core. So, the equation can be replaced in terms of 6n.,(z) and

rewritten as below:

CTn(2) = Ygm(2) + 2k (2)cos (27”2 + qb(z)) (2.9)

Here, Y, (2) and kg, (2) are the dc and ac coupling coefficients respectively and are given by,

Ym(@ = T 1011 (2) [[ e 85 (x,y)dxdy (2.10)
kqm(2) =2 Y (2) 2.11)

2.3.1 Backward mode coupling

An FBG structure in an optical fibre enables the light interaction occurring between the counter-
propagating modes, i.e., the light from the forward-propagating core mode couples to the backward-
propagating core mode. Under this condition the equations (2.4) and (2.5) can be modified to the

following equations [59].

Z—i = ipR(2) + ikS(2) (2.12)
£ = —iS(2) - ik"R(2) (2.13)

Where R and S are the amplitudes, 1 is the general “dc” self-coupling co-efficient, k is “ac” coupling

coefficient.

R(z) = A(2)exp (i6z - @) (2.14)
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S(z) = B(2)exp (—i6z + @) (2.15)

7 1d¢(2)
Pp=6+y— 22 (2.16)
é is a detuning factor and is independent of z. It is expressed as:
n 1 1
5=.3—K:.3—5d=27meff[;—z] (2.17)

A very weak grating (5 Nesr —)O) represents the Bragg scattering with a “design wavelength” of 1; =

2nqz¢ . The following simplified equations show the relations for a single mode Bragg grating:

2
Y = f&neff (2.18)

k=k*= %vSneff (2.19)

Ongsr along z axis remains unchanged and % = 0 for a uniform grating without any grating chirp.

Thus, the first order ordinary equations can be obtained using equation (2.12) and (2.13) with
constant co-efficients k, y, 1. The reflectivity of a uniform fibre grating structure with a length L can

be evaluated as below:

R = sinh?\/(kL)2— (yL)? (2.20)
— —(Y)+ coshz (k)2 (yL)? :

The maximum reflectivity (Rmax) is obtained at y = 0 and it is expressed as:
Riax = tanh?(kL) (2.21)

The wavelength difference between the first order minima on either side of central maximum

reflectivity is depicted as the bandwidth for a uniform FBG. This is given by:

2
AL _ VOness ( Ad )
A Neff 1+ Lv6neff (222)

véngrr becomes very small for a weak grating and then the above equation modifies to,
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~ _7d
- neffL

(2.23)

~|&

Therefore, the grating length L is related with the bandwidth. For a strong grating the term vén,sf

becomes large and in this case the expression for bandwidth is given as:

M _ vSneff
T =k (2.24)

It is evident that a strong grating condition is not dependent on the grating length. That means, the
incident beam completes the Bragg diffraction before the mode propagates through the whole grating

length.

2.3.2 Forward mode coupling

In the case of an LPG, the light from the forward propagating core mode is coupled to the co-
propagating cladding modes. The two equations (2.4) and (2.5) for an LPG can be rewritten in the

term that constitutes these two modes and synchronous approximations need to be considered.

Z—’; = ipR(2) + ikS(2) (2.25)
g = —ipS(2) + ik*R(2) (2.26)

The amplitudes R and S can be expressed as:

R(z) = A;(z2)exp (i(l/)n +155) g) exp (i6z — %) (2.27)

S(z) = Ay(2)exp (—i(1/)11 +1,5) g) exp (—iSZ + %) (2.28)

As previously mentioned, 11 and Y, are the “dc” coupling co-efficient and k is the “ac” coupling

co-efficient. 1 is the “dc” coupling co-efficient and is defined as:

_ Yutyiz) _1de
1‘b_6-|_( 2 ) 2 dz (2.29)
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For a constant detuning factor along the z axis, the expression of it is as below:

1 1

8=5(B1—By) — 5 =mhngs [1 - (2:30)

The term Ay = AngsrA is known as the “design wavelength” for any grating with zero index

modulation. The conditions for a Bragg grating are given as:
6§ =00rd=23= AngerA (2.31)

A uniform forward coupled grating is constant and needs to be solved numerically. The first order
coupled differential equations with constant co-efficient and necessary boundary conditions can be

solved to obtain forward coupled grating equations [61].

2.4 Phase matching condition

With the presence of perturbation in an optical fibre there is a coupling probability of the bounded
waves with the co-propagating or counter-propagating waves. Different type of fibre gratings is
classified depending on the coupling of a particular mode with the bounded wave. When light couples
in the opposite direction, that is to the counter propagating mode, it is known as backward-coupled
grating. The examples of these type of gratings are uniform Fibre Bragg grating (FBG), chirped
structures, tilted fibre grating (TFG) with small tilt angle. But when light coupling occurs in the same
direction or co-propagating modes, it is known as the forward-coupled grating. The example of this
type is long period grating (LPG) and large angle tilted grating, also known as excessively tilted fibre
grating (Ex-TFG).

The phase mismatch factor for any coupled modes is known as the detuning factor and it is defined

as:

AR =B+ By — fT’;Ncose (2.32)

Here, B; is the propagation constant for incident mode and [, is the propagation constant for the

diffracted mode respectively, A4 is the grating period, 6 is the tilting angle of the grating, N is any
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integer number. The “+” sign indicates the propagation direction which is either +z axis or -z axis.

To transfer a certain amount of energy, the phase is expressed as:

B+ By = i—ZNCOSG (2.33)

The phase matching for a particular mode has been decided by the signs of these two parameters [3;
and ;. N is assumed to be unity as the first order diffraction mode is the dominant mode. The

following expression explains resonant wavelength:

A= +ng) 2o (2.34)

cosf

Another way to explain phase-matching condition (PMC) can be expressed in terms of energy
conversion. The wave vector equation for mode coupling in a fibre grating known as PMC and can

be expressed in terms of vector K.

— — —

KX = Rcore + KG (2.35)

Here, I?X is the wave vector for core or cladding or radiation mode which depends on the applied

subscript. I?mre and I?G are the wave vectors for core mode and grating, respectively.

The wave vector and the grating vector for the incident light into the fibre core can be written as:

= 21

Keore = Neore F (2.36)
K, = 12\—’: (2.37)

In an FBG structure the light coupling between forward propagating core mode to backward

propagating core mode is shown in Fig. 2.4 (a) and given by the expression as:

g = _ 2
Kisre = Keore = Neore 5 (2.38)
For the light coupling in an LPG, the grating couples the incident light with forward propagating

cladding modes as depicted in Fig. 2.4 (b). The corresponding equation is represented as:

21

Ke = Netaa 5 (2.39)
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For TFGs as shown in Fig. 2.4 (c,d,e), the grating has the tilted angle of 6 with respect to the fibre

axis. The grating vector is given by,

—

Kg = Ncore 5 c0SO (2.40)

Different types of optical fibre grating with propagating directions are shown in Fig. 2.4, showing
phase matched vectors. A more complex analysis of phase matching condition can be seen in tilted

gratings where the angle varies in the range of 23.1° and 66.9° (Fig. 2.4 (c-¢)).

TFGs are mainly of three types: TFG with 8 < 23.1°, couples forward-propagating core mode to
backward-propagating lower order cladding modes; if the tilt angle lies between 23.1° and 66.9°
coupling occurs between the fundamental core-mode and the radiation mode; for 6 > 66.9°,

coupling occurs between core-mode to forward propagating higher order cladding modes [27, 33].

Namita Sahoo, PhD Thesis, Aston University 2021 42



Figure 2. 4 Different type of optical fibre gratings and their phase matching conditions. (a) FBG; (b) LPG; (c)
TFG for 6<23.1°; (d) TFG for 8=45°; (e) TFG for 60> 66.9°

2.4.1 Fibre Bragg gratings (FBGs)

An FBG light coupling process involves the reaction of transferring energy between the forward and
backward propagating core modes. It has a periodic refractive index variation in a symmetric pattern
along the fibre axis, as shown in Fig. 2.5. The period length is normally less than a micron and
generally ranges in between few microns. The Bragg wavelength (L) for a backward coupling FBG

(6 = 0°) under phase matching condition is given by,

Where n, s is the effective refractive index of the core.

Figure 2. 5 Schematic of mode-coupling of fibre Bragg grating (FBG).

2.4.2 Long period gratings (LPGs)

For an LPG, the coupling occurs between a core mode and a co-propagating cladding mode (6 = 0°)
as depicted in Fig. 2.6. In this case the resonant wavelength under phase matching condition is

defined as:

Ares = (&) =T ). A (2.42)

clm
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ef T and ni{ {n are the effective refractive indices of the core mode and the m!" cladding modes
respectively. As the factor (nef ! 5{ {n) « 1, the length of grating period of a forward coupled

grating is larger than the backward coupled grating at a particular wavelength. The length of the

period normally lies in the range of few hundred microns.

Figure 2. 6 Schematic of mode-coupling of long Period grating (LPG).

The expression for the minimum transmission of the attenuation bands is given by [62, 63].

T; = 1 — sin?(k;L) (2.43)

where the LPG length is given as L and the coupling coefficient for the i-th cladding mode is
mentioned as k;. This is calculated by knowing the overlap integral of the core and cladding mode

and determining the amplitude for periodic modulation of the mode propagation constants.
2.4.3 Tilted fibre gratings (TFGs)

TFG has a more complex mode coupling mechanism than FBG and LPG. Figure 2.7 shows the
structure of the tilted grating within fibre core. At the phase matching condition, for a TFG the

expression for the resonant wavelength [0, 64, 65] for a particular tilt angle is given by,

Aeo-er = (LT £nfT ). 2o (2.44)

clm/* coso

and the effective grating period is expressed in equation (2.37).

A= (2.45)
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eff

clm 1s the effective refractive index of

Where, nggf is the effective refractive index of the core and n
the m*" cladding mode. A is the inscription grating period and 0 is the inner tilt angle of the fringes.

This will determine the resonant wavelength, which is a function of tilt angle and inscribed period.
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Figure 2. 7 Schematic diagram of tilted fibre grating within core.

2.5 Fabrication method

There are different fabrication techniques to make various type of gratings. Grating inscription using
different methods has some limitations, advantages and some specifications required for the process.
The first technique was the standing wave inscription process and later this fundamental technique

was improvised to develop other methods for inscribing grating.

Nowadays the frequently implemented fibre grating inscription techniques are classified into three
types: Two-beam holographic technique, point-by-point writing technique and phase mask scanning
technique. The following four subsections give brief description of these four grating fabrication

methods.

2.5.1 Standing wave inscription technique

In 1978 Hill et al. first showed the experimental setup using the mentioned standing wave inscription

technique [2].
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Figure 2. 8 Schematic of Hill’s experimental setup for FBG inscription by standing wave inscription technique.

Figure 2.8 shows the details of the experimental arrangement where the standing wave was generated

when a frequency doubled Argon ion laser was exposed onto an optical fibre core and 4% Fresnel
reflection occurs at both ends of the fibre [2]. The period of the grating is determined by the

wavelength of incident laser and the effective refractive index of the fibre. In their experiment they
used a germanium doped fibre which has a limited UV absorption band resulting in a weak FBG at

488 nm.

The expression for the grating period is given as,

A
— tw 2.46
2Neff ( )

This type of grating is not suitable for telecommunication system, so a further improved technique

was developed.

2.5.2 Two-beam holographic inscription technique

Two beam holographic inscription method was first invented by Meltz et. al, [16]. This is an external
fabrication technique where an incident UV-laser splits into two beams with equal intensity. Fig. 2.9
shows the beam splitting and interaction of the two-beam holographic inscription set up. A 50:50
beam splitter is used to split the incoming light into equal amplitudes and reflected by two highly
reflecting mirrors before interference takes place. Then both the reflected beams superimpose with
each other to produce interference fringes. The optical fibre with stripped section is placed in the
interference area and the refractive index modulation takes place in that region to make the gratings.
Two additional cylindrical lenses are used in the setup to increase the intensity for interfering beams
at the focus of the fibre core. The grating period can be modified by adjusting the distance between

the mirrors and the splitter, thus changing the angle between the two beams. This method is very
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efficient for getting uniform gratings with different wavelength response. However, one of the

disadvantages of this method is that the grating length is limited by the size of two interfering beams.

The relationship between the grating period, Ag, and the Bragg reflection wavelength, Ag, and the

inscription laser wavelength, A,y, in a two-beam holographic grating inscription system is expressed

as below:

Ay = % (2.47)
z5in(?)

3= 2ngy A, 248)

) = Mefrtw (2.49)

sin(g)

In this method a fixed distance is maintained between the beam splitter and the fibre holder, whereas
by changing the mirror positions the angle between the beams can be adjusted and the change is

given by the following equation,

L

8 _ 1 )
2 ¢ tan (x/ELO—L1

(2.50)

Where as shown in Fig. 2.9, in the setup two cylindrical lenses F; and F» are placed in front of the
fibre, the position of the mirrors M; and M, are adjusted to maintain a distance with the 50:50 beam
splitter, L; and L, are the two arm lengths with Lo fixed. Substituting the expression for angle from

equation (2.50) into equation (2.51), the Bragg wavelength can be defined as:

A= Tttt 2.51)

sin(a tan(ﬁLLol_Ll))
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Figure 2. 9 Two-beam holographic inscription method showing how to change the interference angle between

the two split beams.

This method allows the FBGs inscribed at arbitrary wavelengths, meeting the application required

reflection, which is the most significant development stage for the optical fibre grating technology.

2.5.3 Point-by-point inscription technique

Another popular grating inscription method is point-by-point writing technique, as shown in Fig.
2.10. Here the grating is written a point at a time. The focused UV laser beam is directly modulating
the refractive index within the fibre core. Due to the limitation of focus spot size, it is difficult to set
up the translation stage accurately for writing FBG structure. Hence it is most suitable for fabricating
LPGs of periods ranging from 10 pum to 600 pm. A third order FBG was written by Malo et al. and
they used point-by-point writing technique where the slit’s image is imprinted within the fibre core

as grating [66].

Translation Stage

/
\

Incident UV Beam

Cylindrical Lens - 1

+ i ; Optical
fibre

Figure 2. 10 Schematic diagram for point-by-point writing for a long period grating (LPG).

In this method for LPG inscription, two orthogonally placed cylindrical lenses are used to focus the

light onto the fibre core. For the grating inscription the shutter speed is controlled with 50:50 duty
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cycle and with the shutter switching on and off the linear displacement of the translation stage is
managed. The same principle applies with the femtosecond laser for fabrications of fibre gratings

and micro-structures.

2.5.4 Phase mask scanning technique

Phase mask scanning method is one of the greatest developments of the grating inscription technique.
Anderson and Hill first showed this technique [67, 68] and after that it has been the most effective
method for grating fabrication. In comparison with the two-beam holographic method, this technique

requires a simple fabrication setup with lesser number of optical components.

The phase mask is a UV transparent diffractive optical element made with silica on which an one-
dimensional surface relief grating is etched. Different manufacturers are applying various methods
such as holography or electron beam lithography to produce phase mask. In the setup the optical fibre
is closely placed after the phase mask for achieving effective grating pattern on it. The setup is shown

below.

The light beam is diffracted into different orders while passing through the phase mask. The +1
diffraction order constitute 80% of incident UV intensity and these interfere to inscribe grating onto
the fibre core. Our phase mask gives maximum diffracted light of £1 order. So, an optimised
diffraction for zero order can be achieved by designing the mask with the amount of light less than
5% and approximately 40% transmission is achieved for £1 diffracted order. Then the two first order

diffraction beams interfere to inscribe a grating pattern in the optical fibre core.

A=Apm Incident
— le — UV beam
|
Phase Mask :
— ..I l.‘. —
A=Apm/2 hical
fibre
v A
Order 1- Order 1+

Figure 2. 11 Schematic of phase mask scanning technique experimented firstly by Hill/Anderson et al.

The phase mask inscription principle is shown in Fig. 2.11. The depth of corrugation for zeroth-order

diffraction is given by,

Auv
T 2(ns(Aup)-1) (2:52)
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A
Ay =—H (2.53)

Here 4, is the wavelength of the UV light, ng(4,,) is the refractive index of the fibre at A,,,. In
equation (2.53) the grating period is given by half of the period of phase mask, and it is independent
of incident UV intensity.
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2.6 Chapter conclusion

This chapter reveals a brief review of historical development of fibre grating and the UV
photosensitive effect of optical fibre, with different models namely, colour centre, stress relaxation
and compaction/densification. The methods for photosensitivity enhancement have also been
discussed with hydrogen loading, co-doping and flame-brushing technique. A comprehensive
theoretical analysis through couple mode theory and phase matching condition has been described
and discussed for different structured fibre gratings including FBG, LPG and TFG. Finally, several
inscription methods for fibre gratings are detailed including four methods as the standing wave, two-

beam holographic, point-by-point and phase mask scanning technique.
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Chapter 3

Advanced optical fibre gratings: fabrication,
spectral characteristics, and sensing
measurements
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3.1 Introduction

This chapter discusses the inscription and spectral and sensing characteristics of different types of
fibre gratings, including fibre Bragg grating (FBG), long period grating (LPG), small angle tilted
fibre grating (STFG) and excessively tilted fibre grating (Ex-TFG). The chapter is presented in two
parts. The first part A covers the inscription of FBGs, LPGs and STFGs in the near infrared (NIR)
range, and the second part B describes dual-peak LPG, second-order LPGs and Ex-TFGs in the mid
infra-red (MIR) range. The fabricated gratings of different structure are analysed for their typical
spectral response and also investigated for sensing function including temperature, strain, refractive

index measurements.
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Part A

Grating inscription, characterisation, and sensing
measurements in the near infrared (NIR) range
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3.2 FBG inscription and sensing measurements

An outline of different fabrication methods is described in Chapter 2. For the FBGs presented in this
thesis are inscribed using the UV laser and scanning with phase mask method. The following sections
will give some examples of FBGs fabricated with Bragg resonances distributed in 1550 nm range

and their typical temperature and strain response characterised.

3.2.1 Using phase mask (PM) scanning method

As discussed in Chapter 2, FBG inscription using phase mask scanning technique was first
demonstrated by Hill and Anderson et al., in 1993 [67, 68]. Though this method is suitable for a fixed
wavelength, but in the later stage it shows high effectiveness due to its reproducibility. The PM
fabrication method involves the movement of UV focused beam along with the one-dimensional
translation stage by controlling a software programme designed using LabVIEW. The fibre is placed
near to the phase mask and uniform Bragg grating is written with a focused UV-beam. The scanning

PM set-up working design is shown in Fig. 3.1.

[ SABRE FRED UV LASER h

Translation Stage with
Mirror and Lens

-

Incident UV Beam

Phase Mask
Fibre G5 ———b
Y

-1 Order Diffraction  +1 Order Diffraction

Figure 3. 1 Schematic of the experimental arrangements for inscribing FBG using UV-beam scanning through

a phase mask.

In the inscription experiment, a multiwavelength PM with corrugated surface-relief grating etched
onto a fused silica plate was used. For the normal incidence, the UV beam gets diffracted into orders,
m =11, £2,....with the central zeroth order. The manufacturing capability enables the mask to do the

light suppression in 0 order and maximum diffraction efficiency for the first 1 order of ~40% per
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beam is obtained. Figure 3.2 clearly shows an interference pattern for £1 order diffracted beams when

the UV beam goes through the mask.

The FBGs reported in this thesis are fabricated mainly using a 50-mm long multi wavelength phase
mask, and the phase mask structure with period sizes and grating wavelengths are shown in Fig. 3.3.
The utilisation of this phase mask allows to inscribe FBGs at five different wavelengths of 1535.9
nm, 1543.7 nm, 1551.7 nm, 1559.6 nm, and 1567.6 nm respectively with the grating periods at
1060.85 nm, 1066.39 nm, 1071.92 nm, 1077.45 nm, and 1082.98 nm. The UV laser for grating
inscription is the Sabre FreD from Coherent and it is a frequency doubled Ar+ laser with an UV
power of around 100 mW at 244 nm. The fibre used for FBG inscription is the standard single mode
telecom fibre (SMF-28) with core diameter 8.2 um and cladding diameter 125+£0.7 pm, and the
refractive indices of core and cladding of the SMF-28 are 1.461 and 1.456 respectively.

The SMF-28 fibre has very limited UV photosensitivity, thus before the FBG inscription, the SMF -
28 fibre samples were hydrogen loaded to enhance the photosensitivity. The hydrogen loading
procedure involves storing the virgin fibre samples into a hydrogen chamber set at a temperature of
~75 °C and a pressure of 150 atm for at least 48 hours. The hydrogen loaded fibre was then stripped
for the outer jacket, cleaned with Isopropyl Alcohol (IPA) solution and placed behind the phase mask
onto the two translation stages in the inscription system as shown in Fig. 3.2. The fibre was then
aligned in parallel to the phase mask pattern, indicated by the fibre diffraction fringes on the screen
placed behind the fibre, as shown in Fig. 3.2. Then the FBG is written with a scanning speed of 0.05

mm/s over a 20 mm length of the fibre core.

Figure 3. 2 Diffraction pattern when the SMF-28 fibre is placed in front of the phase mask for grating

inscription.
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Thickness = 3 mm each
) Length =50 mm .

