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Abstract

Intrinsic fiber in-line sensors have attracted significant attention recently for their
compact size, low cost and reliability. A number of methods to fabricate intrinsic
fiber sensors have been reported. One of them is to fabricate fiber sensors based on

inner air cavity.

By using femtosecond (fs) laser micromachining and fusion splicing technique, we
could fabricate fiber inner air cavity and control the morphology of the cavity.
Parameters controlling on fabrication process of the fiber in-line cavity have been
investigated theoretically and experimentally. The size of the air cavity could be
controlled from 30 pm to 93 pum during the fabrication process. In this thesis, four
fiber sensors based on air cavity by using fs laser micromachining and fusion

splicing technique would be proposed.

For a refractive index (RI) sensor use, we designed and fabricated an intrinsic Fabry-
Perot interferometer (FPI) sensor based on inner air cavity. The interferometer cavity
was formed by drilling a micro-hole at the cleaved fiber end facet, followed by
fusion splicing. Two channels were drilled by fs to vertically cross the cavity to
allow liquid to flow in and out. This device exhibits sensitivity of ~980 nm/RIU to
ambient RI and low temperature cross sensitivity of ~4.8 x 107¢ RIU (refractive

index unit) /°C.

We also developed a miniature fiber in-line Mach-Zehnder Interferometer (MZI) for
high-temperature sensing at precise location. This MZI was based on an inner air

cavity adjacent to the fiber core. After fabricating the air cavity adjacent to fiber core,



a microstructure was fabricated on the surface of the cavity by fs laser beam
scanning to eliminate an unwanted set of interference fringe. Such a device is robust
and insensitive to ambient RI change, and has high temperature sensitivity of ~43.2

pm/°C up to 1000°C, and low cross sensitivity to strain.

A platinum (Pt) -doped WO3 composite coated fiber device based on fiber inner air
cavity with periodical microstructures was proposed for hydrogen sensing. The fiber
core was structural modulated by the microstructures, making this optical device
sensitive to ambient RI change. Coated with Pt-doped WO3 composite, whose RI is
changed through the variation of hydrogen concentration, this optical device became
sensitive to hydrogen. Such a device is compact and exhibits a high sensitivity as

well as a low temperature cross-sensitivity.

Based on dual internal mirrors formed by air spherical cavity surfaces, we also
demonstrated another miniature fiber in-line cross-talk free MZI for simultaneous
sensing for RI, temperature and curvature. We could monitor (1) RI by tracing output
fringe visibility; (2) temperature by tracing fringe dip wavelength; (3) and curvature
by tracing fringe dip intensity, respectively. No crosstalk between every two of these
sensing results was found and no signal processing was required for this sensor. Such
an inner structure-based fiber device is miniature, robust, suitable for high-accuracy
measurement, sensitive to the surrounding environment, and free of temperature

cross sensitivity, thus exhibiting high potential in versatile photonic applications.
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Chapter 1 Introduction

Chapter 1
Introduction

1.1Background Review

In this chapter, review of fs laser technique and optical fiber sensors based on air
cavity will be introduced. Development history of fs laser technique and features of
fs laser micromachining will be demonstrated. After that, optical fiber sensors based
on air cavity would be classified by fabrication methods, and several fiber sensors

will be introduced.

1.1.1 Femtosecond Laser Technique

1.1.1.1 Development of Femtosecond Laser Technique

Since the invention of the ruby laser in 1960 [1], interaction between laser and
different materials has drawn great attention all over the world. In order to obtain a
suitable laser source for precise high quality micro machining, ultrashort duration
pulse which allows high pulse repetition, high peak intensity and fast temporal
resolution, has been proposed. The development of ultrashort pulses is shown in Fig.

1.1[2].

In the early time of the research in ultrashort pulse, mode-locking technique has been
proposed as a milestone [3]. In 1960s and 1970s, the mainstream of locking mode

technique was operated by organic dye material, and its pulse duration is on
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nanosecond scale. In 1981, by colliding pulse mode locking phase compensation,
Fork generated ultrashort optical pulses in dye laser and the duration of laser pulse
was compressed to less than 100fs for the first time [4]. The same group reported

that by using cubic compensation technique, the pulse duration could be compressed

to 6fs [5].
KL
First ML laser Ti:sapphire
Chirped mirror
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| | | | Y
1960 1870 1980 1930 2000
10ps g
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Fig. 1.1 Development of ultrashort optical pulses technique. [2]

In the late 1980s, solid-state laser crystals were developed and widely used for
ultrashort pulse generation. Compared with dye laser, the size of solid-state laser is
significantly reduced and the operation system is much simpler. Among the solid-
state lasers, Ti:Sapphire (Ti:Al2O3) laser was considered to be one promising type of
ultrashort pulse laser because of its broad gain bandwidth, wide emission bandwidth,
high beam quality and reliability. A number of mode locking techniques have been

developed [6-9].

In 1991, Haus in MIT revealed the mode locking mechanism of Ti:Sapphire laser-



Chapter 1 Introduction

Kerr lens mode locking, and compressed Ti: Sapphire laser pulse duration to several
fs without external mode locking element [10,11]. To solve the intrinsic problem of
the Ti:Sapphire that the mode locking condition is difficult to meet, semiconductor
saturable absorber mirrors (SESAM) is applied to compressing system and enables

the KLM easily self-start and work stably for a long time [12-14].

In 1985, chirped pulsed amplification (CPA) technique was developed by Strickland
to meet the requirement of high peak power [15]. CPA is a technique for amplifying
an ultrashort laser pulse up to the petawatt level by stretching out laser pulse
temporally and spectrally prior to amplification. With rapid development of CPA,

focused intensity has been increased since then [16-19].

1.1.1.2 Features of Femtosecond Laser Micromachining

Interactions between fs laser pulse and materials could be divided into two classes:
1) When pulse energy is below the damage threshold of the material, material
refractive index is modulated by fs laser pulses [20-22]. This effect is often
used in fabricating optical device. The mechanism of this effect is explained
by a mix of theories like thermal effect, coloration, densification and fs laser
introduced tension [23]. The value of the material RI changed is
corresponding to single pulse energy, fs laser scanning speed, laser

wavelength and pulse bandwidth [24].

2) When pulse energy is above the damage threshold of the material,
irreversible damage would be made [25-27]. The degree of ablation on the
material’s surface counts on single pulse energy, amount of pulses within the

fabrication process, pulse bandwidth and polarization of the laser.


http://en.wikipedia.org/wiki/Ultrashort_pulse
http://en.wikipedia.org/wiki/Laser
http://en.wikipedia.org/wiki/Petawatt
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Compared with long pulse laser, fs with ultrashort pulse duration and ultrahigh pulse

peak power has great potential in the field of micromachining. In general, fs

micromachining technique has three main advantages over CW or long pulse

duration pulses [28]:

1.

High accuracy. High accuracy attributes to two factors: less thermal effect and
ultrasmall machining region. As multiphoton absorption is the leading effect in fs
laser micromachining, the photon energy’s deposition into materials could be
performed in very short time, before the photon being transferred to surrounding
lattice by means of phonon emission, which would introduce heat to the
machining system. Therefore, there is little thermal influence by using
femtosecond laser machining. Ultrashort pulse duration enables the interaction
between fs laser and materials with little energy diffusion and ultrashort time
duration. Within fabrication process, surrounding materials would not be melted
by heat. Thermal diffusion and shockwave would be eliminated as well.
Therefore, surface fabricated by fs laser micromachining would be much

smoother compared with that machined by long pulse duration lasers [29].

Fs laser could overcome the diffraction limit as well. Fs laser machining region
would be controlled to less than the size of laser beam, whereas conventional
laser machining technique accuracy is limited by the diffraction limit.
Multiphoton absorption depends on the square (for two photo absorption) of the
intensity distribution, and the value of the full-width at half-maximum (FWHM)
of the intensity squared will be smaller than that of the intensity. Under this
condition, the machining region is about the center of beam spot size and much

smaller than the entire beam spot size [30].

2. Capability of three-dimensional fabrication in transparent materials. Transparent
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materials like silica would not linearly absorb fs laser intensity, making it
possible to fabricate structures inside these transparent materials by using fs laser

micromachining technique [31].

3. Ability to be applied to any materials. Every material has a certain damage
threshold energy based on multiphoton absorption mechanism. The threshold
depends on the pulse energy. Therefore, with ultra-short duration and enough
pulse energy, fs laser pulse could meet the threshold of almost all the materials

and machine them, just like ceramics, silica, semiconductors and polymers [32].

1.1.2 Review of Optical Fiber Sensors Based on
Air Cavity

Compared with electronic sensors, the optical fiber sensors have certain advantages
that include immunity to electromagnetic interference, light weight, small size, high
sensitivity, high flexibility, low propagating loss, low fabrication cost, simultaneous
sensing ability, and ease in implementing multiplexed or distributed sensors [33].
Because of these advantages, the optical fiber sensors have attracted significant
research attention [34]. A wide variety of fiber sensor types have been proposed,
including fiber Bragg grating (FBG), long period grating (LPG), FPI, MZI,
Michelson interferometer, distributed fiber sensor, and many others [34-40]. Almost
every parameter, including temperature, RI, rotation, pressure, acoustic, strain,
vibration, biologics, gases and humidity could be monitored by optical fiber sensors

[34-40].

Among fiber sensors, fiber in-line intrinsic sensors have some advantages over

extrinsic fiber sensors: (1) They are small in size and compact. (2) They are not
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easily affected by environmental noise. (3) They have no extrinsic elements so their

life expectancy is high. (4) They are immune to electronic interference [41].

However, to fabricate fiber in-line intrinsic fiber sensors like fiber in-line FPI is not
an easy task. Laser irradiation is used for fabricating fiber in-line structures [42, 43].
However, structures fabricated by this technique exhibit rough surface and poor

mechanical strength.

By combining these techniques with fusion splicing, fiber inner air cavity could be
fabricated. Fiber inner air cavity by fusion splicing technique has smooth surface and
hence reflected light may be coupled efficiently back into the guided mode rather
than introduce optical loss because of scattering into cladding mode. Thus good
visibility could be obtained. When the fusion current is relatively high and fusion
time is relatively long, the fiber sensor with air cavity could be robust as well. There
are three methods to fabricate an inner air cavity: (1) by using etching and fusion
splicing technique (2) by partial collapsing technique and (3) by using fs laser
micromachining and fusion splicing technique. We classify the fiber sensors based

on air cavity according to fabrication technique and introduce them one by one.

