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Abstract

The development of optical fiber sensors (OFS) with high sensitivity and
compact dimension is receiving increased attention. One promising solution is to
develop micro-structure based OFS, which requires excellent performance of
fabrication tools. Femtosecond pulse (fs) laser is widely applied for micro-
machining due to the advantages of high precision, good quality and excellent

spatial resolution, which is suitable for fabricating micro-structures over fiber.

This thesis starts with a background review of the fs laser micro-machining
technique, including the generation of ultrashort pulse duration and high power
intensity, the advantages and typical applications of fs laser micro-machining

and micro-structured OFS fabricated by fs laser in previous literatures.

The fs laser micro-machining system setup is described, which includes: 1) a
commercialized fs laser; 2) an external optical path; and 3) a microscopy system.
The detailed descriptions on the focusing micro objective lens and its effect on

the fabricated micro-structure dimensions are presented.

With proper micro-machining parameters, a symmetrically located micro-hole
can be drilled into the core center. The micro-hole can introduce scattering loss
that is changeable according to the external refractive index (RI) and the
transmission properties depend on its diameter near the core. Such a micro-hole
can be used as RI sensor based on transmission detection, with a linear response
and a small temperature-RI cross sensitivity, which enables temperature

independent RI sensing.

Fs laser scanning technique is applied to fabricate micro-cavity into fiber. By

asymmetrically positioned the micro-cavity to be deviated from the core center,
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the remaining core and the micro-cavity can form a Mach-Zehnder
interferometer (MZI) with a large RI difference between the two arms and
enables a compact device dimension. The fringe visibility can be optimized by
adjusting the deviation position. The micro-cavity can be applied for both high
temperature (up to 1100 °C) sensing with a good repeatability and RI sensing

with an extremely large sensitivity around the RI value of water.

Novel structural modulated long period fiber grating (LPFG) can be fabricated
by periodically positioning micro-holes either symmetrically in all solid
photonic bandgap fiber or asymmetrically in single mode fiber. The micro-holes
can effectively couple energy from core mode to cladding mode and thus
enabling a compact grating dimension. Cladding modes involved in coupling are
numerically simulated and compared with the experiments. The RI sensing

properties are measured for both types of LPFG.

Integration of micro-holes into the fiber with inscribed fiber Bragg grating (FBG)
is achieved by locating micro-holes asymmetrically on one side of the core. The
micro-holes can partially expose the core to external RI without significantly
damaging the FBG structure. This composite sensor can detect both temperature
and RI simultaneously, by tracing the wavelength change and transmission loss

of the FBG resonant dip.

Selective infiltration of liquid into air hole(s) of photonic crystal fiber is
developed. This technique has the advantages of flexibility, good accuracy and
device robustness. Two kinds of sensor devices, a directional coupler and a MZI
are developed based on this technique. Both of the devices possess a large

temperature sensitivity.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Literature Review

1.1.1 Development of Femtosecond (Fs) Pulse Laser

Technology

Lasers with ultrashort pulse duration have always been a research frontier of
physics since the first demonstration of a passive mode locking picosecond (ps)
ruby laser in the mid of 1960s [1]. The development process of ultrashort pulse

laser is shown in Fig. 1.1 [2]:

First ML laser Ti:sapphire KLM
Chirped mirror
J I l CECQ control
I I I I I
1960 1970 1980 1980 2000
10 ps
Dye laser
27 fs with -10 mW
1 4 Ti:sapphire laser
é ps | 5 5 with =100 mW
E |
i \
S 100fs |
o
3 N
% 10fs 'M“_L:‘
el =
Comprassed ~
1 fs T T T T T
1960 1970 1960 1990 2000

Year

Fig. 1.1 Development of ultrashort pulse lasers [2].

The development process includes three stages: (1) nanosecond (ns) stage, from
the mid of 1960s to the later 1970s, in which diverse mode locking theories and
experimental technologies have been investigated; (2) ps stage, from the later
1970s to the 1980s, in which preliminary applications of ultrashort pulse laser in
physics and chemistry have been investigated; and (3) fs stage, from the 1980s
till now, in which the pulse duration has been shortened to the level of fs. During

the last decades, the fast development of ultrashort pulse laser has enabled pulse
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duration continuously decreasing to the level as small as 2.6 fs [3].

The first demonstration of fs laser is based on the mechanism of colliding pulse
mode locking (CPM) in organic dye material [4], which has the disadvantage of a
complicate maintaining process of the dye laser and thus could hardly be used for
wide applications. Until later 1980s, with the development of crystals growth
technology, novel kinds of solid gain materials such as Ti: Sapphire has been
fabricated, which has a wide gain bandwidth and thus is suitable for generation of
fs laser pulses [5]. Various mode locking techniques have been developed [6-9].
Among them, the Kerr lens mode locking (KLM) technique developed based on
the Kerr effect of Ti: Sapphire itself without any external mode locking element is
a great improvement of fs laser technology [10, 11], which can decrease the pulse
duration to several fs [3, 12-14]. However, self-starting of KLM is rather difficult,
which requires a very strict working environment [15, 16]. As an alternation, the
application of semiconductor saturable absorber mirrors (SESAM) enables the
KLM easily self-start and work stably for long time [17]. Nearly all types of solid-

state ultrashort laser can self-start by use of SESAM [13, 17-18].

Nowadays, the main research focus of ultrashort pulse laser are: (1) shorter pulse
duration; (2) higher pulse peak power; (3) higher average power; and (4) higher
repetition rate. Due to the higher order dispersion, the pulse duration is in the
order of 10 fs for a Ti: Sapphire fs laser that uses fused silica prisms [19-21].
However, through well designed chirp mirrors with proper dispersion control, the
pulse duration can be further decreased, while maintains a good spatial beam
quality of the laser pulses [22-27]. For high peak power generation, the chirped
pulse amplification (CPA) technique is applied [28], as shown in Fig. 1.2 [29]:
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Fig. 1.2 Illustration of the CPA process [29].

The CPA process includes: (1) the stretch of fs pulses to ns pulses; (2) the
amplification of the ns pulses; and (3) the compression of the ns pulses to fs
pulses. The stretch and compression of the pulses are achieved by diffraction
gratings or pairs of prisms. This technique can overcome the amplification
difficulties of gain materials in solid-state lasers while protects the components
that may be easily damaged by ultrahigh pulse peak power, and thus has been
widely used in ultrashort pulse laser system including the system used in this
thesis. A typical fs laser system is composed of the following components: an
oscillator, a stretcher, an amplifier and a compressor. By the CPA technique, the

pulse peak power can be increased to the level of 10> W [30].

Laser diode pumped mode locking fs laser has achieved an high average power
of 60 W recently [31]. Until now, the largest average power is achieved in a disk
laser [32], which greatly reduces the thermal effect and is capable of absorbing
powers from multiple pump sources simultaneously. The combination of
SESAM and disk can be further optimized to increase the average power. The
increase of average power will have few disadvantages in beam properties, Q-
switch instability or damage to the SESAM. Meanwhile, the optimized SESAM
has already achieved tunable ultrashort pulses repetition rate in the order of

several tens of GHz [33-35], and the repetition rate can still be enhanced.

In general, due to the advantages of ultrashort pulse duration, the high repetition
rate, the broadband spectrum and the ultrahigh pulse peak power, fs laser has
wide applications in detection of physical or chemical processes within an

3
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ultrashort time scale; high speed telecommunication system with large capacity;
optical coherence tomography with high resolution; micro operation for medical
research and many others. The next section will focus on one of the important

applications of fs laser: micro-machining.

1.1.2 Review of Fs Laser in Micro-machining

1.1.2.1 Properties of Fs Laser Micro-machining

Compared with conventional machining processes, laser assisted machining has
the advantages of non-contact, good machining quality, high flexibility and
easiness of automation. With the development of laser technology, applications
of laser in machining has gained significant progress, including hole drilling,
line cleaving, welding, quenching, engraving and materials surface processing.
For example, continuous wave (CW) or long pulse duration lasers, such as Nd:

YAG and CO; laser, have already been used in vehicle and chemical industries.

With the maturation of commercialized fs laser system, fs laser micro-machining
has also been employed intensively in material operation. Compared with CW or
long pulse duration lasers, fs laser has initiated many new machining fields,
such as high precision, small destruction, spatial 3 dimensional (3D) internal
processing. In general, fs laser machining has the following novel properties:

(1) Small machining dimension. The transverse dimension of laser focus
spot and thus the machining result is always larger than the laser wavelength due
to the diffraction limit which fs laser also obeys. However, due to the ultrahigh
pulse peak power of fs laser, the normally involved nonlinear absorption of
photon energy will result in that the material damage strongly dependent on the
laser energy and its spatial intensity distribution. The fs laser normally has a
spatial Gaussian distribution, which has its strongest intensity at the focus spot

center and quickly decreases along the focus spot radius. Therefore, through
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precisely adjusting the pulse energy when only the laser power intensity at the
focus spot center could achieve the material damage threshold, one can obtain a
sub-micro machining dimension, which is much smaller than the entire focus
spot size. For example, periodical structures with nm scale can be fabricated on
SU-8 material through a two-photon absorption process [36].

(2) Less thermal effect during the laser operation process. The ultrahigh
pulse peak power and ultrashort pulse duration enable fs laser to interact with
materials with little energy diffusion. This can help to eliminate the usually
involved defects in laser machining such as material melting, thermal diffusion
and shockwave. Moreover, the emitted ions have the same charge polarity as the
electron plasma generated, which prevents re-contamination of the machining
surface. Therefore, the fs laser machined surface has a much smoother
morphology compared with that machined by long pulse duration lasers [37].

(3) Capability of internal 3D machining of transparent materials. Since
transparent materials do not linearly absorb the fs laser energy, the laser energy
could transmit to the internal focus point with little loss. Therefore, by carefully
adjusting the laser energy, internal machining of transparent materials could be
achieved while leaving the surface unaffected [38].

(4) Diversity of machining materials and low energy assumption. Due to the
different absorption process of fs laser energy, the materials under operation
have deterministic threshold energy. The ablation of material strongly depends
on the laser pulse energy. Laser energy absorption and ablation threshold energy
only depend on the atom properties of the material, which has nothing to do with
the free carrier concentration in the material. Therefore, fs laser with ultrashort
pulse duration and enough pulse energy can machine any kinds of materials,

such as silica, ceramics, semiconductors, polymers, biological tissues [36-39].

1.1.2.2 Applications of Fs Laser for Micro-machining

Based on these advantages, the fs laser has been widely applied in micro-
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machining. In this section, several typical applications of fs laser micro-
machining are listed, while the micro-structures in optical fiber fabricated by fs
laser micro-machining are reviewed in section 1.1.3.2.

(1) Optical storage [40, 41]. By focusing fs laser inside the material, internal
voids with diameters smaller than the diffraction limit can be fabricated.
Multiple of such voids can form compact point arrays which form optical
storing media with high density. The stored message can be read out by either
the phase contrast microscope image or the light scattering of each micro voids.

(2) Micro photonic devices [42-44]. Different kinds of micro photonic
devices, including waveguides, beam splitters, diffraction gratings, photonic
arrays, reflectors and many others can be directly fabricated by refractive index
(RI) change induced by fs laser irradiation. The devices can have either 2D or
3D structures and locate inside the materials. No strict restriction exists for the
fabrication materials.

(3) Micro-electronics [45]. The fs laser can repair defects of photomasks,
fabricate new photomasks quickly, and make micro-holes in the wafer easily,
which can help to shorten the fabrication time and reduce the encapsulation
dimension in the fabrication process of micro-electronics circuits. Besides, the
substrate wafer may not be significantly damaged as the thermal effect is small
during the fs laser micro-machining process.

(4) Medical and biological applications [46]. The property of little thermal
effect has enabled fs laser as a powerful tool for laser surgery. Besides, the
capability of internal 3D micro-machining has enabled fs laser for direct small

invasive surgery of important organs without hurting the outside tissues.

1.1.3 Review of Optical Fiber Sensors (OFS)

1.1.3.1 Conventional OFS

Optical fiber devices (OFD) for providing certain functions have long been
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developed since the first demonstration of optical fiber with low transmission
loss. OFD can be divided into active or passive devices. Active devices require
external control or input optical power, while passive devices operate without a
source of energy supply. Typical active OFD include phase modulator, amplifier,
frequency shifter, while passive OFD include polarizer, directional coupler, filter,

multiplexers/demultiplexer, Farady rotator, attenuator, and so on [47].

Among various kinds of OFD, optical fiber sensors (OFS), which can response
to a wide variety of measurands, have received significant research attention
[48]. Compared with traditional electronic or mechanical sensors, OFS
possesses the certain advantages of light weight, small size, low cost, high
sensitivity, immunity to electromagnetic interference, and ease of multiplexing
for distributing applications [49]. Different types of OFS and OFS fabricating
and sensing technologies have been developed since the first original prototype
of using optical fiber as the sensing element in the mid 1970s, including fiber
interferometer, fiber Bragg grating (FBG), long period fiber grating (LPFG),
fiber scattering reflection, distributed OFS, FBG laser sensor, and many others,
being introduced by enormous review articles and books [48-55]. Up until
present, OFS have wide applications in sensing different kinds of measurands,
such as temperature, strain, humidity, vibration, rotation, pressure, acoustic

emission, voltage/current/magnetism, biologics, chemicals and gases [48-55].

OFS are usually designed to possess a sensing head, which can response to the
change of the interested sensing measurands. The responding sensing signal is
generated from the change of beam properties in fiber, such as wavefront phase,
modes dispersion, transmission intensity, and polarization state. The sensing
heads normally have a certain length to either enhance the sensitivity or spatially
average the sensing measurands. In general, there are two types of OFS
configurations [48]. For the first type, the interested measurands usually locate
at a certain position, which indicates a point sensing. The other type of OFS

7
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configuration, called the distributed sensing, can discriminate individual
measurands at different spatial locations by multiplexing several sensing heads
along one fiber length. The typical requirements for the sensing head of OFS are
high sensitivity, low noise interference, compact in size for encapsulation, and

easiness in demodulation of the responding sensing signal.

1.1.3.2 Micro-structured OFS Fabricated by Fs Laser

Fs laser has already been applied for fabricating different kinds of OFS in the
recent years. A typical application is the FBG inscribed in normal single mode
fiber (SMF). FBG can reflect the forward propagation light backward at certain
wavelength (Bragg wavelength), which can form a narrow bandwidth filter. This
property, together with the low insertion loss, makes FBG an important OFD for
optical communication, sensing and fiber laser [48]. FBG are normally inscribed
by ultraviolet (UV) laser, which requires increasing the fiber photosensitivity
through hydrogen loading. Besides, UV inscription also requires a usually
expensive phase mask with its period fixed for only one Bragg wavelength.
Instead, through a point-by-point inscription method, fs laser can induce
periodical RI change in the core, with a fast inscription speed as 1 mm/s [56, 57].
This inscription method requires no photosensitivity of fiber. And by changing
the fiber movement speed, FBG with different periods can be fabricated without
the existence of any phase masks. Different grating orders, including the first
and the second order FBG, can be fabricated [56-58]. The microscope image of

the first and the second order FBG are shown in Fig. 1.3 [58].
(@) (b)
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Fig 1.3 Fs laser point-by-point inscribed FBG (a) first order (b) second order [58].
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The highly precise ablation property of fs laser has also enabled it in micro-
machining on optical fiber. Together with the hydrofluoric acid (HF) etching
technique, a micro-channel with the diameter of several um can be fabricated
into the core center of SMF [59]. The small pulse energy (< 1 pJ) can result in a
pattern into the fiber without significant structural destruction, which may result
from either the fs laser induced RI change or extremely small material damage.
This pattern is much more quickly etched away by HF than the unaffected fiber
and forms a micro-channel, which induces scattering loss and thus is sensitive to
the RI of the liquid filled in it. By use of the same method, a micro-slot along
the fiber longitudinal direction can also be fabricated through line scanning of
the fs laser focus point. The micro-slot locates in half of the core region, and
forms a hybrid waveguide with the remaining half core when filled with liquid,
which can also be applied as a refractometer [60]. The morphology of the micro-

channel and micro-slot are shown in Fig. 1.4 (a) and (b), respectively [59, 60].

Fig 1.4 Fs laser inscribed (a) micro-channel (b) micro-slot [59, 60].

Another micro-structure based OFS fabricated by fs laser line scanning is the
micro-cavity which removes the fiber core by certain length. This micro-cavity
can form a Fabry-Perot interferometer (FPI) with compact device dimension, as
shown in Fig. 1.5 [61-64]. By polishing the cavity surface smooth, the visibility
of the FPI can be increased to over 10 dB. This device can be applied for

sensing of water solution with small temperature-RI cross sensitivity [64].
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Fig 1.5 Fs laser inscribed FPI in SMF (a) schematic figure (b) top view (c) cross section view (d)
reflective spectrum [61-64].

The property of internal 3D micro-machining of fs laser can help to fabricate 3D
micro-structure with dimension scale of um. For example, through a two-step
process including fs laser ablation and cleaving, a prototype of cantilever with

thickness of ~20 um on the fiber tip can be fabricated, as shown in Fig. 1.6 [65].

Fig 1.6 Fs laser 3D micro-machined cantilever on fiber tip [65].

During recent years, fs laser has also been used for fabricating LPFG [66-68].
The LPFG fabricated by infrared fs laser has a supreme thermal stability [66]
and thus possesses potential applications as high temperature sensors. LPFG in
photonic crystal fiber (PCF) with single side RI modulation is also developed by
fs laser micro-machining, which can be applied as directional bending sensor

sensitive to both the bending curvature and bending direction [68].