Figure 3. 3 Schematic of the five-period phase mask used for the fabrication of FBGs with five different

wavelengths.

All fabricated FBGs were measured for the spectral response using the experimental setup shown in
Fig. 3.4 where a broadband source (BBS- AFC Technologies Limited) with a wavelength range from
1500 nm to 1600 nm and an optical spectrum analyser (OSA) of the model YOKOGAWA AQ6375

were used for spectral characterisation.

Broadband Source(BBS)

Optical Spectrum Analyzer (OSA)

Figure 3. 4 Experimental setup of the spectrum measurement of an FBG.

Figure 3.5 shows the transmission spectra for FBGs inscribed using the multi wavelength phase mask

showing five Bragg resonances at 1535 nm, 1543 nm, 1551 nm, 1559 nm and 1567 nm respectively.
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For a fibre grating the perturbed index change is saturated with UV exposure and the reduction of
effective length occurs as the transmitted signal is depleted by reflection [69]. The grating

transmittance is generally utilised with FBG reflectivity by the equation as,
I
T =101 —) dB 3.1
0810 ([0) (3.1
T =100% — R (-2)

Here, T and R are the transmittance and reflectance respectively, the power intensities are given by

the achieved power I in dB and the reference power Ij.

From the plot it can be seen all five FBGs achieved high transmission about 50 dB, except FBG at
1551.7 nm having a transmission of 30 dB. The spectral profiles clearly indicate the UV laser
inscription system in our laboratory at the Aston Institute of Photonic Technologies (AiPT) is highly
efficient and versatile for fabricating FBGs with designed wavelength and transmission for

applications.

Transmission(dB)
g

-50 | — 1535nm
= 1543nm
= 1551nm
= 1559nm
— 1567Inm

-60 1 . 1 . 1 . 1 . 1 . 1 .
1535 1540 1545 1550 1555 1560 1565 1570

Wavelength (nm)

Figure 3. 5 FBG transmission spectra with five different centre wavelengths (1535.9 nm — 1567.6 nm)
fabricated by a multiwavelength phase mask with five different periods.

After the UV inscription process, the residual hydrogen in the hydrogen loaded fibre will diffuse out,
which will shift the Bragg resonance peak. In order to stabilise the grating property, after the grating

inscription, all FBGs inscribed in the hydrogen loaded fibre were thermally annealed in an oven at a
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temperature of 80 °C for 48 hours. Figure 3.6 shows the spectra for two FBGs with the initial centre
wavelengths at 1535.9 nm and 1543.7 nm written into the hydrogen loaded SMF-28 telecom fibre
before and after annealing. From the figure, we can clearly see there is a ~0.5 nm resonance shift

towards smaller wavelength in comparison to before annealing.
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Figure 3. 6 FBG spectra for UV inscribed into hydrogenated SMF-28 before and after annealing.

3.2.2 FBG sensing characteristics

Due to the presence of external parameters, such as temperature and strain there is Bragg wavelength
shift. This unique sensitivity property has made FBGs as one of the most thought after in-fibre
sensors and have been applied in many sensing applications. The temperature and strain responses
of the FBG depend on the changes of the effective refractive index and grating period, and the sensing

function expression is as below [70]:

Oners oA
L neffﬁ}AT +2 {A

_ Oners oA
Mg = 2{A It ngpp SR A (3.3)

d
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The first term in equation (3.3) is the grating space change and thermo-optical effect on the refractive
index. Therefore, the Bragg wavelength shift can be expressed in terms of thermal expansion co-

efficient as,
Adg = Ag(ap + ay)AT (3.4

Here the fibre thermal expansion co-efficient is given by:

% =3 ) 6.5)

and the thermo-optical coefficient is given as:

cr= ) )

The UV inscribed FBGs were firstly investigated experimentally for their temperature sensing
properties. Figure 3.7 represents the experimental arrangement for FBG temperature sensing. In this
experiment, the FBG was fixed onto the Peltier unit, which controls the temperature. The temperature
changes applied to the FBG were from 0 °C to 80 °C with 5 °C step and the spectral response for

each temperature was measured and recorded using the OSA.

Broadband Source(BBS)

Temperature Controller Optical Spectrum Analyzer [0SA)

Heating Device

R el e D ——
- “,_“
//’ \\
Vi ~
| Q__IMmr_o \
\ FBG !
N /
\\ //
= Heated Metal Plate -

Figure 3. 7 Experimental setup for thermal sensing of FBG.
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The thermal sensitivity for three UV inscribed FBGs with wavelengths at 1551.7 nm, 1543.7 nm and
1559.6 nm were investigated for both increasing and decreasing temperature cycle and the Bragg
wavelength responses to the temperature for the three FBGs are plotted in Fig. 3.8. From Fig. 3.8 (a,
b), it can be seen clearly that the temperature sensitivity for FBG with centre wavelength 1551.7 nm
is 11.3 pm/°C for both temperature increment and decrement respectively. Whereas, for FBG with
centre wavelength 1543.7 nm, the temperature sensitivity becomes 11.6 pm/°C and 11.5 pm/°C
respectively for both temperature increment and decrement as shown in Fig. 3.8 (c, d). Following
Fig. 3.8 (e, f) it is seen that there is 0.3 pm/°C difference between temperature increment and
decrement for FBG with centre wavelength at 1559.6 nm. The table 3.1 summarises the temperature
sensitivity for the three FBGs at different centre wavelengths. The experimental results indicate the
FBGs made in standard SMF-28 fibre give a typical thermal response of about 11 pm/°C, which

agrees well with previously reported work [71].
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Figure 3. 8 Thermal sensing responses of FBGs (centre wavelength of 1551.7 nm, 1543.7 nm, 1559.6 nm) when
temperature (a), (c), (e) increasing and (b), (d), (f) decreasing.

Table 3. 1 Thermal sensing of FBG at three different centre wavelengths.

Centre Wavelength of FBG Temperature Sensitivity
Increment Decrement
1551.7 nm 11.3 pm/°C 11.3 pm/°C
1543.7 nm 11.6 pm/°C 11.5 pm/°C
1559.6 nm 10 pm/°C 10.3 pm/°C

The UV inscribed FBGs were also investigated for their strain sensing response. The strain induced
wavelength shift due to strain effect is expressed through the second term of equation (3.3). The
Bragg wavelength shift can be expressed in terms of strain expansion that modifies the grating

spacing and the effective refractive index.
AAB = AB(]- - pe)gz (3-7)
Pe 1s known as the strain-optic constant and it is expressed as,

2
ne

DPe = fo (Plz —v(p;; + Plz)) (3.3)

Here, v is the Poisson’s ratio, p;; and p,, are the components for strain-optic tensor.

The strain sensing measurement has been done by fixing the grating onto two rotational stages as
shown in Fig. 3.9. The strain sensing was conducted with the FBG fibre fixed onto two translation

stages and the strain was applied by moving one end of the fibre grating. The distance between the
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two fixed stages kept 25.5 cm apart. The right-hand stage is moved from 0 mm to 0.05 cm with a

step of 0.0254 mm that provides the strain range up to 2490 pe. The spectrum for each strain applied
was recorded using the OSA.

Optical Spectrum Analyzer {054
Broadband Source|BBS) BHEN S AnANmer IO

Figure 3. 9 Experimental setup for FBG strain sensing.

Figure 3.10 (a & b) shows the strain response of an FBG with centre wavelength of 1543.7 nm. It is
clearly seen in Fig. 3.10 (a), as the strain is increased the wavelength is red shifted with the value
observed as ~0.11 nm over the total strain of 0.8 pm/pe applied. A 100 pe was applied in each step

and it provides a strain sensitivity of 0.8 pm/pe for the range as depicted in Fig. 3.10 (b).
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Figure 3. 10 (a & b) Strain sensing results for FBG with centre wavelength at 1551.7 nm.

3.3 LPG fabrication and sensing characteristics

This section elaborates the fabrication and sensing property characterisation of long period gratings
(LPGs). The prime objective of this experiment is the grating inscription using point-by-point writing
technique and sensitivity measurements for temperature and the refractive index of the surrounding

medium.

In an LPG, the fundamental mode in the core is coupled with forward propagating cladding modes.
The grating period ranges from few hundred microns to few millimetres. While coupling through the
fibre core and the high diffraction order (m) cladding modes, there is scattering loss due to radiation
in the phase matched condition. A set of resonant bands are centred at different wavelengths in the

transmission spectrum and the LPG resonance peak wavelength can be expressed as:

Am = [0 =LA = on,ppn (3.9)
The wavelength of m-th mode (An) depends on the effective refractive index (n.s) which is equal to
the difference between the effective refractive index of core and the effective refractive index of m-
th cladding mode respectively; A is the grating period. The cladding mode is a function of cladding
refractive index and the surrounding medium (ng) . The spectral distribution of each cladding mode
depends on the fibre structure and can be observed through their attenuation bands as the intensity

decays. A wavelength shift in the transmission spectrum can be obtained with the change in refractive
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eff

index of surrounding medium as because n; ;,

is affected. This unique property of LPG makes this
suitable for the applications in bending, loading etc as because these are very sensitive to the

variations in temperature, strain, deformations, and a wavelength shift for the loss peak is available

here.

3.3.1 UV-inscribed LPGs

Earlier in Chapter 2 it is mentioned, the LPGs have grating periods in the range of ~10 um to ~600
pm and they enable the light coupling between fundamental core mode and co-propagating cladding
modes. The LPGs fabricated and reported in this thesis used point-by-point writing method with
various periods. A 244 nm frequency doubled Argon ion UV laser was used for the refractive index
modulation into fibre core (Section 2.5.3 in Chapter 2). A LabVIEW programme setup was utilised
for different grating periods and the laser scanning speed of 0.2 mm/s was set for LPG inscription
within the fibre core. The LPGs with periods of 300 um, 340 pum, 350 um and 400 pm were UV-
inscribed into B-Ge photosensitive fibre. The spectra were recorded with light launched from a
broadband source to one end of LPG device and other end connected to an OSA (YOKOGAWA) at
a resolution of 0.20 nm. Figure 3.11 shows the transmission spectra of LPGs with four different
periods. According to the phase matched curve, it is clearly seen that the shorter period LPG such as
300 um has fewer number of attenuation peaks (LP05 and LP06) in the wavelength range from 1200
nm to 1600 nm compared to the longer period length LPG like 400 pm, which shows 4 resonant
peaks (LP03, LP04, LP05 and LP06) [72]. Both the LPG with periods of 340 um and 350 um has
three attenuation peaks and their longest resonances occurred at 1559 nm and 1700 nm respectively
as plotted in Fig. 3.11 (b&c). However, the transmission peaks are shifted towards the red wavelength
range as period length is increasing. The strength of the resonance peak is varying depending on the
period, and the mode order excitation and coupling coefficient during fabrication process. For
example, a maximum intensity is nearly 25 dB for LPO6 mode for LPG with 300 pm period, whereas

the maximum reaches approximately 30 dB for LP06 mode for 400 um LPG.
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Figure 3. 11 Transmission spectra for LPGs with different periods: (a) 300 um, (b) 340 um, (c) 350 um and
(d) 400 pm.

As the standard single-mode telecom fibre (SMF-28) is at much lower price in comparison with the
B/Ge photosensitive fibre, LPG fabrication was also investigated for SMF-28 fibre for potential low-
cost devices. The hydrogen loading technique as discussed in section 2.2.3 was applied to SMF-28
to increase its UV photosensitivity. An LPG with grating period of 400 um was fabricated into a
hydrogen loaded SMF-28. A stable spectra is achieved after annealing the LPG placed into an oven
for 48 hours at 80 °C. The spectral characterisation was recorded using a broadband light source
(1200-1700 nm) and an optical spectrum analyser (YOKOGAWA AQ6375). Figure 3.12 shows the
LPG spectra and it can be seen that, in comparison with the LPGs UV inscribed in B/Ge fibre, the
strength of the LPG resonances in SMF-28 fibre is relatively weaker as the marked three peaks show
only about 5-10 dB transmission loss. Also, for the LPG made in hydrogenated SMF-28 fibre, there

are multiple ripples occur in the spectrum, this may be due to non-uniform UV exposure to the fibre.
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Figure 3. 12 Transmission spectrum for a 400 um LPG UV inscribed into a hydrogenated SMF-28 fibre.

In order to fabricate LPGs with resonances at designed wavelengths, the tunability of wavelength
shift for LPG attenuation bands was investigated by slightly varying the grating period. This was
performed by adjusting the writing parameters for scanning length and speed into the LabVIEW
programme during point-by-point fabrication method. Four LPGs were written into normal B-Ge
photosensitive fibre with periods of 400 pum, 410 pm, 415 pm and 450 pm respectively. The
transmission spectra were measured with a supercontinuum source (1200-1800 nm) and an OSA
(YOKOGAWA) are shown in Fig. 3.13 (a-d). Following the phase- matched curve and as mentioned
in the equation (3.9) the increase in grating period modulates the effective refractive index between
core and higher order cladding modes, hence the resonance is red shifted [72]. It is seen that with the
increase in period the LPG resonance red-shifts. An LPG with period of 400 yum has the resonance
peaks at ~1207 nm (peak 1), ~ 1259 nm (peak 2), ~1347 nm (peak 3) and ~ 1528 nm (peak 4)
respectively. The observed resonance shift for peaks 1 to 4 were obtained as 14 nm, 16 nm, 22 nm
and 34 nm as the period is changed from 400 to 410 pm. Similarly, with the change in LPG period
from 410 pm to 415 pm all transmission peaks from 1 to 4 are red shifted as 6 nm, 7 nm, 11 nm and
31 nm respectively. However, a maximum resonance shift of 40 nm, 49 nm, 71 nm and 207 nm were

achieved for all the peaks (1 to 4) as the LPG period is increased from 415 pm to 450 pm. Whereas
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the intensities are approximately same for all the attenuation bands as seen in the recorded spectra in
Fig. 3.13 (a,b&c). However, a maximum resonace shift of more than 200 nm could be obtained as
the LPG period is increased to 450 um as depicted in Fig. 3.13 (d). Thus by tuning the period length
the peak shift can be controlled for an LPG.
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Figure 3. 13 Transmission spectra for LPGs into B-Ge photosensitive fibre at periods of (a) 400 um, (b) 410
um, (c) 415 pum and (d) 450 pm.

So this novel method can be utilised for fabricating the LPG device at the required wavelength for

application needs.

3.3.2 LPG sensing characteristics

The advantages of LPG devices are associated with the easy fabrication, low insertion loss, small
back reflection and compactness. Highly sensitive fibre sensors are for various applications such as
monitoring environmental conditions. The LPGs are unique sensing device as it has higher

temperature sensitivity than normal FBG and has excellent surrounding refractive index (SRI)
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sensitivity. This is due to special mode coupling mechanism between the core mode to the cladding
modes. The unique SRI sensitivity of LPG makes it as a suitable candidate for potential biochemical,
biomedical and environmental sensing applications. This section will present some measurements of
temperature and RI index sensing property using the UV inscribed LPGs. We demonstrated both
thermal and SRI sensing properties for an UV-inscribed LPG.

3.3.2.1 Thermal sensing measurement for LPGs

For the temperature sensitivity, the direction of resonant wavelength shift of an LPG is dependent on
fibre dispersion factor y and the temperature dependence of the waveguide dispersion ['emp. A
positive dispersion factor is obtained when the cladding mode order is less than or equal to 7 (m <

7). Thereby, the direction of peak shift is only dependent on the factor [, and is defined by [72],

_ fconf-gf_fclnifyj; 310
eIT_eiT (3.10)

co clm

[
temp n

&co and & are the thermo-optic coefficients of the fibre core and cladding materials respectively.
For a fibre, the effective refractive index of the core is higher than the refractive index of the cladding,

thereby the term (nigf - ni{,fn

) is positive and the resonant wavelength peaks will have red shift
after annealing.

Rewriting the equation for transmission spectra of LPG for the attenuated band are given by,
T; = 1 — sin?(k;L) (3.11)

From the above equation it is seen that the length (L) of the LPG and the coupling co-efficient of the
i-th cladding mode (k) are the important parameters for achieving the intensity of resonant
wavelength. The temperature sensitivity equation can be expressed by differentiating the phase

matching expression (2.27) and is given by,

dlres
ar Ares ¥V (a + 1-‘lfemp) (3.12)

Where «a is the thermal expansion coefficient; y is the waveguide dispersion and is defined as,

dares

Y = e (3.13)

co ncl,m

The LPG temperature sensing setup is shown in Fig. 3.14 and the characterisation was performed for

two LPGs with periods of 300 um and 400 pm respectively. The individual LPG was placed onto
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the plate mounted on a Peltier device which is connected with the temperature controller. A high
thermal resistant tape was used to fix the grating. The temperature was varied from 0 °C to 80 °C

with 10 °C step while the surrounding medium is considered to be air with refractive index 1.

Light Sourcel (Superk] Temperature Controller Optical Spectrum Analyzer (O5A4)

Figure 3. 14 Experimental setup for temperature sensing of an LPG.

Figure 3.15 (a) and (b) show the temperature sensitivities of the LPGs with grating period 300 pm
and 400 um, respectively. The figure 3.15 (a) is plotted for the two modes of the short period LPG
and figure 3.15 (b) plotted for the four modes of the long period one. It can be clearly seen, the
temperature sensitivity increases with coupled mode order. The peak thermal sensitivity of -462.4
pm/°C is obtained for LP06 mode of the 300 um LPG and it is further increased to -521.4 pm/°C for
LP06 in 400 um LPG. However, the thermal sensitivity of 300 um period LPG with lower order
mode LPO5 is obtained as -305.7 pm/°C. Even enhanced temperature sensitivity was achieved for
the lower order resonances for 400 um LPG with LP03, LP04 and LP0O5 modes as -279.6 pm/°C, -
320.3 pm/°C and -346.4 pm/°C respectively. These results clearly show the thermal sensitivity of
LPG is significantly higher than normal FBG, quantitatively, the former is about 50 times higher
than the latter, which is typically about 10 pm/°C. All results are summarised in Table 3.2.
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Figure 3. 15 LPG temperature sensitivity plots for different coupled cladding modes for (a) LPG (300 ym) and
(b) LPG (400 um).
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Table 3. 2 Thermal sensing of LPG at different periods.

Period of grating Cladding modes Sensitivity
300 pm LPO5 -305.7 pm/°C
LP06 -462.4 pm/°C
400 um LPO03 -279.6 pm/°C
LP04 -320.3 pm/°C
LPO5 -346.4 pm/°C
LP06 -521.4 pm/°C

3.3.2.2 SRI sensor based on LPGs

The attenuation bands for LPGs are influenced with the change in surrounding refractive index. Due
to light-matter interaction the effective refractive index gets modulated at the core-cladding interface.
The SRI sensitivity of LPG depends on the overall refractive index variation to get the resonance
wavelength shift and intensity change.

We can derive the analytical equation for SRI sensitivity and is expressed as dA,.;,dnq, in equation

(3.14).

dre
— = Ares- Y. l—‘sur (3-14)

dngyr

where ¥ is the waveguide dispersion and is given by,

_ AAyes / AA
Y= et (3.15)

Neo” — ncl,m

The term [y, is the surrounding refractive index dependent factor and is defined as,

2 93
UmnAresNsur

= nglt Y- n2)3/2

(3.16)

Tour = — 3
8mrone(n

Here, u,, is the m-th root of the zeroth order Bessel function of the first kind, r,; 1is the radius of

fibre cladding, n.; and ny,,,- are the refractive indices for the fibre cladding and surrounding medium
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respectively. Therefore, the SRI sensitivity of LPG based sensor devices are determined from the y

and I factors. These are dependent on the grating design parameters and fibre materials.

The SRI sensitivity characteristics was investigated for the UV inscribed LPGs. Fig. 3.16 shows the
experimental setup for SRI sensing. The two ends of the LPG fibre are fixed onto two translation
stages and the care was taken as it should not be affected by strain and bending effect. A set of
refractive index gels (bought from Cargille) with index values ranging from 1.32 to 1.44 was applied
to the LPG sample and in the experiment, the grating was completely immersed in the index gel. The
resonance wavelength shift was noticed from the transmission spectrum when the index applied to

the LPG and the spectrum was recorded on the OSA for each index applied.

Optical Spectrum Analyzer (0SA)

Light Source{Superk)

Figure 3. 16 Experimental setup for refractive index sensing of an LPG.

LPGs are very sensitive to surrounding refractive index (SRI) change. The LPG of 400 um period
was subjected to refractive index sensing and the results are presented in Fig. 3.17. It is clear from
the plots that, the two modes show very different SRI sensitivities. The maximum refractive index
sensitivity of -56 and - 315 nm/RIU are obtained for LP06 for a 400 um LPG while only -7 and - 47
nm/RIU for the LP05 mode in the two index ranges of (1.32 — 1.38) and (1.404 — 1.44) respectively,
the former is nearly 7 times higher than the latter. A summarised SRI sensitivity for these modes is
briefed in the table 3.3. The “-“sign indicates the LPG resonance blue-shifts against the SRI increase.
It can also be clearly noted from the SRI sensitivity plots in Fig. 3.17 (a&b) that the sensitivity is
nonlinearly increase with the SRI, and most sensitive when the SRI approaching to the cladding
index of the fibre. This is due to the higher order cladding modes closed to the evanescent field
enhance the light matter interaction, and hence experience a greater sensitivity than lower order

cladding modes.
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Figure 3. 17 SRI sensing for 400 um LPG: (a) the wavelength is blue shified with the change in refractive index
of 1.32-1.44; (b) SRI sensitivity for different cladding modes.
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Table 3. 3 SRI sensing of LPG for different cladding modes.