1.1.2.1 Optical Fiber Sensor Based on Air Cavity by Using

Etching and Fusion Splicing Technique

Etching technique is one method to fabricate fiber inner air cavity reported in 2006,
by Xiaopei Chen for the first time [44]. Three steps are involved in the fabrication
process: wet chemical etching, fusion splicing and cleave. Due the compositional
difference between fiber core and fiber cladding, etching process on fiber core and
on fiber cladding react at different rates. Core region would be etched more quickly

by hydrofluoric acid than cladding region. After applying hydrofluoric acid to
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cleaved fiber tip, a notch in the centre of the fiber tip would be found. Fig. 1.2 shows
the differential etching process and result [44]. There is a clear semi-sphere notch in
the centre of the fiber tip, and the fiber diameter is tapered from 128um to 96um.
Splicing two etched fiber tips together by using an arc fusion splicer, an air cavity is
fabricated. The notch is melted during the arc discharge process and expands into a
smooth air cavity. Image of air cavity fabricated by using etching and fusion splicing
technique is shown in Fig. 1.3. Sensors with two different structures: an intrinsic
Fabry-Perot interferometer and a core-cladding-mode MZI are fabricated based on

this structure.

Gemanium-doped Silica Core Eilica Cladding

|‘_ 125 ptm _'I |4— ~blify _Ill-\'_HI
(a) (b) (c)
Fig.1.2 Differential wet chemical etching (a) before etching (b) after etching,
(c) end face of the etched fiber. [44]

Fig.1.3 Image of air cavity fabricated by using etching and fusion splicing technique. [44]
In 2007, Machavaram proposed an alternative method to fabricated air cavity by
using etching and fusion splicing technique [45]. Firstly, two cleaved single mode
fiber tips are etched by hydrofluoric acid. Like the wet etching process in reference
44, there would be a notch at the centre of each fiber tip. Then these two etched fiber

tips are fusion spliced with each other and an air cavity is fabricated. Fig. 1.4 shows
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the fiber in-line FPI consisting of two semi-sphere notches. In this image, the air
cavity is not a completed sphere or an ellipsoid. This is because the fusion current
and fusion time are controlled at a small value. Air cavity is not totally melted during
the arc discharge due to the lack of enough heat. An intrinsic FP interferometer is

fabricated base on this air cavity.

100 pm

Fig 1.4 Image of air cavity by fusion splicing two notched fber tips. [45]
Machavaram also did the investigation into the mechanism of the reaction between
silica and hydrofluoric acid. And the etching situations of cleaved fiber tip for 5
minutes, 12 minutes, 16 minutes, 22 minutes and 35 minutes have been investigated
[45]. Fig. 1.5 shows the micro graph of cleaved fiber tip after different etching time

from 0 minute to 35 minutes.

In the same year, a fiber in-line sensor for strain was proposed by Cibula based on
air cavity. As shown in Fig. 1.6, one notch etched by hydrofluoric acid is carefully

cleaved and spliced with two fiber tips to form a FPI sensor [46].

This technique provides a way to fabricate the fiber inner air cavity and could
roughly control the morphology of the cavity. Nevertheless, fiber is tapered during
the etching process. Fiber diameter decreases to less than 100 pum after the

fabrication process, thus the mechanical strength of the sensor would be impaired.
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Fig. 1.5 Micro graph of cleaved fiber tip after etching for (a) 0 minute, (b) 5 minutes, (c) 12

minutes, (d) 16 minutes, (e) 22 minutes and (f) 35 minutes. [45]

100 pm

Fig.1.6 Image of air cavity fabricated by using etching and fusion splicing with fusion current of

low value and short fusion time. [46]
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1.1.2.2 Optical Fiber Sensor Based on Air Cavity by Partial

Collapsing

There is another fabrication method based on splicing optical fiber with large fusion
current to trap some air in the fiber to form air cavity. A number of special fibers
have structure with air inside, such as PCF, capillary and hollow core fiber. When the
fiber with air inside is spliced with large fusion current and long fusion time, the
silica would be melted and air inside the fiber would expand to form an inner air
cavity. Jun proposed a method to fabricate an air cavity for sensing in 2011. The air
cavity is fabricated at the fiber tip by splicing a silica capillary to a single mode fiber
and then melting the capillary to form a microsphere with an air cavity [47]. Fig. 1.7

shows the fabrication process.

Reflected li

- e—

(c) (€)

Fig. 1.7. Fabrication process of the air cavity. (a) Splice a silica capillary to a SMF; (b) heat and melt

the capillary to form an air cavity (L: distance from electrode to the SMF end); (c) a sketch showing

the fiber-tip micro-cavity; microscope image of (d) capillary cross-section and (e) micro-cavity. [47]

10
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Partial collapsing PCF is also an alternative approach to fabricate an air cavity inside
the fiber. By adjusting the fusion current to a large value, the air channels in PCF
collapse, then part of air originally in the channels would be trapped, and after that
an inner air cavity is formed due to surface tension [48]. In 2009, Villatoro reported a
sensor for temperature and strain, with an inner air cavity fabricated by splicing a
PCF to a SMF with a default fusion splicing program set for monomode fiber [49].
By adjusting the fusion splicing program, the diameter of the air cavity could be
controlled from 22um to 58um [49]. In 2013, an intrinsic FPI was fabricated by

similar method [50].

Fig.1.8 Image of the air cavity fabricated by collapsing the air channels in PCF. [49]

Recently, Duan reported a fiber FP sensor based on an inner air cavity formed by
fusion splicing together two sections of SMFs with cleaved flat tip and arc fusion
induced hemispherical tip, respectively [51]. Four steps are involved in this process:
(1) Prepare two cleaved fiber tips. (2) Adjust the fusion splicing program to soften
the cleaved fiber tip with prefusion cleaning discharge. A hemispherical is fabricated
in this process. (3) Fusion splice the hemispherical tip with another cleaved fiber tip
under a little external axes stress, and a slightly taper fiber with an air cavity is
fabricated. (4) Several refusion discharges would be applied to the fiber to eliminate

taper shape shown in Fig. 1.9 (¢) [51].

11



Chapter 1 Introduction

Because no structural damage is in involved partial collapsing, robust fiber sensors
based on inner air cavity could be fabricated this technique. However, the fusion
splicing program is the only module could be adjusted; therefore we could not

precisely control the morphology of the inner air cavity.
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Fig. 1.9. Illustration of the fabrication procedure of air cavity based FPI strain sensor. [51]

1.1.2.3 Fiber Sensor Based on Air Cavity by Laser Micro-

machining and Fusion Splicing

In 2008, Ran reported a FPI base on an air cavity fabricated by using laser
micromachining for RI sensing [52]. They used a 157-nm laser to ablate a micro hole
with diameter of 56pum at the centre of a fiber tip end, followed by splicing this fiber
tip with another cleaved fiber tip to form a close air cavity. Microscopic image of the

micro-hole and the sensor are shown in Fig. 1.10.
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In 2009, Park proposed a fiber in-line MZI base on fiber inner air cavity. The MZI
has optical path difference provided by a micro cavity of length ~10um along a
single mode fiber [53]. The fs laser focuses on the fiber tip cross section facet, after
that a micro hole is ablated. After circularly irradiating, a cone shape micro hole is
fabricated, as shown in Fig. 1.11. By controlling the size of the cone shape micro

hole, the air cavity dimension after fusion splicing could also be adjusted.

Fs laser micromachining technique is a promising technique to fabricate the inner air
cavity. Fiber sensors fabricated by using fs laser micromachining and fusion splicing
are not tapered, exhibiting great mechanical strength. The morphology of ablated
microhole and the fusion splicing program could be precisely adjusted during the
fabrication process. Therefore we could control the morphology of the air cavity
efficiently. And in this dissertation, we will use fs laser micromachining technique

with fusion splicing to fabricate novel fiber sensors based on air cavities.

Cleaved fiber end

()

Fig.1.10. (a) Microscopic image of the micromachined hole introduced on the fiber cross

section. (b) Microscopic image of the fabricated sensor head based on an air cavity. [52]
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Fig.1.11 Fiber-inline MZI based on inner air cavity fabricated by fs laser (a) schematic

fabrication process (b) cross section view (c) different cavity dimensions. [53]

1.2 Research Motivation and Contributions

Air cavity is one promising structure for intrinsic fiber in-line sensors. As mentioned
in Section 1.1.2, a number of fiber sensors have already been proposed based on this
structure. These sensors could be divided into two main types: intrinsic FPIs and
core-cladding-mode MZIs. These two types of sensor are based on the air cavity at
the centre of the fiber tip without any complementary microstructure. Unique and
various advantages of fs laser micromachining technique like high accuracy and little
thermal effect, make it a powerful tool to fabricate inner air cavity and control its

morphology. We could also fabricate various types of microstructures on the surface
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of the cavities with fs laser’s capability of three dimensional fabrications in silica.

In this dissertation, based on air cavity, we are focusing on developing fiber sensors
with high sensitivity, compact size, low cost, robust structure and ability to perform
simultaneous sensing. Four novel intrinsic fiber sensors have been developed during

my M.Phil study period:

» For a RI sensor use, Fabry-Perot cavity has been presented. The size of the
cavity could be controlled by adjusting microhole diameter, fusion current and
fusion duration. Two channels are drilled by fs to vertically cross the cavity to
allow surrounding liquid to flow in and out. This device exhibits high sensitivity

to ambient RI and low temperature cross sensitivity.

» A miniature fiber in-line MZI based on an inner air cavity adjacent to the fiber
core for high-temperature sensing at precise location is demonstrated. When
fiber core is abruptly bent and slightly damaged by the air cavity adjacent to
fiber core, part of the light beam transmitting in the core would be coupled into
to air cavity as leaky mode and then recombines with the core fiber mode at the
end of the cavity. Howerver, the reflection effect introduced by air cavity smooth
surface would decrease the coupling efficiency and lead to another unwanted
interference. A microstructure is fabricated by fs laser scanning technique on the
surface of the air cavity to make the surface rough and suppress the reflection
effect. With that microstructure, unwanted interference fringe is eliminated and

the visibility of the core-air cavity-mode MZ interference fringe is enhanced.