When fs laser directly irradiates the fiber cross section facet, a cone shape
micro-hole with certain depth will be fabricated. By circularly irradiating, these
cone micro-holes can together compose a micro-cavity. After fusion splicing

10
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with another cleaved SMF, cladding mode will be generated by the cavity and
interferes with the core mode directly propagating through the cavity. Thus a
fiber-inline Mach-Zehnder interferometer (MZI) is fabricated based on a
compact internal micro-structure, as shown in Fig. 1.7 [69]. The cavity
dimension, including its length and diameter, can be adjusted by changing the fs
laser pulse energy. After fusion splicing, this device could sustain more

mechanical stress compared with FPI in [61-64].

Cladding

Core —_— e
— —_ =

(©)
Fig 1.7 Fiber-inline MZI based on internal micro-cavity fabricated by fs laser (a) schematic

fabrication process (b) cross section view (c) different cavity dimensions [69].

With the development of novel types of optical fiber, such as PCF, photonic
bandgap fiber (PBGF), micro capillary fiber, and hollow core fiber, fs laser

micro-machining for novel micro-structure OFS will have more applications.

1.2 Motivation and Significance of This Work

The various and unique advantages of fs laser micro-machining have enabled it
as a powerful and widely used tool for micro-machining on bulk glass, metals,
polymers, semiconductors and even biological tissues. The precise control of fs
laser energy and focus point location can make desired micro-structure more

accurately, easily, and controllably than conventional laser machining techniques.

11
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The fs laser micro-machining technique thus opens a way for fabricating novel
kinds of OFS based on micro structural change in optical fiber. Many works
have been reported on this field. These micro-structures can be applied for
sensing different measurands, with advantages of high sensitivities and a much
more compact device dimension (in the order of tens of um) compared with

normal OFS, which enables an intrinsic point sensing.

This thesis proceeds with the work of fabrication and application of novel kind
micro-structures by use of fs laser micro-machining. The fs laser micro-
machining system is built up for a flexible and convenient control of the
parameters for fs fabrication process on optical fiber. By use of this system, a
micro-hole can be fabricated through stationary fs laser irradiation and a micro-
cavity can be fabricated through fs laser scanning along the fiber longitudinal
direction. This thesis also undertakes the potential applications of complicated
micro-structures, such as structural modulated LPFG by periodically position
multiple micro-holes along the fiber length and FBG sensor integrated with
micro-holes. These works enhances the possibility for integrating different kinds
of micro-structures in one fiber for sensor applications. Finally, the fs laser
assisted selective infiltration technique is developed. This technique includes
two fundamental fs laser micro-machining methods: the stationary irradiation
and the line scanning for material cleaving, which provides an application for

complicate fs laser micro-machining on optical fiber.

1.3 Thesis Outline

Chapter 2 In this chapter, a general physical process of fs laser interaction with
transparent materials is firstly introduced, with detailed discussion on ionization,
energy absorption and material ablation mechanism. Then in section 2.2, the fs
laser micro-machining system setup for the work of this thesis is described in

details in terms of the function of each component. Finally, section 2.3 discusses

12
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the focusing geometry of the spatial Gaussian distributed fs laser beam by

microscope objective lens, which provides guidance for the remaining work.

Chapter 3 In section 3.1, a novel kind of RI sensor by direct drilling a micro-
hole in fiber with fs laser micro-machining is presented, and the different
fabrication parameters with their corresponding micro-hole dimensions and
morphologies are compared. Then, in section 3.2, individual RI responses of
micro-holes with different dimensions are presented and analyzed both
qualitatively and quantitatively, with a small temperature-RI cross sensitivity
obtained for one type micro-hole. Finally in section 3.3, a micro-cavity is
fabricated into optical fiber by fs laser line scanning. With proper deviation
distance to the core center, this micro-cavity can form a novel kind of fiber-
inline MZI and can be applied as high temperature sensor with good thermal

stability or RI sensor with extremely large sensitivity.

Chapter 4 The coupled local mode theory is introduced for LPFG with strong
waveguide variation and a general discussion of mode coupling mechanism
based on RI modulation and the mode field property of LPFG is introduced in
section 4.1 with a CO, laser irradiation model. After then, by periodically
drilling micro-holes along the fiber length, either symmetrical or asymmetrical
located, a novel kind of structural modulated LPFG can be effectively fabricated
in different kinds of fiber, such as all solid PBGF and SMF, which are shown in
section 4.2 and 4.3, respectively. The mode field properties, the phase matching
curves and the applications as RI sensors are also performed in these sections.
Finally, section 4.4 briefly discusses the fabrication geometry error during the

micro-machining process.

Chapter 5 The fabrication of FBG sensor integrated with micro-holes is
presented in section 5.1. The individual RI and temperature performances are
shown in section 5.2. This device also has a small temperature-RI cross

13
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sensitivity, which can be applied as simultaneous temperature and RI sensor, as
shown in section 5.3. A brief discussion concerning the device performance is

presented in section 5.4.

Chapter 6 With the assistance of fs laser, a novel technique for selective
infiltrating liquid into air holes of PCF is achieved and illustrated in section 6.1,
with excellent flexibility and reliability. Two kinds of sensor devices are
developed with this technique. In section 6.2, a directional mode coupler device
is developed as ultra sensitive temperature sensor, with its phase matching
curves, mode field property and the temperature sensitivity simulated. In section
6.3, a novel fiber-inline MZI device is developed which can also be applied as
highly sensitive temperature sensor. The device performances, including the
interference fringe free spectral range (FSR) and the temperature sensitivity are

numerically simulated and compared with experimental results.

Chapter 7 In this chapter, all the research works of this thesis is summarized in
section 7.1. In section 7.2, a brief discussion on the potential improvements and

future research interests is presented.
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Chapter 2 Fs Laser Micro-machining
Principle and System

The ablation of transparent materials by fs laser comprises a series of complicate
physical processes, including nonlinear absorption of photon energy, ionization
of materials, generation of plasma, and ablation of materials [1-5]. This chapter
will first present a brief review of these physical processes. Some key issues for
fs laser ablation, such as the ablation threshold energy and thermo effect will be
discussed in detail. Then, the fs laser micro-machining system setup for the rest
work in this thesis will be introduced, which includes a commercial fs laser
system, an external optical path and a microscope system. The system can
conveniently adjust the energy and tailor the spatial spot width of fs laser.
Finally, the geometry focusing property of the fs laser beam with spatial
Gaussian distribution is discussed, which helps in proper choosing of

microscope objective lens (MO).

2.1 Fs Laser Interaction with Transparent

Materials

Due to the ultrashort pulse duration, the fs laser pulse can have extremely high
pulse peak power and light intensity, even with moderate single pulse energy.
This enables fs laser as a powerful tool for ablation of transparent materials,
which usually have a high transmission of light with little energy depositing [6-
16]. Normally, the generation of high density electron plasma is believed to be
the main mechanism for fs laser ablation of materials [2, 17-19]. The generation
of plasma is a nonlinear process, which results in the promotion of electrons
from the valence band to the conduction band of the material. The high density

plasma then can absorb most of the laser energy locally and permanent damage
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can occur when enough energy is deposited and transferred to the material and
meets the critical electron density. The ablation results depend strongly on the

spatial and temporal distribution of the laser energy.

2.1.1 Material lonization

Two main ionization processes, photoionization and avalanche ionization, stand
for material ionization during fs laser ablation process [19-22]. Photoionization
means the direct excitation of electrons by the laser field. For transparent
materials such as fused silica, the energy of only one photon may not be high
enough to promote electrons from the valence band to the conduction band.
Therefore, multiple photons must work simultaneously to lead to the excitation
of electrons, which is a nonlinear process. Depending on the laser frequency and

intensity, photoionization can be divided into multiple photon ionization (MPI)

and tunneling ionization according to the adiabatic parameter y [20]:

p= ey @
where o is the laser frequency, / is the laser intensity at the focus spot, m and e
are the reduced mass and charge of the electron, n is the material RI, ¢ is the
light velocity, ¢ is the free space permittivity, and E, is the material bandgap.

The y value determines the regime of photoionization, as shown in Fig. 2.1 [22]:

v=1.5 tunneling v ~1.5 intermediate v =19 MPT
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Fig. 2.1 Schematic process of tunneling ionization and MPI [22].

The tunneling ionization (y<1.5) stands for the laser with low frequency and

strong field. The strong laser field can suppress the Coulomb well significantly
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so that the bound electrons can tunnel this small well barrier and become free.
On the other hand, when laser frequency is high (but still below the threshold for
single photon or linear absorption), MPI (y>1.5) can occur when multiple
photons are simultaneously absorbed by the electron, which has a total photon
energy larger than the material bandgap and can directly promote an electron
from the valance band to the conduction band. In the intermediate regime

(y~1.5), the 1onization process may be a mixture of the two types.

When a free electron (called seed electron) has already existed in the conduction
band of the material, it can absorb the laser photon energy sequentially. In order
to conserve both the energy and the momentum, this electron must absorb or
emit a phonon, or scatter off an impurity [23], which results in an efficient
absorption of energy for free carriers through frequent collision with the
material lattice [19]. After several photons are absorbed, the energy of the
electron exceeds the conduction band minimum at least one bandgap energy.
Then, the next collision can ionize another electron to the conduction band.
These two electrons are near the conduction band minimum and can be heated
by free carrier absorption process, which may ionize more electrons from the
valence band sequentially. The seed electrons may result from the thermally
excited electrons, easily ionized impurities, or directly photoionization. The

illustration of avalanche ionization is shown in Fig. 2.2 [22]:
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Fig. 2.2 Schematic process of avalanche ionization [22].

The exact ionization process remains a dispute. Earlier studies believe that

avalanche ionization is the mechanism for material ablation [24]. Some recent
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studies believe that MPI provides the seed electrons while avalanching
ionization is still the main ablation mechanism [2, 19, 25-26]. The pulse
duration and the power intensity strongly determine the ionization process. In
this thesis, the pulse energy used is in the order of several to tens of pnJ, the pulse
duration is ~120 fs, and the focused laser spot area is in the order of 107 cmz,
which corresponds to the power intensity in the order of 10" W/cm?®. Such a
value shows that the ionization process is a combination of MPI and avalanche

ionization, according to the calculation results in Fig. 2.3 [27].
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Fig. 2.3 Ionization process depends on pulse intensity and pulse duration [27].

2.1.2 Absorption of Laser Energy

The MPI and avalanche ionization will generate electron plasma, which can
absorb laser energy efficiently. The absorption rate and absorption depth are two
main parameters to investigate the absorption process. Both of them strongly
depend on the plasma density. The absorption rate reaches maximum when the
plasma density N increases until the plasma frequency wp reaches that of the

laser frequency @, which can be understood by use of a Drude model [22]:

Neé* ]1/2

@, :[ (22)

E,m

The absorption rate is then given by [23]:
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2
W,T
K=—"—F 23
c(l1+ 0’7?) 23)
where c¢ is the light velocity, and 7 is the phenomenological Drude scattering
time (which means the scattering time of the electron by impurities and phonons)

[23]. When enough electron plasma is generated, or the plasma density reaches

that of the critical plasma density, permanent damage occurs to the material.

Meanwhile, due to the ultrashort pulse duration, most of the laser energy can
only deposit into a shallow layer of materials. The absorption depth is inversely
proportional to the electron plasma density, as shown in Fig. 2.4 [22]. For
example, for 800 nm radiation laser, when the electron plasma density reaches
10%! electrons/cm® (typical value of the critical plasma density for fused silica
[23]), the absorption depth is in the order of 1 um. For tight focusing, such as
focusing by MO in this thesis, the main absorption region of laser energy
belongs to the confocal volume, which is limited by the Rayleigh length of the

MO, as discussed later in section 2.4,
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Fig. 2.4 Absorption depth as a function of electron plasma density [22].

2.1.3 Material Ablation

For pulse laser with ultrashort pulse duration, the nonlinear absorption of the
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laser energy occurs in an ultrashort time scale compared with the time for energy
transferring to the lattice, decoupling the absorption and lattice heating process
[28]. Electrons in the conduction band are heated much faster than the time
needed to emit phonons, diffuse out of the irradiation region, or recombine with
their parent ions. As a result, the electron plasma density will continuously
increase until its density matches the critical plasma density [28], and permanent

damage or structural change occurs.

As discussed before, for short pulse duration, photoionization provides the seed
electrons. This happens in the rising edge of the pulse, while rest of the pulse
duration provides the necessary energy for avalanche ionization [28]. Therefore,
the breakdown energy of ultrashort laser pulse hardly depends on the material
imperfections, which makes the ablation threshold energy deterministic
compared with long pulse duration lasers [29]. Meanwhile, due to the extremely
high pulse peak intensity, the required pulse energy is much less than that of a
long duration pulse, which results in a much more regular and confined material
damage morphology [30]. Little energy will deposit into the material out of the

focus region and enables a precise ablation.

Two main mechanisms stand for the ablation of materials by ultrashort laser
pulses [31, 32]: (1) thermal evaporation, whereas the collision between electrons
and phonons heats the lattice locally so as to exceed the evaporation temperature;
(2) Coulomb explosion, whereas the electron plasma are shocked by the sequent
laser pulses and results in a separation of the charges and ions, which will emit
due to the strong electrostatic forces. The two mechanisms coexist during the
ablation process, which depends on the pulse intensity, the pulse duration, the
pulse number and the material ablation threshold energy [33]. When the pulse
energy is much stronger (for example, in the order of several to tens of pJ as in
this thesis) than the threshold energy of material ablation, the thermal
evaporation dominates the ablation process. The material ablation speed may be
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as quick as several um per pulse, which results in a coarser ablation surface

morphology than that of Coulomb explosion [34-36].

2.1.4 Thermal Effect

The large pulse energy (in the order of several to tens of pJ) used in the work of
this thesis may lead to significant thermal ablation of the fiber, which makes the
ablated surface coarse. The thermal effect comes from the process of electron
thermalization, which means the collisions between electrons increase the
electron energy to a Femi-distribution level [37]. This process can be described
by a two-temperature model, which normally has a time scale of ~100 fs and
depends on the laser energy intensity [37]: under strong laser intensity, the
electron thermalization has a much faster speed, whereas electrons could
transfer energy to lattice by emitting phonons in a much smaller time scale than
100 fs. After the electron thermalization, the lattice will be heated to a state
called overheated, which has a temperature much higher than that of the average
melting temperature and causes the phase explosion process [38-40]. Meanwhile,
the thermal conduct causes heat energy diffusion from the electron plasma to the
surrounding materials, which causes melting, evaporation and ablation of the
materials out of the laser energy depositing region. However, the thermal effect
induced surface roughness is still much smaller compared with longer pulse

laser, as the emitting ions will take away most energy deposited in the material.

2.2 Fs Laser Micro-machining System

The micro-machining on optical fiber is a precise process, which needs to
accurately position the fiber under ablation and focus the laser beam on to the
fiber with errors smaller than the order of several pm. Meanwhile, the pulse
energy and the spatial beam property need to be adjusted carefully. The fs laser
micro-machining system developed for this purpose is introduced in this section.
The system schematic is shown in Fig. 2.5, which includes the following parts:
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(1) a commercial fs laser system which generates fs laser pulses; (2) an external
optical path which can help adjust the spatial beam diameter and the pulse
energy; and (3) a microscope system which can effectively focus laser pulses

onto the material under fabrication.

Fs laser system

Objective lens

Optical fiber

A

Computer —| Translation stage |

Fig. 2.5 Fs laser micro-machining system: W: half waveplate; P: polarizer; A: aperture; R:

reflector; BS: beam splitter; CCD: charged-coupled device camera.

With the help of this micro-machining system, one can adjust proper pulse
parameters and micro-machining time for desired micro-structures and observe
the fabrication result easily. During the fs micro-machining process, a broadband
light source (type ALS-CWDM-FA made by Amonics Ltd.) and an optical
spectrum analyzer (OSA, type Ando6139 made by YOKOGAWA Ltd.) are
connected at the two ends of the fiber under fabrication, which can monitor the
transmission spectrum in real time. Before the experiments, the optical path of

the system may need slightly adjustment to achieve the best working condition.

2.2.1 Fs Laser System

The fs laser system used here is a commercialized Ti: Sapphire laser system,
consisting of an oscillator (Mai Tai) and an amplifier (Spitfire Pro), made by
Spectra-Physics Ltd. The output fs laser is a linear polarized light, with its
central wavelength of 800 nm, the pulse duration of 120 fs, a repetition rate of 1
kHz, the maximum single pulse energy of ~1 mJ (which equals to the maximum

average power of 1 W). The laser beam is a Gaussian beam with the spatial
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TEMgy mode, and the 1/e beam radius of wy=2 mm [41]. The CPA technique is

applied for the high output power.

2.2.2 External Optical Path

The purpose of the external optical path is to transmit fs laser with proper pulse
energy and beam properties before it is focused onto the fiber under machining.
The principles for setting the optical path includes: (1) the optical path should
change pulse duration as little as possible, which requires using optical
components without significant dispersion; (2) the pulse energy needs to be
adjusted continuously and conveniently; and (3) spatially filtering of the output
fs laser is preferred to remove the aberrations of the laser beam and obtain a

clean laser beam which contains only a single spatial mode.