Resonance wavelength Cladding modes SRI range SRI Sensitivity
(~ nm/RIU)
1340 nm LPO5 1.32-1.38 -7
1.404 — 1.44 -47
1518 nm LP0O6 1.32-1.38 -56
1.404 — 1.44 - 315

3.4 Small angle tilted fibre grating inscription and sensing measurements

The small angle (1°-23°) tilted fibre gratings (STFGs) were reported for dual-parameter (temperature
and strain) sensing and especially unique and advantageous for biosensing [73-75]. This PhD project

has also aimed to investigate UV inscribed STFGs.

An optical fibre is a cylindrical structure with the incident light propagating in a perpendicular
direction with respect to the central axis. When there is a tilt angle between the interference fringe
and the fibre axis analysis becomes more complex. There will be distortion of the interference fringes
within the fibre core and therefore the differentiation will occur between the grating tilt angle both

inside (6;,+) and outside (8,,;) of the optical fibre as represented in the schematics of Fig. 3.18.

Figure 3. 18 The structure of TFG with an external angle 6, and an internal angle Oy,

The internal angle (6;;,;) is related with the external angle (6,,;) as below [76]:
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O =5 — tan™t |———— (3.17)

Ny tan(Oext)

Here n,,, is the refractive index of the fibre at the presence of UV exposure.
For a grating with tilted angle of 45°, the external angle is calculated through above equation, and it

becomes 33.7°. The angle is always measured with respect to the fibre axis.

The relationship between the grating period of internal interference fringe and that of the external
interference fringe is given below:
Aext Ag

A=text Lo (3.18)

c0SOoxt cosOint

3.4.1 Fabrication and spectral response of STFG

The small angle TFGs (STFGs) were successfully inscribed into the fibre core of hydrogen loaded
SMF-28 for tilt angles 2°, 4° and 6° using phase mask of pitch 1083 nm. The fabrication technique
for inscribing STFGs is similar to that for FBGs, except that the phase mask is mounted on
goniometer, thus can be rotated for the designed tilted angles. The transmission spectra of the three
STFGs with tilt angles of 2°, 4° and 6° are presented in Fig. 3.19 (a,b&c). As the STFG couples the
forward propagating mode to backward core and cladding modes, we see the single Bragg resonance
and a series of cladding mode resonances in the spectrum. It is also clear that when the angle
increases, the Bragg reflection becomes weaker while the cladding resonances grow strong. As Fig.
3.19 shows, for the 2°- STFG, the Bragg reflection is strongest at around 15 dB while for the 6°-
STFG, the Bragg reflection reduced to 0.2 dB. From the figures we also can see apart from the
cladding resonances grow strong with increased tilted angle, the envelope of the cladding resonance
becomes broader, and the centre of the resonances moves to the shorter wavelength side. The centre
of the cladding resonances of the 2°-STFG is at 1560 nm whereas that moves to 1535 nm for the 6°-
STFG. These are the important design parameters one needs to consider in the fabrication for
particular applications such as in the low-cost in-fibre wavelength division multiplexing (WDM)

devices and in erbium-doped fibre amplifiers (EDFA) for gain flattening [77-79].
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Figure 3. 19 Transmission spectra of STFGs with tilted angle of (a) 2°, (b) 4, and (c) 6°

3.4.2 STFG temperature sensing characteristics

The temperature sensing measurement of the STFG was performed using the experimental setup as
in Fig. 3.7. An STFG with 2° tilt angle was subjected to this experiment with the temperature
variation from 10 °C - 70 °C. Four cladding mode peaks at 1558.8 nm, 1559.3 nm, 1559.7 nm and
1560.1 nm were evaluated and the results are plotted in Fig. 3.20. From the figure, it can be evaluated

that the first three cladding modes are giving a similar sensitivity of 10 pm/°C whereas the one
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resonance closed to longer wavelength gives a slightly higher sensitivity of 11.8 pm/°C. These results
show that the temperature sensitivity of STFG is similar to the Bragg gratings, which agrees with

previous reported work.

0.7
| Temperature sensing for 2° STFG
06 F B Temperature sensitivity for resonance at 1358.8 nm is 10 pm/C
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Figure 3. 20 The transmission wavelength shifts plotted against the temperature for the four selected cladding
modes of the STFG with tilt angle of 2 °
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Part B

Grating inscription, characterisation, and sensing
measurements in the mid infrared (MIR) range
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3.5 Introduction

The optical fibre sensing devices operating at mid infrared (mid-IR) range have shown interesting
applications in defence [80], health [81, 82] and environmental sensing [83]. The thermal and
surrounding refractive index (SRI) sensitivities of these sensing devices fabricated in the mid-IR
range are high due to unique cladding mode coupling capabilities. On other hand, an in-fibre grating
sensor is useful operating at eye-safe location as laser source in 2 pm region. The special attention is
focused on operating in the atmospheric transmission window of 2.05 - 2.3 um. As most of the fibre
lasers are comprising with bulk mirrors in the cavity, hence a compact device with low insertion loss
is required such as in-fibre laser in the mid-IR range [84]. UV-inscribed long period gratings (LPGs)
with both ultrasensitive dual peak (dLPG) and 1** & 2™ order resonances and excessively tilted fibre
gratings (Ex-TFQG) are investigated in the 2 um range. The fabrication was performed using point-
by-point writing and amplitude mask technique. The temperature and SRI sensitivity were evaluated

for these sensors.

3.5.1 Fabrication and characterisation of dual-peak LPGs

The conventional LPG devices has a period range between 300-500 pum. In the phase matched
condition, the resonances are distributed over a wavelength span of 1200-1700 nm. Shu et al.,
experimentally demonstrated that there is a dispersion-turning points in the LPG structures with the
periods around 160 pum [72, 85]. For LPGs with dispersion-turning point, a pair of conjugate cladding
mode pairs are observed with an increased wavelength range from 900 nm- 2400 nm. Since the dual
peak resonances are in a closed proximity to the dispersion-turning point, those two cladding modes
are extremely sensitive for both surrounding temperature and refractive index change. Because one
of the paired peak occurs in the wavelength range closed to the mid-infrared 2 um, it was the aim to
design and fabricate dual-peak LPGs with resonance around 2 pm to be explored for environmental
and biomedical sensing applications. Experimentally dual-peak LPGs (dLPGs) were fabricated into
a special small cladding B-Ge photosensitive fibre with core and cladding diameters of 4.2 pm and
80 pum respectively. The thin cladding fibre SM 1500 (4.2/80) was bought from Nortel (Bell Northern
Research). The dLPGs with 150 pum period were UV-inscribed for a grating length of 10-15 mm.
The typical transmission spectra of dLPGs are shown in Fig. 3.21 (a&b). In order to examine the
spectral resonance from 900 nm to 2400 nm, two OSAs (HP and YOKOGAWA) were used to record
the spectra for all the peaks covering a wavelength range of 950-2400 nm.
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Figure 3. 21 Transmission spectra for a dLPG with 150 pm period UV-inscribed in SM1500 (4.2/80) fibre: (a)
spectrum from 950 nm to 1250 nm showing three individual peaks; (b) spectrum from 1200 nm to 2400 nm

showing dual peak feature around 1650 nm area and another single peak at ~2300 nm.
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The measurement for four major attenuation peaks, including the dual peaks, show their resonances
are at wavelengths of 1151 nm, 1589.76 nm, 1793.52 nm and 2304 nm respectively with maximum
12 dB intensity. Theoretically each cladding mode has a turning point for a sufficiently large
wavelength range. The dual-peak LPGs are designed as it has enhanced sensitivity. This unique

property of the dLPGs was evaluated for the temperature and refractive index sensing experiment.

The fabricated dLPG was subjected to the temperature elevation experiment in the range of 10 °C —
50 °C with 10 °C step increment. Figure 3.22 (a,b&c) shows the thermal response measurement for
all four peaks at 1151 nm, 1589.76 nm, 1793.52 nm and 2304 nm respectively. It can be clearly seen
from the figures that the dual peaks are moving into the opposite direction with the rising temperature
with much larger sensitivity, which is expected [85]. Table 3.4 summarises the dLPG temperature
sensitivity for the measurement of four peaks. The dual-peak resonances are showing the temperature
sensitivities as -760 pm/°C for peak 2 at 1589.76 nm and 640 pm/°C for peak 3 at 1793.52 nm,
respectively. In contrast, the two normal single peaks are showing much lower temperature
sensitivities as only -77.5 pm/°C for peakl at 1151 nm and -120 pm/°C for peak 4 at 2304 nm, which
are almost one order of magnitude lower than that of the dual-peak resonances. It is clearly evident
that the dLPG is very sensitive at the dispersion turning point with wavelength shift for the
conjugated peaks, while the sensitivity response for the attenuations obtained for first and higher
order harmonics are showing the resonance shift similar as the normal LPG. Here, as depicted in Fig.
3.15 with the resonance is blue shifted. This is because the term [}y, as in equation (3.10) is
decreasing with higher order cladding modes and also depends on the variation of thermooptic co-

efficients of core and cladding depending on fibre type.
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Figure 3. 22 Temperature response in the range of 10°C - 50°C for a dual-peak LPG UV-inscribed in thin
cladding SM1500 (4.2/80) fibre with 150 um period: (a) spectral evaluation for normal peak 1 with blue shifted
wavelength, (b) spectral evaluation for dual peaks 2&3 with opposite wavelength shift and normal peak 4 with

wavelength blue shifted; (c) The thermal sensitivity results for all the resonances with increased temperature.

Table 3. 4 Summary of the temperature sensitivities for the four resonances of the dual peak LPG.

Dual peak LPG resonance Temperature Sensitivity for an increment of 10 °C in the range
wavelengths of 10 °C -50 °C
1151 nm -77.5 pm/°C
1589.76 nm =760 pm/°C
1793.52 nm 640 pm/°C
2304 nm -120 pm/°C

Further investigation for surrounding refractive index (SRI) sensing of dual-peak LPG was carried
out by subjecting the dLPG into the SRI change. The grating was placed onto a glass plate to evaluate
the SRI response. Both the ends were fixed onto two three dimensional stages to neutralise the strain
and bending effects. A series of commercial immersion gels with RI ranging from 1.3 to 1.44
(purchased from Cargille) were used for this experiment. A supercontinuum source with broad
wavelength range (950 — 2400 nm) was used to launch the light through the dLPG. Two OSAs with
spectral measurement range of (950-1200) nm and (1200 — 2400) nm were connected in turn to the
other end of dLPG for recording SRI response of peaks 1,2,3 & 4 respectively. The dLPG is

immersed with each immersion gel and spectra were recorded with a resolution of 0.20 nm. It is seen
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that as SRI value increases there is the blue wavelength shift for all the peaks except resonance peak

3, which has red shifted wavelength.
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Figure 3. 23 SRI response in the range of 1.30 to 1.44 for a dual-peak LPG UV-inscribed in thin cladding
SM1500 (4.2/80) fibre with 150 um period: (a) spectral evaluation for normal peak 1 with blue shifted
wavelength, (b) spectral evaluation for dual peaks 2&3 with opposite wavelength shift and normal peak 4
with wavelength blue shifted; (c) The SRI sensitivity result for the peak 1 resonance with increased RI values

(d) The SRI sensitivity results for the peaks 2-4 resonances with increased RI values.

The spectral evolution of the dLPG when subjected to various SRI gels is shown in Fig. 3.23 (a) and
(b). From the figures we can see that the dual-peak resonances are showing opposite movement with
increasing SRI — the first dual peak (peak 2) blue shifts while the second (peak 3) red shifts - similar

to the temperature response behaviour. The two individual peaks at shortest and longest wavelengths
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are blue shifting with the SRI increasing but with smaller speed. Figure 3.23 (c) and (d) plot the SRI
sensitivities for the four peaks and the average SRI sensitivities for the four peaks are summarised in
Table 3.5. Considering the range of SRI from 1.30 to 1.44, for the first dual peaks (peak 2) is blue
shifted and the conjugate peak 3 is red shifted. The overall wavelength shift for all the resonance
peaks is as: -15.5 nm for peak 1, -121.44 nm for peak 2, 763.84 nm for peak 3 and -32.36 nm for
peak 4 respectively. The SRI sensitivity results show that the dual peaks have much higher SRI
sensitivity, as reached -885.7 nm/ RIU for peak 2 and 1200 nm/ RIU for peak 3, respectively for the
entire SRI range of 1.30-1.44. A comparatively less sensitivity of -189.78 nm/ RIU is obtained for
peak 4. However, a very low sensitivity of -87.5 nm/RIU is obtained for peak 1. Whereas it is noted
in the SRI range of 1.30-1.38, there are maximum SRI sensitivity achieved with -550 nm/RIU for
peak 2 and almost double of 1050 nm/RIU for conjugated peak 3.

Table 3. 5 Summary of the average SRI sensitivities of the four resonances of UV-inscribed dual peak LPG.

Dual peak LPG resonance Average SRI sensitivity in the range of 1.30-1.44
wavelengths
1151 nm -87.5 nm/RIU
1589.76 nm -885.7 nm/RIU
1793.52 nm 1200 nm/RIU
2304 nm -189.78 nm/RIU

From above results we may draw some important points: (1) the dLPG have resonances closed to or
in the mid-infrared wavelength range, as the second resonance (peak 3) of the dual-peak is at 1793.52
nm and the peak 4 is at 2304 nm; (2) due to they are so closed to the dispersion turning point, the
dual-peaks are much more sensitive than the normal LPG single peaks, as the temperature and the
SRI sensing results show their sensitivities are almost one order of magnitude higher than that of
single peaks. Therefore, dLPGs could offer unique sensing function for bio, medical and

environmental sensing applications in mid-infrared range.

3.6 Inscription and characterisation of first and second order LPGs

In phase matched condition the co-propagating core and cladding modes generate high diffraction
orders into an LPG. Thus, coupling between forward co-propagating core modes with the higher 2™
order cladding modes generate the resonance response near to longer wavelength range closed to mid
infrared range that we are investigating in this section. The resonance wavelength (4,..5) in phase-

matching condition for a higher order diffraction grating can be expressed as,
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res = (ne) =T By (3.19)

eff

clm are the

Where, A is the grating period, N = 1, 2, 3..... is the diffraction order, and nﬁgf and n

effective indices of fundamental core mode and the m-th cladding mode respectively [86].

We have demonstrated the fabrication and characterisation of first and second order diffraction
resonance peaks in the range from near infrared to mid-infrared. Thereafter, the thermal sensing

measurement of this LPG sensing device was investigated.

The 2™ order LPGs were fabricated following the same point-by-point writing technique described
in section 2.5.3, and the gratings were UV-inscribed in SMF-28 fibre photosensitised by hydrogen
loading treatment. In order to create 2™ order resonances closed to 2 pm region, the period size of

300 um was chosen.

The transmission spectrum of the UV-inscribed LPG with 300 um period was examined for the
spectral range from 950 nm to 2400 nm using two OSAs, and Fig. 3.24 (a) and (b) show the 1* order
resonance of 6 peaks, which across the two figures with the first peak (named as peak 1) on the figure
(a) occurring at around 1079 nm and the last peak (peak 6) on the figure (b) at around 1450 nm. From
the figure (b) we can clearly see there are three 2™ order resonance peaks, named as peaks 7, 8 and
9, occurring around 2155 nm, 2244 nm and 2332 nm, all in the mid-infrared region. There should
also be the 2™ order resonance for peaks 4, 5 and 6 but they are beyond the second OSA measurement
range of 2400 nm. In order to stabilise the LPG property, this 300 pm period LPG was annealed at
80 °C for 48 hours, and its spectrum was measured after the annealing and also plotted on the figure
(a) and (b). After annealing, the 1% order resonance peaks of 1,2 and 3 red-shifted by 9,12 and 14 nm
respectively. Whereas there is comparatively larger wavelength shift for the corresponding 2™ order
peaks of 7, 8 and 9 as they red-shifted by approximately 21, 27.7 and 33 nm respectively. The central
wavelengths for the 1% and 2™ order peaks before and after the annealing are summarised in Table

3.6 (a) and (b).
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Figure 3. 24 The transmission spectra of LPG with a period of 300 um fabricated into hydrogenated SMF-28;
(a) Ist order resonance peaks measured in the range of 950 - 1200 nm; (b) 2nd order resonance peaks

measured in the range of 1200 - 2400 nm before and after annealing.
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Table 3. 6 (a&b) The resonance wavelength for all the attenuation peaks of 1st and 2nd order LPG before and

after annealing.

1 and 2™ order LPG with 300 um period (before annealing)

1* order resonance peaks Corresponding 2™ order resonance peaks
Peak 1 1079.0 nm Peak 7 2155.7 nm
Peak 2 1124.0 nm Peak 8 2244.3 nm
Peak 3 1167.7 nm Peak 9 2332.8 nm

(a)

1* and 2™ order LPG with 300 um period (after annealing)

1* order resonance peaks Corresponding 2™ order resonance peaks
Peak 1 1087.7 nm Peak 7 2176.9 nm
Peak 2 1136.7 nm Peak 8 2272.0 nm
Peak 3 1182.5 nm Peak 9 2365.4 nm

(b)

3.6.1 Thermal sensing measurements

The multiple resonant peaks generated due to light coupling between fundamental core mode and the
cladding modes are intrinsically sensitive to the change in temperature of surrounding environment.
Therefore, we demonstrated the thermal responses for three different 1% and 2™ order resonance
peaks for the LPG with period of 300 um. The thermal sensitivity measurement is achieved by
placing the LPG device on to a Peltier setup similar to the one shown in Fig. 3.7. A temperature
variation was performed from 20 °C — 70 °C with an increment step of 10 °C. The input light to the
LPG sensing device was launched by a broadband source (Fianium superK) and the spectra were
measured through OSAs at two different wavelength ranges to achieve entire response for both 1% &
2" order series resonances. Following equation (3.12) the resonance response for higher order
cladding modes near the mid-IR range shows larger sensitivity with enhanced core-cladding
interaction for larger portion of evanescent wave penetrating into the surrounding. The experimental
results for spectral evaluation and wavelength shift are plotted in Fig. 3.25 and are summarised in

Table 3.7.

This may be advantages for some applications where high thermal sensitivity is desirable. However,
for some sensing applications, thermal cross-talk may be an issue, which needs to be considered to

be eliminated.
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Temperature sensing for 1st and 2nd order LPG
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Temperature sensing for 1st and 2nd order LPG
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Figure 3. 25 Temperature response of the Ist and 2nd order resonances for an UV-inscribed LPG into
hydrogenated SMF-28 with a period of 300 um. (a) spectral evaluation of resonance peaks 1,2&3 in the st
order series in the wavelength range of 1000- 1400 nm; (b) the thermal sensitivity results for I*' order
resonance peaks with wavelength blue shifted; (c) spectral evaluation of resonance peaks 7,8&9 in the 2™
order series in the wavelength range of 1200- 2400 nm; (d) the thermal sensitivity results for 2" order

resonance peaks with wavelength blue shifted.
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Table 3. 7 (a&b) Thermal sensitivity values for 1st and 2nd order series of LPG with period of 300 pum.

1* order LPG with 300 pm period

1* order resonance peaks Temperature sensitivity (pm/°C)
Peak 1 1087.7 nm -312.43
Peak 2 1136.7 nm -333.00
Peak 3 1182.5 nm -456.43

(a)

2™ order LPG with 300 um period

2" order resonance peaks Temperature sensitivity (pm/°C)
Peak 7 2176.9 nm -582.63
Peak 8 2272.0 nm -555.43
Peak 9 2365.4 nm -664.69

(b)

3.7 Ex-TFG inscription and sensing characteristics
3.7.1 Principle of Ex-TFGs

The fabrication process for large angled tilted grating is explained in this section. The transmission
spectrum with polarisation controller setup is shown and a detailed experimental analysis is done

with sensing measurement results.

For an optical fibre grating the fundamental core mode is coupled with the forward propagating
cladding mode. The sensitivity becomes much higher compared to the coupling with the backward
propagating cladding modes [87]. The LPGs and Ex-TFGs are following this principle and hence
with very high sensitivity. The LPGs are used as an attenuation filter and environmental detectors
[23, 24, 88-91]. Zhou et al., reported that the large angled tilted grating is highly sensitive for
surrounding refractive index change whereas for the thermal sensing it has low sensitivity [28, 64].
An Ex-TFG is consisting of asymmetric structures within the fibre core. In phase matched condition
the light is coupled with the higher order forward-propagating cladding modes. The dual peak

resonance is achieved as the light splits into two sets of polarisation dependent cladding modes.