Because the difference between the thermal temperature coefficient of fiber core

and of air is much larger than that between fiber core and cladding, this device
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exhibits high temperature sensitivity up to 1000°C, much higher than that of
conventional core-cladding mode MZI temperature sensors. Thanks to the
closed air cavity structure, such a device is also robust and insensitive to

ambient RI change and has low cross sensitivity to strain.

A Pt-doped WO3 composite coated fiber device based on fiber inner air-cavity
with periodical microstructures is proposed and demonstrated for hydrogen
sensing in the thesis. An inner air-cavity adjacent to the fiber core exhibits
periodic microstructures on the cavity surface and hence introducing a structure
modulation on the fiber core, which converts part of the incident light beam into
cladding mode, while the rest remain travels along the fiber core and as a result,
loss dips appear in the transmission spectrum. The periodic microstructural
device is similar to the micro-hole structured long period fiber grating and is

sensitive to surrounding RI, but has a much smaller size.

Pt-doped WOs is a metal compound that undergoes an exothermic reaction with
hydrogen, and its RI increases during the reaction process. After coating Pt-
doped WOs3 on fiber sensor based on air cavity with periodical microstructures,
this device serves as a compact hydrogen sensor. Such a device is compact and

exhibits high sensitivity as well as a low temperature cross-sensitivity.

We also demonstrate a miniature fiber in-line MZI based on dual internal
mirrors for simultaneous sensing. When the air cavity isadjacent to the fiber core,
the smooth surface serves as an inner mirror reflecting the light beam in the fiber
core to cladding. Thus a micro reflective optical path is built by two air cavity in

the fiber. A compact device size is obtained corresponds to a large OPD and
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hence a small FSR. A novel mechanism of interference is introduced by this

structure.

For this sensor, change in ambient RI leads to a change in output fringe visibility,
the variation in temperature only shifts the fringe dip wavelength, and the
change in curvature merely causes a change in fringe dip intensity, i.e., three
parameter sensing can be simultaneously achieved, and thus the temperature

cross sensitivity can be eliminated.

1.3 Thesis Outline

Chapter 1 The fundamentals of fs laser micromachining technique and fiber sensors
based on air cavity are reviewed in Section 1.1. Research motivation and
contributions are illustrated in Secition 1.2.

Chapter 2 The principle of optical fiber FPI based on air cavity fabricated by fs
laser micromachining and fusion splicing is investigated in Section 2.1. The
fabrication of this optical device is introduced in Section 2.2. In Section 2.3 and 2.4,
RI response and thermal response are investigated experimentally. Finally, a
summary of Chapter 2 is presented in Section 2.5.

Chapter 3 In Section 3.1, principle of the fiber in-line MZI based on inner air cavity
for high temperature sensing is investigated. In Section 3.2 fabrication process is
introduced. High temperature response, RI response and axial strain response are
investigated experimentally in Section 3.3, Section 3.4 and Section 3.5. Finally, a
summary of Chapter 3 is presented in Section 3.6.

Chapter 4 Operation principle of a hydrogen sensor based on fiber inner air-cavity
with microstructures is illustrated in Section 4.1. The fabrication process, including
the inner air cavity, the microstructures and coating described in Section 4.2.

Hydrogen response and thermal response are investigated in Section 4.3 and Section
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4.4. Finally, a summary of Chapter 4 is presented in Section 4.5.

Chapter S In section 5.1 the principle of MZI based on dual inter mirrors formed by
a hollow sphere pair is introduced. The fabrication process is demonstrated in
Section 5.2. The influence of sphere pair length to the spectrum is tested Section 5.3.
In Section 5.4, Section 5.5 and Section 5.6, strain response, thermal response and
curvature response are investigated experimentally. In Section 5.7, we analyzed the
polarization influence on this sensor. Finally, a summary of Chapter 5 is presented in
Section 5.8.

Chapter 6 In the last chapter, the research contributions accomplished in this

dissertation are summarized. Some potential improvements are discussed.
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Chapter 2

Optical Fiber Fabry-Perot Interferometer
Cavity Fabricated by Femtosecond Laser
Micromachining and Fusion Splicing for
Refractive Index Sensing

Optical fiber FPI cavity has been attractive for many sensor applications owing to its
miniature size, in-line structure, linear response, high sensitivity and convenient
reflection mode of detection [1-10]. To enable effective RI sensing, the optical fiber
FPI should be constructed into a tip device for flexible liquid immersion or built with
an open micro-cavity to allow liquid to flow in. In such schemes, the conventional
SMF needs to be incorporated with in-fiber mirrors [7], or spliced with a section of
photonic crystal fiber [8, 9]. However, these fabrication methods are rather
complicated or with relatively high cost. In recent years, near-IR fs laser has been
widely used for fabricating photonic devices in transparent materials such as bulk
glasses [11, 12] and different types of optical fibers [13-15]. Many micro-cavities
have been fabricated in optical fiber by using fs laser micromachining and operated
as fiber in-line interferometers, such as FPIs [3, 7, 10] and MZIs [16-18]. However,
such fiber in-line interferometers, directly fabricated by fs laser ablation, usually

exhibit rather rough cavity surface and poor mechanical strength.
In this chapter, a fiber in-line FPI cavity fabricated by using fs laser micromachining

together with fusion splicing is presented for RI sensing. The FPI cavity is formed by

drilling a micro-hole at the end facet of SMF, followed by fusion splicing, and
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finally inscribing a micro-channel by fs laser micromachining to vertically cross the
cavity and allow the RI liquid to flow in. Such a RI sensor is simple in structure,
easy for fabrication and reliable in operation. The RI sensitivity obtained is
~994nm/RIU with low temperature cross-sensitivity of ~4.8 x 107% RIU/°C. The
fabrication process, parameters controlling, RI response and thermal response of the

FPI sensor have been investigated in this chapter.

2.1 Operation Principle of Fiber In-line FP Inter-

ferometer

Fig. 2.1 shows the schematic of the FPI sensor system proposed, in which a hollow
sphere with vertical opening serves as the FP cavity. The incident light beam along
the SMF is reflected by the two surfaces of the sphere respectively and recombined

in the fiber core, resulting in an interference pattern at the output.

Assuming that the reflected light beam intensities by the two surfaces of the FP

cavity are I; and Do, respectively, the intensity of the interference signal is:

I=1+1,+2I11, cos( +g00 (2.1)

where A is the wavelength of incident light, n is the RI of the liquid filled in the

cavity, L is the cavity length and o is the initial phase of the interference. At the
fringe dip positions, the phase difference of the two reflected light beams satisfies

the condition

dnlL
A

m

=Q2m+1)rx (2.2)

where m is an integer, Am is the central wavelength of m™ order interference dip.

According to Eq. (2), the dip wavelength depends on the cavity length and the RI of
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the liquid filled in the cavity. Meanwhile these two factors are also functions of
temperature and the wavelength shift as the temperature is given by:

i§£+%=Qm+WZ (2.3)

m

Coupler

Broad Band

Source
0SA .
Sensing
head

. Claddini

n

1

Fig. 2.1 Experimental setup for RI measurement.

The inset shows the schematic diagram of the fiber FPI.

2.2 Fabrication of Fiber In-line FP Interferometer

2.2.1 Device Fabrication

The experimental setup for RI measurement is shown in Fig. 2.1. The fs laser pulses
(120fs, ImJ, 1 kHz repetition rate at A=800nm) are produced by a Ti: Sapphire CPA
laser system (Spectra-Physics). The laser beam is focused onto the fiber in the device
fabrication, fs laser pulses (A = 800 nm) of 120 fs at the repetition rate of 1 kHz were
focused onto the fiber end facet by a 20 x objective lens with NA value of 0.5 and
working distance of 2.1mm. The pulse energy used in the experiment was ~2 plJ. A
CCD camera was employed to monitor the fabrication process and record the sample

morphology.
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A section of standard SMF-28 with the core diameter of 8.2 pum and the nominal
effective RI of 1.4682 (at 1550 nm) was mounted on a computer controlled three-
dimensional translation stage with a 40-nm resolution. The following steps were
adopted in the fabrication process as illustrated in Fig. 2.3. Firstly, fs laser drilled a
micro-hole of ~1 um in diameter at the centre of the cleaved fiber end facet, and the
fiber tip obtained was then spliced together with another cleaved SMF tip without
micro-hole by a fusion splicer (ERICSSON FSU975), with fusing current and fusing
duration of 16.3 mA and 2.0 s respectively. The hollow sphere formed had a
diameter of ~60 um. Finally, a micro-channel of ~38 pm in diameter was machined
to vertically cross the FP cavity, which allowed the RI liquid to readily flow in or out
of the cavity. In the micro-channel fabrication process, laser beam was firstly
focused on the top fiber surface at the micro-cavity position, scanned at a speed of 2
um/s with a scanning distance of 40 um, in parallel to the fiber core axis. After one
scanning cycle, the laser beam was shifted by 10 pum, in perpendicular to the fiber
axis until a 40um % 40um square area was drilled through, to create the top part of
the micro-channel. The fiber was then rotated by 180° to allow fabrication of the

bottom part of the micro-cavity, following the same procedure as mentioned above.

Fig. 2.2 Set up for the fabrication system.
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It should be mentioned that the system actually has two FP cavities. The second FP
cavity is formed by the hollow sphere surface and the fiber end immersed in the
liquid. Since the reflected light beam from the hollow sphere surface is divergent,
and a large curvature of the hollow sphere surface corresponds to a large reflection
light divergence, the interference fringe pattern of the second FP cavity is critically
dependent on the cavity length. When the cavity length is large, the reflected light
beam intensity is very small, which leads to an extremely poor fringe visibility and
as a result, the corresponding fringe pattern can hardly be observed. In our
experiment, the second cavity length is ~40 mm and the fiber end immersed in the

liquid is not cleaved, thus no corresponding fringe can be observed.