According to these requirements, the external adjusting optical path composes of
the following optical components: several reflectors with high reflectivity for
800 nm, a half waveplate, a Glan prism and a small aperture. The reflectors can
change the fs laser propagation direction with little transmission loss and
dispersion. The Glan prism is a polarizing beam splitter, which acts as a linear
polarizer. The half waveplate can change the polarization direction of the linear
polarized fs laser. These two components together form an attenuator which can
adjust the transmitted pulse energy by rotating the half waveplate and meet the
transmission axis direction of the polarizer. In the experiment, the transmitted
pulse energy can be adjusted continuously from 1 pJ to 1 mJ. The small aperture
can tailor the spatial beam width, which filters out the imperfect optics and stray
light of the laser output, and ensures a good beam quality. The output beam after
the aperture has a Gaussian distribution of its spatial energy. In this system, the

fs laser beam diameter is adjusted to about 5 mm.
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2.2.3 Microscope System

The microscope system (Nikon 801) includes the following components: a pair
of apertures for input optical path collimation; three neutral density(with almost
no wavelength dependence) attenuators with different attenuation factors (1/4,
1/8, and 1/16) for a precise and versatile adjustment of the on fiber pulse energy;
a group of MO with different magnifications for focusing fs laser onto the
ablation fiber; and a 3D translation stage controlled by the computer with a
tuning resolution of 40 nm. A charge-coupled device (CCD) camera is connected
with the MO to monitor the position of the ablation fiber and the fs laser focus
spot during micro-machining process. A shutter is mounted before the MO
which can conveniently stop laser and thus can control the time of fs laser

irradiation onto the ablation fiber.

2.3 Focus of Fs Laser

Besides the pulse energy and irradiation time, the selection of MO for focusing
fs laser onto the ablation fiber also has significant influence on the fabricated
micro-structure by the micro-machining process. The three main parameters of
one MO are its magnification, numerical aperture (NA) and working distances
(WD, which is the distance between the MO output and the focal plane), which
decides the focus spot diameter and also the focus depth. The microscope

system has 4 MO, with their individual parameters listed in Table 2.1.

Table 2.1 Parameters of MO used in the micro-machining system.
Magnification | 4x | 10x | 20% 60x
NA 0.10 | 0.25 ] 0.50 0.85

WD (mm) 30 | 7.0 | 2.1 | 0.40-0.31

Normally, for a more precise location of the focus point, the MO with a larger
magnification is preferred. However, the corresponding larger NA value may

lead to a smaller focus point diameter and also a smaller laser focus depth,
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which limits the dimensions of the micro-structure that can be fabricated.

Considering the fact that the fs laser is a spatial Gaussian beam, its focusing

geometry onto the ablation fiber after the MO can be illustrated in Fig. 2.6 [42]:
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Focused laser beam

Fiber core

Ablation region

Fig. 2.6 Fs laser focused onto the ablation fiber by MO: (a) schematic geometry (b) spatial
geometry of focused Gaussian beam width: beam waist ®; beam diameter at beam waist D=2w;

Rayleigh length Z; total spread angle ©.

The focused Gaussian beam would have its minimum beam radius value of @ at
its beam waist. The Rayleigh length Z; (or Rayleigh range) is defined as the
distance from the beam waist to the place where the beam has two times of the

spot area as that at the beam waist, which depends on the beam wavelength 4:

Z, = (2.4)

Gaussian beam becomes a straight line when it is far away from the beam waist.
The total spread angle ® (in radians) is defined as two times of the angle

between that line and the beam central axis:

=224 (2.5)
Tw

The confocal parameter b, or depth of focus of the beam, is defined as:
b=2z, (2.6)

Normally, the focus spot of a Gaussian beam can be characterized as an Airy

disk, which determines the diameter D of the focus spot according to the NA
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value of the MO, and the wavelength of the beam as [41, 43]:

D=2w=22 c1m A @.7)
@, NA

where w is the Gaussian beam width before incident into MO and f'is the focal
length of the lens. According to Eq. (2.4) ~ (2.7), the beam waist radius w is
inversely proportion to the NA value. Therefore, the larger the NA of the MO,
the stronger the spatial power intensity at the focus point when the incident laser
energy is kept constant. However, the Rayleigh length Zz is proportional to the
square of w. For the 4 MO used in this thesis, their different focal diameters at

the beam waist, and the corresponding Rayleigh lengths, are listed in Table 2.2.

Table 2.2 Calculated beam waist diameter and Rayleigh length of different MO.
Magnification | 4x | 10x | 20x | 60%
D (um) 9.76 13.90 | 1.95 | 1.15
zp(um) | 93.5(15.0|3.74 | 1.29

As discussed in section 2.1.2, stronger power intensity at the focus spot will
make the materials more easily ionized. However, smaller Rayleigh length may
result in a shorter energy absorption depth and thus may limit the depth of the
micro-structure that can be fabricated. Meanwhile, the spatial peak energy
intensity will decrease more significantly along z-direction for the MO with a
larger NA value and the ablation process will stop when the peak energy

intensity is smaller than the threshold energy for ablation of silica.

2.4 Summary

The mechanism of fs laser ablation of transparent materials is a very
complicated and intrinsically nonlinear physics process, which includes
ionization of electrons, laser energy absorption by the electron plasma,
generation of high density electron plasma and final ablation of the material.
The actual process depends strongly on the laser parameters such as energy

intensity, laser wavelength, pulse duration, pulse number and material property.
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The ablation occurs when the electron plasma density meets the critical density,
which determines the ablation threshold energy and ablation depth. For high
intensity pulse energy, thermal damage occurs even in ultrashort pulse duration.

These discussions provide the general guidance for the rest work of this thesis.

Besides, the fs laser micro-machining system set up for the remaining work of
this thesis is described in this chapter, which can conveniently control the
important parameters in fs micro-machining, including the spatial beam
diameter, the single pulse energy and the irradiation time onto the ablation fiber.
A detailed discussion on the effects of the NA value of the focusing MO is
presented, which strongly determines the focused fs laser beam geometry. The
ablation dimension is related to the Rayleigh length of the focusing MO,
according to the laser intensity along the irradiation direction and laser energy

depositing region during the absorption of laser energy.
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Chapter 3 Fs Laser Micro-machining of
Optical Fiber

Fs laser micro-machining of optical fiber includes many types, such as
stationary irradiation for micro-hole drilling; line scanning or cleaving; circular
irradiation; fusion splicing; inducing RI change or structure imprinting; and
surface processing. In this chapter, two basic micro-machining types, the micro-
hole drilling and the line scanning, will be applied to develop two novel micro-
structure OFS: (a) a micro-hole and (b) a micro-cavity based MZI. The
fabrication process and the fabrication parameters have significant effects on the
morphology of the fabricated micro-structure. The applications of micro-hole as
the temperature insensitive RI sensor and MZI as the high temperature sensor or

RI sensor with extremely high sensitivity will be investigated.

3.1 Micro-hole Drilled in Single Mode Fiber
(SMF)

The micro-machining system is introduced in section 2.2. The SMF under
fabrication is mounted on a 3D translation stage by two clamps. The clamps can
rotate with arbitrary angles, which is convenient for observing the morphology
of the micro-structure in different views. The amplitude resolution of OSA is
0.01 dB. Referring to the axes in Fig. 2.5, the focus point is located at the fiber
cladding surface in z-direction since material ablation occurs from the cladding

surface into the fiber, while in x-y plane it is located at the fiber core center.

The fs laser pulse energy and the irradiation time decide the dimensions of the
fabricated micro-hole. Normally, large pulse energy with a long irradiation time

will result in a large diameter and depth of the micro-hole. Besides, according to
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the discussion in section 2.3, the NA value of the focusing MO will also affect
the micro-hole depth. For a proper selection of fabrication parameters, multiple
tries need to be carried out in advance. For example, the side views of micro-
holes drilled with different parameters are shown in Fig. 3.1 (a)-(d), with
individual pulse energy and focusing MO parameters listed in Table 3.1. The

depth and the diameter can be approximated from the microscope images.

r:

Core 8.2 um

Fig. 3.1 Micro-holes fabricated with different fs laser irradiation parameters.

Table 3.1 Fabrication parameters of micro-holes in Fig. 3.1 (a)-(d).

MO parameters
Sample Magnification | NA Pulse energy (uJ)
Fig. 3.1 (a) 10x 0.25 5
Fig. 3.1 (b) 10x 0.25 10
Fig. 3.1 (b) 20x 0.50 5
Fig. 3.1 (d) 20x 0.50 10

The irradiation time for each micro-hole in Fig. 3.1 (a)-(d) is 5, 10, 20, 30, 60,
120 s, respectively, corresponding to the individual micro-hole appearing from
left to right in each figure. It can be obviously seen from Fig. 3.1 (c) and Fig. 3.1
(d) that the micro-holes fabricated by the MO with the magnification of 20x can
only penetrate to the core region (which is called half through) but can hardly
penetrate fully through the whole fiber, no matter how long the irradiation time
of fs laser is. However, by use of the MO with the magnification of 10x%, the fs
laser can fabricate either a half through or a full through micro-hole with proper
pulse energy and irradiation time. This results from the fact that MO with a
larger magnification usually has a smaller Rayleigh length, which limits the
energy absorption depth and lowers the power density along z-direction, as
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discussed in section 2.3.

From Fig. 3.1, another fact to be noticed is that the direct drilling by fs laser on
fiber will result in a cone shape micro-hole and its cone angle depends on the
beam diameter before entering the MO. A simple way for getting smaller cone
angle is to adjust the spatial beam diameter and its wavefront by the small
aperture in the external optical path stated in section 2.2. In this thesis, the fs
laser spatial beam diameter is adjusted to about 5 mm. Besides, MO with a
larger NA value will have a larger spread angle ® according to Eq. (2.5), which

also results in a larger cone angle, as shown in Fig. 3.1.

After a series of tries, it is found that when pulse energy is set as 11 pJ, either a
full through or half through micro-holes with small cone angle can be easily
fabricated by a 10x MO focused fs laser with different irradiation time. These
two parameters are applied and kept constant for the rest of work in section 3.1.
Compared with half through ones, when immersed into liquids, full through
micro-holes can be fully filled of liquid quickly according to the well known
capillary effect. The micro-holes before and after fully filled of liquid are shown

in Fig. 3.2 (a) and (b) respectively, which is easily distinguished from each other.

Fig. 3.2 Micro-holes (a) before (b) after fully filled with liquid.

The two main parameters to determine a micro-hole are its diameter D at the
fiber core and the depth. In this section, three types of micro-holes are fabricated
with different fs laser irradiation time of 5, 15, 150 s, respectively, with their
individual D values approximated and listed in Table 3.2. The three D values are

chosen for smaller than; close to; and larger than the fiber core diameter. Each
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type of micro-holes has two samples for comparison. The morphologies of each

kind of micro-holes are shown in Fig. 3.3 (a)-(c), respectively.

Table 3.2 Three types of typical micro-holes.

Sample | Irradiation time (s) | D (um)
S-6a 5 6.2
S-6b 5 6.1
S-8a 15 7.9
S-8b 15 8.0
S-11a 150 11.0
S-11b 150 11.0

-

< P =1 | -—

6.2 pm L Topm © 11 pm

Fig. 3.3 Micro-holes with different D value (a) S-6 (b) S-8 (¢) S-11.

f
o

3.2 Micro-hole Based Refractive Index (RI)

Sensor

The RI responses of each type of micro-holes are carried out by the following
process (and for all RI sensing work in the rest of this thesis): (1) the
transmission spectrum of the sample in air is firstly recorded; (2) then the
sample is immersed in the RI liquid (from Cargille Laboratories) and the
corresponding transmission spectrum is measured; (3) the liquid filled is cleaned
by methanol solution and wait until the transmission spectrum of the sample

matches that in air. This process is repeated until all the RI liquids are measured.

3.2.1 RI Responses of Micro-holes with Different Sizes

The different RI responses of three samples, S-6a, S-8a, and S-11a, are shown in

Fig. 3.4, with wavelength dependence of the normalized transmission checked.
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Fig. 3.4 Rl responses of (a) S-6a (b) S-8a (c) S-11a.
Being different from the wavelength-coded OFS, the micro-hole based RI sensor
here works by detecting the normalized transmission change, according to the RI

of the liquid filled in it. The sensitivity of the device is measured with the unit of

dB/RIU (refractive index unit). For S-6a, the transmission increases
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monotonously with the liquid RI. The sample has a linear RI response in the
region of 1.31-1.41, with an average sensitivity of 71 dB/RIU, which equals to
the detection limit (DL) of 1.40x10* RIU. The DL here is defined as the
minimum detection unit (0.01 dB of the OSA) divided by the sensitivity. The

transmission has slight wavelength dependence in the region of 1500-1600 nm.

For S-8a, the transmission gradually and linearly decreases when the external RI
changes from 1.30 to 1.35. The average sensitivity in this region is -67 dB/RIU.
The transmission reaches minimum when liquid RI is 1.36 and then increases
linearly in the region from 1.36-1.42, with an average sensitivity of 110 dB/RIU.

Besides, this sample has a large wavelength dependence.

For S-11a, the transmission has a good linear response to the external RI in the
region of 1.30-1.45. However, the average sensitivity is as small as 27 dB/RIU
and the DL obtained is 3.70x10™ RIU. Meanwhile, this sample has almost no

wavelength dependence in the wavelength region of 1500-1600 nm.

Normalized transmission loss (dB)

- L L N ) )
({‘.3 1.33 1.36 1.39 1.42 1.45
External RI

Fig. 3.5 Rl responses of different samples at wavelength 1550 nm.

In order to verify the device reproducibility, the RI responses of S-6b, S-8b, and
S-11b at the wavelength of 1550 nm are also investigated and shown in Fig. 3.5.
For S-6b and S-11b, the RI response is quite similar to that of S-6a and S-11a.

While for S-8b, the minimum transmission is obtained when the external RI
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reaches 1.37. The results in Fig. 3.4 and Fig. 3.5 show that the RI response of
the micro-hole strongly depends on its D parameter, especially when D is close

to the fiber core diameter.

The light transmission behavior and the RI responses for micro-holes with
different D parameters may be qualitatively explained by a simple ray optics
model as shown in Fig. 3.6, where nj, and ngere (ny<ncore) represents the RI of the

liquid filled in the micro-hole and the RI of the fiber core.

Fiber cladding Op> 8,20,
|

7 S \) o

j 1l
Fiber core w

D <core size D =core size D =core size

— Ny =M
— N = N2
Ny = Nz

Fig. 3.6 Ray optics model for explaining the transmission behaviors of micro-holes with (a)
different diameters (b) different RI values.

When D<D,. (the core diameter), part of the light passes through the micro-hole
and dissipates owing to the small incident angle 0;; (which is smaller than the
critical angle for total internal reflection) at the core—cladding interface. When
D>D¢re, the refracted light from the hole—core surface will be guided owing to
the large incident angle 63 at the core-cladding interface. Such a difference in
refracted light results in a larger transmission loss of D<Dg than that of D>Dye,

as the results shown in Fig. 3.4.

When D=D,q., no light can be directly guided in the fiber core without passing

through the micro-hole; thus the transmission is critically dependent on the RI of
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the liquid filled in the micro-hole. Assuming that the light incident angle into the
micro-hole is smaller than the critical angle, when ny,=n; is small, the first
refracted beam cannot be bounded in the core, but the second refracted beam
may be guided. When nj is increased to a larger value of n,, both the first and the
second refracted beams can not be bounded by the core-cladding surface, which
increases the transmission loss. When n;, is further increased to nsz, the first
refracted beam will be directly guided, which should have a much higher
intensity than the second refracted beam because of the low reflection at the air-
core interface and thus reduce the transmission loss. Therefore, with the increase
of the liquid RI in the micro-hole, the transmission will first decrease and then

increase, and leaves a minimum transmission in the RI response curve.

=e-D=6 pym
-&-D=8 um | 3
==D0=11 pm

=e-D=6 pm
-a-D=B pm |7
—-D=11 ym
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Fig. 3.7 Simulation of transmission loss of micro-holes with different D parameters at 1550 nm
by (a) FDTD (b) BPM.

Two kinds of numerical methods are presented for quantitatively simulation the
transmission property of micro-holes with different D parameters. The
simulation results of finite-difference time domain (FDTD) and beam
propagation method (BPM) are shown in Fig. 3.7 (a) and (b), respectively. Both
the results show that the transmission property changes significantly when the

micro-hole has a D parameter approximate to that of the fiber core diameter.

The slight wavelength dependence in Fig. 3.4 (a) and (b) may result from the fact
that the micro-hole in the fiber core center can be considered as an FPI with a

relatively small cavity length, which creates fringe spacing over a few hundreds
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of nm [1-4]. The micro-hole can also lead to the scattering and multiple
reflections of the propagation light, which plays a crucial role in the
determination of the measurement resolution in different RI regions. Meanwhile,
the roughness of the micro-hole wall created during the fs laser micro-machining
process would cause fluctuation or ripple in the transmission spectra. This
fluctuation could be reduced with optimized micro-machining parameters, such
as using smaller pulse energy and longer irradiation time. The influence of the
micro-hole depth on the transmission is not so significant as far as the micro-hole
reaches the entire cross section of the fiber core. However, a small micro-hole
depth can enhance the robustness of the device compared with the full through

micro-hole [5, 6].

3.2.2 Temperature-RI Cross Sensitivity

0
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Fig. 3.8 Normalized transmissions of the micro-holes in air with the temperature.

In order to investigate the temperature response of this micro-hole based OFS
device, the S-6a and the S-11a sample are firstly put in a column over (LCO102
made by ECOM Ltd.) and exposed to air. The heating and cooling tests are
carried out and the transmission loss of each sample is shown in Fig. 3.8. For
each temperature point, the samples are kept for more than 30 minutes until the
temperature is stable. The transmission loss almost does not change (the
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fluctuation is smaller than 0.01 dB), which shows that the micro-hole device has

a temperature insensitive property.