The phase matching condition of an Ex-TFG is given by the expression:

1= (n @ —nll ()2 i =TE or TM (3.20)

clm cosf

The strongest coupling occurs between the core and co-propagating cladding modes.
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In equation (3.20) the resonant wavelength A can be expressed in terms of effective refractive index

ieff

of the core ng’:f and m™ order TE/TM cladding mode i.e., Nm

at the resonant wavelength. The

grating period is given by A; and 0 is the tilt angle.

For the axial period the equation can be written as,

A= (ni{:f 1) — nbetf (,1)) A i=TE or TM (3.21)

clm

3.7.2 Inscription and characterisation of Ex-TFGs

3.7.2.1 Inscription of Ex-TFGs

As previously discussed, in a TFG with tilted angle greater than 67° (for an air/glass interface) are
regarded as excessively tilted TFG, thus named as Ex-TFG. An Ex-TFG exhibits similar properties
as a conventional LPG, except the period is much small (~only tens micrometer), and it couples the
light to the forward propagating higher order cladding modes. The fabrication technique for Ex-TFGs
requires a different arrangement with an amplitude mask (AM). A custom designed AM with a period
of 6.6 um purchased from Edmund Optics was used for the inscription. Both SMF-28 and B-Ge
photosensitive fibre were used, and they were hydrogenated to make them highly photosensitive.
Figure 3.26 shows the schematic of UV inscription of Ex-TFG using the zeroth order diffraction of
UV beam which is generated by the amplitude mask.

UV Beam Amplitude mask

A" [}
11 ] H
F L7

Optical Fibre A

Zero order diffraction

Figure 3. 26 Schematic of the amplitude mask and fibre with zero order UV diffraction beam into fibre core.

An optical fibre with the cylindrical structure has a lens effect. Therefore, the internal angle in the
fibre core is different from the external tilt angle of amplitude mask. To achieve an Ex-TFG with a

tilt angle of 81°, the external tilt angle needs to be set at 76°. The UV exposure directly passes through
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the amplitude mask and with the zero order diffraction the Ex-TFG will be written into fibre core.
Post fabrication results achieved with 28.3 um axial grating period inside the fibre for a normal

grating period set as 4.41 um [64, 92].

The spectral property of UV-inscribed 81°-TFG was examined using the measurement setup shown
in Fig. 3.27. The light from a super-continuum source (950-2400 nm) was launched into one end of
Ex-TFG and the attenuation resonances were measured with an OSA (YOKOGAWA). Because the
Ex-TFG has broken the total symmetric profile of the refractive index distribution in the fibre core,
some birefringence effect has been introduced in the mode coupling generating two sets of modes
with orthogonal polarisation status. Therefore, in the measurement setup, a combination of a linear
polariser and a polarisation controller were set in between the broadband source and Ex-TFG to see

the split modes. The transmission spectra are represented in Fig. 3.28.

Optical Spectrum Analyzer (OSA)
Light Source(SuperkK)

Polariser

Polarisation Controller

Figure 3. 27 Experimental setup for measuring transmission spectra of Ex-TFG.

The spectral characteristics of the 81°-TFG was evaluated, and it was noted that some birefringence
effect was introduced due to the asymmetric structure of Ex-TFG, and the coupled cladding modes
are created into two sets of orthogonal polarisation states as shown in Fig. 3.28 (a) and (b).
Particularly, when the probe light is at random polarisation, the coupled light is almost equally
distributed into the two sets of different polarisation states, as we see the amplitude of the two sets
of resonances shown in Fig. 3.28 (a) is about 3 dB. However, when the probe light is fully polarised,
individual polarised set of modes will be excited to the maximum amplitude. This can be seen in
zoomed spectral profile for one pair of polarised modes showing in Fig. 3.28 (b), where the
corresponding peak resonance for transverse magnetic (TM) mode and transverse electric (TE)
modes are labelled as P1 and P2 respectively in Fig. 3.28 (b): it shows the amplitude can reach 6 dB
for TM polarised mode and 8 dB for TE polarised mode respectively.
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Ex-TFG with a tilt angle of 81°
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Figure 3. 28 The transmission spectra for 81 ~TFG: (a) with a series of ~3 dB paired resonances from 1200 -
2400 nm when launched with random polarised light, (b) zoomed transmission spectra for one pair of dual

peaks measured using light with two orthogonal polarisations.

3.7.2.2 Temperature sensitivity characteristics of Ex-TFGs

The thermal response of the 81°-TFG was investigated using the setup shown in Fig. 3.29. In the
measurement, the grating was placed on the heat transfer plate and the temperature was varying in
the range of 20 °C - 70 °C with 10 °C increment. The polariser and the polarisation controller were

adjusted to ensure exciting either TM or TE modes under the investigation.

Namita Sahoo, PhD Thesis, Aston University 2021 97



Temperature Controller Optical Spectrum Analyzer (0SA)

Light Source(Superk)

Polariser Heating Device

Polarisation Controller

Figure 3. 29 Experimental setup for thermal sensing measurement performed for 81 ~TFG.

In this experiment we consider three pairs of peaks for the 81°-TFG spread in three different
wavelength ranges to examine if the temperature sensitivity is not just polarisation but also
wavelength dependent. The measured results are shown in Fig. 3.30 and summarised in Table 3.8.
From the results of the thermal response evaluation, we can see the temperature sensitivities of the
Ex-TFG are much lower than that of LPGs, and even lower than that of FBGs. Typically, the
temperature sensitivity of an FBG in a similar wavelength range is about 10 pm-12 pm/°C, here for
the 81°-TFG, all three TM modes show the temperature sensitivities of -0.4, 7.77 and 8.57 pm/°C,
and the TE mode at 1329.4 nm shows a sensitivity of 2.17 pm/°C; all lower than 10 pm/°C. From the
results we can see the temperature sensitivity of an Ex-TFG is polarisation dependent as TE modes
have higher value than TM modes. It is also wavelength dependent, as increasing with the
wavelength. The reason for achieving low temperature sensitivity achieved can be explained
following the theoretical proof as discussed by Zhijun Yan et al. [92]. Their simulated results showed
that, there is the decreased thermal sensitivity for higher order cladding modes at 31* and more for
relative resonance wavelength for TE and TM modes before the switchover point reached for an 81°
Ex-TFG. This provides Ex-TFGs with some advantage for eliminating temperature cross-sensitivity

in special applications.
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Figure 3. 30 The wavelength shifts of 81 “TFG at different temperatures for three pairs of TM and TE modes

at different wavelength ranges.

Table 3. 8 Summary of thermal sensitivity of 81°-TFG for TM and TE modes.

Ex-TFG (81°) TM peaks at Temperature TE peaks at Temperature
sensitivity sensitivity
(pm/ °C) (pm/ °C)
1325.8 nm 2.17 1329.4 nm -0.4
1513.36 nm 10.29 1519.44 nm 7.77
1798.44 nm 12 1806.76 nm 8.57

3.7.2.3 Surrounding medium refractive index sensing of Ex-TFGs

Ex-TFGs may be explored as in-fibre sensors for biochemical, biomedical and environment sensing
applications, it is important to evaluate the SRI response of the Ex-TFG. For this purpose, the UV

inscribed 81°-TFG was subjected for SRI sensing characterisation.

The SRI sensing capability of Ex-TFG was evaluated using the experimental setup shown in Fig.
3.31. The 81°-TFG fibre sensing device was placed onto a glass slide and firmly clamped between

two translational stages placed at same heights to avoid wavelength shift by bending and strain. A
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series of refractive index gels (from Cargille) ranging from 1.305 to 1.385 were applied to the grating
in turn. As Ex-TFG couples light to higher order cladding modes that have lower effective mode
index value, when applying index gel > 1.39, all resonances disappear as they evolve to radiation
modes. After the grating submerged into the immersion gel, the spectra were recorded onto the OSA.
After each SRI measurement the glass slide was constantly replaced by a new one and the grating

surface was rinsed with methanol and deionised water to restore it to previous position.

Optical Spectrum Analyzer (OSA)

Light Source(Superk)

Polariser

Polarisation Controller Ex-TFG

Figure 3. 31 Experimental setup for refractive index sensing for Ex-TFGs.

Three pairs of peaks with TE and TM modes in three different wavelength ranges were considered
for SRI sensing measurement. The experiment was performed to compare the sensitivities in three
different wavelength ranges starting from near IR and continuing towards to mid-IR. The measured
results are plotted in Fig. 3.32 (a,b,c) and summarised in Table 3.9. The refractive index sensitivity
response of the 81°-TFG is comparatively higher than normal LPG. The SRI response for three
consecutive TM modes is evaluated as 142, 245 and 210 nm/RIU and for corresponding three TE
modes are as 113.5, 222 and 215 nm/RIU in the RI range of 1.305 to 1.385. It is clearly visible that
polarisation sensitive TM modes have slightly higher SRI response than for the TE modes, and the
SRI sensitivity increases with wavelength, although small drop for the modes at 1789 nm. It is more
important to know the SRI sensitivity of the Ex-TFG is much higher than that of the normal LPG in
1.305-1.383 SRI range. From previous Fig. 3.17 (b) we see the average SRI sensitivity for LPG with
period of 400 pum is about 21 nm/RIU for resonance for LPO5 mode at 1340 nm and 140 nm/RIU for
LP06 mode at 1518 nm respectively. Both the modes show SRI sensitivity with blue shifted
wavelength in the SRI range of 1.32 - 1.44, but here Ex-TFG has achieved SRI sensitivity of around
220 nm/RIU, which is two times higher than LPG. Thus, the Ex-TFGs could be better devices for
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biomedical or biochemical sensing applications where the solutions have base index value around

1.305 - 1.385 range.
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Figure 3. 32 The refractive index sensing for 81 °Ex-TFGs with a series of TE and TM modes for the resonance
peaks around 1283.08 nm (a), 1513.76 nm (b) and 1789.64 nm (c).

Table 3. 9 SRI sensitivity results for 81° Ex-TFG with three pairs of TM and TE modes.

Ex-TFG (81°)

TM peaks at Refractive index TE peaks at Refractive index
sensitivity sensitivity
(nm/RIU) (nm/ RIU)
1283.08 nm 142 1286.52 nm 113.5
1513.76 nm 245 1519.64 nm 222
1789.64 nm 210 1806.8 nm 215

Namita Sahoo, PhD Thesis, Aston University 2021

101



3.8 Chapter conclusion

At the beginning of this chapter, we explained optical fibre fabrication techniques that have been
used for grating inscription from near-IR to mid-IR range. The FBGs have been inscribed using phase
mask scanning technique. This method facilitates a simple optical system through which a stable
FBG writing is possible. LPGs with period length of 10 um to 600 um were fabricated by point-by-
point writing technique. The tilted gratings were fabricated by optimising the designed tilt angles
with the rotation adjustment of phase and amplitude mask mounted on goniometer setup. The FBGs,
LPGs and TFGs are showing excellent sensing applications as temperature sensor, strain sensor and
SRI sensor. All fibre gratings in the near IR range are fabricated into normal SMF-28. The thermal
sensing measurement for both FBG and STFG shows similar response with average sensitivity of 10
pm/°C in the temperature range of ~ (10 - 70 °C). A strain sensing performance for FBG has obtained
with sensitivity as 0.8 pm/ue. Then, different types of LPGs, such as normal and 1% & 2™ orders
were fabricated into standard and hydrogenated SMF-28. The dual-peak LPGs with periods of 150
um have been fabricated into 80 um thin cladding fibre. The temperature and SRI response for
normal LPGs and dLPGs show very high sensitivity from near-IR to mid-IR range. A highest SRI
sensitivity for dual LPG with conjugate resonance peaks is achieved as ~-885.7 nm/ RIU and ~1200
nm/ RIU respectively. However, 1¥ and 2™ order LPGs with higher thermal sensitivity for more than
~500 pm/°C is achieved for the 2™ order resonances in the mid-infrared range. Finally, a
comparatively lower thermal sensitivity is obtained for UV-inscribed Ex-TFGs into hydrogenated B-
Ge photosensitive fibre and much higher SRI sensitivity for orthogonally polarised cladding modes

provides a sensitivity value more than 200 nm/RIU.
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Chapter 4

Fibre Bragg gratings (FBGs) inscription into
multicore fibre and sensing measurements
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4.1 Introduction:

Fibre Bragg gratings (FBGs) fabricated into single mode-single core fibres have been used for
sensing of different parameters such as temperature, strain, bending and twist. The superior flexibility
of these devices makes them applicable as sensors that can be utilised in structural health monitoring
and for medical devices [93-96]. These FBG based optical sensors are advantageous due to their high
thermal stability, chemical inertness and immune to electromagnetic interference. The only limitation
of the single mode-single core based FBG sensor is in single parameter sensing at a time. However,
this limitation could be overcome with the sensor fabrication into single mode and multimode —

multicore fibre (SM&MM-MCF) suitable for multi parameter sensing measurements.

The reported development of multicore fibre (MCF) is a recent advancement of fibre optical
technology driven by huge demand for transmission capacity of a single fibre and long-haul
communication with dense space-division multiplexing (DSDM) [97-100]. It has large data
transmission capability compared to a single mode fibre-based system that is limited by data

transmission of 100 Tb/s bit rates [101]. In addition, key applications utilising MCF such as fibre
laser [102, 103] and fibre optical sensors [7, 8], were immediately followed. For these applications,

existing device such as fibre gratings and optical couplers may be useable but require multiple
splitting and combining between single core and either multiple single core fibres or a complex
coupling between multiple fibres. New version of these devices in MCFs will make the system more
elegant. Furthermore, FBGs fabricated into the MCFs can broaden their capabilities in regard to

multi-parameter sensing of twist, bending, loading and temperature.

The sensing device with FBGs inscribed into the MCF has shown some applications into
astronomical imaging system for developing a photonic lantern [104]. The present research is
focused mainly on fabrication and application of sensor devices with the SM- MCF. The previous
studies are reported on applying such sensor devices with four cores fibre (4CF) for bending and
transverse load sensing [105] and seven cores fibre (7CF) as temperature, strain and fibre twist sensor

[106] respectively.

There are different FBG writing techniques into MCF. These are namely (a) phase mask (PM)
scanning method, (b) point-by-point writing method by femtosecond laser and (c) small spot direct

ultraviolet writing (SSDUW).

Flockchart et al., reported that FBGs can be written into three cores of a hydrogenated 4CF using PM
scanning method. Here, they faced the challenge for adjustment of different core locations to obtain
uniform grating spectra [95]. Whereas a femtosecond point-by-point writing technique is more
suitable for writing into selective cores of an MCF. In this case it is possible for writing into non-

hydrogenated MCF by focusing individual cores at different FBG centre wavelength [107]. Recently
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Senta L. Jantzen et al., have experimentally demonstrated a cost effective SSDUW technique, by
focusing the UV irradiation through a small PM. The spot size is comparable with the core dimension,

and it became cost-effective [108].

We have developed a novel research technique and measurement method to inscribe FBGs into MCF
at AiPT research labs. It enables not only FBG inscription into all the cores simultaneously but also
selective core inscription at different centre wavelength using phase mask scanning technique. The
measurement method also shows uniqueness and preciseness without the requirement of expensive
equipment. We also investigated the vector sensing applications using the MCF-FBGs. Such unique
MCF-FBG sensors have potential to be used for structural health monitoring, biomedical sciences,

and robotic technologies.

4.2 Core marking method and selective inscription for MCF

The MCFs with four cores for two different core spacings of 50 pm and 36 pm and seven cores (SM-
7C1500) of spacing 35 wm were bought from Fibercore. These are Germanium and Boron co-doped
photosensitive fibres. The cores are equally spaced apart and the core and cladding diameters of 6.1
pm and 125 pm respectively. The images of the optical fibre cross section are taken with an optical
microscope (ZEISS Axioscope), as shown in Fig. 4.2 (a, b, ¢). In order to modulate the core refractive
index to generate FBG structure, UV photosensitivity of the MCF was enhanced by hydrogen loading
technique, with which the fibres were kept in a hydrogen loader under a constant pressure of 150 bar

and at a temperature of 80 °C for 48 hours.

Prior to the FBG writing into MCF, the core position needs to be marked for selective inscription.
The cores are distributed into a square lattice in the 4CF and into a hexagonal lattice structure with a
central core for a 7CF as shown in Fig. 4.2 (a, b, c). The main challenge is controlling the core
position for laser focus adjustment for FBG writing into selected cores. As reviewed, the previously
reported results for FBG sensors into MCF with PM method were performed by exposing all cores
with UV radiation [106]. This is first time in Aston research lab, following a novel method the cores
are firstly marked at different positions and FBG inscription is performed selectively. It should be
noted, there are other considerations such as the cores of MCF are not always axially parallel and
there might be twist and helical distribution at a certain length, introduction of FBG inhomogeneity

with random positions of fibre cores affect the FBG spectra and sensor performance.
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The experimental setup in Fig. 4.1 (d) shows the core marking method in order to achieve an

organised distribution of multiple cores within the fibre.

(a) (b) (c)
Rotator Microscope Rotator

Optical fibre

Translation stage Translation stage
(d)
Figure 4. 1 The cross-section image of the 4CF with core to core spacing of 50 um (a) and 36 um (b)

respectively, and 7CF with core to core spacing of 35 um (c). The MCF is taken under a 40x microscope

objective to set-up for marking the core positions (d).

Here, the MCF is clamped with two fibre rotators, positioned between two 3D stages with a 20 cm
separation between them. A microscope objective with a magnification of 40x is used for observation

of the core position with a sideview as depicted in Fig. 4.2 (a, b).

(a) (b)
Figure 4. 2 Side view for the MCF with 4-cores (a) and 7-cores (b).

The rotators can be adjusted according to the requirement of the core alignment within the fibre.
Once the position and orientation of the core are aligned, the fibre is fixed to a firm position for the

inscription with UV irradiation.

The fibre grating is written using phase mask scanning technique where a commercial phase mask

consisting of several periods as shown in Fig. 4.3 (a) is placed in front of the aligned MCF. The
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exposure of the focused UV laser can be adjusted by the power of the laser and the scanning speed,
which can be controlled by a software programme together with the scanning length. The fabrication
technique used for writing FBG into MCF comprises phase mask method by focusing an Argon ion
laser beam (Coherent Innova 300) into the fibre core using a cylindrical lens system as indicated in

Fig. 4.3 (b).

The irradiation through UV laser is focused by the cylindrical lens and PM. The adjustment for both
the laser beam size and focused position of the fibre can be done by changing the relative height of
the fibre and defocusing distance. The conventional FBG inscription system comprises of focused
laser beam size of 22 um measured with a beam profiler (Thorlabs Beam 4.0) when the fibre is set
at 87 mm distance from lens as seen in the 2D & 3D images in 4.4 (a & b). However, the focused
spot size could be modified with further adjustment of distance between lens and fibre to 94 mm. In
this case, the beam size becomes 96 um with broader spot size as shown in both 2D & 3D images of
4.4 (c & d). It is possible to inscribe all the cores with this defocusing condition for lens and MCF.
The defocusing distance (Af) between the cylindrical lens and the phase mask is adjusted depending
on the requirement of which cores need to be written. In the fabrication system the focal length (D +
Af) = 94 mm is maintained for writing into all the cores simultaneously. The MCF with selected
cores are UV-inscribed for writing FBG at different centre wavelengths. The FBG inscription into
MCEF was performed with a laser power output of 100 mW and a scanning velocity of 0.05 mm/s for

a length of 15 mm.

Thickness =3 mm each
Length = 50 mm
(a)
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D =87 mm Af=+7T mm

~
b
Radiation from
Argon ion laser L1 FA
Phase Mask
Cylindrical lens
7CF

(b)
Figure 4. 3 (a) The schematic of the multiwavelength PM used for FBG inscription in MCF, (b) UV inscription
scheme for FBG fabrication in MCF.

6680 400 200 0 200 400 600

6080 400 200 0 200 400 600

(©) (d)

Figure 4. 4 The 2D and 3D images taken at different defocusing length between lens and the fibre with laser
beam size of (a & b) 22 um at 87 mm distance and (c & d) 96 yum at 94 mm distance.
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4.3 Spectral characterisation and the experimental setup

As depicted in Fig 4.5, the spectrum of individual FBG in MCF was measured by butt coupling light
from a single mode fibre to each individual core facilitated by X-Y adjustments of a splicer. The
coupling ratio can be monitored with light from a low power He-Ne laser source (OZ Optics
Limited). The opposite end of MCF is focused by a digital microscope (AMCap 10x-100x) to see
the fibre cross section on a PC. Light coupling to a particular core can be monitored with its
corresponding illumination seen on the PC screen. Figure 4.6 shows the four X-Y adjustments for

light coupling through each core of a 4CF.

1 1

1 1

1 | 0

! ° o

i €
formmmme oo i -
: Rotator-2 )

He-Ne Laser source

pC
Splicer

Adjustable 3D stage

Figure 4. 5 Schematic of the experimental setup for core position adjustment for light coupling.

(i) a (iii) b (iv) c v)d

Figure 4. 6 (i) Core position labelling for 4CF using optical microscope setup, (ii-v) Light coupling from SMF
to MCF through a fusion splicer for each core positions of 1, 4, 2 & 3 at a, b, ¢ & d respectively.
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Once the coupling ratio for the selected core of the MCF is satisfactory which means a maximum of
100% light illumination can be seen on the PC screen with the input light launched from a He-Ne
laser. The spectrum for the FBG inscribed into this particular core can be measured following the
setup shown in Fig. 4.7; it replaces the He-Ne laser and microscope in Fig. 4.5 with a BBS and an
OSA (YOKOGAWA AQ6375) with a resolution of 0.05 nm, respectively. The reflection or

transmission spectrum was recorded following the light coupling into selected core.