Micro—hole at the

end of a fiber tip Fusion Splicing
sF Bavely channels
= W (d) H:P

(e) BB

Fig. 2.3 Fabrication process of fiber in-line FPI. (a) The femtosecond laser creates a micro-hole of ~1
um in diameter at the centre of cleaved fiber end facet. (b) The fiber tip with the micro-hole spliced
together with another cleaved SMF tip. (c) FP cavity formed. (d) To fabricate a micro-channels to
vertically cross the micro-cavity. (¢) Microscope image of the fiber in-line FPI cavity without the

micro-channel. (f) Microscope image of the fiber in-line FPI cavity with the micro-channel.
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2.2.2 Fabrication Parameter Controlling

By changing the size of initial micro-hole and the fusion splicing parameters, the
hollow sphere of different sizes and hence different cavity lengths can be created.
Figure 2.4(a) shows three hollow spheres with different cavity lengths of 30, 65 and
93 um respectively, corresponding to the initial micro-hole diameter of 1, 1 and 10
um, the fusion current of 15.3, 16.8 and 17.3 mA, and the fusion duration of 1.5, 2.0,
and 2.0 s, respectively. The reflection spectra corresponding to different cavity
lengths are displayed in Fig. 2.3(b). It can be found from this figure that, with the
increase of cavity length from 30 pm to 93 pm, the fringe spacing around 1550 nm is
decreased from 39.3 nm to 12.9 nm. The fringe spacing variation around 1550 nm
with the air-cavity length was calculated according to Eq. (2.3), and the results
obtained are shown in Fig. 2.3(c), where the black line stands for the calculated
results and the red squares represent the experimental values obtained in Fig. 2.3(b).

The experimental results agree well with the simulations based on FPI theory.

Figure 2.4(b) shows that the reflection intensity monotonically goes up with the
increase of cavity length. This is due to the fact that with a larger radius of the
hollow sphere, the two reflection surfaces within the fiber core are nearly in parallel
and hence the reflected light intensity can be enhanced. However, the fringe
visibility does not change in a monotonic manner when the cavity length is increased

as it depends also on surface reflectivity and propagation loss in the cavity.

The size of the vertical micro-channel should be properly chosen to facilitate the RI
liquid flow in and out of the FPI cavity. The micro-channel size of 20 and 38 um
were tested in the experiment, and the time taken for the liquid to be fully filled in

the cavity was 15 minutes and a few seconds, respectively. The dependence of the
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filling time of the liquid on the size of micro-channel is due to the dependence of air
pressure inside the micro-cavity on the size of micro-channel. When the sample is
immersed into the liquid, the air pressure inside the micro-cavity would prevent the
liquid to flow in. If the micro-channel size is small, the air would slowly escape from
the cavity and thus the filling time of the liquid is long. When the channel size
becomes large, the air can quickly escape from the micro-cavity and a short filling
time of the liquid can be achieved. Since the micro-channel is located purely in the
cladding area, its size has no essential effects on the interference spectrum. However,

a large channel size would reduce the robustness of the device.
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Fig.2.4 (a) Microscope images of the FPI cavity with length of 30, 65 and 93 um, respectively.(b)
Reflection spectra of fiber in-line FPI with different cavity lengths. (¢) Simulated fringe spacing as a
function of cavity length at the wavelength of 1550 nm. The black line is the calculation result and the

red square shows the experimentally obtained value.
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2.1 Refractive Index Response

The RI measurement by the use of fiber in-line FP cavity was carried out at room
temperature by immersing the sensor head in the RI liquids. Each time after the
measurement, the device was rinsed with Propyl alcohol carefully until the original
spectrum was restored and no residual liquid was left. The reflection spectra were
monitored in real-time by use of an optical spectrum analyzer (OSA) with a

resolution of 0.01 nm.

Figure 2.5(a) shows the reflection spectra corresponding to the RI values of 1.315,
1.32 and 1.325, respectively, and a red shift of dip wavelength can be clearly
observed. The transmission dip wavelength corresponding to different RI values
within the range between 1.31 and 1.39 are demonstrated in Fig. 2.5(b), where a
good linear relationship with the linearity of 99.9% is obtained. The RI sensitivity
obtained is ~994 nm/RIU, which is comparable to that of FPIs reported by other
groups [1-3, 7], superior to that of the fiber RI sensors based on fiber Bragg gratings
[19, 20], long-period fiber gratings [21] and conventional fiber interferometers [22-
24], and much lower than that of the fiber open-cavity MZI, which reaches ~9370
nm/RIU [17]. This is due to the fact that for FPI, the sensitivity is inversely
proportional to the RI value of the cavity medium as illustrated in Equitation 2.3,
whereas for MZI, it is inversely proportional to the RI difference of the cavity
medium and the fiber core, which is much smaller than the RI of the cavity medium

itself as illustrated in Equitation:

AL, A,
An 27 (2.3)
AL, A,
A(neﬁ—n):neﬁ—n 24)
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Where n,, is the effective RI of the fiber core.
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Fig. 2.5 Response of refractive index (a) The reflection spectrum at RI = 1.315, 1.32 and 1.325,

respectively (b) RI response of the sensor.
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2.2 Thermal Response

The temperature influence on the FPI cavity RI sensor has been investigated by
placing the fiber tip in an electrical oven and gradually increasing the temperature
from 24 to 100 °C. The temperature sensitivity obtained is ~4.8 pm/°C near the
wavelength position of 1554 nm, as shown in Fig. 2.6. Based on the RI sensitivity of
~994 nm/RIU, the temperature cross sensitivity of the sensor is ~4.8 x 107° RIU/°C,
Over the temperature variation of 76°C, the total temperature cross-sensitivity
measurement error is as low as~ 3.8x10-4 RIU, which indicated the small

temperature dependence of this device.
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Fig. 2.6 Temperature response of the sensor

2.3 Summary and Discussion

A fiber in-line FPI sensor based on air cavity has been proposed and demonstrated
for RI measurement. The change of liquid RI value causes the change of the optical
path difference of FPI, which in turn leads to an interference spectrum shift. Then
some characteristics of these FPI were discussed in detail, including the fabrication

process and the parameters controlling during the process. It is found by controlling
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the micro-hole diameter, fusion time and fusion current, air cavities with different
size could be obtained. Finally the RI response and thermal response of FPI are
experimentally investigated. The RI sensitivity achieved in the experiment is ~994
nm/RIU, and the temperature cross-sensitivity is as low as ~4.8 x 107¢ RIU/°C. Such

a device is simple in structure, easy in fabrication and reliable in operation.

However, the mechanism of the fiber in-line FPI is similar to that of the FPI
reviewed in chapter 1, and the open air cavity with micro-channel is fragile in
structure. In the next chapter, based on air cavity, a MZI based on closed air cavity
with novel interference mechanism will be proposed. By changing the position of the
microhole on the fiber tip from the centre to the cladding area, an asymmetrical air
cavity adjacent to fiber core would be fabricated after similar fabrication process
introduced in this chapter. This MZI exhibits highly sensitivity for high temperature

and great robustness over open cavity.
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Chapter 3

Miniaturized Fiber In-Line Mach-Zehnder
Interferometer Based on Inner Air Cavity
for High-Temperature Sensing

Optical fiber sensors have been attractive for high temperature measurement because
of its light weight, small size, immunity to electromagnetic interference and remote
sensing capability. Many optical fiber high temperature sensors have been proposed;
including FBG, LPFG and interferometer based systems [1-11]. Among them, fiber
in-line MZI is of particular interests owing to its high sensitivity. A number of MZI
structures have been reported such as that based on fiber tapers [9] and fiber core
diameter mismatch [10]. However, such structures suffer the drawbacks of large
device dimension or poor robustness. Recently, a robust fiber in-line MZI has been
used for temperature sensing [12]. In such a device, an inner air cavity with diameter
of 10 um is created to cross over the fiber core area. As one of the interferometer
arms supports higher order cladding modes propagating near the fiber surface,
excited by the air cavity, the output spectrum varies with the surrounding RI
fluctuation. Although only lower order of cladding modes can be excited by use of
small air-hole inside the fiber core [13], a pair of similar air-holes needs to be created
and separated by a distance of 20 mm, which makes it difficult to the measure the
temperature at precise location. Moreover, such a temperature sensor formed exhibits

a nonlinear response.

In this chapter, a fiber in-line MZI based on inner air cavity adjacent to the fiber core
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is proposed and demonstrated for high temperature sensing at precise location. The
air cavity is fabricated by using fs laser micromachining together with fusion
splicing technique. Light propagating in the fiber core is divided into two portions:
one passing through the air cavity and the other traveling along the fiber core, before
recombining at the air cavity end. This sensing theory has been adopted in a open air
cavity MZI sensor [11,15], but the closed air cavity structure introduced in this paper
exhibits great advantages including higher robustness and lower RI cross-sensitivity
over the open cavity structure. Such an MZI is miniature and robust, response
linearly to the temperature, with high temperature sensitivity of ~43.2 pm/°C up to
1000/°C while being insensitive to the surrounding RI variation. The operation
principle, fabrication process, high temperature response, axial strain response and

RI response of the MZI have been investigated in this chapter.

3.1 Operation Principle of Mach-Zehnder Inter-

ferometer Based on Inner Air Cavity

Fig. 3.1 shows the schematic structure of the fiber in-line MZI proposed. The inner
air cavity adjacent to the fiber core leads to the transition from the fundamental
mode to cavity mode and cladding mode. After one micro-machining structure
intended to suppress the cladding mode is done, the input light is split into two

portions by the air cavity adjacent to the fiber core across a silicon—air interface,
denoted by Iin1 and Iing, respectively. While Iin1 traveling through the air cavity, Linz

remains propagating within the fiber core, and interference happens when the two
output beams, Iout1 and Iou2 recombine in the fiber core, at the air cavity end. The

MZI output intensity can be written as [16]:

2rLAN

I =1+ Loun + 24 o COS(T+§00) 3.1)

out2 outl "out2
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where A is the wavelength of the incident light, L is the air cavity length,

_ r]core _ r.]cavity .

AN, = Ng o« 1s the effective RI difference between the core mode and the

unguided air cavity mode, and @ is the initial phase of the interference. Assuming

that L keeps constant, the temperature sensitivity of the MZI can be derived from Eq.

(1) as:
dA A dngg*(T)  dng™ (T)
= core cavit o (3.2)
dT neff (T ) o neffVI ! (T ) dT dT
where 9% () and dng™ @) are temperature coefficients of the RI of fiber core and

dr

air, respectively. Note that nggv“y remains the same for different temperatures, hence

the sensitivity of the MZI is determined by the temperature coefficient of the RI of

the fiber core.

cladding
Fig. 3.1. Schematic diagram of the fiber in-line MZI proposed.