For further investigation of the temperature insensitive property of the micro-
hole, sample S-6a is immersed in water and heated by the same column oven as
before. The RI of water will change according to its thermal coefficient, and thus
change the transmission of the micro-hole at different temperature, which is
shown as the black squares in Fig. 3.9. By subtracting the contribution from the
temperature induced water RI change [7], the calibrated curve (red triangles in
Fig. 3.9) exhibits only small fluctuations within 0.03 dB. The maximum
measurement error induced by the temperature-RI cross sensitivity is less than
4.0x10™* within the temperature range employed. This confirms the capability of

the device to implement a temperature-independent RI measurement.
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Fig. 3.9 Temperature response of sample S-6a when filled with water before calibration (black

Calibrated transmission fluctuation (dB)

squares) and after calibration (red triangles).

3.3 Micro-cavity Based Fiber Mach-Zehnder
Interferometer (MZI)

Fiber-inline MZI has wide applications in optical communication, optical
switching and optical sensing. In many cases, fiber-line MZI is of great interests
due to the advantages of structure compactness, fabrication simplicity and
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easiness of signal detection [8-14]. Various types of fiber in-line MZI structures
have been developed [8-14]. However, such MZI are based on the interference
between the fundamental core mode and the higher order cladding mode, which
has a very small effective RI difference between the two modes (<0.01). This
results in a relatively large device size of typically in the order of from several
mm to cm, which essentially limits their applications in some cases where RI

variation needs to be precisely located.

Recently, a compact single-beam micro-fluidic MZI has been proposed of which
the optical path difference (OPD) is achieved through light propagation across a
fluid—air interface [15-17]. This type of MZI exhibits sufficient compactness,
large tunability and an extreme high fringe visibility over 25 dB. However, the
configuration contains three individual elements, with two sections of SMF
functioning as light launching and output port, respectively, and one liquid filled
capillary producing the OPD required, which needs additional precise alignment.

Therefore, the integration of these individual elements would be advantageous.

3.3.1 Operation Principle

Line scanning is one typical application of fs laser micro-machining. By
applying this technique, a number of micro-cavities and/or micro-holes have
been fabricated as fiber-line FPI and applied for RI sensing [1-4]. In this section,
a compact fiber-inline MZI structure is proposed based on the micro-cavity
fabricated by fs laser line scanning along the fiber length. The schematic

configuration is shown in Fig. 3.10.

Cladding
l]m —_— Core — Ioti.l
e ) — Lz
Micro-cavity

-
>

L

Fig. 3.10 Schematic configuration of the micro-cavity based fiber-inline MZI.
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In Fig. 3.10, one of the interferometer arms contains a micro-cavity created by
removing part of the fiber core near the core-cladding interface, and the other
arm is the remaining part of the fiber core. The light propagating along the fiber
will split into two portions (noted as Iiy; and Ijy;) by the first micro-cavity wall,
and transmit in the two arms of MZI individually. Interference occurs when the
two output light (noted as I,y and liyz) combine at the other micro-cavity wall.
The micro-cavity has two important parameters: the cavity length L and the

removed core width D.

According to the well-known two-beam interference equation [15]:

27AnL
1 +¢,) (3.1)
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where An is the difference of the beam effective RI of the two MZI arms and ¢g
is an initial random phase difference between the two arms. From Eq. (3.1), the

interference signal reaches minimum when the following expression satisfied:

27AnL
A
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where m is an integer and A is the wavelength of the m-th order of the

transmission dip. And the FSR for certain fringe dip can be decided as:

ﬂ, 2
AnL

FSR =

(3.3)

From Eq. (3.3), it is clearly seen that the FSR is inversely proportional to the two
arms OPD = AnL . The micro-cavity based MZI approximately has the effective
RI difference between the two arms with Ang=ngjicq-na;=0.468, which is nearly
40 times larger than that of the conventional MZI based on core mode-cladding
mode interference [8-14]. Therefore, for the certain FSR requirement, the cavity
length can be reduced from the order of mm or cm to the order of several tens of

um, which enables the device a significantly compact dimension.
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3.3.2 Device Fabrication

The fiber under ablation is mounted on the 3D translation stage as shown in Fig.
2.5. The fs laser is focused on the cladding surface, and then scanning along x-
direction. According to the results in section 3.1, when focused by the 10x MO
with pulse energy larger than 10 pJ, the fs laser can drill a full through micro-
hole in SMF. For fabrication micro-cavity with a desired length, larger pulse
energy and faster scanning speed of fs laser may save the micro-machining time.
However, during the fs laser scanning process, micro cracks will be left in the
ablation region, which makes the sample easily broken. Meanwhile, the
scanning speed of the laser focus spot can not be too fast so as to make the
cavity-core surface as smooth as possible, which can help to decrease the
scattering loss of the device. After several tries, for a better micro-cavity quality,
the fabrication parameters are set with the single pulse energy of 12 pJ and the

scanning speed of 20 pm/s.

The fringe visibility depends on three factors: (1) the width of the removed fiber
core D, which determines the relative intensity of I,y and Iin; (2) the
transmission loss of the unguided mode in the micro-cavity; (3) the light
absorption of the cavity medium. The latter two factors will affect the output
power Iy of the micro-cavity. The highest fringe visibility appears when
Lout1=Ilouz. For the proposed MZI with a large interference fringe visibility, it
requires a proper adjustment of D value. Due to the different air-core interface
dependent scattering loss, it is hardly to directly focus fs laser at the optimized D
position. A possible solution is to first move the fs laser focus spot deviated away
from the core center (in this section, the initial deviation distance is 20 pm in y-
direction) and then slightly and gradually approaches the core center, until an
acceptable visibility (for instance, over 15 dB) is obtained. At a certain deviation

position, several times of scanning process along the fiber length are carried for a
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polished micro-cavity surface. The morphology of the micro-cavity in different

views is shown in Fig. 3.11.

Fig. 3.11 Morphology of the micro-cavity in (a) top view (b) side view (c) cross section view.

The transmission spectra of several MZI samples with different micro-cavity
lengths are shown in Fig. 3.12. Their individual FSR, scanning length of fs laser

and calculated cavity length are listed in Table 3.3.

-10
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Fig. 3.12 Transmission spectra of several MZI samples with different fs laser scanning length.

Table 3.3 Individual scanning length, FSR and calculated cavity length of samples in Fig. 3.12.

Scanning length (um) | FSR (nm) | Calculated cavity length (um)
80 61 83
60 76 68
50 96 52
40 111 44
20 194 23

From Table 3.3, it can be seen that the actual micro-cavity length is always

several um larger than the fs laser scanning length along the fiber. This is due to
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the fact that the focused laser beam has certain width at the beam waist as
discussed in section 2.3. All the samples in Fig. 3.12 possess large device loss,
which may result from: (1) the scattering loss at the cavity border, where the
surface roughness is on the order of 1 um; (2) the loss of the unguided mode
propagated in the air cavity. By carefully controlling the pulse energy and
scanning speed, the surface roughness and hence the insertion loss may be

decreased, however, the unguided mode created loss might not be eliminated.

3.3.3 Application for High Temperature Sensing

One application of the MZI developed lies in the high temperature sensing, due
to the permanent and stable structural change induced by the micro-cavity even
in very high temperature region (>1000 C) as long as the fiber can survive
below the silica transition temperature. The temperature sensitivity of the two-
beam interference MZI can also be derived by differentiating of Eq. (3.2) with

the micro-cavity length assumed constant:

o4, A, Ong(T) _ ongg™ (T) (3.4)
()

oT  n*(T)—n™™ or or

e 7/

where n,; (T') and njjj,”’y (T') are the effective RI of the two arms of the MZI,

ony“(T) and ong"" (T)

oT oT

are their

which are both functions of temperature;

individual temperature coefficients. Further simplification can be applied by

cavity __

assumen,"" =1and keeps constant during the temperature variation. Therefore,

the temperature sensitivity only depends on the monitored interference fringe

dip wavelength and the temperature coefficient of the fiber core mode.

In order to check the high temperature sensing performance, a sample with
micro-cavity length of 47 um is put into a high temperature tube furnace (type
MTF 12/38/250, made by CARBOLITE Ltd.) for high temperature measurement.
The instrument can display the temperature directly at its tube center. The sample
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is tried to be put at the middle of the tube furnace so as to make its environment
temperature close to the value displayed by the instrument. The interference dip
around 1551 nm at room temperature is monitored during the experiment since it
has the largest FSR in the wavelength region of 1500-1600 nm. The sample is
first heated to 1000 ‘C and maintained there for 2 hours to remove the effects of
stress change induced by fiber coating burning, dopant diffusion and residual
stress relaxation. After the device is cooled down slowly to the room temperature,
the interference dip is found to shift to shorter wavelength for about 3 nm
compared with the original spectrum. No significant deterioration of the

transmission spectrum appears after the annealing process.

Then the sample is gradually heated to 100 C, and subsequently from 100 C to
1100 C with a step of 100 °C, and stayed for 30 min at each step. The sample is
kept at 1100 “C for 2 hours to investigate its high temperature stability before
being cooled down to 100 C and then to the room temperature, following the
same step and staying time as in the heating process. The dip wavelength and the
transmission spectra are recorded in both the heating and cooling processes.
There is only a slight deviation (<0.2 nm) of the dip wavelength in the cooling
process compared with that in the heating process. The thermal test is repeated

for several times and the results have good repeatability.

Fig. 3.13 (a) shows the transmission spectra at different temperature points. The
dip shifts toward longer wavelength with the increase of temperature. Fig. 3.13
(b) presents the variation of dip wavelength with the temperature change, the
results obtained show good repeatability during the heating and cooling process
with an obtained temperature sensitivity of 0.046 nm/C. According to Eq. (3.4),

the theoretical temperature sensitivity is calculated as 0.045 nm/°C, by applying

dng;*(T) % L
the values as n.“(T) =1.4682 and 'd—T=1.3X10 [18], which is in good
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agreement with the experiment result. With the OSA resolution set of 0.01 nm,

the DL obtained is 0.22 C.
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Fig. 3.13 Temperature sensitivity of the sample with 47 um cavity length (a) transmission spectra

at different temperatures (b) wavelength shift versus temperature.

3.3.4 Application for RI Sensing

The micro-cavity exposes the remaining core to external environment, which
also enables this device for RI sensing. However, it should be noticed that the
large fringe visibility in air (neaiy=1) will degrade significantly when it is
immersed in RI liquids, due to the large reduction of the effective RI difference
between the core and the micro-cavity, which changes the light splitting ratio and
causes the decrease of unguided mode loss and scattering loss. Assuming that the
optimal visibility for MZI is initially achieved in air, when it is immersed in RI
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liquid, the D value should be reduced (so as to increase Ij,; in the remaining core)
to maintain optimal visibility. On the other hand, optimal visibility achieved for

the MZI in RI liquids cannot be maintained for the device in air.
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Fig. 3.14 Interference spectra of the fiber in-line MZI (a) transmission spectra in different RI
liquids (b) wavelength shift versus the liquid RI filled in the micro-cavity.

In order to get a large visibility in RI liquids, a 51 pm micro-cavity MZI with
fringe visibility of 4 dB and insertion loss of 14 dB in air is fabricated and
immersed in RI liquids in the region of 1.305-1.340, with an interval 0.005. The
transmission spectra recorded have an OSA resolution of 0.1 nm. The sample in
RI liquids shows a larger visibility (~9 dB) than that in air. Selected transmission
spectra of the sample corresponding to the liquid RI values of 1.31, 1.32, and
1.33 are plotted in Fig. 3.14 (a). The wavelength shift corresponding to different
RI values between 1.31 and 1.335 is shown in Fig. 3.14 (b), where a linear fit of
the experimental data is implemented and an extremely high sensitivity of

—9370.84 nm/RIU is obtained.
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Fig. 3.15 Wavelength shift of the fiber in-line MZI with water filled in the micro-cavity. Black
circles: monitored wavelength shift; red squares: calibrated wavelength shift by subtracting the

temperature induced wavelength shift; line: linear fitting.

The linear response of the fiber in-line MZI to the external RI in a finer scale is
also investigated by filling the cavity with water and varying the temperature.
The temperature RI coefficient of the water is in the order of 10°*/°C [7], much
larger than that of fused silica (typically in the order of 10°/°C) [18]. Fig. 3.15
demonstrates the wavelength shift of the device in the RI region between
1.32770 and 1.33243, corresponding to the temperature variation from 60 to 30
C [18]. A total wavelength shift of ~43 nm can be observed. By subtracting the
wavelength shift induced by temperature change according to the temperature
sensitivity obtained in section 3.3.2, the RI sensitivity obtained is — 9586.46

nm/RIU, which is in good agreement with the results obtained previously.

The cavity length is supposed to keep constant during the RI sensing experiment.

The RI sensitivityg—ﬂ“ can therefore be derived by differentiating Eq. (3.2) as:
n
oa_a
on An
According to Eq. (3.5), the sensitivity of the MZI developed in this section can

(3.5)

be calculated as -9924.1 nm/RIU at 1570 nm for An=1.4682—1.31=0.1582, which

is close to the experimental results obtained.
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The DL for wavelength encoded OFS can be determined with the smallest
detectable change in resonance wavelength (R) and the sensitivity (S) by DL=R/S
[19]. The R value can be estimated by taking into account the signal-to-noise
ratio (SNR), full width at half maximum (FWHM) value of the resonance,
thermal noise, and the OSA resolution. For the MZI developed in this section, R
is dominated by the FWHM value of the interference fringe dip, which is
measured to be ~80 nm. Assuming the SNR is 50 dB, DL is calculated to be
3.0x107* RIU [19]. DL could be further refined by optimizing the interference

fringe visibility of the MZI device.

3.4 Summary

In this chapter, the fabrication processes for direct drilling of a micro-hole and a
micro-cavity into SMF are presented as two typical applications of fs laser
micro-machining on optical fiber. The fabrication parameters, including the
magnification of focusing MO, the laser pulse energy, the irradiation time or
scanning speed, are discussed in detail, which is well adjusted according to the

desired morphology and the quality of the fabricated micro-structures.

The RI responses of three typical micro-holes, with different diameters near the
fiber core are investigated. For micro-hole diameter smaller or larger than the
fiber core diameter, the RI responses are monotonously increasing with the
external RI. While for diameter close to the fiber core, a minimum transmission
exists in the RI response curve. Simple ray optics model and numerical
simulations are employed to explain the different transmission properties both
qualitatively and quantitatively. The temperature-RI cross sensitivity of sample
S-6a is examined to be small by immersing in water and heating together, which

enables the micro-hole device as a temperature independent RI sensor.
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A fiber-inline MZI is proposed by removing part of the fiber core and leaving
micro-cavity deviated at several pm away from the core center. The light can
then be split into two parts by the micro-cavity and the remaining core and then
interfere at the micro-cavity end. The micro-cavity length determines the FSR of
the interference fringe. The fringe visibility is mainly determined by the removed
fiber core width, which can be optimized to over 15 dB by making fs laser focus
point gradually approach the core center and repeat scanning process at each
deviation position. Due to the permanent structural change, this kind of device
can be applied for high temperature (up to 1100 °C) sensing, with a good
repeatability. The device can also be applied for RI sensing with an extreme high
sensitivity of -9370.84 nm/RIU obtained in the RI region around water. Both the
temperature and the RI sensitivity can be simulated by two-beam interference

model, with the simulation results close to that of the experiments.

The micro-structures developed in this chapter possess extremely compact device
dimensions and large RI sensitivities compared with normal OFS. The device
performance can be further improved by carefully controlling the fs laser
processing parameters, which may reduce the surface roughness of the micro-

structures and thus reduce the scattering loss.
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Chapter 4 Micro-holes Based Long
Period Fiber Grating (LPFG)

LPFG possesses a periodical RI modulation along the fiber length, which couples
the light energy from the core mode to the co-directional cladding mode and
hence creating resonant dips in its transmission spectrum [1]. Various types of
inscription methods, such as UV laser exposure [1-6], CO, laser irradiation [7-
11], electric arc discharge [12-15], fs laser irradiation [16-20], mechanical micro-
bending [21-23], chemical etched corrugations [24, 25] and ion beam
implantation [26, 27] have already been developed to fabricate LPFG in different
kinds of fibers, including SMF, PCF, fiber tapers, hollow core and all solid
PBGF. Various LPFG based OFD have already been developed for sensing and
telecommunication applications [28-30]. Normally, these LPFG can be regarded
as index modulation type, whereas no significant structure modification lies in
the fiber waveguide. Thus, the index modulation may not be strong enough and it
requires a large grating length (in the order of several cm) to form a sufficient

energy coupling between the core mode and the cladding mode.

Based on the micro-hole developed in Chapter 3, it is possible to make strong
structural modulated LPFG by periodically drilling multiple micro-holes along
the fiber length. However, the normally employed coupled mode theory (CMT)
[31], which fits well for uniform grating (or grating with weak waveguide
perturbation) such as LPFG inscribed by UV laser, can not be completely applied
for the strong structural change. In this chapter, the coupled local mode theory
(CLM) [32] is introduced to explain the coupling mechanism of such type of
strongly waveguide modulated LPFG. The effects of RI modulation symmetry on
the mode field distribution, the transmission spectrum and the polarization

dependent loss (PDL) will also be investigated. LPFG based on periodically
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micro-holes are fabricated in all-solid PBGF and SMF by use of fs laser micro-
machining. Being different from the index modulation type LPFG also fabricated
by use of fs laser [16-20], the micro-hole structured LPFG introduces a strong
and asymmetric structural modulation in the fiber core and cladding, which
couples light from the core mode to the cladding mode in a relatively efficient
way by supporting a small grating dimension. The modes involved in the
coupling and the corresponding phase matching curves are also examined and the
experimental results obtained are compared with numerical simulations. RI

sensing by use of the LPFG developed has also been carried out.