Broadband source(BBS)

3-dB Coupler

— G —

SMF

Rotator-2 )

Splicer

Fixed 3D stage Adjustable 3D stage

Figure 4. 7 Schematic diagram of the measurement setup for MCF — FBG for spectral characterisation and

vector bending sensing.

4.3.1 FBGs in 4CF with core to core spacing of 50 pm

As seen in the optical microscope images in Fig. 4.1 (a, b) there are 4CFs with two different core
spacings of 50 um and 36 pum respectively. The perpendicular view for four core positions was
identified using the microscope setup shown in Fig. 4.1 (d) and labelled as (a, b, ¢) in Fig. 4.8 (a),
where there is one core for each top and bottom plane and two cores in the same plane at the centre.
However, by adjusting the fibre height the diffraction of focused laser beam for the top core is seen
in Fig. 4.8 (b). Though there is a possibility of getting other weak resonances due to cross exposure
by the laser irradiation caused into adjacent cores, a precise adjustment with a microscope setup (with

100x objective) provides a more perfect alignment accuracy.
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Figure 4. 8 Core marking for different core positions into 4CF: (a) cores are aligned into three planes (a, b,
¢); (b) diffraction of focused laser beam at top core; (c) Transmission spectrum for FBG inscription into the

top core.

The transmission spectrum for UV-inscribed FBG into the top core (core 1) was measured with a
BBS and an OSA following the illustrated setup as depicted in Fig. 4.5. As shown in Fig. 4.8 (¢), a
Bragg resonance peak of maximum transmitting loss of 11 dB is obtained for the core at position (a)
with FBG period of 1071.92 nm. The two side resonances of approximately 2 dB and 3 dB are
obtained due to the possibility of weak exposure through UV radiation while adjusting the vertical
alignment of core for selective inscription. Another reason may occur during measurement process

through cross-talk where light couples from one core to another.

To further explore the sensor fabrication capability into different cores of 4CF, the fibre cores were
marked into another configuration where each core positioned in four different individual plane in a,
b, ¢, and d as presented in Fig. 4.9 (a). In this second experiment, the laser beam was aligned at a
defocusing distance for FBG inscription into the top two cores 1&4, where these are situated

diagonally in the planes a & b respectively. The transmission response was characterised for the FBG
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written at centre wavelength of 1551.7 nm. It is clearly evident in the diffraction pattern in Fig. 4.9

(b), that both the cores were well aligned for UV inscription.

(a)

(b)
c)

(d)

(@) (b)

t(c) core 1 or4

Transmission (dB)

-26

1550 1555
Wavelength (nm)

Figure 4. 9 Core marking for two different positions into 4CF: (a) cores are aligned at four planes (a, b, ¢, d);
(b) diffraction of focused laser beam at top two cores, (c) Transmission spectrum for FBG inscription into

either core 1 or 4 situated in the planes a & b.

Figure 4.9 (c) represents the transmission spectrum with three individual peaks. The highest
amplitude of 11 dB was measured for the resonances at ~1552.5 nm and ~1554.0 nm respectively. It
is clearly visible that both the cores were well aligned for UV inscription and refractive index
perturbation occurs for writing FBG period of 1071.92 nm. Here, during the vertical position
alignment of core 1 and 4, an equal power of UV exposure occurs for both. Hence, similar attenuation
is achieved for transmission spectra while performing measurement for either core 1 or 4. It is also
possible to observe a cross-talk effect during measurement process due to butt coupling through XYZ
adjustment of the splicer and approximately equal light is coupled through the cores. Another small
resonance around 2 dB is also obtained, that may occur due to the possibilities for occurring both
weak exposure in slight core misalignment position and light coupling through core 2 during

measurement.
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Further adjustment of defocusing distance between cylindrical lens and the phase mask facilitated
the 4CF to be exposed of UV-radiation for all the cores. Here the refractive index modulation occurs
into all the cores. The core positions are presented in Fig. 4.10 (a), where there are two cores in each

plane (a) and (b).
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Figure 4. 10 (a) Core marking for different core positions into 4CF; (b) Transmission spectra when all the
cores of 4CF were aligned for FBG inscription at period of 1071.92 nm.
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Figure 4.10 (b) shows the transmission spectra with a maximum of 15 dB and 6 dB resonances for
UV-inscribed FBGs into core 4 and core 2 respectively. As seen a small resonance of approximately
2 dB along with higher attenuation peak was achieved for FBGs into both the cores. This may be due
to the misalignment during core marking and laser focus adjustment process. As all four cores were
exposed to the UV radiation, we can see two very weak resonances for core 3 and 4, with the
attenuation around 2 dB and 0.5 dB at the wavelength of ~ 1552.5 nm and 1553 nm respectively. It
is clearly visible that the refractive index perturbation is weak in these two cores. It is considered that
the effective refractive index of each core is non-identical, as may be caused by the laser power
variation with different cores during FBG inscription. There is also crosstalk effect when the light is

coupled through the splicer.

4.3.2 FBGs in 4CF with core to core spacing of 36 um

The FBG fabrication in 4CF with core-to-core distance of 36 um was also investigated. Figures 4.11
(a) & 4.12 (a) show the positional arrangement of the cores. The corresponding reflection and
transmission spectra for FBG written into these cores were measured by utilising the experimental

setup as explained in previous sections in Fig. 4.6.
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Figure 4. 11 (a) Core marking into three different planes with one core in each top and bottom planes; the
centre plane contains two cores simultaneously, (b) and (c) Reflection and transmission spectra were measured

when the bottom core was aligned for UV radiation.
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Figure 4.11 (a) represents the core marking with three positions similar to Fig. 4.8 (a). The FBG
inscription for the bottom core (c) provides the reflection and transmission resonance of 3 dB and
0.4 dB respectively while the similar writing parameters were chosen as discussed for 4CF with 50
pm core spacing. Therefore the achieved Bragg reflection of this 4CF is only 0.4 dB. This observation
is associated with the variation of material property for the MCF after the hydrogen loading

efficiency and annealing at a certain temperature condition after the inscription completed.

Another selective inscription was performed with the core positions as shown in Fig. 4.12 (a). In this
case the 4CF was aligned for writing FBG into top cores. The reflection resonance of 5 dB was
measured for core 2 placed in position (a) as depicted in Fig. 4.12 (b). However, there are significant
resonance response for other cores which is due to light partially coupled through these cores while
continuing measurements. It is clearly noticed that the maximum transmission of 30 dB is achieved
with the top core aligned and focused for UV inscription as seen in Fig. 4.12 (c). A significant
refractive index modulation takes place for the other cores of 4CF such as cores 3 and 4 with the
resonances achieved as 15 dB and 8 dB respectively. Whereas, for the UV-inscribed FBG into core
1 situated at plane (a) results very weak resonance response and is not presented into the plot. This
is due to positional error introduced from the core shifting during core marking step and may not be
at the same plane with core 2, hence off focused. It can be noticed that the reference level in the
reflection spectra varies with the core alignment through the splicer setup and also the resolution &
sensitivity adjustments in the OSA. The normalised spectra are achieved by allowing the input-output

light coupling in a stable position through 4CF.
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Figure 4. 12 (a) Core marking into two different planes with two cores in each top and bottom plane; (b)&(c)

Reflection and transmission resonance were measured when the top cores were aligned for UV radiation.
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4.3.3 FBGs in 7CF with core to core spacing of 35 um

The 7CF is one of the new multicore fibre with huge potential in optical fibre communications. FBGs
in 7CF will present some sensing capability for monitoring health condition or structure changes for
more complex engineering configuration. Therefore, this PhD project has also investigated the
fabrication of FBGs in 7CF. Figure 4.13 (a) shows the 5 core positions identified and labelled as (a,
b, ¢, d, e), where (a), (c) and (e) are the top, central and bottom cores respectively, and the two sets
of cores (2 & 6 and 3 & 5) in a same plane are marked as (b) and (d). It is intended to inscribe FBGs
into all the cores of the 7CF with the centre wavelength around 1550 nm. After the inscription, the

FBG spectra of all cores were measured using the butt-coupling method.

15 |
20
o) —
ke
— 25}
k=)
&
é 30 ¢
w
5
=35
-40 | |— 3rd core
—— 6th core
45 | Central core
1 L L 1 L
1554.0 15545 1555.0 1555.5 1556.0  1556.5 1557.0
Wavelength (nm)
(a) (b)

Figure 4. 13 (a) The 5 positions (a, b, ¢, d, e) marked for the 7CF’; (b) Transmission spectra for FBGs inscribed
into 3rd, 6th and the central core of the 7CF.

Figure 4.13 (b) shows the transmission spectra of FBGs inscribed into the central core and 3™ and 6™
cores, respectively. It is seen that the FBG resonances of these three cores are shifted to longer
wavelengths ranging from 1555.7 nm to 1556.5 nm. The maximum resonance (Bragg reflection)
achieved for the central core is the strongest reaching 27 dB, whereas for other two cores (3rd & 6th),
it is approximately 15 dB. The variation in resonance wavelength and strength is due to the alignment
and focusing condition and inscription efficiency. In principle, if the alignment and the UV beam
focusing condition are precisely controlled, FBGs can be written into all cores with similar
wavelength and strength. Although here we only show spectra of the FBGs in three cores, there are

several samples with Bragg resonance shown for all seven cores.
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4.4 Vector sensing measurement principle and experimental setup

Due to the FBGs are in the cores, distributed at different locations in MCF, vector sensing is possible
as the FBG spectral responses of different cores will provide both direction and amplitude of the
structure change, for example under bending and twisting. We can explain the vector sensing of
MCF-FBG corresponding to the bending in the orthogonal directions (x and y) as depicted in Fig.
4.14 (a, b) for a 4CF and 4.15 (a, b) for a 7CF. The angle 0 is formed between y-axis (for 0 = 0°) and
the distance d between centre and an outer core. Fig. 4.14 (b) & 4.15 (b) show the curvature at 0 =

270° and the propagating light is bent along the arc of a circle. Mathematically the change in bending

c

curvature can be expressed as sin(%) = (L_Z—AL) C. Here, C is the radius of curvature (1/R) and can

be calculated for different bending positions of fibre [7, 109], L is the initial distance between two

fixed ends of the fibre, AL is the shift in distance of the 3D stage (Fig. 4.16). The bending is applied

along the two-dimensional plane of the fibre.

X ) 8=270°

(@) (b)

x“ 68=270"

(a) (b)

Figure 4. 15 Schematic diagram for vector sensing mechanism [109].
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Figure 4. 16 Schematic diagram of the measurement setup for vector bending and twist sensing.

For the twist and bending sensing measurement, the MCF-FBG was placed between two 3D
translation stages with a distance of L = 12.5 cm. The twist response can be studied while one end of
the fibre is fixed and the other side of the fibre is rotated at different angles of 0°, 90°, 180° and 270°
respectively. The experimental findings presented here on vector bending sensor utilises rotation of
both ends of MCF-FBG at varying rate generating twist through rotators 1&2 as depicted in Fig.
4.16. The bending measurement was performed with the inward movement of one 3D stage to
introduce curvature to the fibre (shown in Fig. 4.16), and the maximum movement was 10 mm. The

spectrum for each bending was recorded on to the optical spectrum analyser.

4.5 Vector bending-twist sensing measurement results

It is clearly found that the MCF-FBG responds to the bending and twisting, showing not just the
spectrum shift but also the shift direction. The sensitivity varies depending on selective inscription
of FBGs into MCF. The results are analysed for 4CF-FBG with core spacing distance of 50 um and
36 pm respectively, and also for 7CF-FBG.

4.5.1 Result analysis for 4CF-FBG with core to core spacing of 50 pm

Figure 4.17 (b-e) shows the resonance response for bending applied at four twist angles (0°, 90°,
180° and 270° ) for the core 2 at position (a) (Fig. 4.17a). It is seen in Fig. 4.17 (f) that for the twist
angle settings of 90°, the resonance is blue shifted giving the sensitivity value of -0.101 nm/m™. A
similar magnitude of £0.122 nm/ m™' as the highest sensitivity is obtained for the twist angles at 0°
and 270°. However, the resonance becomes blue shifted for twist angle setup at 0° and positive
wavelength shift is achieved for the twist angle at 270°. The lowest bending sensitivity of -0.085 nm/

m™ at 180° is obtained with a reflectivity response as blue shifted.
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Figure 4. 17 (a) The core positioning for 4CF; (b) The core 2 with FBG spectral responses when the fibre
subjected to the bending under four twist angles: (b) 0 (c) 90° (d) 180° (e) 270° (f) Plotted bending

sensitivities for the core 2 with FBG, clearly showing the changes in curvature and in direction.
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The bending sensitivity measurement was evaluated for FBG written into core 4. The core is situated
at diagonally opposite position as in Fig. 4.17 (a). The analysed results for resonance response are
presented in Fig. 4.18 (a, b, ¢, d). The resultant FBG sensitivity plotted in Fig. 4.18 (e). Here, at twist
angles of 0° & 90° the wavelength is blue shifted with magnitudes of -0.115 nm/m™" and -0.123 nm/m"
! respectively. Whereas, for the twist angles at 180° & 270° the resonance wavelength is red shifted

and there are small sensitivity values of 0.052 nm/m™ and 0.02 nm/ m™ are achieved.
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Figure 4. 18 The core 4 with FBG spectral responses when the fibre subjected to the bending under four twist
angles: (a) 0° (b) 90° (c) 180° (d) 270° (e) Plotted bending sensitivities for the core 4 with FBG, clearly

showing the changes in curvature and in direction.
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Figure 4. 19 Vector bending sensing for two opposite cores 2 & 4.

Effectively the measurement results clearly show that there is an opposite resonance shift for two
cores (core 2&4) situated diagonally opposite positions and the twist angle setup of 180° is

considered as represented in Fig. 4.19.

4.5.2 Result analysis for 4CF-FBG with core to core spacing of 36 um

The vector bending/ twist sensing measurement was also performed for a 4CF-FBG with core to core
spacing of 36 um. The sensitivity response for FBG inscribed into core 2 is shown in Fig. 4.20 (b, c,
d, e). The analysis for the total response for all four twist angles is presented in Fig. 4.20 (f). A
significant higher sensitivity is achieved at 90° and 270° with oppositely directed resonance shift
with magnitudes of 0.241 nm/m™ and -0.304 nm/m™' respectively. Comparatively lower sensitivity
values of 0.125 nm/m™ and -0.118 nm/m™" are obtained while the 4CF-FBG was set at twist angles of

0° and 180° respectively.
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Figure 4. 20 (a) The core positioning for 4CF; The core 2 with FBG spectral responses when the fibre subjected
to the bending under four twist angles: (b) 0°: (c) 90°: (d) 180° (e) 270°. (f) Plotted bending sensitivities for

the core 2 with FBG, clearly showing the changes in curvature and in direction.

The investigation for bending sensitivity of another core 3 situated at the perpendicular plane same
as core 2 was carried out and the plotted results are shown in Fig. 4.21 (b, ¢, d, e). In this case higher

sensitivity value is achievable for all the twist angles as depicted in Fig. 4.21 (f). Here the resonance
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peaks are blue shifted at three twist angles of 0°, 180° and 270°. The analysed results achieved with
magnitude of -0.163 nm/m™, -0.429 nm/m™" and -0.202 nm/m™' respectively. Whereas the sensitivity
response is positive for twist angle at 90° and the magnitude becomes 0.325 nm/m™. As expected,

there is opposite sensitivity response achieved for bending at twist angle of 0°. It is clearly visible in

both summarised results in 4.20 (f) and 4.21 (f).
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Figure 4. 21 (a) The core positioning for 4CF; The core 3 with FBG spectral responses when the fibre subjected
to the bending under four twist angles: (b) 0°: (c) 90°: (d) 180° (c) 270°. (f) Plotted bending sensitivities for

the core 3 with FBG, clearly showing the changes in curvature and in direction.
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In a MCF the variation of core spacing is influencing the effective index at the core-cladding interface
[110]. Effectively with the same magnitude of bending applied there is a phase delay for the
propagating modes with the larger core spacing. So here, the higher sensitivity response is achieved

with lower core spacing of 36 um in comparison with 50 um core to core distance in a 4CF.

4.5.3 Result analysis for 7CF-FBG with core to core spacing of 35 pm

Figure 4.22 (b, ¢, d, e) display the spectral responses of the FBG inscribed in the 3" core when the
fibre was subjected to the bending and twisting at four different angles. From Fig. 4.22 (b, c) we can
clearly see when the 7CF-FBG fibre was twisted at 0° and 90°, the increase in bending applied to the
fibre induces the Bragg resonance shifts towards the longer wavelength (red-shift), whereas when
the fibre is twisted at 180° and 270°, results in Bragg resonance shift towards to shorter wavelength
(blue-shift). We plotted the bending sensitivities at these four bending/twisting condition in Fig. 4.22
(), the two plots for 0° and 90° exhibit the upward slope with curvature responsivity of 89.57 pm/m-
! 63.27 pm/m’, respectively, and the two plots for 180° and 270° show downward slope with the
curvature responsivity of -68.51 pm/m™ and -134.62 pm/m™' respectively. From the results we can
see some inconsistent trends in curvature responsivity. For example, the curvature responsivity at
270° is larger than at 180° as expected, however, the results for 0° and 90° are irregular because the
two plots crossover. This could be caused by the precision of the alignment and how accurately the
bending was applied to the 7CF-FBG. We will evaluate more carefully in future experiments to

improve the consistence in the results.
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Figure 4. 22 (a) The core positioning for 7CF; The 3rd core FBG spectral responses when the fibre subjected
to the bending under four twist angles: (b) 0 (c) 90° (d) 180 (e) 270° (f) Plotted bending sensitivities for

the 3rd core FBG, clearly showing the changes in curvature and in direction.

To investigate the full bending/twisting capability of the 7CF-FBG, we also evaluated the FBG
spectral change of the 6™ core, which is in the opposite position as the 3™ core. Figure 4.23 (a, b, c,
d) show the spectral evolution of the FBG inscribed in the 6™ core when the fibre subjected to the
bending and twisting at 0°, 90°, 180° and 270°. As the 6™ core is opposite to the 3™ core, we expect
the curvature induced Bragg resonance shifts will show opposite trends to the 3™ core. From Fig.
4.23 (a, b) we can clearly see when the fibre is twisted at 0° and 90°, the increase in bending applied
to the fibre induces the Bragg resonance blue-shifts, whereas when the fibre is twisted at 180° and
270°, results in Bragg resonance of red-shifts. The bending sensitivity trends at the four twist angles
are plotted in Fig. 4.23 (e), showing the values of -55.2 pm/m™ and -71.79 pm/m™ at 0° and 90°, and
47.37 pm/m™ and 120.68 pm/m™ at 180° and 270°, respectively. In an ideal model, as the 3™ core
and 6™ core are opposite and symmetrically distributed in the 7CF, their spectral response to the
bending under the same twist angle should be identical in sensitivity of amplitude and opposite in
movement direction. Our experimental results of the 3™ and 6™ core clearly show the opposite
movements but with some discrepancy in bending sensitivity amplitudes due to inaccuracies in the

fibre alignment and the applied curvature to the fibre.
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Figure 4. 23 The 6th core FBG spectral responses when the fibre subjected to the bending under four twist
angles: (a) 0% (b) 90% (c) 180° (d) 270° (e) Plotted bending sensitivities for the 6th core FBG, clearly

showing the changes in curvature and in direction.

As mentioned in the introduction, one of added unique advantages of vector sensing using the 7CF
is that the central core will only be sensitive to the temperature and immune to the structure
deformation caused by bending, loading, or twisting. To prove this merit, we have also measured the
spectral evolution of the central core labelled as 7, and the results of bending response of the 7™ core
FBG are given in Fig. 4.24. In comparison with the 3™ and 6" core, the Bragg resonance of the central
core hardly moved (Fig. 4.24a). The wavelength shift against the curvature for the central core is
plotted in Fig. 4.24 (b), as shown, the shift is consequently small as the maximum curvature caused
resonance shift is less than 0.1 nm, and the slope is only -8.83 pm/m™, which is about one order of
magnitude lower than that of the 3™ and 6™ core FBGs. This evidently indicates that the central core
can be used as the reference to eliminate the temperature effect on the 7CF-FBG as structure

monitoring sensor.
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Figure 4. 24 (a) The spectra of the central core FBG under bending change; (b) Wavelength shift plot against

the curvature for the central core.
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4.6 Chapter conclusion

We have demonstrated an effective selective inscription method for UV inscribed FBG structures
depending on the geometrical arrangement of cores, defocusing length and relative position between

laser irradiation beam and fibre cores.