However, besides the interference between the leaky mode in the air cavity and the
fundamental mode in the fiber core mentioned above, there is an unwanted
interference. The mechanism of the unwanted interference illustrated in Fig. 3.2. Part
of the input light beam in the fiber core follows path 1, is reflected by the first air
spherical cavity surface, and is incident on the interface between the fiber cladding

and air, where it experiences another reflection before being reflected again at the
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second air spherical cavity surface and returned to the fiber core to continue
propagation. The rest of the input light beam in the fiber core propagates along path
2 and recombines with the light beam traveling in path 1 at the end of air spherical

cavity surface, thus leading to an unwanted interference. When the phase term

satisfies the condition that27A(NL)/ A = (2m+1)z , where m is an integer and A(nL)

is the OPD between the two interferometer arms shown in Fig 3.2, the intensity dip
appears at the wavelength

_2A(nL)

i = 3.3
d Punwanted 2m + 1 ( )

The FSR of the interference fringe dip of interest is determined by the OPD, A(nL),

as
22

I:SRunwanted = m

(3.4)

Cladding Air

Splitting Recombining

‘t}

Fig. 3.2. Mechanism of the unwanted interference.
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3.2 Fabrication of Mach-Zehnder Interferometer

Based on Inner Air Cavity

In the device fabrication, fs laser pulses (A = 800 nm) of 120 fs at the repetition rate
of 1 kHz were focused onto the fiber by a 20x objective lens with an NA value of
0.50 and a working distance of 2.1mm. A CCD camera was employed to monitor the
fabrication process and record the sample morphology. A standard SMF-28 with the
core diameter of 8.2 um and the nominal effective RI of 1.4682 (at 1550 nm) was
mounted on a computer controlled three dimensional translation stage with a 40-nm

resolution.

A micro square structure as shown in Fig. 3.3(a), with the side length of ~20 pm and
the largest depth of ~23 pum, centred at 15 pm away from the center of the cleaved
fiber end facet, was inscribed by fs laser pulses with the energy of ~3 wJ. The
microscope image of the cross section view of the fiber tip with the micro square
structure is displayed in Fig. 3.3(b). The fiber tip with micro-structure was then
fusion spliced together with another cleaved SMF tip without micro structure to
create a hollow sphere adjacent to the fiber core as demonstrated in Fig. 3.3(c),
which essentially formed an MZI. Fig. 3.3(d) provides the microscope image of the
hollow sphere obtained. The fusion splicer used was ERICSSO FSU975 and the
fusing current and fusing duration employed were 14.3 mA and 1.5 s, respectively. It
should be noted that besides the fundamental core mode and the air cavity mode,
higher order cladding modes are also excited by the air cavity, which lead to multiple
beam interference and, as the higher order cladding modes propagate near the fiber
surface, the interferometer output is sensitive to surrounding RI variation. To
suppress the influence of higher order cladding mode, the micro-structure on the

inner surface of the air cavity as shown in Fig. 3.3(e) was fabricated by fs laser
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micromachining, which consisted of 4 parallel lines across the air cavity and fiber
core boundary. Fig. 3.3(f) and its inset show the microscope image of the side view
and the top view of the air cavity with such a micro-structure respectively. In the
micro-structure fabrication process, the fs laser pulses with pulse energy of 1.5 pJ
were focused onto the air cavity inner surface adjacent to the fiber core and scanned
at a speed of 200 pum/s across the fiber diameter, in perpendicular to the fiber axis, to
create a micro-line at the edge of the air cavity. The laser beam was then shifted by
10 um, in parallel to the fiber axis and started a new cycle of scanning until 4 micro-
lines were produced on the inner surface of the air cavity. As shown in the inset of
Fig. 3.3(f), clear tracks were formed along the scanning paths when the focused laser
beam was moving from the air cavity into the silica bulk. This is due to the fact that
the surface damage threshold of fused silica at the air-dielectric interface is much
lower than that in the bulk [14]. Once the focused beam intensity is lower than the
bulk damage threshold but higher than that of the surface, defects are formed in the
vicinity of the focal spot when the laser beam crossing the air cavity interface. Such
defects lower the local damage threshold of the adjacent materials along the laser

scanning path.

The MZI output spectrum corresponding to the air cavity without micro-structure
contains two sets of fringes: the one with large FSR is produced by the interference
between the core mode and the air cavity mode, and the other with small FSR value
of 40 nm is due to interference based on the inner mirrors formed by the surface of
the air spherical cavity. The response of MZI fiber sensor is traced by monitoring the
dip wavelength shift of the interference between the core mode and the air cavity
mode, and the other interference acts as noise. The micro-structure is fabricated to
eliminate the unwanted set of interference. Based on the mechanism of the unwanted

interference, visibility of the unwanted interference counts significantly on the

45



Chapter 3 Miniaturized Fiber In-line Mach—Zehnder Interferometer Based on Inner Air Cavity
for High-temperature Sensing

smoothness of the air cavity. The microstructure makes the surface rough and unable
to reflect the light beam in the fiber core, breaking the condition of reflection at the
spherical cavity surface, thus eliminate corresponding interference fringe.

| Fusing

B I B, .,
(c) (e)

cladding
(a)

Fig. 3.3. Illustration of the fiber in-line MZI fabrication process. (a) Micro-structure created at the end of fiber tip.
(b) Microscope image of the fiber tip with micro-square structure. (c) Air cavity adjacent to the fiber core formed
in SMF. (d) Microscope image of the air cavity formed in SMF. (e) The air cavity with micro-structure. (f)

Microscope images of the side view and top view (inset) of the air cavity with micro-structure.

The impact of inscribed micro-structure on the inner surface of the air cavity is
illustrated in Fig. 3.4. As both the intensities of the air cavity mode and cladding
modes are very small when compared with that of the core mode, the interference
between the air cavity mode and higher order cladding mode can be ignored. When
the micro-structure is introduced on the inner surface of the air cavity, the air cavity
surface is not smooth anymore. The visibility of the interference fringe with small
FSR decreases significantly and the fright pattern almost disappears. A small dip
wavelength shift is observed for the fringe pattern with large FSR, together with a
large visibility improvement, due to the fact that part of the core mode is excited into

the air cavity mode.
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Fig. 3.4. The interference spectrum with or without micro-structure on the inner surface of the air cavity.

3.3 High Temperature Response

The temperature measurement of the device is implemented by use of a tubular
furnace. Firstly, the sensor was heated from room temperature (27°C) to 1000°C at
an average rate of 5°C/min, and stayed at 1000°C for 3 hours to remove the burnt
fiber coating induced effects before being cooled down to room temperature. The
temperature was then gradually increased to 100°C, and from 100°C to 1000°C with
a step of 100°C, stayed for 20 min at each step. The sensor was kept at 1000°C for
half a hour before being cooled down to 100°C, following the same step and staying
time as in the heating process. Fig. 3.5(a) shows the transmission spectra at a number
of temperature points and a clear red shift of fringe dip wavelength with the increase
of temperature can be observed. The fringe dip wavelength shift with the
temperature change is displayed in Fig. 3.5(b), where a good repeatability in both the
heating and the cooling processes can be found and the temperature sensitivity

obtained is ~43.2 pm/°C.
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Fig. 3.5. (a) Interference spectra of the fiber in-line fiber MZI at different temperatures.

(b) Interference dip wavelength versus temperature.

3.4 Refractive Index Response

The response of the MZI to the ambient RI change was examined by immersing the device
in the liquids with RI values ranging from 1.35 to 1.60. Fig. 3.6 shows the transmission

spectra of the MZI in different RI liquids. The nearly unchanged spectrum reveals the
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insensitivity of the device to the surrounding RI. This further confirms that the interference
happens between the fundamental core mode propagating along the fiber core and the

unguided mode passing through the air cavity, as the interference between them would not

be influenced by the change of external RI.
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Fig. 3.6 Interference spectra of the in-line fiber MZI immersed in different RI liquids.

3.5 Axial Strain Response

The response of the MZI to the axial strain was also tested in the range between 0 and 3157
pe and the results obtained are shown in Fig. 3.7. The strain sensitivity obtained is only
~1.15 pm/pe owing to the small inner air cavity in the SMF, which makes the strain cross-
sensitivity be small as 0.0266 °C/pe. The wide strain measurement range up to 3157 pe also

idicates the robustness of the device.
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3.6 Summary and Discussion

In summary, a fiber in-line MZI based on inner air cavity adjacent to fiber core is developed
for high temperature sensing. The inner air cavity is fabricated by fs laser micromachining
together with fusion splicing technique. The influence of higher cladding mode can be
eliminated and hence the RI cross-sensitivity be removed by introducing micro-structure on
the inner surface of the air cavity. The device exhibits a high temperature sensitivity of ~43.2
pm/°C up to 1000°C and a small strain cross-sensitivity of ~0.0266 °C/ue. The fiber in-line
MZI sensor developed is miniature and robust, with high temperature sensitivity and low

external RI and strain cross-sensitivities.

In the next chapter, a fiber in-line MZI based on another microstructure will be proposed.
The microstructure will be fabricated on the surface of an air cavity inside the fiber by
similar method, but the fs laser intensity would be adjusted higher and the irradiation time
longer. Different from the microstructure eliminating the unwanted interference in this

chapter, the one in the next chapter will converts part of the incident light beam into
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cladding mode. A hydrogen sensor will be demonstrated based on that structure in the
Chapter 4.
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Chapter 4

Miniature Hydrogen Sensor Based on
Fiber Inner Air-Cavity with Micro-
structures

Hydrogen is one of the most important future energy sources owing to its high power
efficiency, cleanness (it does not produce any CO,), sustainability and abundant
availability. Currently, hydrogen has been used in many industrial sectors such as
aerospace rockets, fuel cells in automobiles, petroleum exploration, chemical
processing, welding and power generation. However, safe transportation and control
of hydrogen is always a great concern due to its high diffusivity, low ignition energy
and wide explosion concentration range (with lower explosive limit of 4% and upper
explosive limit of 75%). Thus, the detection of the hydrogen concentration and
prevention of its leakage are crucially important. Among various types of hydrogen
sensors developed so far, optical fiber sensors are particularly attractive because of
their outstanding properties such as intrinsic safety from spark, elevated working
temperature, immunity to electromagnetic interference and remote sensing capability
[1-3]. To date, optical fiber hydrogen sensors are mainly operated on intensity,
interferometric and fiber grating based schemes, and the sensing materials typically
used are Pd and its composite film because of their high sensitivity and good
selectivity to the gas [1-10]. Recently, fiber in-line interferometers based on open air-
cavity coated with Pd film and fabricated by fs micromachining have been
demonstrated for hydrogen sensing [11], with ultra compact size and high sensitivity.