4.1 General Discussion of LPFG

4.1.1 Coupled Local Mode Theory

According to the CLM, the transverse electric and magnetic fields in the fiber
with waveguide perturbation can be expressed as a superposition of individual

local-modes with radiation fields as [32]:

E(x,3,2)= Y E, (x,y,2) =) {b,(2)+b_,(2)}é,,(x,»,2) 4.1)
J J
H,(x,y,z)=Y H, (x,y,2)=)_{b(z)~b_, (2)}h, (x,,2) 4.2)
j j
where b,(z) represents the electric or magnetic field of a local mode, which

contains both the amplitude and the phase information as [33]:
b(z)=a,(z)expli jo B, (2)dz} (4.3)

. . 2r ;. . n ~ .
in which 8,(z) = Tn;ff is the propagation constant, ¢, ;and 4, ; are the normalized

transverse mode electric and magnetic field profiles. The negative subscript —
represents the backward propagation mode. Individual local mode may not be an
exact solution of the Maxwell’s equations, but they still satisfy the modes
orthogonality in set. Considering the modes coupling between the core mode and

the cladding mode, the general description of coupled local mode equations are:
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db (z) .

L() - lch'u (Z)bcu (Z) = C(Z)bcl (Z)
dz

db, (z) .

LD i b, () =~CI, () (44)

where C(z) is the mode coupling coefficient between the two modes:
C(2) lj{ﬁ % _; aﬁ”} 2dA - j#1 (4.5)
Z)=— . X ——e . X —¢ - Z .

447 oz " oz /

The CMT theory bases on the assumption that the core mode is partially coupled
to individual cladding mode when passes through each waveguide perturbation
and the intermodal coupling efficiency between the core mode and each cladding
mode can be quantified by calculating the coupling coefficient between them.

While in the unperturbed waveguide region, no mode coupling occurs.

If the fiber possesses a periodical waveguide perturbation with a period of A

along the fiber length, C(z), B, (z) and B,(z) are then a periodical function of z,

and can be expanded into Fourier series [33]:

2N
A

C(z) = i £y expi=2L z) (4.6)

where N denotes the grating order, f, is the amplitude of the N-th harmonic

component. By substituting Eq. (4.3) and Eq. (4.6) into Eq. (4.4), the
corresponding phase term on the right hand is then:

8p=[ 18-, ()+2F

A

The resonant coupling occurs when the phase matching condition is satisfied,

Wz (4.7)

which requires that Ap =@(z, + A)—¢(z,) =0 with a random starting point z.

Therefore, the resonant wavelength 4 _can be determined as:

zy+A co c
NA, = j (1% (2) —nch (2))dz (4.8)
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Ifn®

. (2) and n;ff (z) can be considered uniform (or constant) in the grating period,

then Eq. (4.8) can be simplified as N4, = (n.; — n:;,.)A, which is the well-known

phase matching condition of conventional CMT for weak perturbation LPFG.

The transmission spectrum of an ideal LPFG (with an infinite period number)
would have a resonant dip (with no bandwidth) in the transmission spectrum at
the resonant wavelength according to Eq. (4.8). For actual LPFG, the grating
period number is limited, which means C(z) is not an ideal periodical function of
z as expressed in Eq. (4.6). The phase matching condition Eq. (4.8) still holds but
the resonant dip will broaden and the resonant depth will reduce with the

decrease of the number of grating periods.

Although an analytical solution of Eq. (4.4) can be hardly obtained, due to the

rather complex dependence of C(z), 5, (z)and S,(z) on z, a numerical simulation

as an alternation can be carried out, which includes the following process [33]: (1)

the waveguide variation geometry model is separated into several thin sections

with thickness of Az, and the parameters C(z), S

co

(z)and f,(z) are considered
uniform in each section; (2) for a certain wavelength, the mode field profiles and
the propagation constants of the core mode and the cladding mode can be
decided through an finite element method (FEM), and C(z) can be calculated by
Eq. (4.5); (3) the initial input light is the core mode, which equals to the input

boundary condition asa,(0)=1anda,(0)=0, and the individual transmitted

amplitudes a (Az) and a,(Az) of the two modes in the small section can be

co

calculated through Eq. (4.4) and are set as the input boundary condition for the
next section. By repeating these procedures over the investigated waveguide

variation and wavelength region, the final transmission spectrum can be obtained.
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4.1.2 Symmetry of Rl Modulation

The RI modulation symmetry may have significant effect on modes coupling.
For LPFG written in SMF by UV exposure [1] or in boron-doped fiber by small
CO; laser irradiation dosage [34], the RI modulation mainly locates in the fiber
core region, which is rather small compared with the entire fiber cross section.
Therefore, the RI modulation can be considered symmetric and the coupling
occurs from the core mode (LPy; mode) to the circularly symmetric cladding
mode (LPox mode). However, in the majority situations, due to the single side
laser irradiation, a large asymmetric RI modulation lies in the fiber cross section,
which excites a circularly asymmetric cladding mode (LP;x mode) [35-37] and
thus forms the mode coupling between the core mode and these asymmetric
cladding modes. The cladding mode field profile is strongly dependent on the

magnitude and the distribution profile of the RI modulation [35].
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Fig. 4.1 Fabrication system of LPFG with defocused high-frequency CO, laser.

In order to investigate the RI modulation asymmetry property, several LPFG
samples are written by CO, laser irradiation with different defocused length
(defined as the distance between fiber cladding surface and focus plane). The
fabrication setup is shown in Fig. 4.1. A high frequency CO, laser system with
wavelength of 10.6 um, repetition rate of 10 kHz, and average output power of

~0.5 W is used (Hans Laser). The SMF under irradiation is accurately positioned
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using a translation stage that can adjust the defocused length. The fiber is pulled
straight during the fabrication by a small weight clog (~5 g). The laser pulses
first scan perpendicularly along the fiber (y-direction) and then shift a grating
period along the fiber length (x-direction) before the next scan starts. The process
continues until the whole grating length is reached, which forms a complete
cycle. Usually several cycles are needed to write an LPFG with large resonant
dip depth. The same laser output power is employed for different scanning cycles

by keeping the control parameters unchanged.

Fig. 4.2 Cladding surface of LPFG with different defocused lengths (a) 0 mm (b) 1 mm (¢) 2 mm.

Three samples with different defocused length of 0, 1, and 2 mm, are made and
their surface morphologies are shown in Fig. 4.2 (a)-(c), respectively. Each of the
three samples has a grating pitch of 400 um and a grating number of 40. The
CO; laser has a focused beam spot diameter of ~35 um [38], which means that
the laser beam irradiation cannot reach the whole fiber surface when it is
accurately focused. When the defocused length is small, the laser can carve
minor periodical grooves on the cladding due to the high local temperatures

created [38], as shown in Fig. 4.2 (a) and 4.2 (b).

The near-field mode profiles at the resonant wavelengths of the three samples
have been examined by a system including a tunable laser (Agilent 8164B), a
lens, an infrared camera (Electrophysics 7290A), and a data collecting computer.
The output power of the tunable laser is kept constant during the whole
experiment. The tested LPFG is perpendicularly cleaved at one end of the grating
length in order to observe the near-field profile. The brightness of the mode field

profile is proportional to the mode energy intensity, which is related to the
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amplitude of RI change. The near-field mode profile of each sample at its
corresponding resonant wavelength is shown in Fig. 4.3. It can be observed that,
when the focus plane is accurately located on the cladding surface, the excited
cladding mode field has a strong angle-dependent profile, as shown in Fig. 4.3
(a). The mode field profile intensity also implies that the RI change is mainly
concentrated in the laser irradiation direction. The cladding mode field profile is
mainly a circularly asymmetric LP;s mode superimposed with other cladding
modes, which is determined by the mode field profile and the phase matching
condition simulated. With the increase of defocused length, the cladding mode
changes from a single-side hybrid mode like profile to a standard LP,c mode like
profile. Meanwhile, the mode field intensity implies that more power is confined
to the area near the core as the defocused length increases, as shown in Fig. 4.3

(b) and 4.3 (c).

Fig. 4.3 Excited LP,s mode of LPFG with defocused lengths (a) 0 mm (b) 1 mm (c) 2 mm.

The periodic residual stress relaxation is considered the main mechanism to form
the LPFG [39, 40]. When the focus plane is moved away from the cladding
surface, both the laser transmission loss in the air and the enlargement of the
affected area will lower the power intensity irradiated on the cladding surface.
This in turn reduces the laser penetration depth into the fiber, thus decreases the
heat depth of the silica glass [41]. This implies that the residual stress relaxation
mainly occurs near the cladding surface region in the laser irradiation direction,
while the fiber core is hardly affected. For the normal penetration depth, the RI
decreases linearly from the cladding surface to the core. However, when the
penetration depth is small, the RI change may follow an approximately quadratic
or exponential profile [35]. Based on this assumption, the LP;s cladding mode
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fields in a normal SMF with different side RI change profiles are simulated. The
expression for each of the profiles is: (a)n=mn,— yAn,; (b)n=n,— y’An, and
(c)n=n,— (e’ —1)An,, where ny is the initial cladding RI; y is the axis parallel

with laser irradiation direction, with the origin located at the core center; R is the
cladding radius; and An; represents the coefficient that ensures all three profiles

have the same largest RI change magnitude of 3x10™* at the cladding surface.

Fig. 4.4 Simulated LP;4 mode profiles with (a) none (b) linear (c) quadratic and (d) exponential

side cladding refractive-index change.

The FEM simulation results obtained are shown in Fig. 4.4, with the labels (a)—(d)
denote none (unperturbed fiber), linear, quadratic, and exponential cladding RI
change profiles of the fiber, respectively. The simulated results have a similar
variation tendency with results shown in Fig. 4.3 and hence can qualitatively
explain the relationship between the mode field distortion and the cladding RI
change profile. This relationship can be understood by the fact that the mode
field tends to shift toward the position where a larger RI exists. When compared
with the linear profile, the latter two possess the cladding RI change mainly near

the fiber surface, and therefore the cladding RI can be considered to be nearly
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circularly symmetric at the cladding—core boundary. The mode fields of the latter
two profiles tend to become standard LP;s modes, while the first profile is

strongly angle-dependent.

4.1.3 Polarization Dependent Loss

In-fiber polarizer based on LPFG has received wide attentions. For example,
such a device can be used as an in-line fiber polarizer [42] or a wavelength
switching element in a fiber ring laser [43]. Different types of fibers, including
polarization maintaining fiber, PCF, and hollow-core PBGF, have been used to
make such devices [43-45]. The main reason for the polarization dependency is

the asymmetric residual stress relaxation due to the single side laser irradiation.

The individual transmission spectrum and PDL of the three samples in section
4.1.2 with different defocused lengths are also investigated by an optical all-
parameter analyzer (Agilent 81910A), as shown in Fig. 4.5. It should be noticed
that since the air gap introduces a certain loss of laser energy, the larger the
defocused length, the more scanning cycles are needed to write LPFG with
similar resonant depth. The three samples here require scanning cycles of 7, 15,

and 80, respectively. During the scanning process, no over-coupling appears.

]

(ﬂ) —-=== Loss -
POL e
,-""ff' 4
‘10 ™, f”-’-’
\. - &
= s -  J-
rd
1A a
< g ’ 3 2
S ¥ .
=20 R E -20¢ Min
E Max
_,,_/'/"'f‘/\\ 0550 1550 166 1670 1600 ||
b Warveleagihinm)
H“‘\d_m-_._h_‘_ﬂ___
e |
s 1545 1555 1565 1575 1585

Wavelength{nm)

69



Chapter 4 Micro-holes based long period fiber grating (LPFG)

0, : ; 5
(]_}) ==—== Losz
oy PDL
- . A
"‘-._‘ n ’_'_.r""
“0- e J/ \ g
= @ v . | .
g |3 S ) 7 s
= A ’ =
= £ 10! W] ’ -
- “\[ / 2
i,
= é 0 M | I | 3 2t
=20 E Max ‘\.\ l !
" 1580 1585 L 'Ir’
Waroadenghynm| * !t# 1
|
“Ras 1545 1555 1565 1575 1685
Wavelength{nm)
o T T L]
______ === Loss
Bt PDL .
(c) e I
.. | 4
- M
- I
10 = “u II | |
—_— _ 8 | -
S S |. S8
3 E ™" LY I # =
E % =12 :-::1\ "~~ |'I \ (.'j 2 E
20 § -0 ‘]l't 1 ;
] ; | .-"I % \ ]
= A
= / l" ! i
1650 1676 1 G0 i []
W gt T T
— '—'_'_'_H-
50 1560 1570 1580 1590 1600

Wavelengthinm)
Fig. 4.5 PDL tests of LPFG with defocused lengths (a) 0 mm (b) 1 mm (c) 2 mm.

The PDL is calculated by means of the Mueller matrix method [46]. The LPFG
written by the focused light beam possesses a maximum PDL of 1.10 dB, which
is similar to that with large dimensional grooves (1.35 dB) [38] and edge-written
(originally 1.22 dB) LPFG [47]. However, by applying the defocused laser beam
for scanning and increasing the defocused length, the maximum PDL is greatly
increased to 3.68 dB (for 1 mm) and 4.38 dB (for 2 mm), respectively. The
polarization-induced dip changes of the three samples are 0.19, 0.95, and 0.6 nm,
respectively. The three LPFG have similar values of a single-side 3 dB stop
bandwidth of 32.46 nm, 32.53 nm, and 30.55 nm, respectively, which indicates
that the PDL difference among them is mainly due to the different levels of

photo-induced birefringence in the fiber.

Being different from that of the LPFG written with focused light beam [7, 39-41],

the asymmetric residual stress relaxation distribution profile in the fiber cladding
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cross section is the main reason for the enhancement of the polarization-

“ decreases while n®

dependent property [39]. In this situation, n; o

changes little, as

the RI change mainly occurs near the cladding surface. This also results in the
different resonant wavelengths of the three samples in Fig. 4.5. Moreover, the
simulation results in Fig. 4.4 demonstrate an increase in birefringence of the
four-fold degenerated LP,s mode with 3x107%, 4x107°, and 7x107°, respectively.
This increase in the cladding mode birefringence also contributes to the
enhancement of the PDL in the LPFG written with single side laser irradiation
[48]. LPFG fabricated with defocused CO; laser possesses a relatively large PDL
compared with that obtained by conventional methods, which means that it can
be effectively used as a polarization-sensitive element. The mode field profiles
obtained at the corresponding resonant wavelength show that with the increase of
the defocused length, the cladding area affected by the laser irradiation also

increases, which results in the mode field distortion and thus an increase of PDL.

4.2 Micro-holes Based LPFG in All Solid
Photonic Bandgap Fiber

LPFG can be inscribed in various types of optical fibers including PBGF [11, 23,
and 49]. PBGF confines light through the bandgap effect instead of the
conventional total internal reflection, exhibits different dispersion and nonlinear
properties when compared with normal communication SMF and as a result, has
received increased research attentions nowadays [50, 51]. PBGF can be divided
into two types, hollow core and all solid PBGF. In all solid PBGF, the guidance
is due to anti-resonant scattering from the high RI rods and the transmission
spectrum consists of discrete frequency bands. The modal properties are thus
very different from index guiding fibers, such as PCF and SMF. Compared with
hollow core PBGF, all solid PBGF has the advantages of easy fabrication and

small splicing loss with conventional SMF as no air hole collapse occurs [52].
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The non-photosensitive all solid PBGF used in this section (made by Yangtze
Optical Fiber and Cable, YOFC Ltd.) has 5 layers of high RI rods with a period
of 9.6 um. A buffering loop (with the diameter of 7.3 um) lies around each rod.
The buffering loop is fluorine-doped, which acts as an index-depressed layer
around the high RI rods (germanium-doped) in the unit cell of photonic crystal
cladding [53]. The RI (at 1550nm) of the high RI rod, the buffering loop and the
cladding are 1.4807, 1.4356, and 1.444, respectively. These parameters will be

used in the simulation later. The cross section of the fiber is shown in Fig. 4.6.

Fig. 4.6 Cross section of the all solid PBGF with a buffering loop lies around each high RI rod.

4.2.1 Micro-holes Based LPFG Fabrication

Compared with normal SMF, the high RI rods and the buffering loops of the all
solid PBGF will induce different internal stress distribution and thus the fs laser
fabrication parameters need to be adjusted. Through several trail processes, it is
found that the full through micro-hole may make the all solid PBGF extremely
brittle. For drilling half through micro-holes into the all solid PBGF, the MO is
selected with its magnification of 20x and NA of 0.8. The on-target pulse energy
is set as 6.3 uJ and kept constant during the experiments. The fs laser irradiation
time is set as ~40 s for each micro-hole. The focus point is located at the
cladding surface and aimed at the core central axis. By drilling micro-holes

periodically, a structural modulated LPFG device is fabricated. The micro-hole
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scale is about 62 um in depth (close to the cladding radius) with a cone angle of
5 degree (corresponds to 11 um in width at the cladding surface). The micro-hole

morphology in all solid PBGF is shown in Fig. 4.7.

Micro-hole

Fig. 4.7 Morphology of the half through micro-hole in all solid PBGF (a) cross section view (the

lines is resulted from CCD synchronized noise) (b) side view.