FBGs are fabricated for various core positions of 4CF with 50 pm core to core spacing. The three
different core arrangements have been considered and these are aligned for achieving UV-inscribed
FBGs at single top core only, top two cores and all the cores respectively where the cores are
distributed in the thombus and square geometry. A maximum of ~14 dB transmission is achieved
when all the cores are aligned at a defocusing distance of 94 mm for UV radiation. However, the
spectral measurement for FBG inscribed into other cores show variation in transmission amplitude
due to light coupling and required more precise alignment. The bending/twist sensing measurement
results with two diagonally opposite positioned cores show opposite wavelength shift at 180° with

bending sensitivities of -0.085 nm/m™ for core 2 and 0.052 nm/m™' for core 4 respectively.

The 4CF with core to core spacing of 36 um has also been investigated for characterisation and
sensing measurements of UV inscribed FBG into both bottom core and all the cores respectively.
The cores are aligned in the rhombus and square geometry similar to the previous structure of core
spacing arrangement. Highest transmission of ~30 dB has been obtained for the fibre set at a
defocusing distance to be radiated with larger UV focused beam. The bending sensing results in
inversed wavelength shift for two orthogonally located core 2 and 4 with the bending sensitivity
values of 0.125 nm/m™ and -0.163 nm/m™" respectively, which are significantly higher than that of

FBGs in 4CF with 50 um core to core spacing.

The Bragg resonance can be as strong as 27 dB in the central core of 7CF. Due to the alignment
condition and the fluctuation of the UV power, the FBGs in the distributed cores show some
difference in Bragg resonance wavelength and strength. More precise alignment and control will
reduce the discrepancy and generate more uniform FBGs in the cores of a 7CF. We have also
investigated the vector bending responses of the FBGs inscribed in the two oppositely situated cores
under four twisting angles (0°, 90°, 180° and 270°) with the measured sensitivity values of 0.089
nm/m™, 0.063 nm/m™, -0.068 nm/m™ and 0.135 nm/m™' for 3" core and -0.055 nm/m", -0.072 nm/m"
!,0.047 nm/m™ and 0.120 nm/m™" for 6™ core respectively.

The results clearly demonstrated the capability of such an MCF-FBG as a vector sensor because their

resonances not just respond to the curvature amplitude but also direction. In addition, we have also
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evaluated the central core as temperature reference function in the 7CF and the Bragg resonance of

the central core showed insignificant response to the bending and twisting.

There are challenges with both intrinsic and extrinsic parameters such as variation of material
properties and core alignment within MCF during fibre manufacturing process, along with laser
power fluctuations and beam size. Also, a good control of cross exposure during height adjustment
of core alignment situated in a particular plane for selective inscription and light cross coupling
during measurements are required. Further improvement with the introduction of a
microscope/camera control into the inscription system and installation of a fan-in-fan-out device

while continuing measurements would facilitate the improvement for this sensor device performance.
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Chapter 5

Fibre gratings based refractive index sensors
for bio and environmental sensing applications
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5.1 Introduction:

The application of biosciences and photonic sciences develops technological advancement in
interdisciplinary field known as biophotonics [111]. It consists of interaction between light and
biological molecules. The combination of major technological fields including lasers, photonics,
nanotechnology, and biotechnology are integrated into biophotonics. This enhances the opportunity
of light-guided applications such as in healthcare for detection and treatment of disease, clinical

analysis, drug discovery, environmental and security sectors.

The optical biosensor is a key area in Biophotonics as these sensors utilise novel optical structures,
coating materials and methods for analysing capability of detecting and distinguishing various
classes of biomolecules [112-115]. Typically, the biomolecules are of small size, low weighed and
consists of weak charge. So, this becomes very challenging for the detection via physical properties.
As both sensitivity and selectivity are fundamentally important for biosensors, it is necessary to
detect the rate of change of optical signal as a function of surrounding analyte concentration. The
solutes with low concentration are ideal for sensors as these require binding of the analyte for
sufficient sensitivity. The development of chemsensors and biosensors for the analytes are limited to

the materials ability to acquire the affinity from interfering substances [116-118].

Optical fibre gratings are advantageous in the application as optical sensors due to high sensitivity
and environmental ruggedness. The sensitivity is determined with respect to the effective refractive
index changes in the surroundings of the fibre surface. The variations can be modified with the light
propagating condition and resulting spectral modulations in the transmission or reflection spectra
[119]. Till now, fibre-optic refractive index-based sensors are largely used for the determination of
material purity, monitoring surface binding event, detection of analyte layers and finding quantity of
biomolecules and studying antigen-antibody features [120-122]. Generally, there are two common
types of sensing principles for fibre-optic refractive index-based sensors, i.e., amplitude-based [123]
and spectral-based [124]. The former detection scheme is associated with the increased or decreased
value in the amplitude and is correlated with the refractive index variations, whereas the latter is
related to resonance peak shift due to the modulation of refractive index of an analyte in the
surrounding of certain grating structures, such as Bragg gratings [125], interferometers [126], and
whispering-gallery-mode resonator [127]. These would modify the resonant property of sensor

structure and result in wavelength shifts of the spectra.

In Aston photonics research lab, we have developed label-free detection methods where the target

molecules could be detected with their natural forms without any label or modification so that the in-
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situ detection is enabled. This method is easy to implement and allows quantitative and direct
measurement of molecular interaction. The SRI-sensitive device based on label free technique has
been developed by UV-inscribing normal Bragg, tilted and long period grating structures in various
type of fibres. Appropriate choice of fibre type can provide intrinsic or enhanced SRI sensitivity to
grating structures. The fibre grating based sensor device can be coated with bioactive materials to
interact with certain types of biological agents, thus the application of accurate biosensors with high

sensitivity and selectivity.

The optical fibre biosensors are applicable in food safety where it is required for identification and
detection of any contaminants for the prevention of any disease [128], medical diagnosis such as
monitoring the sugar and haemoglobin in blood stream [129, 130] and environmental monitoring
with relative humidity (RH) sensing for industrial application and in the detection of heavy metals in

drinking water [131-133].

In this chapter firstly, the RI sensitivity is studied with different glucose concentrations using
different types of fibre sensors. Then a novel glucose sensor with enzyme immobilised dual-peak
long period grating device is analysed. Secondly, by applying two-dimensional nanomaterial such as
graphene coated novel fibre sensors are demonstrated and characterised for haemoglobin (Hb)
sensing. Also, the graphene oxide coated sensors are demonstrated for environmental sensing
application for relative humidity (RH) sensing. Finally, the carbon nanotube coated fibre sensing

device is evaluated for surrounding refractive index sensing.

5.2 Refractive index sensing principle of core-cladding coupled in-fibre gratings

In an FBG the light coupling occurs as core-to-core mode and the light is well confined in the core
by the cladding, effectively protecting strong interaction with the surrounding medium, thus it is
intrinsically insensitive to SRI. However, LPGs are intrinsically sensitive to SRI as the light is
coupled from core to cladding modes. The light guiding properties of LPGs are dependent on the
variation of core-cladding mode and hence it will affect the LPGs transmission spectra. The output
optical signal modified with the information of external parameters. The LPGs are used for
monitoring various physical parameters such as strain, temperature, load, curvature and different

structures for SRI sensing [72, 134].

A complete theoretical analysis of SRI sensitivity of normal and dual peak LPG structures is
presented by Shu. et al. An optimised design tool was expressed for SRI LPG based sensor device.
Recalling the analytical equations, as expressed in Chapter 3 for the SRI sensitivity at resonant

wavelength of dAves /dns [72, 134, 135],
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where y is the waveguide dispersion and is given by,
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Here, u,, is the m-th root of the zeroth order Bessel function of the first kind, r;is the radius of fibre
cladding, n.; and ng,, are the refractive indices for the fibre cladding and surrounding medium
respectively. Therefore, the SRI sensitivity of LPG based sensor devices are determined from the y
and I factors. These are dependent on the grating design parameters and fibre materials. Further
explanation by Shu et al., also demonstrates ultrasensitive SRI sensing features for dual peak LPG at
the dispersion turning points [72]. The experimental results in chapter 3 demonstrates a proper

agreement with theoretical analysis.

5.3 Enzyme-functionalised biosensor based on fibre gratings for glucose detection

Fundamentally the chemical sensing principle of the in-fibre gratings is dependent on the resonance
response to the SRI change. Here, various types of grating sensors are evaluated for their SRI
sensitivity with respect to the measurements of different concentrations of sugar solutions. The

calibration of refractive index for different sugar concentrations is presented here.

Glucose is important for human health by providing essential nutrient for maintaining healthy brain
performance and protecting muscles from malfunctions. In principle, long period fibre gratings
(LPGs) and large angled tilted gratings (Ex-TFGs) are associated with the coupling of light between
fundamental core mode to the forward propagating lower & higher order cladding modes
respectively. This enables the interaction between the surrounding medium and the radiation modes.
The grating inscription method and sensitivity analysis are detailed previously in Chapter 3. The
following section discusses the LPGs and Ex-TFGs which are surface treated and followed by SRI

sensing achieved for different concentrations of sugar solutions.
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5.3.1 Calibration of RI and sugar concentration

Raw brown sugar has been known to contain various useful nutrients with vitamins and especially
minerals such as calcium, phosphorous, magnesium, iron, potassium, zinc, and sodium, with less
calories than white sugar. Different concentrations (0% - 50%) of sugar solutions were prepared with
the sugar purchased from supermarket and deionised water. The RI increases linearly with the
increase in concentration of sugar solutions. Figure 5.1 shows the prepared solutions for various
concentrations. The refractive index of each solution was measured with Abbe refractometer. Table
5.1 represents in detail the conversion relationship between the percentage sugar concentration and

the refractive index. Figure 5.2 plots graphically the presented data in the mentioned table.

(a) (b)

Figure 5. 1 Photographs of raw sugar (a) and different concentration of sugar solutions prepared with DI
water (b).

Table 5. 1 Measured RI for different concentrations of sugar solution.

Concentration of Sugar (gm) DI water (ml) RI measured
solution (%)

0 0 10 1.3330

10 1 10 1.3475
20 2 10 1.3590
30 3 10 1.3695
40 4 10 1.3795
50 5 10 1.3885
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Figure 5. 2 Calibration plot for refractive index for different concentration of sugar solutions.

5.3.2 Fibre grating devices for sugar level sensing measurement at room temperature

The sugar level sensing was performed for fibre gratings using the setup shown in Fig. 3.16 in
Chapter 3. Three different types of grating, such as UV inscribed LPG and dLPG with 415 pum and
150 um period, an Ex-TFG with 81° tilt angle was considered for this purpose. During SRI sensing
measurement process each grating device was set firmly between two 3D translation stages and input
light launched through a broadband source (BBS Agilent 83437A) at one end. As mentioned in Table
5.1, a set of sugar solutions with refractive index ranging from 1.3330 to 1.3795 were prepared and
applied onto the sensor to characterise the SRI sensitivity. The spectra were evaluated with an OSA
connected at the other end of the device. The grating surface was thoroughly cleaned after applying

each sugar solution to maintain the same reference level.

The sensitivity analysis with different sugar solutions for normal LPG provides a blue wavelength
shift of 16 nm for the higher order resonance peak 2 and the sensitivity is achieved at -103.2 pm/ %
conc. as shown in Fig. 5.3 (a & b). Figure 5.3 (¢ & d) shows a real time shifting of dual peak LPG in
two opposite directions with peak 1 shifted towards shorter wavelength while peak 2 moved towards
longer wavelength as the concentration of sugar solution increases. Both peak 1 and peak 2 has the
sensitivities of -0.548 nm/ % conc. and 1.048 nm/ % conc. in the range of 0% - 40% concentration

of sugar solution. From Fig. 5.3 (¢), peak 1 is blue shifted with 23 nm and peak 2 is red shifted with
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42 nm for varying concentration of sugar solutions. As expected, the evaluated SRI sensitivity for

dLPG results higher value compared to normal LPG.

16 1566
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Figure 5. 3 Transmission spectral evaluation and resonant wavelength shift of normal LPG with blue
wavelength shift in (a) & sensitivity plot for higher order resonance of peak 2 in (b); dual-peak LPG with
opposite wavelength shift for peak 1 and peak 2 in (c) and sensitivity plots for the peaks 1 & 2 in (d).

A further investigation with Ex-TFG was also conducted. The coupled cladding modes are created
into two sets of orthogonal polarisation states as shown in Fig. 5.4 (a). The corresponding zoomed
spectra for peak resonance at ~1420 nm for both transverse magnetic (TM) and transverse electric
(TE) modes are shown in Fig. 5.4 (b) providing an amplitude of 4 dB with both TM and TE polarised
modes respectively. As for a normal Ex-TFG the TM mode is more sensitive to the SRI change, so
the evaluation of SRI sensitivity for the TM mode is performed and there is a red shifted wavelength
with the change in concentration of sugar solution. The corresponding sensitivity becomes 0.21 nm/

% conc. as depicted in Fig. 5.4 (c, d, e).
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Figure 5. 4 Transmission spectral evaluation and resonant wavelength shift of Ex-TFG with full spectrum with
and without polarisation controller (PC) in (a) and zoomed spectra for a dual peak resonance, and resonance
peaks for TM & TE mode in (b), Sensitivity plots for TM mode for the entire spectrum (c) and at ~1420 nm in

(d & e) for varying concentration of sugar solutions.

5.4 Glucose sensor based on enzyme-immobilised dLPG

Functionalisation of LPG surface with molecular reactive elements such as enzymes, nucleic acids
(DNA), antibodies and antigens has enabled several bio-receptor immobilisation methods including

covalent bonding [136], ionic bonding [137, 138] and absorption [139]. The most effective method
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for covalent bonding is associated with active sites to chemically reactive and uninterrupted.
Currently, the electrochemical method is implemented most frequently for the glucose detection.
Here, we have investigated a more suitable sensor device that can be applied with high sensitivity
achieved. A selective method can be followed with the conversion of glucose to gluconic acid by
applying an enzyme. As a result, it is capable of detecting very low glucose concentration in the

range of 0.10-3.0 mg/mL. Here, enzymes have been utilised as molecular recognition elements.

As discussed in previous chapters, the maximum sensitivity of cladding modes is associated with the
wavelength shifts at the dispersion turning points for dual-peak LPG (dLPG). The high sensitivity is
achieved by this dLPG structure inscribed into thin cladding fibre with core and cladding diameters
of 42 pm and 80 pum respectively. This sensor device is functionalised with enzyme for

immunosensing with glucose solutions. Enzyme functionalised sensors with normal LPG and Ex-
TFG has been already reported [9, 140]. Here, a novel glucose sensor is fabricated with dLPG, and

the results are analysed.

5.4.1 Grating surface modification by immobilising it with an enzyme known as glucose oxidase

(GOD)

The glucose oxidase (GOD) is an enzyme which is enabling the oxidisation of D-glucose to its
corresponding lactone when sufficient oxygen is present. All the chemicals including GOD, D-
glucose, and a buffer solution of sodium acetate (SA) for pH 5.2 were purchased from Sigma Aldrich.
The grating surface modification with GOD involves several steps. Firstly, the fibre sensors were
immersed into HNOj3 solution (5% v/v) for 2 hours by placing these onto a hotplate at an ambient
temperature condition of 40 °C. It would effectively remove any contamination onto the sensor and
then washed with de-ionised water and ethanol multiple times. Afterwards, the cleaned fibres were
immersed into H,SO4 solution (95% v/v in H>O,) for 1h at room temperature condition to activate
the hydroxyl-groups (i.e., ‘-OH”) on the sensor surface and drying at an incubated temperature of 40
°C for 18 hours. Then the device was silanised with (3-Aminopropyl) triethoxysilane (APTES) (10%
v/v into ethanol) solution. The sensor device was immersed into the solution at room temperature for
a duration of 40 mins. In this process the NH** groups of the APTES molecules would covalently
link with the ‘-OH’ groups of the sensing surface. Thereafter, the fibre was cleaned with de-ionised
water and ethanol for several times to remove the non-covalently bonded silane compounds. Then a
10 mg/mL sodium acetate (SA) buffer solution was prepared with GOD. Finally, the dLPG device
was immersed into the buffered solution of GOD for 2h incubation, where the GOD’s ‘-COOH’
group would bind with NH** groups on the surface of the silanised fibre. Figure 5.5 shows the whole

chemical reactions onto the fibre surface.
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Figure 5. 5 The functionalisation process for the dLPG fibre sensor surface with (a) cleaning of the fibre, (b)
APTES silanisation and (c&d) during and after GOD immobilisation.

The spectral property was examined in-situ during the enzyme immobilisation process. Figure 5.6
(a, b) shows the resonance responses for all the attenuation peaks after each step of surface treatment
process. It is seen from the figures that after the sensing device is surface treated and silanised with
APTES there is no wavelength shift of attenuation bands has been observed. However, after enzyme
functionalisation with GOD significant wavelength shifts are obtained for all the attenuation peaks.
There is opposite wavelength shift for two conjugated peaks 2 and 3 with the magnitudes of -45 nm
and 86 nm respectively. A comparatively very small resonance shifts are observed for peaks 1 and 4
with both as blue shifted. The evaluated values are analysed as ~3 and ~5 nm for both peaks 1 and 4
respectively. These results clearly show that the dual peaks are ultra-sensitive to SRI in respect to

the other order resonances 1.
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Figure 5. 6 Spectral evaluation for dLPG after each process of surface treatment, silanisation with APTES and
enzyme functionalisation with GOD in both lower wavelength peak 1 (a) and higher wavelength peaks 2,3 &
4 (b).

5.4.2 Glucose detection by GOD-immobilised dLPG

The prepared GOD-immobilised dLPG sensor device was used for glucose detection. The
experimentation followed the selective method where the enzyme immobilised on the fibre surface
of dLPG will convert the glucose into gluconic acid as shown in Fig. 5.7 causing a large refractive
index change in the glucose concentration range of 0.1-3 mg/mL. This in turn introduces a resonance

wavelength shift of the grating sensor.
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Figure 5. 7 The modified process onto the fibre surface converting the glucose into gluconic acid.

GOD used for the experiment was procured from Sigma-Aldrich with 50,000 units/g solid (without
added oxygen) and after oxidisation the -D-Glucose is converted into D-gluconic acid and H,O,
with a buffered solution of pH 5.2. Preparation of glucose solutions was performed with D-glucose
(0.1-3 mg/ mL) in the sodium acetate (SA) buffer. This provides a suitable chemical environment for
this chemical reaction. The experimental setup for investigating the glucose sensing for enzyme
immobilised dLPG sensing device is shown in Fig. 5.8. Light from supercontinuum source (Fianium
superK, 950-2400 nm) was launched into the one end of the grating and the spectra were recorded

through two optical spectrum analysers (OSA HP- 950-1200 nm & OSA YOKOGAWA - 1200-2400
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nm) to cover all four resonance peaks from 1150 nm to 2300 nm (peak 1 in the lower wavelength
range and peaks - 2, 3, 4 in the higher wavelength range). The resolution of the OSA was set as 0.20

nm for both, and each sweep scan was considered between 30-60 seconds.

The SA buffered solutions with various concentrations of D-glucose were prepared following the
vol/vol measurement. In the process, firstly a maximum concentration of 3 mg/mL of D-glucose
solution was prepared. Then consecutively 2.5, 2.0, 1.5, 1.0, 0.5 and 0.1 mg/mL solutions were
prepared by adding required solvent to it. The measured refractive index value for the highest
concentration was achieved as 1.3715 and reached to 1.3704 for 0.1 mg/mL of glucose solution. Then
the SRI sensing for the GOD immobilised dLPG was achieved with different glucose solutions. The
change in average refractive index occurs within the evanescent field area in the vicinity of grating
surface and hence there is wavelength shifts for all the peaks. The combined effect of a large number
of D-glucose molecules and enough active GOD molecules existing in the evanescent field area

makes the greater change of nl} , thus resulting in the wavelength shift of the dLPG resonance.
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Figure 5. 8 Schematic of the experimental setup for glucose sensing of enzyme immobilised dLPG.

The plots in Fig. 5.9 (a&b) and (c&d) show the dLPG resonance shift for different concentrations of
glucose solutions and the sensitivity analysis results respectively. It is seen in Fig. 5.9 (a&b) that a
small red shift is achieved for the resonance peaks 1&4 of this normal dLPG sensing device. Whereas
there are opposite wavelength shifts achieved for the conjugated attenuation peaks with the decrease
in surrounding refractive index value as depicted in Fig. 5.9 (b). The analysed results in Fig. 5.9 (¢)
show the sensitivity for peak 1 and peak 4 are as 2.13 nm/ (mg/mL) & 2.97 nm/ (mg/mL)
respectively. A maximum sensitivity of 19.92 nm/ (mg/mL) and -36.25 nm/ (mg/mL) are obtained
for peaks 2 & 3 at 1470.72 nm and 1863.28 nm respectively. The evaluated results clearly
demonstrate that enzyme functionalised dual peak resonances are more sensitive to SRI in

comparison with the normal peaks 1 and 4.
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Figure 5. 9 Spectral evaluation for enzyme functionalised dLPG with various glucose concentrations for
resonance peak 1 (a) and resonance peaks 2,3&4 (b); Sensitivity analysis for normal dual peaks 1 & 4 in (c)
and for conjugated attenuation peaks 2 & 3 in (d).