However, the price paid is its inherently poor robustness.
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In this chapter, a Pt-doped WO3 composite coated fiber device based on fiber inner
air-cavity with periodical microstructures is proposed and demonstrated for
hydrogen sensing. The fiber inner air-cavity is fabricated by use of femtosecond
laser micromachining together with fusion splicing technique while the periodical
microstructures are inscribed by fs beam scanning. Such a device is compact and
exhibits a high sensitivity as well as a low temperature cross-sensitivity. Moreover,
the robustness of the device is also improved compared with that reported in [11],
due to the inner structure adopted. Principle and fabrication process of the hydrogen
sensor is described, and hydrogen response and thermal response have been

investigated.

4.1 Operation Principle of Miniature Hydrogen
Sensor Based on Fiber Inner Air-Cavity with

Microstructures

The schematic diagram of the device is shown in Fig. 4.1. The inner air-cavity
adjacent to the fiber core exhibits periodic microstructures on the cavity surface and
hence introducing a structure modulation on the fiber core, which converts part of
the incident light beam on the cavity into cladding mode, while the rest remain
travels along the fiber core and as a result, loss dips appear in the transmission
spectrum. Fig. 4.2 and its insets demonstrate the transmission spectra and the
microscope image of the side view and the top view of the two samples of fiber inner
air-cavity with microstructures, respectively. The microstructures in the two samples
possess the same period of Sum, which leads to the similar transmission spectra and
nearly the same dip wavelengths located at 1573nm and 1607nm, respectively. This

microstructure is fabricated by similar methods as that in chapter 3, but other than
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that in chapter 3, the fiber core is partly damaged by this microstructure. The
periodic microstructure device proposed in this chapter is similar to the micro-hole
structured LPFG [12], however, with a smaller number of period and more compact

size.

After being coated with Pt-doped WOs, a metal compound that can undergo an

exothermic reaction with hydrogen, the device can serve as an effective hydrogen

leak sensor. The chemical reaction between hydrogen and WOs is described as [1]:
WO, +xH, ->WO, , +xH,0

WO, . +§o2 WO, @1

During the reaction process, the refractive index and the absorption of the metal
compound are changed, resulting in a shift of output dip wavelength of the WO;
coated fiber device. Although the reaction released energy elevates the temperature
at the fiber location with sol-gel, the device has much smaller sensitivity to the

temperature than to the surrounding refractive index.

WO3 film
Air
Cladding lout2

Fig.4.1. Schematic diagram of the hydrogen sensor.
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Fig. 4.2. (a) Spectrum and microscope image of side view (inset: top view) of sample 1; (b) spectrum and

microscope image of side view (inset: top view) of sample 2.

4.2 Fabrication of Miniature Hydrogen Sensor
Based on Fiber Inner Air-Cavity with

Microstructures

The fiber inner cavity was fabricated by use of fs micromachining together with the
fusion splicing technique [13]. Fs pulses (A= 800 nm) of 120 fs at the repetition rate
of 1 kHz were focused onto the fiber by a 40x objective lens with an NA value of
0.66 and a working distance of 1.7 mm. A CCD camera was employed to monitor the
fabrication process and record the sample morphology. A standard SMF with the
core diameter of 8.2 um and the nominal effective refractive index of 1.4682 (at
1550 nm) was mounted on a computer controlled three dimensional translation stage
with a 40-nm resolution. A micro-circle structure with a diameter of ~28 um and the
largest depth of ~30 um, centered at 18 um away from the center of the cleaved fiber

end facet, was inscribed by fs pulses with energy of ~1.5 pJ. The fiber tip with
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microstructure was then fusion spliced together with another cleaved SMF tip
without microstructure to create a fiber inner cavity adjacent to the fiber core. The
fusion splicer used was ERICSSO FSU975, and the fusing current and fusing
duration employed were 15.2 mA and 2.0 s, respectively. The microstructure on the
surface of the inner cavity was fabricated by fs micromachining, which consisted of
a number of parallel lines across the inner cavity. In the microstructure fabrication
process, the fs pulses with pulse energy of 1.5 pJ were focused onto the cavity inner
surface adjacent to the fiber core and scanned with a speed of 100 um/s from one
side of the fiber to the other, perpendicular to the fiber core axis, thus creating a
channel at the edge of the cavity. After completion of one scanning, the laser beam
was shifted by 5 um, in parallel to the fiber until line shape structures with 9
channels on the inner surfaces were inscribed. To prepare the first sample shown in
Fig. 4.2(a), the scanning procedure was repeated for 7 times, while for the second
sample shown in Fig. 4.2(b), only 5 times were repeated. This leads to different
levels of modulation intensities, and hence the depths of dip wavelengths. The
sample with stronger modulation exhibits larger dip wavelength depth (~4.7dB at
1573nm and ~4.0dB at 1607nm) as shown in Fig. 4.2(a), and that of the sample with
weaker modulation exhibits smaller dip wavelength depth (~3.21dB at 1573nm and
~2.28dB at 1607nm) as shown in Fig. 4.2(b).
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Fig. 4.3. Spectrum before and after coating WOs-Pd on fiber surface.

The hydrogen sensitive material was prepared using the sol-gel method. Firstly,
aqueous sol-gel of H,WO,4 was obtained from Na,WO, with cation-exchange resin.
The solution was washed and centrifuged several times with de-ionized water. Then,
appropriate amounts of H,PtCls 6H,O was mixed with above obtained solution and
stirred several hours by magnetic stirrer. Finally, the mixture was annealed at 400 °C
for one hour, and the Pt-doped WO;3; powder was prepared. To obtain the sensitive
layer, the sensor head was coated with sol-gel WOs;. Around 0.02 g WO; powder was
smashed with one drop of de-ionized water under ultrasonic oscillation for 10
minutes, before being mixed with de-ionized water. The sensor head was immersed
into the solution shortly and then taken out to dry in air for 2 hours, at the
temperature of 25 °C. Fig. 4.3 shows the spectra of the device before and after

coating.
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4.3 Hydrogen Response

In the hydrogen sensing experiment, the sensor head was kept inside a sealed
chamber at room temperature and exposed to hydrogen concentrations ranging from
0 to 4% in volume percentage. The dip wavelength shift with the hydrogen
concentration is demonstrated in Fig. 4.4, where the inset shows the transmission
spectra near 1606 nm, corresponding to different hydrogen concentrations. The dip
wavelength is found to experience a blue shift when hydrogen concentration
increased. When the hydrogen concentration is increased to 2% in volume
percentage, the dip wavelength shift of the device is ~1.13 nm, and in the case of 4%,
the dip wavelength shift is ~2.64 nm (i.e. the hydrogen sensitivity is ~660 pm/%),
which is more than two orders higher than that of Pd/WO3 composite coatedFBG

[10], as well as with a largely reduced device size.
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Fig. 4.4. Dip wavelength shift with H, concentration. Inset shows the transmission spectra of the

device at different H, concentration.
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Fig. 4.5 displays the dip wavelength response of the device under different hydrogen
concentrations. It can be seen from this figure that the device possesses reversible
response to the hydrogen of different concentrations. The fringe dip wavelength
cannot restore to its initial value, which is likely due to the hysteresis effect of
hydrogen recovery in the sensitive coating. Nevertheless, a clear response to
hydrogen concentration is demonstrated. The response time is measured to be ~120 s

when the device is exposed to 2% of concentration of hydrogen.
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Fig. 4.5. Transmitted intensity changes as a function of H, concentration

The sensitivity of the device to hydrogen concentration is primarily due to the RI
change of the metal compound with the hydrogen concentration. Refractive index of
the proposed sol-gel WO; will increase when exposed to hydrogen. Fig. 6 displays
the results of the device response to the surrounding RI, and the insets of the figure
shows the transmission spectra near 1607 nm, at the RI value of 1.3, 1.32 and 1.34,
respectively. A blue shift of dip wavelength indicts that the RI sensitivity of the
device is ~-129nm/RIU. Such a device has a large RI sensitivity than that of

conventional LPFG, owing to the fact that the modulation is much stronger than that
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of the conventional LPFG and that the periodical microstructures are located near the

cladding and hence the higher order cladding modes are easily excited.
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Fig. 4.6. Dip wavelength shift with RI. Inset shows the transmission spectra of the device at different RIs.

4.4 Thermal Response

The temperature effect on dip wavelength shift is demonstrated in Fig. 4.7, where the
inset shows the transmission spectra near 1607 nm, at the temperature of 30, 50 and
70°C, respectively. A clear red shift of dip wavelength can be observed and the
temperature sensitivity obtained is ~10 pm/°C. Considering the hydrogen sensitivity
of ~660 pm/% of the device, temperature cross-sensitivity as low as 0.0152 %/ °C is

achieved.
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Fig. 4.7. Dip wavelength shift with temperature. Inset shows the transmission spectra of the device at different

temperatures.

4.5 Summary and Discussion

In conclusion, a miniaturized Pt-doped WO; coated fiber device based on
microstructures on fiber inner air-cavity is demonstrated for hydrogen concentration
sensing. The microstructures convert part of the incident light beam into cladding
mode, while the rest remain travels along the fiber core and as a result, loss dips
appear in the transmission spectrum. The periodic microstructural device is sensitive
to surrounding RI. Coated with Pt-doped WO3 composite, whose RI is changed
through the variation of hydrogen concentration, this optical device could work as
hydrogen sensor. The maximum wavelength shift is 2.64 nm when the hydrogen
concentration is changed from 0 to 4%. The system is highly sensitive, miniature and

has a low temperature cross-sensitivity.