4.2.2 Properties of Micro-holes Based LPFG

The transmission spectrum of the LPFG is measured by the OSA with a
resolution of 0.5 nm. The evolution of the transmission spectrum of one LPFG
sample with a period of 610 pm is shown in Fig. 4.8 (a). The resonant
wavelength of the device is located at 1390.9 nm. The insertion loss is 14.40 dB
and the resonant depth is 25.96 dB (which is estimated as the difference between
the transmission loss at the resonant wavelength and the insertion loss). The high
insertion loss may be due to the following reasons: 1) the fabrication will remove
part of the fiber core; 2) the surface roughness of the microhole may result in
light scattering; and 3) the small difference in the focus position and the size for
each micro-hole, which affects the uniformity of the grating structure and leads
to the increase of the light scattering. In order to improve the grating behavior, a
more precise focus position should be achieved. Besides, the pulse energy and
the irradiation time should also be carefully adjusted as smaller pulse energy
together with longer irradiation time result in a smoother inner micro-hole

surface. Figure 4.8 (b) demonstrates the transmission spectra for the LPFG with
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different periods under the same laser exposure condition. The grating periods
are 585, 500, 400 and 380 um, with the corresponding resonant wavelengths of
1474.2, 1510.9, 1596.2 and 1621.4 nm, respectively. These LPFG have the
period number of 10, 11, 8 and 11, respectively. The spectra in Fig. 4.8 are not so
clean, which is due to the noise of the broadband light source used in the
experiments. The resonant wavelength of each sample is determined by
measuring the dip value of the transmission spectrum. For example, in Fig. 4.8
(b), the spectra are smooth at their dips and the resonant wavelengths can be

determined unambiguously except for that with the period of 585 pm.
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Fig. 4.8 Transmission spectra of (a) selected evolution spectra of one LPFG with the number of

the micro-hole (b) LPFG samples with different periods.

The total grating length of the LPFG fabricated by fs laser micromachining is

much smaller than that written in normal SMF, which is due to the extremely

74



Chapter 4 Micro-holes based long period fiber grating (LPFG)

strong structural RI modulation. The polarization dependent property of the
device proposed is studied in another sample with a period of 400 um. A fiber
polarizer is used to change the broadband light into a certain state of polarization
(SOP) and a polarization controller is used to change the SOP. The maximum
resonant wavelength change is 1 nm (from 1598 to 1597 nm) and the maximum
PDL obtained is 7.6dB, as shown in Fig. 4.9. The high PDL may be induced by
the one side structure modulation, which results in a strong asymmetry in fiber

waveguide and affects the birefringence of both core mode and cladding mode.
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Fig. 4.9 Polarization dependent property of a sample with the period of 400 um.

4.2.3 Mode Coupling

For LPFG fabricated in all solid PBGF, the mode coupling may occur between
the fundamental core mode and either cladding modes or guided supermodes
[49]. In order to identify the modes involved, the sample shown in Fig. 4.8 (a) is
cut off at the grating end and its near-field mode is measured by an infrared CCD
(Electrophysics 7290A) and a tunable laser (Agilent 8164B). The sample is
immersed in liquid with RI of 1.32, which changes the resonant wavelength to
1500.3 nm so as to fit in the minimum wavelength of the tunable laser at 1494
nm. Fig. 4.10 (a) shows the fundamental mode of the sample away from the

resonant wavelength, where most of the light energy is confined in the fiber core
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except one high RI rod (this may due to the surface roughness of the cross
section induced by cleaving). Fig. 4.10 (b) shows the mode profile at the
resonant wavelength and when compared with that in Fig. 4.10 (a), it is clearly
seen that the fundamental mode has split into three parts. This mode field profile
is considered to be the LP;; high order mode: the upper half (along the laser
irradiating direction) of the LP;; mode is split into two parts by the micro-hole

structure; while the lower half remains without obvious deformation.

Fig. 4.10 Near-field mode profile of the sample in Fig. 4.8 (a) when the external Rl is 1.32 (a)
LPy, core mode (b) LPy, cladding mode.

The mode field properties of the micro-hole based LPFG in all solid PBGF can
also be simulated by use of FEM. The simulation model is shown in Fig. 4.11,
with the parameters set according to the all solid PBGF and the micro-hole
dimensions stated before and the external RI is set as 1.32. The results obtained
are shown in Fig. 4.12 (a)~(d), which agrees with the observed results in Fig.

4.10. For simplicity, only the mode fields near the fiber core is displayed.
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Fig. 4.12 FEM simulation results of (a, b) the two-fold symmetry LPy; core mode; (c, d) the two-
fold symmetry LP;; cladding mode.

In the simulation results, the black arrows represent both the direction and the
magnitude of the modes electric field. The simulation demonstrates that both the
core mode and the cladding mode have two-fold symmetry: one with electric
field direction parallel to the micro-hole and the other perpendicular to the
micro-hole. Both the LPy; mode and LP;; mode are mainly restricted in the fiber
core. The phase matching curve (when external RI is 1.0) for the coupling
between the LPy; core mode and the LP;; cladding mode is also simulated by
FEM, as shown in Fig. 4.13. For the purpose of comparison, the experimental
phase matching curve, as data from Fig. 4.8(b), is also plotted in Fig. 4.13. Both
the curves show the decrease in resonant wavelength when the grating period
increases. The difference between the simulation and the experiment results may
be mainly caused by discrepancy between the simulation model and the actual
micro-hole dimension. Besides, the material dispersion, which is neglected
during the simulation and the dimension unconformity among the individual

micro-holes will also result in the difference, as a slight deviation of the laser
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focus spot at the cladding surface leads to a large shift of the microhole tip in the

fiber core, which strongly affects the structural modulated RI change.

Resonant wavelength (um)

1.35F

—=—Experiment
= Simulation

1350

400 450

500 550 600 630

Grating pitch (um)
Fig. 4.13 Phase matching curve for coupling between the fundamental mode and LP, like

cladding mode (solid line: experimental result; broken line: simulation result).

4.2.4 Application for RI sensing

The sample in Fig. 4.8 (a) is also immersed in different RI liquids to measure the

resonant wavelength change before being cut off. When the external RI changes

from 1.30 to 1.35, the resonant wavelength shift is 23.7nm (from 1485.6 to

1509.3 nm). The average external RI sensitivity in the range 1.30-1.35 is

estimated of 537 nm/RIU, as shown in Fig. 4.14.
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Fig. 4.14 Resonant wavelength shift of the sample in Fig. 4.8 (a) when the external RI changes

from 1.30 to 1.35 (circles: experiment data with error bar; broken line: linear interpolation).
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The DL of RI sensing is defined as DL=R/S, where R is the sensor resolution and

S is the sensitivity. R can be estimated as follows [54]: 1) the amplitude noise

(with an assuming SNR of 60 dB)o,,, =AA/(4.5SNR"*); 2) the temperature

stabilization, which is neglected here; 3) the 0.5 nm wavelength resolution has a

uniform error distribution ofo,,, =0.5/ V12 ~0.14 nm. And the estimated error

of the resonant wavelength can be obtained as3c =3,/c> +oZ . The DL is

amp spe
estimated to be 4x107° RIU. The RI sensing results obtained are shown in Fig.
4.14. The error performance poor since the 3-dB bandwidth A4 is quite large

(~90 nm). Besides, the resonant wavelength response to the RI may not be linear.

Compared with LPFG written in SMF of similar periods (~50 nm/RIU) [55, 56],
the relatively high external RI sensitivity of the resonant wavelength change
obtained has potential applications in RI sensing in the range around water. The
external RI change will lead to the effective RI change of the core mode and the
cladding mode simultaneously. Thus, the dispersion of both the core mode and
the cladding mode needs to be taken into account, while for LPFG in SMF [56],
only the cladding mode stands for the RI sensitivity. The present RI sensitivity is
not as high as that reported (~1500 nm/RIU) in PCF based refractometer [57].
However, the proposed structure is more convenient for external RI sensing as no
infiltrating liquid into the PCF is required, the process of which is difficult and
time-consuming. Another advantage of the device proposed is that the liquid

sample can be flexibly changed after each measurement.

4.3 Asymmetrically Located Micro-holes Based
LPFG in SMF

Due to the fiber price, it is favourable to develop micro-hole based LPFG in
SMF as those fabricated in all solid PBGF. However, substantial fabrication
difficulty has been found when implementing symmetrically located micro-hole
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based LPFG in SMF, since the core mode area of SMF is smaller than that of the
all solid PBGF, which implies a much smaller tolerance in geometrical non-
uniformity. The depth and location of the micro-holes will critically affect the
mode properties in SMF, and the inevitable processing errors in the geometrical
parameters of the micro-holes may virtually restrain the mode resonance in
SMF. Moreover, for symmetric located micro-holes, the FPI effect discussed in
section 3.2.1 is much stronger in SMF than that in all solid PBGF, because of

the different light guiding mechanism between the two fibers.

In this section, the fabrication of asymmetric micro-hole based LPFG by use of
fs laser is presented. Such an LPFG exhibits a relatively large tolerance to
geometry errors of the micro-holes and thus can be readily fabricated in the low
cost SMF. Moreover, a clearly decreased insertion loss and an almost linear

resonant wavelength shift to the external RI around water can be obtained.

4.3.1 LPFG Fabrication

In the experiment, the MO is selected with its magnification of 10x and an NA
value of 0.25. The focus point is located at cladding surface but positioned 6 um
away from the core center in the y-direction (in Fig. 2.5). The pulse energy is 15
uJ and the irradiation time for each micro-hole is ~30 s. Multiple micro-holes
are drilled with the same conditions and each time after one micro-hole is
created, the fiber is shifted with one grating period along the length. This
process continues until the LPFG with apparent resonance dip can be observed.
Fig. 4.15 shows the geometry schematic, cross section view and side view of the

asymmetric located micro-holes.
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Fslaser

(a)
Micro-hole
—

Cladding

Fig. 4.15 Morphology of the asymmetrically located micro-hole (a) geometry schematic (b) cross

section view (c) side view (of a sample with period of 450 um).

4.3.2 LPFG Performance and Mode Coupling

The transmission spectra evolution of a sample with the grating period of 450
um is shown in Fig, 4.16 (a). The transmission loss increases before obvious
resonant dip shows up for the first seven micro-holes. After 15 grating periods
are fabricated, the depth of the resonance peak around 1517 nm becomes the
deepest (over 20 dB). The insertion loss of the final device is ~5 dB, which is
much smaller compared with that in all solid PBGF (~14.40 dB as shown in Fig.
4.8). The resonant depth would dramatically decay if more number of micro-
holes were drilled due to overcoupling. The resonant peak near 1404 nm is
created due to the coupling of the fundamental core mode to cladding mode. The
near-field mode profiles of the core mode (at 1600 nm) and cladding mode at the
resonant wavelength (at 1517.4 nm) are observed, as shown in Fig. 4.16 (b) and
(c). For the core mode shown in Fig. 4.16 (b), the fringes distributed in the
cladding region may be caused by the scattering of the micro-holes. The mode
field profile in Fig. 4.16 (c) presents a dispersive intensity distribution of the

LP;¢ cladding mode, but slightly affected by the background noise.
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Fig. 4.16 (a) Transmission spectra evolution with the number of micro-hole and near-field mode

of (b) core mode at 1600 nm (c) LPy4 cladding mode at 1517.4 nm. The grating period is 450 pm.

The experimental and calculated phase matching curves of such kind of LPFG
are presented in Fig. 4.17. The simulation is performed with an FEM model
established according to Fig. 4.15 (a) with the following parameters: fiber core
diameter D.,=8.2 um, fiber cladding diameter D,=125 pm, fiber core RI
ne,=1.4689, cladding RI n,=1.4636, cone angle of the micro-hole 6=7.4°,
removed fiber core width d=1.4 pum, micro-hole diameter at the fiber core-
cladding interface D=6.5 um. The material dispersion is neglected in the
simulations. The calculated phase matching curve for the coupling between the
LPy; core mode and the LP;s cladding mode is shown as the blue curve in Fig.
4.17 (a). Several samples with grating periods from 400 to 460 pum are
fabricated and found that the resonant wavelengths were in good agreement with
the simulation results. Fig. 4.17 (b) illustrates the transmission spectra of the
samples with grating period of 410, 430 and 460 um, respectively. The

visibilities of the resonance peaks are all over 20 dB.
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4.3.3 Application for RI sensing

In order to investigate the RI response of the asymmetrically located micro-hole
based LPFG in SMF, a sample with period of 430 um is immersed into a series
of RI liquids. The RI of the liquids used are in the range of 1.31-1.38 (@589.3
nm). The resonance wavelength change is plotted in Fig. 4.18, with an average
RI sensitivity obtained ~190 nm/RIU in the investigated RI range. With the
increase of the surrounding RI, the resonant wavelength experiences a “red
shift”, which is different from the “blue shift” characteristic of the conventional
LPFG fabricated by UV or CO; laser [53, 54]. Besides, the resonant wavelength

shift has a linear response to the change of the external RI in this region.
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Fig. 4.18 RI response of the sample with a grating period of 430 pm.

4.4 Discussion

According to the CLM theory discussed in section 4.1.1, for LPFG with strong
waveguide variation, such as the structural modulated LPFG based on periodical
drilling of micro-holes, the mode energy coupling would mainly occur at each
waveguide variation region, which means only the core mode and the cladding
mode field profiles at that region need to be taken into account. These modes
will keep constant with each mode field profile and effective RI while
propagating along the remaining unperturbed fiber, until they reach the next
waveguide perturbation. Therefore in section 4.2 and 4.3, only the mode field

profiles at the waveguide geometry variation are simulated.

The transmission spectra of the micro-hole based LPFG, fabricated either in all
solid PBGF or SMF, are not as clean as those conventional LPFG fabricated by
CO; or UV laser. The most important reason stands for this phenomenon is the
geometry non-uniformity among individual micro-hole, which may result from
either the pulse energy fluctuation or focus point location difference. The slight
difference exists in the waveguide perturbation may result in a significant mode
field distribution variation, which makes the phase matching condition much

more complex than that expressed in Eq. (4.8) and thus a broader bandwidth of
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the transmission dip will be obtained. Since each micro-hole induces such a
strong structural modulation, the number of grating period required is then much

smaller than conventional LPFG and thus enables a compact device dimension.

l—'y

Fig. 4.19 Illustration of geometry errors induced by irradiation dosage fluctuation. The dark grey
elliptical area represents the ablation zone of a lower energy pulse, and the light grey elliptical

area represents that of a higher energy pulse, Ay and Az represent the error in y- and z-direction.

Compared with symmetrically located micro-holes, the asymmetrically located
ones can effectively lower the insertion loss since they remove a smaller part of
fiber core. And the less geometric errors would be induced by the irradiation
dosage fluctuation in the vicinity of the focus point, as shown in Fig. 4.19. Since
the Rayleigh length (in the z-direction) is much larger than the focused beam
diameter (in the y-direction), the irradiation dosage fluctuation induced
geometric error in the z-direction, Az, is also much larger than that in the y-
direction, Ay. Thus, asymmetrically located micro-holes that fully penetrate
through the fiber with side-wall contact of fiber core will result in less geometry
error, and thus smaller non-uniformity of each micro-hole perturbation
compared with the half through symmetric micro-holes that penetrate into fiber

core. However, more number of micro-holes is required.

4.5 Summary

In this chapter, the general theory of CLM for LPFG with strong waveguide
modulation is introduced, which divides the fiber into two parts: the waveguide
perturbation region and imperturbation region. The CLM implies that mode
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coupling can only occur between the fiber core mode and cladding mode in the
waveguide perturbation region, which is different from that of conventional
CMT that usually applied in most previous literatures. A numerical simulation
method by separating the waveguide perturbation region into small thin pieces is
introduced for calculating the transmission spectrum of such kind of strong

modulated LPFG.

The LPFG performances, including its transmission spectrum, mode filed profile,
PDL, and phase matching condition, strongly depend on its RI modulation
symmetry. A simple investigation of the effects of the RI modulation symmetry is
carried out on several LPFG written in SMF by CO, laser, with different
defocused lengths, which leads to different asymmetric RI modulation profile. It
is found that with a larger asymmetry RI modulation (or the local RI change
mainly occurs near the fiber cladding surface), the cladding mode at the resonant

wavelength suffers a stronger distortion and thus results in a larger PDL.

By fs laser periodically drilling micro-holes into the fiber, a novel kind of
structural modulated LPFG can be effectively created. Each micro-hole induces a
relative strong structural modulation (or waveguide perturbation) into the fiber,
which can effectively couples light energy from the core mode to certain
cladding mode according to the CLM theory. Two different types of micro-hole
based LPFG are developed, the symmetrically located micro-holes for all solid
PBGF and asymmetrically located micro-holes for SMF. Both the devices can be
applied as RI sensors. The individual cladding mode profiles are investigated for
each type. The asymmetrically located micro-holes can effectively reduce the
waveguide geometry error induced by the irradiation dosage fluctuation and thus

can enhance the uniformity and lower the scattering loss.
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Chapter 5 Fiber Bragg Grating Sensor
Integrated with Micro-holes

Fiber in-line RI sensors are attractive for chemical, biological and environmental
sensing because of their compactness, convenient operation, low cost and many
other advantages provided by optical fibers. However, most of the liquids to be
measured are temperature sensitive, which makes it difficult to determine their
RI values accurately because of the temperature induced cross sensitivity [1]. It
is therefore necessary to implement the simultaneous measurement of RI and
temperature. Various types of OFS have been developed for this purpose,
including sampled FBG, hybrid structure of FBG and LPFG, cascaded LPFG,
tilted FBG, D-type fiber, FBG embedded in polished fiber or etched fiber, double
cladding fiber and fiber interferometers, etc. [1-13]. In general, most of these
sensors determine the two parameters by simultaneously monitoring two
characteristic wavelengths, and the corresponding demodulating systems are
therefore complex. The wusually involved nonlinear RI response due to
evanescent-field coupling [14] also leads to a rather complicated sensitivity
matrix (e.g., different matrix coefficients exist in different RI ranges, or the
matrix is expressed as the sum of polynomials in different orders [2]), and

significant difficulties in performing automatic and real-time measurement.