5.5 Graphene oxide (GO)-based biosensor

Graphene oxide is a two-dimensional nanomaterial and an important precursor of graphene. It
contains various oxygen-containing functional groups with hydroxyl and epoxies located in the basal
plane. Besides these, it also contains some amounts of carboxyl, carbonyl and sometimes phenol,
lactone and quinone at the edge of GO sheets [141-143]. These oxygenated functional groups
introduce structural defects to the GO sheets and hence it affects the electronic and mechanical
properties. The advantage of GO is the oxygen functional groups, which are generally hydrophilic
and dispersible in many solvents, especially in water [144-146]. GO is an excellent photosensitive
material showing good absorption. Hence, this is applied for the label free biosensing application
with the effective refractive index (n.fr) is modified after GO coating. It is expressed with both real
and imaginary parts of the refractive index equation. The imaginary part is responsible for optical
absorption, whereas the real part is for wavelength shift [147]. As it will influence the cladding mode
resonance through evanescent field, hence, the optical absorption is more effective with the intensity
modulation occurring after an increase in GO concentration and number of layers deposited onto

sensor surface.

Utilising the GO unique optical property, GO-coated sensing devices based on LPG and dLPG were

fabricated for haemoglobin detection. This is an important application in health science where many
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diseases need to be diagnosed by measuring the level of haemoglobin, such as anaemia. It affects the

quality of life, and a timely clinical attention becomes necessary.

5.5.1 Graphene oxide deposition on grating surface

The GO nano colloidal solution with concentration of 2 mg/ mL was purchased from Sigma-Aldrich.
The complete GO deposition process is shown in Fig. 5.10 (i & ii). A schematic of the method where
the sensor was fixed onto a v-groove bath for GO dispersion using dip coating technique is presented
in Fig. 5.10 (i). In this process, firstly, the LPG surface was cleaned with methanol and then with
deionised (DI) water for multiple times. Then the fibre surface was alkaline treated by immersion
into 1.0 M (1.0 mol/L) sodium hydroxide (NaOH) solution that enriches a number of hydroxyl (‘-
OH’) group onto it to bind the GO film more effectively. Then the fibre surface was washed
thoroughly with DI water and dried (Fig. 5.10 (ii - a)). The grating device was then immersed into a
5% of (3-Aminopropyl) triethoxysilane (APTES) solution (v/v in ethanol) to form Si- O- Si bonding
onto the grating surface for lh at room temperature. Then it was followed by washing with ethanol
to remove unbound monomers and baked at 70 °C for half an hour to improve the stability of APTES
monolayer (Fig. 5.10 (ii - b)). Finally, two separate GO solutions were prepared with DI water for
two different concentrations of 0.5 and 1.2 mg/mL respectively and these solutions were used for
multilayer deposition on the LPGs. In the GO deposition process the APTES-silanised LPG sensor
device was placed onto the Teflon mini-bath and was immersed with the ~500 uL of GO-solution.
After each deposition, the GO-LPG was placed onto a hotplate with set temperature at 55 °C for
approximately 40 minutes. During this time the aqueous solution was evaporated slowly, leaving
GO-nanosheets gradually absorbed onto the grating surface. Once the sensing device dried
completely, then the second coating was applied following the same procedure. After GO coating
the fibre surface appeared as brownish. A schematic during and after GO-deposition is shown in Fig.

5.10 (i - ¢ & d).
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Figure 5. 10 (i) Schematic representation of GO-deposition process into a v-groove bath; (ii) Schematic of GO

deposition process onto the fibre surface with (a) surface cleaning, (b) APTES silanisation and (¢ & d) during
and after the GO deposition.

During the GO deposition process the grating surface was examined under the microscope for each
step. Figure 5.11 shows the images of a grating device for each step involved in the GO-deposition
process using an optical microscope (Carl Zeiss) by an objective of 20x. The comparison of Fig. 5.11
(a) and (b) shows that the grating surface has been silanised with a smooth layer of APTES. Whereas
a brownish colored GO coating is seen in Fig. 5.11 (c&d) for GO concentrations of 0.5 mg/ mL &
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1.2 mg/ mL. Overall, the images clearly show the GO coated layers are relatively uniform across the

LPG surface.

(a)

(b)

(©)

(d)

Figure 5. 11 Optical microscope images of the LPG & dLPG based on (a) NaOH treated, (b) silane fibre, (c)
GO-coated fibre with GO concentration of 0.5 mg/ mL and (d) GO-coated fibre with GO concentration of 1.2

mg/ mL.
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5.5.2 Optical properties with GO deposition

The optical properties of the GO-coated grating devices were investigated to find the capabilities of
light-matter interaction in the vicinity of sensing structures. A uniform thickness can enhance the
sensitivity of the fibre gratings to surrounding refractive index change. The difference in coating
thickness over the sensing region shows different optical effect for the grating device. Two LPGs
with 430 um and 428 um periods were coated with multilayers of different GO concentrations. The
sensitivity measurements were performed for both LPGs for SRI and temperature change

respectively.

5.5.2.1 Two-layers GO coated LPG for SRI sensing

To evaluate the SRI sensitivity an LPG with 430 um period was considered for the experiment. The
APTES silanised LPG was immersed into GO solution of concentration of 0.5 mg/mL and 2-layers
of GO deposition were applied. Then the GO-coated LPG was utilised for SRI measurement by
applying immersion oil in the range of higher refractive indices. Figure 5.12 (a) shows the spectral
change for the large SRI values ranging between 1.412-1.460. It is seen that the higher order
resonance band is more sensitive to SRI with respect to other lower order peaks in LPG. A zoomed
spectra for 4™ resonance peak at 1671.64 nm in Fig. 5.12 (b) shows both wavelength and intensity of
peak 4 respond to the SRI change significantly. Fig. 5.12(c) plots the intensity change against the
SRI showing a maximum sensitivity of -22.45 dB/RIU for peak 4. Fig. 5.12 (d) plots the red
wavelength shift against SRI, presenting a sensitivity of 313.09 nm/ RIU with the increase in SRI.
Here we clearly see the optical absorption through GO-layers is enhanced with the increase in SRI.
The coupled forward propagating cladding modes are influenced by the effect of evanescent field
and hence the increased attenuation as well as wavelength shift. As the effective index of the cladding
mode is influenced by the both thickness of GO-coating and the number of layers depositing, hence
the resonance shift varies accordingly. Therefore, a positive wavelength shift is observed in the
surrounding refractive index range of 1.412 — 1.460 which agrees with the reported simulation results
[148].
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Figure 5. 12 SRI sensing measurement results for 2-layers GO-coated LPG; (a) spectral evaluation, (b) zoomed
spectra for Peak 4, (c) sensitivity plot for intensity change, (d) sensitivity plot for wavelength shift.

5.5.2.2 Four-layers GO coated LPG for temperature sensing

A further investigation for optical properties with GO-coated LPG was performed for thermal
sensing. In this case the temperature sensitivity of LPG is compared before and after GO-coating.
Firstly, the LPG with 428 um period was placed onto the Peltier setup for the spectral evaluation at
different set temperature values. The process was continued for an entire range of 10-70 °C with an
incremental step of 10 °C. Then, following the GO-deposition method the silanised LPG was
immersed into GO solution of concentration of 1.2 mg/ mL. Consecutively, 4-layers of GO-coating
were applied. Then the GO-coated LPG is set for thermal sensing measurement. The thermal
sensitivity results are shown in Fig. 5.13 (a & b) for uncoated LPG. It is seen that the higher order
resonance bands at 1410.96 nm and 1660.92 nm are more sensitive to thermal change with blue
shifted wavelength. The higher sensitivity results for the resonance peaks 2 and 3 are investigated as
-431.43 and -774.43 pm/°C respectively. Furthermore, the thermal sensitivity is analysed for 4-layers
GO-coated LPG with same period of 428 um. The plotted results are shown in Fig. 5.13 (c & d). The
analysis for higher order resonances shows blue wavelength shift with sensitivity results as -275.57
and -586.43 pm/°C for peaks 2 and 3 respectively. The thermal sensitivity for resonance peak 3 of
the GO-LPG is decreased by approximately ~200 pm/°C. A comparison of achieved sensitivity for
wavelength shift is detailed in table 5.2. The resonance shift is influenced by a number of factors
such as, the thermal expansion coefficient of the sensing device and the coating material, coating
thickness and effective refractive index into the core and cladding modes. It is clearly seen that there
is enhanced light- matter interaction after GO-layer deposition and hence the decreased thermal

sensitivity for both the resonances as shown in Fig. 5.13 (b&d).
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Figure 5. 13 Thermal sensing measurement results for LPG before and after 4-layers of GO-coating; (a & b)
spectral evaluation and sensitivity results for peaks 2 & 3 before coating; (¢ & d) spectral evaluation and

sensitivity results for peaks 2 & 3 after coating.

Table 5. 2 Temperature sensing of LPG before and after GO-coating.

Resonance wavelength Sensitivity
Before coating with GO After coating with GO
Peak 2 — 1410.96 nm -431.43 pm/ °C -275.57 pm/ °C
Peak 3 —1660.92 nm -774.43 pm/ °C -586.43 pm/ °C

5.5.3 GO-LPG based biosensor for haemoglobin detection

The LPG based biosensing devices were functionalised with NaOH, APTES, and GO aqueous
dispersion, and then were investigated for the detection of human haemoglobin. All the chemicals
were acquired from Sigma-Aldrich. The other chemicals, such as methanol, ethanol and DI water

were used as solvent to prepare the solutions and for surface cleaning purposes.
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A 17 mm long LPG with a period of 400 um was UV-inscribed into B-Ge photosensitive fibre with
point-by-point inscription technique. Then the LPG was cleaned, undergone through NaOH
treatment and silanised with APTES as mentioned the whole method for fabricating sensing device
in section 5.5.1. Following similar steps as described in the same section 5.5.1 a GO solution with
concentration of 0.5 mg/mL was prepared and deposited onto the LPG sensor by dip coating method.
In this process the fibre sensor was immersed into the solution for a certain time of ~40 mins for each

layer and it was dried by placing it onto a hotplate with set temperature of 55 °C.

The GO-LPG was then subjected to haemoglobin detection experiment. Figure 5.14 shows the
measurement technique where the GO-LPG was placed into an SRI sensing setup and the light was
launched through a supercontinuum source. The spectrum was captured through an optical spectrum
analyser (OSA YOKOGAWA). The bend cross-talk effects was avoided by straightening and
keeping the fibre grating fixed between two 3D stages.

o PR oty el S

(950nm — mid-infrared range) (1200nm - 2400nm range)  (600nm - 1700nm range)
—_ | o 1

Figure 5. 14 Schematic of the measurement setup with GO-coated LPG sensor for haemoglobin sensing.

Figure 5.15 (a) shows the spectral evaluation after each step during the pre-treatment, GO coating
process and the haemoglobin detection. It is seen from the figure that after 2-layers of GO-deposition
the attenuation is decreased for all the resonance peaks. The amplitude is decreased by maximum
around 8 dB for the higher order resonance at 1520 nm, whereas it is reduced approximately by 3 dB

for other two lower order peaks 1 and 2.

Then the GO-LPG was investigated as a biosensor for haemoglobin detection. A set of haemoglobin
concentrations of 0.14 mg/mL, 0.22 mg/mL, 0.27 mg/mL, 0.31 mg/mL, and 0.33 mg/mL were
prepared with sucrose solution (RI = 1.39) acting as a buffer solution. The spectral evaluation was
recorded for each solution, after it was applied onto the sensor. Following each haemoglobin solution
applied, the fibre sensor was cleaned with DI water to maintain the same reference level. It is

observed from the plotted spectra in Fig. 5.15 (b) that an increased attenuation is achieved as the
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concentration of haemoglobin solution is increased. The plots for sensitivity are shown in Fig. 5.15
(c) where a maximum intensity change of -4.34 dB/(mg/mL) is achieved for the higher order
resonance, peak 3. However, a lower sensitivity is obtained for peaks 1 &2 as -1.65 dB/(mg/mL) and
-2.83 dB/(mg/mL) respectively. This demonstrates that an enhanced sensitivity is achievable with
the linkage of biocompatible GO-molecules onto the sensor surface to significantly increase the

optical absorption through the evanescent field.
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Figure 5. 15 Spectral evaluation during deposition process (a), after each Hb solutions with different
concentrations applied (b) and sensitivity analysis (c) for GO-coated LPG with various haemoglobin

concentrations for all the attenuation peaks (1, 2& 3).
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To further demonstrate, an ultra-high sensitive biosensor was fabricated with dual-peak LPG.
Similarly, two layers of GO deposition with the concentration of 0.5 mg/mL was applied onto the
dLPG. The sensor device was placed in the measurement setup as depicted in Fig. 5.14. The spectral
modification after GO-coating is shown in Fig. 5.16 (a&b) for all the resonance peaks 1,2,3&4,
measured with two OSAs (HP & YOKOGAWA) at a set resolution of 0.20 nm. It is seen from the
figure (b) that, after GO coating, the attenuation increases by 3 dB and 5 dB approximately for the
dual peaks (peak 2 and 3) at 1570 nm and 1708 nm respectively. Whereas the normal resonance
peaks 1 and 4 has the amplitude modulation of ~4 dB and ~1 dB respectively. Then the prepared
haemoglobin solutions with the same concentrations as described for GO-LPG, were applied to the
GO-dLPG. The spectral evaluation in Fig. 5.16 (c&d) shows the gradual rise in intensity with the
increase in concentration of haemoglobin solution. The sensitivity analysis for all the resonances is
shown in Fig. 5.16 (e&f). A comparatively small attenuation change is observed for the resonance
peaks 1&4. These are evaluated as -4.49 dB/ (mg/mL) and -3.07 dB/ (mg/mL) respectively as
depicted in Fig. 5.16 (e). The maximum amplitude change is achieved at the dispersion turning points
with the values of -10.65 dB/(mg/mL) and -13.60 dB/(mg/mL) for peaks 2 and 3 respectively as
represented in Fig. 5.16 (f). This sensor device shows much higher sensitivity compared to GO-LPG
while the same conditions were maintained during the GO-coating process, keeping the similar

concentrations and number of layers deposited.
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Figure 5. 16 Spectral evaluation during deposition process for normal dLPG peak 1 (a); for conjugated dual
resonance peaks 2&3, and normal dLPG peak 4 (b)., Investigation for spectral response after each Hb solution
with different concentrations applied for normal dLPG peak I (c); for conjugated dual resonance peaks 2&3,
and normal dLPG peak 4 (d). Sensitivity analysis for GO-coated dLPG with various haemoglobin
concentrations for both the attenuation peaks (1&4) (e) and conjugated dual peaks (2&3) (f).

5.6 Graphene- oxide functionalised LPG sensor for environmental sensing

Relative humidity (RH) sensing plays a major role in food processing industry, structural health
monitoring and many other environmental sensing applications [2, 10]. Besides, comparing with

resistor and capacitive type of sensors, the optical fibre sensors are more advantageous as they are
highly sensitive, structurally very simple, immune to electromagnetic interference, resistant to
corrosive environment etc. In recent works, many fibre sensors, such as fibre Bragg gratings (FBGs)
made with polymer fibre [10] and long period gratings (LPGs) with different refractive index

coatings [149], have been explored for different RH sensing applications.

Long period gratings have typical periods ranging from tens to few hundred microns. The relatively
large period structure enables the light coupling from the core mode to the low order cladding modes
under phase matching condition, generating a set of attenuation bands centred at different
wavelengths in the transmission spectrum. The spectral distribution of each cladding mode depends
on the fibre structure and surrounding medium. Thus, the wavelength shift of the LPG attenuation

bands can be obtained with the change in refractive index of surrounding medium as the effective
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refractive index of the core and cladding modes varies [88]. This is the mechanism of an LPG acting

as a refractive index sensor.

Graphene is a planar sheet of carbon material which consists of sp? bonding structure. It has excellent
electronic and optical property that has been explored in fibre sensors for various applications such
as RH sensing for environmental monitoring and bioscience applications. Graphene has advantages
of large surface area, mechanical stability and good thermal and electrical conductivities [150].
Particularly, the tuneable optical properties of graphene make it more suitable for fibre grating
sensors. It has been reported that the graphene oxide (GO) adsorbs water molecules that enhances
the conducting carrier density, thus decreases the effective refractive index of GO film with increase

in RH.

As for bio and environmental sensing applications, a multilayer GO-coated LPG as an RH sensor
device is investigated. A dip coating technique was used to deposit GO on to the LPG surface. As
GO absorbs water molecules, the effective refractive index of cladding modes changes, enabling the
humidity change to be monitored. The refractive index of GO film has real and imaginary parts and
in RH sensing, the imaginary part of the GO index is significantly affected by the water absorption.
This proposed sensor can be extended to more advanced work with fabricating biosensors by varying

the GO-coating thickness.

5.6.1 GO-LPG fabrication and spectrum measurement

The LPGs were designed with 428 um period for a length of 20 mm. Following the cleaning, NaOH
treatment and APTES silanisation as mentioned in section 5.5.1 the whole sensing device was well
treated. A GO solution with concentration of 1.2 mg/mL was prepared with DI water, for multilayer
deposition with 2-layers and 4-layers onto LPG. In each deposition the fibre sensor was immersed
into the solution, and it was dried by placing it onto a hotplate with set temperature of 55 °C for a

certain time of ~40 mins for each layer.

The spectrum of the LPG was measured after the GO coating and plotted alongside the original
spectrum as shown in Fig. 5.17. It is clear from the figure that the attenuation bands of the three
coupled cladding modes have significantly reduced after the GO coating, especially for the peak at
1650 nm, the strength reduced from 15 dB to only 4 dB. This is due to the change in cladding mode
coupling coefficient induced by the extra layer of GO film on the LPG surface.
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Figure 5. 17 LPG spectra before and after GO coating.

5.6.2 GO-LPG experimental setup for RH sensing

Figure 5.18 shows the experimental setup for RH sensing measurement. We used a humidity chamber
(Binder KBF 115) and the GO-coated LPG was placed inside the chamber. The two fibre ends were
taken out from the chamber and one end was connected with the broadband light source and the other
end was connected to the optical spectrum analyser. Initially, the chamber was set at a constant
temperature at 25 °C and with an RH of 20% for aprroximately 30 minutes to get a stabilised RH
environment inside the chamber. For the actual measurement, the RH was varied from 50% to 80%
with a step of 10%. When changing the RH, a 10 mins setting time was maintained to reach the

constant value of RH and then the LPG spectrum was recorded.

Broadband Source(BBS) Optical Spectrum Analyzer (O5A)

B

Humidity chamber

Data analysis

Figure 5. 18 Experimental Setup for humidity sensing measurement.

As to examine the effect of GO film thickness on LPG for the RH response, initially the LPG with

2-layer of GO coating was measured. After the first set of measurement, the LPG was further coated
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with two more GO layers following the same procedure. When the grating was totally dried, the 4-
layer GO coated LPG was subjected to the RH measurement and the results were recorded and

compared with that of 2-layer GO-coated grating.

5.6.3 RH sensing measurements and results

Figure 5.19 and 5.20 show the spectral responses to different RH levels for the 2-layer and 4-layer
GO-coated LPGs. From Fig. 5.19 (a), clearly it is observed that only peak 3 at ~1650 nm of the 2-
layer GO-coated LPG responded to RH change. However, after the deposition of two more layers,
all three peaks of the 4-layer GO-coated LPG have responded to the RH change, as shown in Fig.
5.20 (a). In some previousely reported work, the GO-coated gratings (LPG and TFG) have shown
both amplitude variation and wavelength shift under RH change [150, 151]. In these GO-coated
LPGs, the resonance amplitude change is more pronounced whereas the shift of resonance peak is
hardly visible. This can be explained by the fact that the GO coating on the LPGs may have limited
thickness, thus only the absorption, which is associated with the imaginary part of the GO refractive

index, i1s dominant.
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Figure 5. 19 (a) Transmission spectra of 2-layer GO-coated LPG for different RH changes; (b) Peak value vs
RH (%) plot for three resonance peaks.
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Figure 5. 20 (a) Transmission spectra of 4-layer GO-coated LPG for different RH changes; (b) Peak value vs
RH (%) plot for three resonance peaks.

The plotted attenuation peak amplitude against RH change for the 2-layer and 4-layer GO-coated
LPGs is shown in Figure 5.19 (b) and 5.20 (b), from which the RH sensitivities for the two gratings
can be estimated. It is noted from the figures that the RH sensitivity of the longest wavelength peak
(peak 3 at ~1650 nm) is the highest at ~0.01 dB/%RH, but it did not change considerably after two
more layers of coating. However, for peak 1 at ~1300 nm, the RH sensitivity increased from 0.00037
dB/ %RH for the 2-layer coating to 0.0051 dB/ %RH for the 4-layer coating, i.e., enhanced by 14
times. While for peak 2 at ~1400 nm, the RH sensitivity increased from 0.0037 dB/ %RH for the
former to 0.0081 dB/ %RH for the latter, i.e., enhanced by ~2 times. Due to limited facility, the actual
thickness of the GO-coating couldn’t be measured with accuracy. With more controllable and

measurable GO-coating, the RH response of the LPGs can be improved.