In chapter 3 and chapter 4, there are unwanted interference fringes based on the inner
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mirrors and microstructures are fabricated to suppress these unwanted interferences.
At the meantime, we are trying to design a structure to enhance such interference
based on inner mirrors and fabricate a fiber sensor based the interference. In the next
chapter, we will report a fiber MZI based on inner mirrors formed by a dual spherical
cavity structure, which could perform simultaneously sensing. This MZI is compact
in size, robust in mechanical strength, capable for simultaneous sensing temperature,

curvature and RI, and free of crosstalk.
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Chapter 5

Mach-Zehnder Interferometer Based on
Dual Internal Mirrors Formed by an Air
Spherical Cavity Pair

As introduced in chapter 3, for conventional MZlIs, interference is produced by the
fiber core mode and cladding mode, propagating along nearly the same path length.
The size of the interferometer is usually large owing to the small RI difference
between the fiber core mode and the cladding mode, especially when a small free
spectral range is required to improve the sensitivity. In order to reduce the size of
MZI, we developed an ultra-compact core-air-mode MZI in chapter 3 by use of the
inner air cavity adjacent to the fiber core, whose length is below 50 um due to the
large RI difference between the fiber core mode and the air cavity mode. However,
the isolated inner cavity structure limits its response to environmental variations

such as the surrounding RI change.

In this chapter, we would propose another structure to obtain a compact MZI- the
MZI based on dual internal mirrors formed by air spherical cavity surfaces adjacent
to the fiber core. The operation principle of this MZI is similar to that of the
unwanted interference illustrated in chapter 3. However, the two inner mirrors of this
MZI are provided by two separated air spherical cavities, respectively. One of its
interesting features is that a compact device size corresponds to a large OPD
introduced by the interferometer and hence a small FSR. Moreover, as one of the

interferometer arms reaches the air—cladding interface, sensitive response to the
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environmental variations can be achieved. What’s more, this MZI could perform
simultaneous sensing for RI, temperature and curvature and is free of crosstalk. The
operation principle, fabrication process, responds of axial, RI, temperature and
curvature, and polarization analysis of this MZI have been investigated in this

chapter.

5.1 Operation Principle of Mach-Zehnder Inter-

ferometer Based on Dual Internal Mirrors

The operation principle of the MZI is illustrated in Fig. 5.1. Part of the input light
beam in the fiber core follows path 1, is reflected by the first air spherical cavity
surface, and is incident on the interface between the fiber cladding and air, where it
experiences another reflection before being reflected again at the second air spherical
cavity surface and returned to the fiber core to continue propagation. The rest of the
input light beam in the fiber core propagates along path 2 and recombines with the
light beam traveling in path 1 at the second air spherical cavity surface, thus forming
a fiber in-line MZI. In order to ensure a good interference fringe visibility and low
insertion loss, total internal reflection needs to be achieved at every reflection

surface described above.

The output intensity of the MZI is governed by

=1+ +2{01, cos(%(nl_)

) (5.1

where |, and |, represent the light intensity at the two interferometer arms,

respectively, A 1s the wavelength, and A(nL) is the OPD between the two

interferometer arms. When the phase term satisfies the condition of

27A(nL)/ A =(2m+1)x , where m is an integer, the intensity dip appears at the
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wavelength
_ 2A(nL)
2m+1

(5.2)

dip
The FSR of the interference fringe dip of interest is determined by the OPD, A(nL),

as

~A(NL)

(5.3)

Cladding Air Air

Splittin Recombining

Fig. 5.1. Schematic diagram of the fiber in-line MZI.

5.2 Fabrication of Mach-Zehnder Interferometer

Based on Dual Internal Mirrors

The air spherical cavity is fabricated by use of fs laser micromachining, instead of
chemical etching, together with the fusion splicing technique. The fs laser pulses
(A=800 nm) of 120 fs at a repetition rate of 1 kHz were focused onto the fiber by a
40x objective lens with an NA value of 0.66 and a working distance of 1.7 mm. A
CCD camera was employed to monitor the fabrication process. A standard SMF-28
with effective RI of 1.4682 (at 1550 nm) was mounted on a computer controlled
three-dimensional translation stage with 40 nm resolution. A micros quare structure
with a side length of ~22 um and a largest depth of ~35 pum, centered at 20 um away

from the center of the cleaved fiber end facet, was inscribed by fs laser pulses with
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energy of ~3 pJ. The fiber tip with microstructure was then fusion spliced together
with another cleaved SMF tip without microstructure to create an air spherical cavity
adjacent to the fiber core. The fusion splicer used was ERICSSO FSU975, and the
fusing current and fusing duration employed were 16.2 mA and 2.0 s, respectively.
With the help of a 20x microscope lens together with a CCD camera, the length of
the fiber tip near the air spherical cavity end could be controlled before being
cleaved. The two fabricated fiber tips with an air spherical cavity were fusion spliced

together to form a fiber in-line MZI.

The microscope images of the in fiber air spherical cavity pairs with different
separations are demonstrated in Fig. 5.2, together with their corresponding
transmission spectra. It can be seen from this figure that the FSR of the device
depends on the separation of the air spherical cavity pair and an increased separation

leads to an enlarged FSR.

As illustrated in the inset of Fig. 5.2.(f), assuming that the separation of the air
spherical cavity pair is 2x, the distance between the fiber central axis and the air-
cladding interface is y, then the OPD between the two arms of the interferometer is

Anl) = 2(haz — newx),, where na and ne are the RI of fiber cladding and core

respectively, and z = /x> + y> . When the separation is increased by 2x, the induced

OPD change will be approximately 2(n,Az-n,AX)=2n, AX(%—h)
X

cl

. Az X Az n . . . . .
S1nceA—:—<1, then (A——ﬁ)<0, when the air spherical cavity separation is
X Z X

cl

increased, the OPD is decreased, resulting in an enlarged FSR.

The FSR obtained in the experiments are displayed in Fig. 5.2. When compared with
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the theoretical curve shown in the same figure, a good agreement can be obtained,

which verifies the operation of the MZI developed.

For the fiber in-line MZI reported so far, a relatively large cavity length is needed to

produce a small FSR in order to improve the measurement accuracy, which results in

a relatively large size of the device. It is interesting to notice that to obtain a small

FSR in our device, the separation of the air spherical cavity pair should be reduced, i.

e. a more compact device size can be realized, when compared with other fiber in-

line MZlIs.
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Fig. 5.2. Microscope image and corresponding spectrum for the air spherical cavity pair with
separation of (a) 136.6 pm, (b) 161.3 um,(c) 184.8 um, (d) 193.8 um, and (e) 265 um. (f) FSR versus
the separation of the air spherical cavity pair. Inset shows the path of the light reflected by the air

spherical cavity pair.
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5.3 Axial Strain Response

In the axial strain measurement, the device sample with an air spherical cavity
separation of 193.8 ue was fixed on two translation stages. The dip wavelengths
near 1523 nm in the transmission spectra corresponding to different axial strain

values are displayed in the inset of Fig. 5.3(a), where a blue shift of fringe dip

wavelength appears. Fig 5.3(b) shows the variation of dip wavelength with the axial

strain in the range between 0 and 2700 ue , where the sensitivity obtained is —1.44

pm/ ue , which is slightly higher than that of the fiber Bragg grating (FBG) [1,2]—

however, with a largely reduced device size. The wide strain measurement range up

to 2700 we also indicates the robustness f the device. From Eq. (2), we have

_2A(nL) 4
2m+1  2m+1

dip (nyz—-n,X), the dip wavelength shift due to the change of

axial strain can then be expressed as

oAy [(n, +0n)(Z+Az)—(n,, +ON)(X+AX)] —%(nCI Z—Nn,X)

ip=—
2m+1 +1 (5.4)

zi(nclAz +20n—-n_ AX—Xon) = L[ncle(i—hH (z—x)on]
2m+1 2m+1 z

cl

where on is the RI change induced by the increased axial strain and has a negative

. X n . . . . .
value. Since———2< 0, an increase of axial strain would result in a blue shift of the
z

cl

dip wavelength.
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Fig.5.3.(a) The transmission spectra of the device at different strains.(b) Fringe dip wavelength shift

with applied axial strain.
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5.4 Thermal Response

The dip wavelength shift with the temperature variation is demonstrated in Fig.
5.4(a). Fig 5.4(b) shows the transmission spectra of the same device sample used in
the axial strain test, at different temperatures. A fringe dip near ~1523 nm at room
temperature was found to experience a red shift with the increase of temperature.
The temperature sensitivity obtained is ~9.8 pm/°C, close to that of FBG. Following
the same analysis procedure used in deriving Eq. (4), the dip wavelength shift due to
the temperature increase can be expressed as

4
2m+1

Fhgy =[N MXC= ) (20001, ] =

= Z—X)on 5.5
Poom+ ( )ony (5:3)

cl

where Ax is induced by material thermal-expansion and Sn; denotes the change in

effective RI of silica, due to thermal-optical effect. The thermal-optical effect plays
the dominant role in determining the dip wavelength shift as the thermo-optic
coefficient (7.8x10°°) is much larger than the thermal expansion coefficient (4.1x107)
in silica. Thus, when the temperature is increased, a red shift of dip wavelength

appears, as indicated by Eq. (5).
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Fig. 5.5 (a) The transmission spectra of the device at different external RI values. (b) Variation of the

output fringe visibility with external RI.

76



Chapter 5 Mach-Zehnder Interferometer Based on
Dual Internal Mirrors Formed by an Air Spherical Cavity Pair

5.5 Refractive Index Response

The device sample with air spherical cavity separation of 265 um was tested for RI
sensing to verify its response to external environment. The device was immersed in a
series of RI liquids (from Cargille Laboratories) in the RI range of 1.30-1.44 (at
489.3 nm) with an interval of 0.02. Each time after the measurement, the fiber device
was rinsed with methanol carefully until the original spectrum (i.e., the reference
spectrum) could be restored and no residue liquid was left on the fiber surface. The
variation of the fringe visibility with the RI change is shown in Fig. 5.5, where the
inset reveals the transmission spectra within the wavelengths range between 1575
and 1635 nm. It can be found from the figure that the visibility of the output fringe
pattern critically depends on the RI and is gradually decreased when the RI value is
increased from 1.33 and approaches to zero when the RI value reaches 1.44. This is
due to the fact that when the RI value of the surrounding environment becomes
nearly the same as that of the fiber cladding, the light beam would directly come out
from the optical fiber and enter into the surrounding medium without reflection. The

highest sensitivity obtained is ~75.6 dB/RIU at the RI value of 1.30.