By use of fs laser micro-machining, the micro-hole based RI sensor developed
in Chapter 3 has been demonstrated with the advantages of easy for fabrication
and capable of performing temperature independent RI measurement. The RI
sensitivity of the device would be further increased if more micro-holes could be
drilled along the fiber length. Recently, several kinds of FBG embedded micro-
structures, including micro-channel, micro-slot based hybrid waveguide, and

MZI developed in Chapter 3, are developed, which can be applied for
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simultaneous temperature and RI measurement [15-17].

In this chapter, a simple micro-structure OFS for simultaneous and independent
RI and temperature measurement is proposed and demonstrated. The sensor is
based on a number of asymmetrically located micro-holes mainly positioned in
the FBG region, which enables the fiber core interact with the surrounding
medium. Since the asymmetrically located micro-holes hardly destroy the
periodic structure of the FBG, the temperature change can still be determined by
observing the resonant wavelength shift of the FBG. Thus the temperature and
RI sensing can be carried out independently by detecting the FBG resonant
wavelength shift and its intensity variation, respectively. The system is
convenient in operation and supports simple demodulation method by
monitoring only one characteristic wavelength. This kind of device is a good
example for integration of micro-structure in fiber with other sensing element

inscribed in advance.

5.1 Device Fabrication

In the experiment, a second order type-II FBG with 3 mm grating length is
fabricated in SMF (without hydrogen loaded) by use of fs laser irradiation
through a phase mask in advance [19] and mounted on the 3D stage. For type-II
FBG, the induced index change is likely to be a result of plasma formation
caused by multi-photon and avalanche ionization process, which requires a
higher power threshold than that of type-I FBG. The high laser power may affect
the fiber glass structure and create a damage region inside the fiber, and the
periodical damage along the fiber forms the grating structure [20]. Fs laser
pulses are then focused onto the SMF cladding surface through a 20x MO with
the NA value of 0.50. The pulse energy is set as 10 uJ, with an irradiation time
of ~60 s. These parameters are kept constant during the fabrication to ensure a

good micro-hole drilling repeatability. The focus point is ~4 pm away from the
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fiber core center, along the y-direction and on the cladding surface. The first
micro-hole is located at the grating edge. Altogether 8 micro-holes are drilled,
with the hole-spacing of 500 um. The device here is not just a combination of
micro-holes and FBG as: 1) most of the micro-holes are fabricated within the
grating region, which supports a compact device dimension; 2) the micro-holes
are asymmetrical positioned a few pm away from the core center (being
different from that in [8]), which make one side of the fiber core partially
exposed to the external medium without seriously damaging the periodical
structure of FBG. A broadband light source and an OSA with the resolution of

0.01 nm are used to observe the transmission spectrum during the fabrication.

Fiber diameter 125 um

Core 8.2 pm

a~ # 0

Coreﬂé.me
500 pm

Fig. 5.1 Morphology of the micro-holes embedded FBG in (a) top view (focused at the cladding

surface) (b) cross section view (c) side view (d) top view (focused at the fiber core).

Fig. 5.1 shows the morphology of the micro-holes embedded FBG in different
views. It can be seen from Fig. 5.1 (d) that the periodical structure of FBG
almost remains unaffected. According to Fig. 5.1 (b), the diameter of the micro-
hole near the fiber core is estimated to be ~7.4 um and the depth of the micro-

hole is estimated to be ~80 um.

94



Chapter 5 Fiber Bragg grating sensor integrated with micro-holes

5.2 Individual Rl and Temperature Sensing

Two samples (noted as S1 and S2) with 8 micro-holes are fabricated to reveal
that different FBG with similar micro-hole structure and micro-hole number
exhibit similar transmission loss and hence similar RI sensitivity. Fig. 5.2 (a)
and Fig. 5.2 (b) show the transmission spectra of the initial FBG and the FBG
with micro-holes for S1 and S2. The initial transmission spectra (when no
micro-hole is drilled) of S1 and S2 have a pristine insertion loss of about 1 and
2.5 dB out of the resonant band, which are the insertion loss of the FBG
themselves. After fabrication, the corresponding insertion losses induced by the

micro-holes are 6.94 dB and 7.30 dB, respectively, which are close to each other.
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Fig. 5.2 Transmission spectra of initial FBG and FBG with micro-holes: (a) S1 (b) S2.

In the initial transmission spectra of both S1 and S2, sidelobes exist around the

main Bragg peak. These peaks may result from the coactions of the following
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reasons: (1) During the FBG fabrication, the fiber may have a slight vibration,
which generates small non-uniformity in the grating structure; (2) The forward
core mode may couple to the backward higher order cladding mode, which
results in the resonant dips with small depth in the shorter wavelength region
close to the main Bragg peak; (3) The FBG may have apodization at the two

ends and small internal defects, which results in multiple reflection of light.

In-situ RI measurement is carried out by immersing the FBG with micro-holes
into different RI liquids in the range of 1.30-1.45. Fig. 5.3 (a) shows the
responses of the two samples to the external RI change, where the intensity is
measured at the FBG resonant dip, Ag. For S1, the linear fitted RI sensitivity was
29.5 dB/RIU in the range between 1.300 and 1.450, with a linear regression
value of R=0.9981. For S2, the linear fitted RI sensitivity is 33.7 dB/RIU in the
range between 1.300 and 1.395, with R=0.9986. Both the samples exhibit a
similar RI sensitivity and the linear regression value, which ensure a good
linearity that can be used in practical applications. Both resonant dips do not
shift with the increase of external RI (S1 remains at 1570.85 nm and S2 at
1544.14 nm), owing to the fact that only a small portion of fiber core is actually
exposed to the external environment. This means that light energy is mainly
bounded inside the fiber core and thus the effective RI of core mode changes
little with variation of external RI. Fig. 5.3 (b) shows the transmission spectra of

S1 in different RI liquids, and no shift of dip wavelength Ap is observed.
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Fig. 5.3 Individual RI measurement (a) FBG resonant dip intensity versus RI (circles: S1;

squares: S2) (b) selected transmission spectra of S1 in different RI liquids.

Individual temperature measurement is performed by placing S1 in an column
oven (type LCO102), exposed to air, and detecting the shift of Az when
temperature is gradually increased from 20 to 90 “C. The result obtained is

shown in Fig. 5.4, with the sensitivity of 10.7 pm/C.
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Fig. 5.4 Individual temperature measurement: FBG resonant wavelength of S1 versus

temperature (circles: experiment results; line: linear fitted).

5.3 Simultaneous RI and Temperature Sensing

The simultaneous RI and temperature measurement is carried out, by immersing
S1 in a RI liquid with value of 1.340 (at 25 C, with a temperature coefficient of
-0.000338 /C), which is close to the RI of water. The temperature variation
range was chosen as 20-80 ‘C, in which the RI liquid could stand without

obvious evaporation. When the sensor was immersed into the RI liquid, the rise
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of temperature led to the reduction of the RI of the liquid and thus the resonant
dip intensity would also decrease. Fig. 5.5 (a) shows the resonant dip intensity Iy
versus external RI change induced by the temperature. The measured RI is
determined by Iy value and the linear fitted results in Fig. 5.3 (a). The
temperature induced measurement error and the temperature-RI cross sensitivity
are calculated as follows. The RI of liquid is firstly determined at different
temperatures according to its temperature coefficient, noted as the calculated RI
in Fig. 5.5 (a). Then we can find the corresponding intensity I; (according to the
calculated RI) by the linear fitted results obtained in Fig. 5.3 (a), noted as the
calculated intensity in the inset of Fig. 5.5 (a). The measurement error is then the
difference between I; and Iy in the inset of Fig. 5.5 (a). The maximum error
obtained is 0.06 dB at 70 “C, which results in the maximum RI measuring error
of 0.002. The error may come from the intensity fluctuation of the light source
and the fact that the RI liquid may not keep the same temperature coefficient
over the entire temperature range. The temperature induced wavelength shift of
Ag is shown in Fig. 5.5 (b), where the sensitivity obtained is 10.6 pm/C, almost
the same as that in Fig. 5.4, close to the typical value of type-II FBG [21],

showing a stable thermal property of the device, not affected by external RI.
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Fig. 5.5 Simultaneous RI and temperature measurement of S1 (a) FBG resonant wavelength

intensity versus RI (circles: measured RI, squares with line: calculated RI of liquid at different
temperatures), inset: FBG resonant wavelength intensity variation with temperature in the RI
liquid (circles: measured intensity Io; line: calculated intensity I;) (b) FBG resonant wavelength

shift versus temperature (circles: experiment; line: linear fitted).

5.4 Discussion

In order to check the mechanical strength of the FBG with micro-holes, a sample
with 8 micro-holes (with total fiber length of 24 cm) is measured with the failure
strain of 0.2%. Suppose glass fiber has a Young’s modulus of 70 GPa, this
failure strain corresponds to a failure stress of 0.14 GPa (or failure tension of
1.72 N if the fiber radius is 62.5 pm), which can be considered as a high loading
[22]. Another sample could be bent to a curvature radius of ~1.5 cm before
being broken. In RI and temperature experiments, the samples used are not too

fragile to be easily broken. Of course, proper care still needs to be taken.

Normally, the more micro-hole number, the larger micro-hole size and the
smaller deviation position from the core center, the larger the insertion loss and
hence the greater the RI sensitivity. Compared with the two samples, S1 has a
smaller micro-hole induced insertion loss and thus a smaller RI sensitivity. This

difference may result from the geometry error during the fabrication process.

An irregular wavelength dependent transmission loss exists in Fig. 5.3 (b),

99



Chapter 5 Fiber Bragg grating sensor integrated with micro-holes

which means that the RI responses of transmission loss are not the same at
different wavelengths. This may result from: (1) the periodical asymmetrically
located micro-holes can induce the LPFG effect as discussed in section 4.3,
which results in small irregular transmission dips when phase matching
condition is met; (2) each micro-hole can be seen as an MZI with small fringe
visibility and extreme large FSR, as discussed in section 3.3, and the a number

of cascaded holes can enhance the interference effect [23].

5.5 Summary

In this chapter, FBG with asymmetrically located micro-holes embedded sensor
is fabricated by use of fs irradiation. By direct detection of the FBG resonant
wavelength shift and its intensity variation, a simultaneous and independent
temperature and RI sensing can be achieved. The two parameters can be
determined by tracing only one characteristic wavelength, which is convenient
for practical system operation. The RI sensitivity obtained is ~29.5 dB/RIU in
the RI region 1.300-1.450, with a good linearity, which can be further increased

by increasing the number of micro-holes.
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Chapter 6 Fs Laser Assisted Selective
Infiltration Technique

The work of this thesis by now is achieved by only one fundamental application
of fs micro-machining: either local irradiation or line scanning. And the micro-
structures remain in the fabricated devices. In this chapter, by use of fs laser
assisted micro-machining, a selective infiltration of any air hole(s) of the PCF is
achieved in a convenient and flexible way. This technique applies both the two
basic ways, with several key problems taken into consideration, such as the
focusing beam geometry, the energy control and the focus point location, which
is an example for complicate fs laser micro-machining. Two devices based on
this technique, including a directional coupler and a two mode interferometer are
developed, which can be used for RI or temperature sensor with relatively high
sensitivity. The theoretical analysis on mode properties of the two devices is
presented by use of FEM simulation, and their sensitivities are also simulated,
which agree well with the experiment results obtained. No micro-structure is left
in the two devices, which broadens the application of fs laser micro-machining

in fabricating novel OFS.

6.1 Fs Laser Assisted Selective Infiltration

PCF is a type of micro-structured optical fiber (MOF) that contains a solid fiber
core, which is surrounded by periodical arrays of air holes in the fiber cladding.
Compared with normal SMF, PCF possesses many interesting modal and
dispersion properties and in addition, the air holes around the solid core make it
a potential platform for RI sensing. An elegant way is to infiltrate liquid analyte
with higher RI value than that of the background silica into certain air hole(s) of
the PCF [1], which strongly changes the guidance property depending on the RI

of the analyte. A commonly used way is to block the air holes not to be
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infiltrated while leave the other air holes open for infiltration [2]. The presented
techniques include air holes collapsing [3, 4], injection-cure-cleaving [5],
splicing MOF with a single-hole hollow-core fiber [6, 7], lateral access to the air
holes [8, 9] and direct manual gluing [1, 2, 10]. Overall, these methods have the
difficulties in flexibly and efficiently filling of any groups of air hole(s) with
similar air hole size in the cladding region. Besides, the steps are usually

complicated and inconvenient.

Compared with the previously reported ones, the fs laser assisted selective
infiltration technique developed here has certain advantages of excellent
flexibility and reliability, which is easily achieved. This technique includes the
following steps [11]: (1) a section of PCF is fusion spliced with normal SMF to
block all the air holes, (2) the SMF is then cut off at the position close to the
splice point by use of fs laser scanning and (3) the desired air holes are then
drilled full through from the cutting end of the SMF to the splice point by fs
laser so as to selectively infiltrate liquid into the PCF. In this chapter, the PCF
used is a commercialized LMA-10 type solid core PCF from NKT Photonics,
with 60 holes periodically locates in the fiber cross section. The air hole

diameter is 3.04 um and the hole-to—hole pitch is 6.26 pum, as shown in Fig. 6.1.

Fig. 6.1 Cross section of LMA-10 PCF from NKT Photonics.
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6.1.1 Fs Laser Cleaving

The sample of PCF spliced with SMF is mounted on the 3D translation stage.
The cleaving position is chosen to be ~10 um away from the splicing point. This
parameter is optimized due to the following principles:

(1) For a more accurate location of the laser focus point when drilling micro-
hole afterwards, one would wish to use the MO with a larger magnification.
According to the discussion in Chapter 2, the larger the magnification of the MO,
the larger the NA (and the smaller the focused beam waist), and thus the smaller
the Rayleigh length (or the micro-hole depth that can be drilled). Therefore, if
the cleaving position is too far away from the splicing point, the remaining SMF
may not be easily drilled fully through. Besides, the SMF layer that is too thick
may result in difficulty of locating the desired air hole for selective infiltration.

(2) On the other hand, the cleaving position cannot be chosen to be too close
to the splicing point so as to protect the splicing point stay unaffected from the
fs laser beam waist width during the scanning process. Since the micro-hole
drilled by fs laser is a cone structure as mentioned in Chapter 3, a certain
thickness of the SMF layer may help to prevent infiltration of unwanted air hole

in PCF when the cone angle of the micro-hole drilled afterwards is large.

L?_‘ Splicing point Splicing point
v

PCF j PCF

Mi('.l'o—grm':\;;l [:l 0 pm

E) m pe—
" 10 pm

(b)

Fig. 6.2 Fs laser cleaving (a) scanning direction (b) micro-groove made by scanning.

After the laser focus point is located at the desired position, the fs laser is then
scanning along the transverse y-direction along the SMF at the cladding surface,
as shown in Fig. 6.2 (a). The magnification of the MO is 20x, with its NA of

0.50. The fs laser scans across the SMF for 2~3 times, with a single pulse
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energy of 5 uJ and a scanning speed of 50 um/s. These parameters are chosen
so as to make the cleaving surface as smooth as possible while leaves a thin
SMF layer to still block the air holes and protect the splicing point without
damaging. The fs laser scanning process will leave a micro-groove across the
SMF, which generates a local stress concentration to break the redundant SMF

away easily. The micro-groove is shown in Fig. 6.2 (b).

6.1.2 Selective Opening of Air Hole(s)

After the fs laser cleaving process, selective opening of air hole(s) is performed
by fs drilling of micro-hole(s) directly on the cleaving surface. The sample is put
perpendicularly. To ensure an accurate locating of focus point, the MO with its
magnification of 60x and NA value of 0.85 is chosen. The laser focus point is
first located at the plane of splicing point, which makes the air holes of PCF
clearly seen, as shown in Fig. 6.3 (a). Then, the desired air hole for selective
opening is targeted. Finally, the focus point is moved to the cleaving surface,
which makes the remaining SMF layer clearly seen while the air holes blur as

shown in Fig. 6.3 (b).

Fig. 6.3 Focus point locating at (a) plane of splicing point (b) cleaving surface.

The drilling parameters are selected to be 3 pJ for the single pulse energy and
~40 s for the irradiation time of one micro-hole, so as to ensure (1) a through
micro-hole from the cleaving surface to the desired air hole of PCF for

infiltration, and (2) no connection between the drilled micro-hole and any other
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undesired air hole(s) of PCF. The drilled micro-hole is shown in Fig. 6.4.

Micro-hole

Micro-hole

PCF

Splicing point

Hym

Fig. 6.4 Micro-hole drilled in (a) top view at the plane of cleaving surface (b) side view.

6.1.3 Infiltration of Liquid

After the desired air holes are opened, the sample is then immersed in liquid
analyte to be infiltrated according to the well-known capillary effect. The
infiltration speed depends on the air hole size of the PCF, the viscosity and the
surface tension of the infiltrating liquid [2]. In order to obtain a PCF with liquid
infiltrated length as long as possible, the non-immersed PCF end should be left
open without fusion splicing and the infiltration time needs to be as long as
possible. After infiltration, the SMF section is cleaved to observe the infiltration
results of the remaining PCF. One example is shown in Fig. 6.5, with the

infiltrated air-holes easily distinguished from the others.

Holes infiltrated

N

Fig. 6.5 Example of infiltration result.
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6.2 Modes Coupling Resonant Sensor

By infiltrating high RI analyte into one air hole located at the second innermost
layer of the PCF, a directional coupler device can be fabricated. The high RI
analyte rod is a waveguide itself, which can support waveguide rod modes
beyond cutoff. Mode coupling can occur between the PCF fundamental core
mode and the fundamental or certain higher order mode of the high RI rod
according to the phase matching condition between the two modes. The phase
matching point is close to the cutoff point of the rod mode in wavelength, which
results in a sharp deep transmission dip in the spectrum. The phase matching

point is highly sensitive to the RI of the high analyte in the air hole.