Finally, in order to evaluate how RH level was maintained in the environment chamber, the stability
of RH measurement was investigated by using the 4-layer GO-coated LPG. In the experiment, the
RH level was varied from 30% to 80% with an interval of 10%. Two minutes were set for the
environment chamber to reach each of the new level and five measurements were undertaken by
recording the spectrum of the grating with an interval of 2 minutes. Figure 5.21 plots the humidity
response with time, and it clearly shows that the GO-coated LPG responds to RH change rapidly and

maintains constant transmission while the RH level is unchanged.
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Figure 5. 21 Multiple measurements of RH response of the 4-layer GO-coated LPG.
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5.7 Surrounding refractive index (SRI) sensors based on LPG with carbon nanotube (CNT)

deposition

Carbon nanotubes (CNTs) are recognised as hollow cylindrical tubes of rolled-up graphene sheets
with carbon atoms arranged in a hexagonal structure. Depending on number of layered graphene
sheets these can be of two types. A single layered structure is known as the single-walled CNT
(SWCNT) with diameters range from 0.4 nm to 3 nm, whereas a multi-rolled graphene sheet of
diameters varying between 1.4 nm to 100 nm and consisting of an interlayer spacing of 0.34 nm is
called as multi-walled CNT (MWCNT) [152-154]. Figure 5.22 shows the schematic of graphene

sheet and a carbon nanotube.
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Figure 5. 22 Schematic representation of graphene sheet and CNT adapted from [154].

CNTs are advantageous as it has good stability, broader operation wavelength and easy to fabricate.
In principle by incorporating CNTs on optical fibres it is affecting the evanescent field and the light
leaked through CNT coating layer greatly influence the interaction with surrounding medium. These
light absorption and complex refractive index between core-cladding and surroundings, has been
utilised with CNTs coated with microfibre, photonic crystal fibre, LPG, tilted gratings (TFG) and
etched FBG for increased SRI sensitivity and applications for biosensing [155-158].

5.7.1 SWCNT deposition and experimental setup

A sample solution of 5 mL was prepared by dispersing SWCNT powder (CG100; average diameter
of 0.82 nm) into N-methyl-2-pyrrolidone (NMP) solution and sonicated for enough time to achieve
a uniform dispersion. The NMP is an excellent organic solvent and is efficient in the direct dispersion
of hydrophobic materials (CNT) at lower concentrations of (< 0.02 mg/mL) [159]. This well-
prepared sample solution was deposited on fibre sensing device. An UV-inscribed LPG of ~16 mm
length fabricated into normal B-Ge photosensitive fibre with period of 428 um was considered for
this purpose. It was fixed onto a v-grooved mini-bath before starting the nanomaterial deposition
with prepared CNT dispersion. The schematic representation of this experimental setup is shown in

Fig. 5.23 (i). Firstly, the sensing region was cleaned with methanol and DI water for several times.
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Thereafter, a ~200 pL of sample solution was directly applied onto the LPG device for easy
repeatability, and it was remained for ~5 mins. Then the one-layer nano-deposited LPG was lifted
up to dry by placing it onto a customised glass slide setup above the hotplate at set temperature of 55
°C for ~30 mins. Thereafter the fibre sensor brought into room temperature and set for SRI sensing
measurement setup as represented in Fig. 5.23 (ii). A set of refractive index gels with index values
ranging from 1.335 to 1.380 were applied onto the SWCNT-coated LPG. An input light was launched
through a broadband source (Agilent, 83437A) and the resonance wavelength shift was recorded in

an OSA after the sensing length was completely immersed into each index gel.

/4

CNT deposition (~

Optical Spectrum Analyzer
Agilent HP 86142B

Broadband Source(BBS)

e (600 nm — 1700 nm range)

= @ HETEETTTITE 0
a J N

CNT Sample

Data analysis

(ii)

Figure 5. 23 (i) Schematic representation of CNT-deposition process into a v-groove bath, (ii) Experimental

setup for surrounding refractive index (SRI) sensing measurement of one-layer SWCNT coated LPG sensing

device.

The spectral evaluation of LPG device was performed to record both of the original spectrum and

after one layer of coating applied, considering the surrounding medium as air. It is clearly evidenced
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from Fig. 5.24 that there is significant effect on resonance response after SWCNT coating applied.
The decreased attenuations are achieved as ~4 dB, ~5.50 dB and ~6 dB for peaks 1,2 & 3 respectively.

However, a blue shifted wavelength of ~47 nm is observed for higher order resonance at ~1660 nm.
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Figure 5. 24 Transmission spectra of LPG into air before and after 1layer of coating with SWCNT solution.

5.7.2 Sensing measurements and results

As seen the higher order resonance is more sensitive compared to other lower order resonances, the
plotted results in Fig. 5.25 are presented for spectral evaluation of peak 3, when the SWCNT-coated
LPG device was subjected to SRI sensing. It is clearly observed from Fig. 5.25 (a), with increase in
SRI there is gradual decrease in transmission amplitude with the resonance blue shifting. The
sensitivity analysis for this device results in SRI sensitivities of 6.34 dB/RIU for intensity change
and -96 nm/RIU for wavelength shift respectively as shown in Fig. 5.25 (b&c). In comparison with
uncoated LPG with period of 400 um the measured resonant shift was recorded in chapter 3 as ~ -
46.7 nm/RIU in the SRI range of ~ (1.335-1.38) for higher order cladding mode at ~1500 nm. Hence,
it is clearly seen that an enhanced SRI sensitivity was achieved for one layer CNT- deposited LPG
device with slightly higher period of 428 um and for the higher order resonance peak 3 in the similar
range of surrounding refractive index variation. The achieved performance of this sensing device
makes CNT-LPG as a good potential sensor for the applications in biosensing and environmental
sensing, where bio/chemical detection is possible with high RI sensitivity, inexpensive power-based

demodulation and with large mechanical strength. Since, the real-time implementation of medical
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equipment is in progress, we can find its potential application in cancer cell detection and medicines

[160, 161].
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Figure 5. 25 (a) Transmission spectra of 1layer SWCNT-coated LPG for different SRI changes, (b) Evaluation
of SRI sensitivity for intensity change; (c) Investigation of SRI sensitivity for wavelength shift for the highest

order resonance peak 3 at ~1660 nm.
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5.8 Chapter conclusion

In this chapter the RI based biosensors are demonstrated by applying bioactive coating for potential
applications in chemical, biomedical and biological detection. Several inexpensive, easy to prepare
biosensors based on LPG, dLPG and Ex-TFG are fabricated and evaluated for SRI sensing. An
enzyme immobilised sensing device enables this for glucose sensing application in the range of 0.1
— 3.0 mg/mL which is in the physiological range in human beings. Compared with the previously
reported sensitivity here we are able to obtain a maximum sensitivity of -36.25 nm/ (mg/ mL) using

the most sensitive dual-peak LPGs.

The second type of biosensors is GO-LPG and GO-dLPG based highly sensitive sensors for the
applications in haemoglobin sensing. Following the two layers of GO deposition method for both
gratings, the SRI sensing measurements using the GO functionalised LPG and dLPG have been
performed with haemoglobin solutions of different concentrations in the range of 0.14 — 0.33 mg/mL.
A highest SRI sensitivity for intensity change of -4.34 dB/ (mg/mL) for GO-LPG with higher order
resonance peak 3 and -13.60 dB/ (mg/ mL) for GO-dLPG considering the conjugated peak at ~1708

nm is obtained. These devices may be useful for the detection of anaemia in human health.

Then, the demonstration of RH sensor based on LPG with GO coating has been implemented for
environmental sensing applications. We have evaluated the RH response of the GO-LPGs with 2-
layers and 4-layers of GO-coating and the results have clearly showed that thicker GO coating may
increase the RH sensitivity. The GO-coated LPG has also showed good constant response to certain
RH values. These convincing results may open the opportunity for high RH sensitivity sensors by
fabricating LPGs in mid IR range with thicker GO layer deposition, and these sensors may be

deployable for gas and environment sensing applications.

Finally, the nano-characterisation with SWCNT coating for optical fibre grating device has been
investigated. An LPG with one layer coating shows significant sensitivity results with respect to
intensity modulation of 6.34 dB/RIU and resonance shift of -96 nm/RIU respectively. A further
multilayer deposition will enhance the sensitivity performance of this grating device to make them

suitable in the application for harsh environment.
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Chapter 6

Conclusions and Future research
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6.1 Conclusions

This thesis represents a thorough investigation on the inscription, characterisation, and applications
of different types of optical fibre gratings (FBGs, LPGs and TFGs) with transmission from near-IR
to mid-IR range. The grating based sensors are fabricated into standard telecom fibre (SMF-28) and
in special fibres, such as B/Ge doped single mode, multi-core, and thin cladding fibres. The vector
sensors with potential for various applications in structural health monitoring are investigated by
making vector bending sensor device into variety of multicore fibres such as four core fibre (4CF)
and seven core fibre (7CF) respectively. For biosensing applications, the ultra-high sensitive grating
sensors with enzyme immobilisation and 2D nanomaterial coating are employed as glucose and
haemoglobin sensor for monitoring human health to enable them with available precautions from
severe disease, such as mainly diabetes and anaemia. In addition, GO-coating integrated grating
based sensors are also explored for relative humidity detection, presenting possibility for

environmental monitoring.

The beginning of the thesis explains a brief literature review of fibre grating history and
photosensitivity mechanism of optical fibres. To enhance the optical fibre photosensitivity three
different techniques have been discussed briefly. A theoretical analysis for mode coupling and phase
matching condition are elaborated in detail for all types of gratings. Two UV-fabrication techniques
are available in AiPT research facility, such as phase or amplitude mask scanning and point-by-point

writing are presented with very detailed experimental results.

For the projects presented in this thesis, phase mask scanning and point-by-point writing methods
have been employed for fabricating FBGs and LPGs in the near-and mid-IR range. The inscription
for TFGs is mainly using amplitude mask method, depending on exposure of UV radiation
periodically for a certain time along the fibre length. All these methods show an efficient inscription
for writing good, stable and high quality grating structures for various successful experiments.
However, mask methods require expensive variety of masks depending on inscription wavelength,
whereas the point-by-point writing is the low cost and flexible method although only suitable for
LPGs inscription. We have fabricated FBGs into photosensitive SMF at different centre wavelengths.
The mask method is also utilised for UV-inscribed small and large angled tilted gratings with the
resonances ranging from the near to mid infrared wavelength. Furthermore, the normal, dual peak

and 1*' & 2™ order LPGs are inscribed by point-by-point writing method for enhanced sensitivity.

The highlight of the research projects presented in this thesis is the fabrication and characterisation

methods achieved for FBGs inscribed into special multicore fibres of 4CF and 7CF. Selective
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inscription into different cores of a MCF has been efficient by core marking technique, involving the
core positioning by placing fibre between two three dimensional rotating stages and observing the
alignment through optical microscope setup. FBGs written into selective core have shown effective
inscription when characterised through a novel measurement system. The vector sensing applications
using FBGs written into different cores have shown effective detection of the changes in both the
magnitude and direction. Specially, an opposite directional sensitivity has been observed for two
diagonally positioned cores in the 4CF. The bending/twist sensing measurement for 4CF with both
core spacing of 50 um and 36 um has been performed. This resulted in the sensitivities of -0.085
nm/m” and 0.052 nm/m™ at a twist angle of 180° for a selective inscription into 4CF with 50 pum
core spacing. Whereas, considering two cores located in the same perpendicular plane into another
4CF with 36 um core to core spacing provides bending sensitivities of 0.125 nm/m™ and -0.163
nm/m’' respectively at a twist angle of 0° with opposite wavelength shifts. Further experimentation
with fabrication and vector sensing measurement were demonstrated for 7CF using a systematic
writing method followed as 4CF. The vector sensing results for the central core have been shown
very small sensitivity or insensitive response to bending at different twist angles, which proves the
central core is very effective as a temperature reference. Consecutively, the FBGs inscribed into other
selected cores of the 7CF have been investigated for bending sensing at different twist angles of 0°,
90°, 180° and 270°. This has been shown the sensitivity results for two diagonally placed cores as
amplitudes of 89.57 pm/m™', 63.27 pm/m™, -68.51 pm/m™ and -134.62 pm/m™" for one core and for
diagonally opposite core the amplitudes have been obtained as 55.2 pm/m™, -71.79 pm/m™, 47.37
pm/m™” and 120.68 pm/m™ at twist angles of 0°, 90°, 180° and 270° respectively.

Another highlight of the research work is the biosensor implementation based on LPG, dLPG and
Ex-TFG. An ultrasensitive dLPG biosensor was investigated utilising the feature of the forward
propagating core mode coupled with co-propagating cladding mode at dispersion turning points. An
UV-inscribed dLPG has been obtained into thin cladding fibre by point-by-point writing technique.
This sensing device have been employed for biosensing applications for the detection of glucose
concentration. The dLPG surface was treated by APTES silanisation and GOD immobilised. Then it
has been subjected to the glucose detection in the range of (0-3.0 mg/mL). Compared to GOD-
immobilised LPG, the dLPG based sensor is designed with higher sensitivity of -36.25 nm/ (mg/mL)

at dispersion turning point.

Further biomedical application with 2D nanomaterials deposited fibre grating sensors has been
demonstrated for haemoglobin detection. The sensing device has been gone through the whole
surface modification method through cleaning, NaOH treatment and silanisation with APTES.

Thereafter, the multilayer deposition with Graphene oxide (GO) has been employed for LPG and
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dLPG sensing devices. The measurements have been performed with haemoglobin solution into
sucrose buffer for the concentration in the range of 0.14 — 0.33 mg/mL. Based on intensity change
of the attenuation resonance of the LPG and dLPG sensing devices, typical sensitivities of -4.34 dB/
(mg/mL) and -13.60 dB/ (mg/mL) were realised for them respectively.

Another, GO-coated LPG has been demonstrated for monitoring relative humidity (RH) applied in
environmental sensing. As mentioned for GO-LPG/dLPG biosensing applications, similar steps have
been followed for the surface treatment of sensing device for enhancing the covalent bonding and 2-
layer and 4-layer of GO-deposition were implemented. An increased absorption of water molecules
with the change in RH has been achieved. By enhancing the light matter interaction at the core-
cladding interface, it has been possible to influence the effective refractive index and hence resonance
response with relative humidity change in the range of 50% - 80%. The sensitivity for higher order

resonance peak 2 has been increased with ~2 times from 0.0037 dB/ %RH to 0.0081 dB/ %RH.

Finally, an optical fibre based sensor with another advanced nanomaterial of SWCNT has been
explored for performing SRI sensing measurements. Here, an UV-inscribed LPG with 428 um period
is nano-deposited with one layer of SWCNT solution into NMP. The measurement analysis results
show an amplitude modulation of 6.34 dB/RIU and a blue wavelength shift of -96 nm/RIU for higher
order resonance response. The device fabrication can be modified with multilayer deposition for

variable coating thickness and enabling them suitable for bio and environmental sensing applications.
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6.2 Future research

6.2.1 Optical fibre gratings fabrications in extended wavelength range from visible into mid-
IR 2 pm

Recently, optical fibre sensing devices operating at visible to 2 um region have shown potential
applications in defence, health and enviroment. The future work would be focused on fabrication of
fibre gratings (FBGs, LPGs and TFGs) into different types of single mode - single core (SM-SC) to
single mode - multicore (SM-MC) fibres. FBGs in visible spectral range (450 — 650 nm) are useful
for detection of biological samples such as DNA [162]. These are also advantageous to use in fibre
lasers as the new technology requires its extensive use from infrared region to visible range. FBGs
in this range is also useful for fibre resonators or for stabilisation of centre wavelength of fibre lasers.
Previously reported study shows, the FBGs into 2 pm range has been fabricated utilising two-beam
holographic method for the application in fibre lasers [84]. Another area of application for 2 um fibre
gratings is in gas sensing, as because some of gas (CO;) has strong absorption in mid-IR range. So,
a fibre laser with FBG in 2 um can be designed in this range. Whereas the LPG based refractive
index sensors have potential applications in bio and environmental sensing. In these sensors, the
interaction of evanescent field for the cladding modes occurs with surrounding medium and results
in the resonance wavelength shift with the change in surrounding refractive index (SRI) [163].
Furthermore, an enhanced SRI sensitivity is achieved for the dual peak LPG (dLPG) operating near
the turnaround points [72]. An ultra sensitive device with UV-inscribed Ex-TFGs are designed with

high SRI sensitivity and low thermal sensitivity [9]. In these asymmetric structures the coupled

cladding modes are very closely spaced. An input polarised light is sent through this sensing device
and dual peak resonance response is obtained with two orthogonal polarisation modes in the
transmission spectrum. All these refractive index based sensing devices are applicable for real time

applications such as in food industry and agriculture.

6.2.2 Fibre sensor devices using multicore fibre for applications in astronomy

In astrophotonics it is very important to remove any atmospheric variations for imaging
spectroscopy. An astronomical telescope is capable of covering a large wavelength range from near
to middle infrared capturing image through a wide background. All these backgrounds are coming
from the bright and narrow emission lines of hydroxyl (OH) ions into the atmosphere. The captured
data is continuously getting distorted due to continuous fluctuation of brightness. So, a OH
suppression fibres with fibre Bragg gratings (FBG) and photonic lanterns can be designed with the
combination of telescope and spectrograph. Firstly, an aperiodic FBGs can be fabricated into a single

sensing device using MCF enables with filtering more than 100 irregularly spaced wavelengths over
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a bandwidth of 200 nm as reported in [164]. Secondly, a photonic lantern with MCF can be utilised

to receive the light coupled information into the telescope [165, 166].

The ability to create a spectrograph by constructing a photonic lantern is possible using SM-MCF.
The photonic lantern is a device where the light is guided through multimode fibre (MMF) to single
mode fibre (SMF). Due to inefficient light coupling from a multimode fibre (MMF) into multiple
SMF it is required to design a compact system for mode coupling. The photonic lantern can be
constructed from MMF to SM-MCF for this purpose. It is important to avoid atmospheric turbulence
effect while light coming from the telecsope to SMF. This can be presented by utilising a diffraction
limited system for operation in seeing limit [104]. The schematic shown in Fig. 6.1 represents the
whole imaging system where the lights coming from far distant object in the galaxy are focused
through telescope and after passing through the combination of MC-FBG and photonic lantern a
spectrograph is formed. My future work would be concentrated to design a photonic lantern using
SM-MCF with UV-inscribed FBG to analyse the chemical composition, velocity and distance to an

astronomical object. The whole designing structure is presented in Fig. 6.2.

MC-FBGs and Photonic
Lantern

Object in
space

Spectrograph
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Figure 6. 1 Schematic diagram for designing the space imaging system.

Object in space

Photonic lantern

Figure 6. 2 The principle for light imaging through telescope and MC-FBG creating a photonic lantern [167].
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6.2.3 Fibre gratings into multicore fibre as a shape sensor in biomedical applications

As discussed in Chapter 4, the flexibility of curvature sensing for fibre sensor devices fabricated into
multicore fibre enables these for shape sensing into medical devices and applications in robotics. The
FBG sensors for curvature, twist and pose measurements could be utilised in a minimally invasive
instruments to provide good resolution data in space and time. Charles G. Askins et al., reported an
extensive multiplexing technique employed into four core fibre (4CF) [168] for designing this.
Combining a soft material robotics will enable medical devices more flexible by motion detection
into different complex circumstances within the human body. In this case an actuator can provide
high-resolution shape information and supporting the fibre sensor for the targetted location within
human body. One of our future work will be associated with the designing of this type of fibre sensor
for medical instruments. Figure 6.3 represents a schematic setup for pose measurement where an
SM-MCEF is embedded with S-curve catheter. Applying a soft material robotic system [169] the shape
information would be collected and the high resolution image is formed by recording the spectrum

reflected back through test sample.
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Figure 6. 3 An SM-MCF is passing through S-curve and image analysis performed by collecting high resolution
shape information [168, 169].

6.2.4 Nanomaterials coated fibre sensor for biosensing applications

S. Deng, et al., have reported graphene oxide-film-coated splitting ratio-adjustable Mach-Zehnder
interferometer for relative humidity sensing [170] and Chen Liu et al. showed that graphene oxide
(GO) coated dLPG enhances surrounding refractive index sensitivity [150]. As discussed in Chapter
5 the dual-peak LPG (dLPG) has greater sensitivity around the dispersion turning point. Our future
work will be focused on developing fibre sensors coated with high absorption material such as carbon
nanotube (CNT). It is known as a dark material and fibre sensors coated with CNT enables the

interaction between the light leaked through evanescent field with the external environment [171].
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By utilising the absorption characteristics and complex refractive index both the position of
resonance wavelengths and the amplitudes of the resonance peaks are affected with the variation of
coating thickness. The greater sensitivity is achievable as the higher order cladding mode resonances
are more sensitive with different coating thickness. There is an effect of coupling coefficients
between the core and the high order cladding modes. Figure 6.4 shows the schematic of proposed
design setup for CNT-coated fibre sensor would be implemented for environmental sensing for
monitoring global warming, air quality monitoring, process control in food industry and biomedical

fields.
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Figure 6. 4 Schematic of the proposed design setup with CNT-coated fibre sensor for gas (CO, CO, NH3)

sensing.
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