5.6 Curvature Response

The device sample with air spherical cavity separation of 265 pm was also tested in
the bending measurement. The sample was closely attached on the central part of a
flexible steel ruler fixed between two translation stages, which was moved inward to
induce a bend in the ruler and, hence, in the fiber device. The sensor curvature is
given by [3], where 1 is the distance between the edges of the two stages, and d is
the bending displacement at the center of the fiber in-line MZI. As shown in Fig. 5.6

and its inset, the fringe dip wavelength close to 1485 nm does not shift with
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curvature. This can be explained by the fact that there is essentially no change in the
optical path lengths of the two interferometer arms when the curvature is varied and

hence no OPD change is generated.
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Fig. 5.6 Dip intensity versus the curvature. Upper inset shows fringe dip wavelength versus curvature;
and the lower shows the transmission spectra of the device at curvature ratios of 0, 0.8 and 2 m™,

respectively.

5.7 Polarization Analysis

Visibility of the asymmetrical optical device is influenced by the polarization from
the two beams because the values of corresponding Brewster angle for O light and E
light are different. Different portion of O and E light may lead to different
reflectivity on the inner mirrors, which contributes to different intensity splitting
ratio and influence the visibility. To test the polarization influence on our device, we

did an experiment to test the polarization effect on visibility. We observe the
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visibility with different polarization by using a polarization controller. The Fig. 5.7
shown below consists of the largest and the least visibility. The influence from
polarization exists but is very little. The maximum visibility is 13.51 dB and the

minimum visibility is 13.01 dB. Both visibilities are suitable for observation.

Intensity (dB)

—— Maximum visibility
—— Minimum visibility

T T T T T ) T T T
1580 1590 1600 1610 1620
Wavelength (nm)

Fig. 5.7. Dip intensity at different polarization position. Red and blue curve shows the maximum

visibility and minimum visibility at different polarization.

5.8 Summary and Discussion

In conclusion, the surfaces of the air spherical cavity pair positioned adjacent to the
fiber core play the role of fiber internal mirrors, which effectively reflect part of the
incident light beam in the fiber core to the air—cladding interface, where, after
experiencing another reflection, the light beam returns to the fiber core, and
recombines with the light beam remaining in the fiber core to form a fiber in-line

MZI.

It is interesting to notice that in our device, the change in surrounding RI leads to a
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change in output fringe visibility, the variation in temperature only shifts the fringe
dip wavelength, and the change in curvature merely causes a change in fringe dip
intensity; i.e., three parameter sensing can be simultaneously achieved, and thus the

temperature cross sensitivity can be eliminated.

Such an inner structure-based fiber device is miniature, robust, suitable for high-
accuracy measurement, sensitive to the surrounding environment, and free of
temperature cross sensitivity, thus exhibiting high potential in versatile photonic

applications.
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Chapter 6

Conclusion and Further Work

6.1 Conclusion

In this thesis, we have investigated the fiber sensors based on inner air cavity, and
four different sensors have been proposed. The content of this dissertation is

addressed as:

We designed and fabricated a series of inner air cavities with different morphology
by use of parameter controlling of fs laser micromachining system and fusion
splicing program. An inner air cavity could be fabricated by drilling a micro-hole on
cleaved fiber tip and then fusing such a fiber tip with another cleaved fiber tip. The
morphology of the inner air cavity could be controlled by adjusting: (1) The size and

position of the micro-hole (2) Fusion current and (3) Fusion time.

One intrinsic fiber in-line FPI sensor for refractive index is proposed in this thesis.
For sensing surrounding R1, a vertical micro channel is drilled by fs laser through the
air cavity, enabling the surrounding liquid to flow in and out. The RI sensitivity
achieved in the experiment is ~994 nm/RIU, and the temperature cross-sensitivity is

as low as~4.8 x 107° RIU/°C.

A MZI sensor for high temperature based on an air cavity with micro-structure
adjacent to fiber core is fabricated by fs laser with fusion splicing technology. When
the light beam in the core reaches the air cavity, part of the light beam is coupled into

the air cavity as leaky mode and the other part of the light beam remains in the core.
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These two beams recombine in the fiber core at the end of the air cavity. This MZI
exhibits temperature sensitivity of 43.2 nm/°C up to 1000 °C and is free of cross

sensitivity to RI.

For hydrogen sensing, another fiber in-line sensor is proposed based on air cavity
with micro-structure. After inscribing a periodical microstructure on the air cavity’s
surface adjacent to fiber core and coating Pt-doped WOs3 on the fiber surface, a
hydrogen fiber sensor is fabricated. The Pt-doped WOs3 coated fiber device exhibits

wavelength shift of 2.64 nm when hydrogen concentration is increased from 0 to 4%.

A MZI based on dual internal mirrors formed by an air cavity pair adjacent to fiber
core is fabricated by fs laser with fusion splicing technology. The smooth surface of
the air cavity could serve as inner mirror, reflecting part of the incident light beam to
the air-cladding to form a new optical path other than the fiber core. A large optical
length difference and small FSR could be observed. This device could

simultaneously sense three parameters including RI, temperature and curvature.

Compared with conventional fiber sensors, the fiber sensors based on inner air cavity

proposed in this thesis own the features as following:

(1) Robust in mechanical strength. The fiber with inner air cavity fabricated by use
of fs laser micromachining and fusion splicing technique is not tapered nor
damaged, exhibiting great robustness. What's more, the fusion program used in
our experiments with the large fusion current and long fusion time makes the
fiber joints sound and firm. In chapter 3, we tested the device’s tolerance range
of axial strain. The wide strain measurement range achieved is up to 3157 e,

which indicates the robustness of this structure.
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(2) Compact in size. All these four fiber sensors are compact in size. The lengths of
the fiber sensors based on solo cavity in chapter 2, chapter 3 and chapter 4 are
below 50 pm; and the length the fiber sensor based on dual cavities in chapter 5
is below 200 um. To reduce the size of MZI, we designed two structures: (1)
Core-air-mode MZI in chapter 3. (2) MZI based on inner mirrors in chapter 5.

These two structures provide approaches to fabricate ultra-compact MZlIs.

(3) A variety of microstructures are designed. Compared with the fiber sensors
introduce in chapter 1, which are merely based on the air cavity, the sensors in
this thesis are with some well-designed microstructures. In chapter 2, two micro
channels are fabricated to cross the cavity to allow the surrounding liquid to flow
in and out. In chapter 3, a microstructure is fabricated to remove the smooth
surface of the cavity and eliminate the unwanted interference. In chapter 4, a
periodic microstructure introduces a structure modulation on the fiber core, and
converts part of the incident light beam into cladding mode. These
microstructures provide the fiber sensors based on air cavity high potential in

versatile photonic applications.

(4) Great sensing performance. The fiber sensors in chapter 2, chapter 3 and chapter
4 exhibit high sensitivity and low cross sensitivity. The fiber sensor in chapter 5
is capable of performing simultaneous sensing for temperature, RI and curvature
without crosstalk. The great sensing performance makes these fiber sensors
valuable in industries like biology, chemistry, construction, mining and electrical

engineering.
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6.2 Further Work

Fiber inner air cavity and other microstructures fabricated by fs laser
micromachining technique are promising in optical sensing applications. Based on
these microstructures, some other optical fiber devices could be designed and

fabricated in the future. The future work can be suggested as follows:

(1) If an air spherical cavity adjacent to fiber core is infiltrated with RI slightly
larger than fiber core, the infiltrated cavity could sever as a resonator cavity.
The light beam in the fiber might be coupled into the infiltrated cavity and
excite a whispering-gallery-mode (WGM) around the cavity. Based on this
theory, an ultra-compact fiber in-line WGM resonator could be developed,
with potential application in all optical system for sensing, filtering, and

frequency stabilization.

(2) We could design a device based inner mirror to excite surface plasmon.
When the optical device in Chapter 5 is coated with a metal such as Au, the
light beam transmitting through the fiber core would be reflected by the inner
mirror to coating-cladding interface, and after that the light beam would be
reflected back to fiber core. When the width of coating and the reflection
angle is precisely controlled during the fabrication process, the light would

interact with the metal strongly and surface plasmon could be generated.

A surface grating for a beam splitter or beam shape controller is expected to
be fabricated by fs laser micromachining technique. We have already
achieved some progress in this project. We designed a micro periodic grating

structure on the tip end of an optical fiber, which is covering the core of the
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fiber.

The fs laser pulses (A=800 nm) of 120 fs at a repetition rate of 1 kHz were
focused onto the fiber by a 40x objective lens with an NA value of 0.66 and a
working distance of 1.7 mm. A CCD camera was employed to monitor the
fabrication process. A standard SMF-28 with effective RI of 1.4682 (at 1550
nm) was mounted on a computer controlled three-dimensional translation
stage with 40 nm resolution. Each dot structure with a side length of ~1 pm
and a depth of ~0.8 um, was inscribed by fs laser pulses with energy of ~0.5
wJ for 1 second. We fabricated an inscribed two-dimensional diffraction
grating structure with a 3 um pitch as shown in Fig. 6.1(a). Obvious
diffraction pattern of light existing the fiber tip end with 680 nm light source
could be observed in Fig. 6.2(b).

(@) (b)

Fig. 6.1(a) An inscribed two-dimensional diffraction grating structure with a 3 pum pitch.

(b) Diffraction pattern of light existing the fiber tip end with 680 nm light source.
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In order to enhanced grating efficiency of the certain order diffraction, the
fabrication conditions need to be optimized in future work by adjusting the
grating pitch and groove depth on the cleaved fiber tip. Analysis of
diffraction beam patterns with white light source is about to be held in future,
which is important for its potential application in wavelength-division
multiplexing system [1]. Some other complex structures based on this fiber
end tip grating will be fabricated for designing a beam splitter or beam shape

controller in the next step.
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1 20x% 2uJ | Square 0 Ium*1pm Ilum | 16.3mA 2s 60pm
2 20x 2uJ | Square 0 Ium*1pm Ilpm | 15.3mA 1.5s 30pum
3 20x 2uJ | Square 0 lum* Ium Ium | 16.8mA 2s 65um
4 20x 2uJ | Square 0 12um*12pm | 17um | 17.3mA 2s 93um
5 | 20x | 3w | Square 15um Di;g:ler;er: 23um | 143mA | 1.5s | 35um
6 | 40x | 150 | Circle |  18um Di;‘g:ﬁ;er: 30um | 152mA | 2s | 79um
7 | 40x | 3w | Circle | 20um Di;‘;;‘:;er: 35um | 143mA | 1.5s | 48um

Tablet 6.1. Fabrication parameters used in thesis.
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