6.2.1 Modes of High Rl Rod

PCF is known to confine light in the solid core by total internal reflection (or
called RI guiding) [12]. The effective RI of the PCF fundamental core mode
(core LPy; mode) nefr, core 18 slightly smaller than that of the background silica ny.
When high RI analyte is infiltrated into one air hole of the PCF, it forms a
waveguide (high RI rod) and can support different order waveguide rod mode
with effective RI nef;, we higher than ny,. Normally, the fundamental rod mode
(rod LPy; mode) has its Nesr, wg™nefr, core, Which means phase matching between
the core LPy; mode and the rod LPy; mode is impossible and no modes coupling
occurs. When nefr, wg>np,, the mode field of rod LPy; mode is confined in the
high RI rod and is therefore called a bound mode. However, the rod mode may
reach cutoff due to the waveguide dispersion or decrease in the rod RI, whereas
Nefr, wg<hpg. Its mode field i1s then no longer confined by the high RI rod but
distributed in the silica region between air holes and is therefore called a leaky
mode. The critical wavelength when rod mode reaches cutoff is noted as the
modal cutoff wavelength A.[1, 2]. Fig. 6.6 shows mode field profile of the core

LPy; mode, the rod LPy; mode before and after cutoft, by use of FEM simulation
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(the black circles indicate the air holes of PCF and only the region near the

mode field is shown for simplicity).

Fig. 6.6 Mode field simulation of (a) core LPy; mode (b) rod LPy; mode before cutoff (¢) rod
LPy; mode after cutoff.

6.2.2 Rl Sensitivity

During the transition region around the cutoff point of the rod mode, there is a
wavelength point when nef we=Nefr, core, Which satisfies the phase matching
condition and mode coupling occurs from the core mode to the rod mode. This
wavelength point is very close to A, and is extremely sensitive to the RI of the
high RI rod. The RI sensitivity S can be calculated according to the following
equations [1, 2]:

27
3 =7p« - (6.1)

c

An,,
S _ aﬂc _ : (4 hlghz (62)
anhigh nhigh - nbg
where pis the radius of the high RI rod,n,,,is the RI of the high RI analyte,

V. e {2.405, 3.832, ...} is the normalized cutoff frequency corresponding to

different order of rod mode (the values in the set equal to the first root of Bessel

function with different order, which correspond to rod modes of different order).

It can be seen that the RI sensitivity reaches maximum whenn,, =n,, .
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6.2.3 Temperature Sensor Based on Mode Coupling

In order to get a strong coupling and thus a deep transmission dip at cutoff
wavelength, liquid with RI slightly higher than the background silica is
infiltrated into the second innermost layer of LMA-10 PCF. There are 12 air-
holes in this layer, which can be divided into 2 groups, according to the distance
between the air hole center to the fiber core center, noted as type-A and type-B

[11], as shown in Fig. 6.7.

10 pm

Fig. 6.7 Two types of air holes in the second innermost layer of LMA-10 PCF.

For a prototype, one of the type-A holes is infiltrated of liquid with RI=1.46 (@
589.3nm, 25 ‘C, the temperature coefficient is -3.89x10 RIU/°C). Fig. 6.8
demonstrates the fiber geometry after the selective infiltration process. In the

experiment, the liquid filled PCF sample used is 2.4 cm in length.

One type A hole
infiltrated

Fig. 6.8 Selective infiltration of one type-A hole of LMA-10 PCF.

In the room temperature, there are no apparent transmission dips in the
wavelength range between 1500-1600 nm, which may due to the fact that the
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effective RI of rod LPy; mode is always larger than that of the core LPy; mode.
However, when the sample is heated to 34 ‘C (the type LCO102 column oven
has a display temperature accuracy of 0.1 ‘C and is enclosed to diminish the air
quenching induced temperature variance), apparent transmission dip appears.
The transmission spectra corresponding to the temperature range between 34.0
and 35.4 °C are recorded in Fig. 6.9 (a). At each temperature, the sample stayed
for 30 minutes before measuring the transmission spectrum so as to make the
temperature as stable as possible. And the dip wavelength variation with the
temperature is plotted in Fig. 6.9 (b), which appears to be a linear temperature
response, with an averaged temperature sensitivity of 54.3 nm/°C obtained in the
region between 1500-1600 nm. The dip wavelength is red-shifted with the

increase of temperature.
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Fig. 6.9 Temperature response of the sample (a) transmission spectra (b) shift of transmission dip.
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The modes involved in the coupling are the core LPy; mode and the rod LPy;
mode because of the close value of silica and the liquid analyte when heating to
34 °C and thus the similar dispersion properties of the two modes. To confirm
the coupling mechanism and the temperature sensitivity theoretically, the liquid
sample is modeled with the geometrical parameters aforementioned. The modal
dispersion properties are calculated numerically by use of FEM simulation. The

material dispersions of both silica [13] and RI liquid (with a Cauchy
approximation formula ofn(A) :a+%+% [14]) are taken into account, as

listed in Table 6.1.

Table 6.1 Calculated material dispersion of 1.46 RI liquid and silica.

Wavelength (nm) | RI of 1.46 liquid | RI of Silica
800 1.45466 1.45356
900 1.45337 1.45200
1000 1.45247 1.45066
1100 1.45180 1.44945
1200 1.45130 1.44830
1300 1.45091 1.44717
1400 1.45061 1.44603
1500 1.45036 1.44487
1600 1.45016 1.44367

The simulated mode field profiles of the core LPy; mode and the rod LPy; mode
are shown in Fig. 6.10 (a) and 10(b), respectively. There are no interactions
between the two modes in the wavelength region between 800-1600 nm, when
liquid is in room temperature. The rod LP¢; mode is more temperature sensitive
than that of the core LPy; mode, due to a much larger temperature coefficient of
the liquid than that of silica. Therefore, the effective RI of rod LPy; mode
decreases more significantly than that of the core LPy; mode and results in
interaction of the two dispersion curves. Fig. 6.10 (c) presents the mode profile
at the resonant wavelength, which means that light coupling occurs between the
fiber core and the high RI rod. The dispersion curves of the core LPy; and rod
LPy; modes at different temperatures (30 and 35 °C) are shown in Fig. 6.10 (d).
The effective RI change of the core LPy; mode introduced by the 5 C

112



Chapter 6 Fs laser assisted selective infiltration technique

temperature increment is too small to be observed in the figure.

(b (c)

Core LPy,
- = = RodLFy@30°C
N Rod LPy @35°C |

.,
e,

Effective RI

1.445F
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-,
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1.44 v : .
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Fig. 6.10 FEM simulation of (a) mode field of core LP,; mode (b) mode field of rod LP,; mode

(c) mode field of the two modes at resonant wavelength (d) dispersion curves of the two modes.

The region between the two crossing points of the core LPy; and the rod LPy,
dispersion curves determines the coupling wavelength region in the transmission
spectra of Fig. 6.9 (a). With the increase of temperature of the sample, the
effective RI of the rod LPy; mode decreases and hence results in a dramatic red
shift of the resonant wavelength, due to the very close dispersion properties of
the two modes. The simulated resonant wavelength shifts for ~292 nm from
1012 nm at 30 C to 1304 nm at 35 C, representing an averaged temperature
sensitivity of ~58.4 nm/°C. The exact discrepancy between the numerical results
and the experiment data of the exact resonant wavelength is possibly caused by

the geometry deviation of the simulation model from the virtual PCF sample.
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6.3 MZI Based Temperature Sensor

Being different from the directional mode coupling device developed in section
6.2, in this section, a novel kind of fiber-inline MZI is developed by selective
infiltration of two adjacent air holes in the innermost layer of the LMA-10 PCF.
The interaction between the higher order modes of the two high analyte rod can
support a hybrid mode, which can interfere with the core LPy; mode and leave
interference fringe in the transmission spectrum. When properly chosen the RI
of analyte, the FSR can be clearly identified. This device can also be applied as
a temperature sensor with a high temperature sensitivity. The modes involved in
interference and temperature sensitivity of the MZI device is also simulated by

FEM and compared with the experiment.

6.3.1 Device Performance

In this section, liquid with RI=1.47 (@589.3 nm, 25 °C, the temperature
coefficient is -3.92x10™* RIU/'C) is infiltrated into two adjacent air holes in the
innermost layer of the LMA-10 PCF. The motivation for infiltrating two air
holes here is to generate a stable guide mode with smaller attenuation than the
leaky mode generated by infiltrating only one air hole. On the other hand, if
more than two holes are infiltrated, more rod modes and hybrid modes may be
generated, which may make the interference fringe pattern complicate and not

convenient for sensing application. The infiltration result is shown in Fig. 6.11.

High _l_ll analyte

Fig. 6.11 Selective infiltration of two adjacent air holes.
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After the infiltration is completed, the sample is cut back from the non-
immersed fiber end and observed the result with the help of a microscope, until
all the remaining PCF to be used is fully filled of liquid. The initial infiltrated
PCF length is approximately 8.2 cm. Such a sample is then spliced with SMF on
both ends and its transmission spectrum is measured. After each measurement,
the sample is cut back again to allow measuring the transmission spectrum of
the device with a different PCF length, as shown in Fig. 6.12. It can be clearly
seen that interference fringe pattern exists in each transmission spectrum and the
FSR of the fringe pattern increases with the decrease of PCF length. The FSR
around 1550 nm is 8.7, 16.7, 24.2, and 40.2 nm for the PCF length of 8.2, 5.2,
3.4, and 1.8 cm, respectively. The relatively large insertion loss corresponding

to the device length of 8.2 cm may be created in the splicing process.

Transmission (dB)

3250 1350 1450 1550 1650
Wavelength (nm)

Fig. 6.12 Transmission spectra of the sample with different PCF lengths.

According to Eq. (3.3), the effective RI difference An,r of the two modes
involved in interference can be calculated as 3.4x107 , 2.8><10'3, 3.0x10” and
3.4x107, for the different PCF length respectively. The difference in the
calculated An.; values may result from the measurement error of the device
length. In Fig. 6.12, apart from the main fringe structure, a slowly varying
envelope can also be found. This may due to the interference between the

polarization modes, which has a much smaller 4n.rand hence a larger FSR than
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that of the main fringe. However, when the device length is reduced, the
visibility of the main fringe pattern increases and the slowly varying envelope

has little effect on the transmission spectrum.

6.3.2 Simulation of Modes Involved in Interference

In order to identify the modes involved in the main interference fringe pattern,
the first four modes (each is two-folder degenerated) with the largest effective
RI values are simulated by FEM, as shown in Fig. 6.13. For the sake of
simplicity, only one polarization state is plotted. The arrows in Fig. 6.13 stand
for both the amplitude and the direction of the mode electric field. The modes in
Figs. 6.13 (a) and 3(b) are the bound modes of the high RI rods, but with
different electric field directions of the two rod LPy; modes: the modes in Fig.
6.13 (a) have the same electric field direction, while in Fig. 6.13 (b), the
directions of the two rod LPy; modes are opposite. Such a difference in electric
field direction results in a difference in effective RI, as well as in intermodal
coupling. Mode in Fig. 6.13 (c) is the PCF core LPy; mode and mode in Fig.
6.13 (d) is denoted as the hybrid mode confined by the two high RI analyte rods.

pO @

Fig. 6.13 Simulation of the first four mode fields, only the y-polarization state is plotted.
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Being different from the real core mode supported by the second fiber core [16-
21], the hybrid mode here is actually the overlap of the two LP;; higher order
rod modes (which is the first higher order mode of the infiltrated holes) of the
two high RI rods when they have the same electric field direction. This overlap

makes the mode field intensity in the region between the two high rods stronger.

Table 6.2 Calculated material dispersion of 1.47 RI liquid and silica.

Wavelength (nm) | RI of 1.47 liquid | RI of silica
1250 1.45985 1.44773
1300 1.45964 1.44717
1350 1.45945 1.44660
1400 1.45929 1.44603
1450 1.45914 1.44546
1500 1.45900 1.44487
1550 1.45888 1.44428
1600 1.45877 1.44367
1650 1.45867 1.44306

1.452
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BN
I
)]

Effective Rl _,
o :
I
(4]

1.44f

1.437F

1'4%‘%50 13I50

Fig. 6.14 Simulation of the dispersion curves of the four modes in Fig. 6.13 (a)-(d).
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The dispersion curves of the modes appear in Fig. 6.13 are also simulated by use
of FEM, with material dispersion (shown in Table 6.2) being taken into account,
as shown in Fig. 6.14. According to the simulated effective RI values of each
mode and the previously calculated An.y; the two modes involved in the main
interference pattern should be the core LPy; mode and the hybrid mode. It is

worth noting that the hybrid mode always has a smaller effective RI than that of
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the background silica, and thus is confined by the hole—silica structure. This is
due to the fact that in the wavelength range between 1250 and 1650 nm, the
dispersion curves of the core LPy; mode and the hybrid mode do not intersect,
and therefore no mode coupling will occur since the phase matching condition

cannot be satisfied.

Meanwhile, the birefringence of each mode (which is the difference in effective
RI between the x-polarization and the y-polarization state of each mode) is
simulated as 1.1><1075, 5.0><1076, 7.O><1076, and 7.7x107 for the modes of Fig.
6.13 (a)—(d), respectively. The hybrid mode has the largest birefringence, which
corresponds to a polarization mode interference with FSR of around 380nm
when the device length is 8.2 cm, similar to that obtained by measuring the

slowly varying envelope as shown in Fig. 6.12.

6.3.3 Temperature Sensitivity

The selected spectra and the wavelength shifts of the fringe dip corresponding to
different PCF lengths in different temperatures are shown in Fig. 6.15, where the
temperature sensitivity obtained for the PCF lengths of 1.8 and 3.4 cm is 6.0 and
7.3 nm/°C, respectively. The heating oven is the same as that used in section 6.2.
The sensitivity variation may come from the temperature fluctuation during the
measurement: because of the high temperature sensitivity, a slight temperature
fluctuation results in a large measurement error. Although any wavelength dip
(peak) can be traced in the measurement, the fringe dip around 1550nm (the
initial fringe dips are 1555.6 and 1534.5nm for the PCF lengths of 3.4 and 1.8

cm, respectively) is chosen, which simplifies the subsequent simulations.
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Fig. 6.15 Temperature sensitivity of the interferometer with different PCF lengths (a) selected

transmission spectra when PCF length is 3.4 cm, circles: traced fringe dip (b) selected
transmission spectra when PCF length is 1.8 cm, circles: traced fringe dip (c) traced fringe dip

wavelength shift for different PCF length: circles, 3.4 cm; squares: 1.8 cm; lines: linear fitted.

The temperature sensitivity for a certain fringe dip A of the MZI is expressed as
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Eq. (3.4). Since the liquid high RI analyte usually has a much larger thermo
coefficient than that of silica [22], the temperature sensitivity of the device is
much larger than that of the conventional temperature sensor device based on
changing the RI of silica only. The thermo coefficient of the core LPy; mode and
the hybrid mode can be simulated through FEM and the results obtained are

—2.0x107°/"C and —2.1x107 /°C, respectively, as shown in Fig. 6.16.
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Fig. 6.16 Simulation of the thermo coefficients of the core LPy; mode (circles) and the hybrid

mode (squares); lines: linear fit of the simulation results.

According to Eq. (3.4), the temperature sensitivity is approximately 7.7 nm/C,
which is reasonably close to the experimental results obtained in Fig. 6.15. The
temperature sensitivity obtained from the experiment is much larger than that of
the air-cavity-based MZI [15] or a dual-core structured PCF [21]. Moreover, the
close values obtained in the experiment and in the simulations also imply that
the main interference pattern is most likely produced by the core LPy; mode and

the hybrid mode generated from the coupling of the two rod LP;; modes.

6.4 Summary

In this chapter, the fs laser assisted selective infiltration of air hole(s) in PCF has
been developed and applied for fabricating RI or temperature sensors, which
includes a series basic operations of fs laser micro-machining. This technique
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has shown its advantages of highly flexibility, reliability and accuracy for
infiltrating any groups of air hole(s). Two kinds of devices based on this
technique are also developed for temperature sensing with high sensitivities. The
FEM simulations are performed for the temperature sensitivities and compared
with the experiment results. For mode coupling device based on filling of one
type-A air hole, the liquid is desired to have a similar RI value to that of silica,
and the mode coupling occurs between the core LPy; mode and the rod LPy,
mode, when the dispersion curves of the two modes have interactions. This
results in a transmission dip at the resonant wavelength. The temperature
sensitivity can be as high as 54.8 nm/°C, with a resonant wavelength region of
292 nm. Another device developed is based on infiltrating of two adjacent air
holes with the same RI value, which generates a hybrid mode from the mode
coupling of the two rod LP;; higher-order modes. This hybrid mode interferes
with the core LPy; mode, and the sample in this chapter has a temperature
sensitivity of ~7 nm/°C. The two devices developed have shown the possibility
for other devices developed by infiltrating versatile groups of air holes, and thus

enable the fs assisted selective infiltration technique a wide application.
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Chapter 7 Conclusion and Further Work

7.1 Conclusion

In this thesis, with the help of fs laser micro-machining, several kinds of novel
micro-structures are fabricated on optical fibers. Compared with normal OFS,
these micro-structures embedded devices possesses the advantage of compact
device dimensions and relative high sensitivities, which may help to achieve

small dimensional sensing such as the idea of point sensing.

The fs laser micro-machining system is built up for fabricating micro-structures
on the fiber. The laser pulse parameters, including the spatial beam diameter and
the single pulse energy can be adjusted by the external optical path. A
microscope system including a 3D translation stage and a CCD camera is used
for real time observation of the fs laser micro-machining process. The MO can
focus fs laser directly onto the fiber under fabrication. Normally, MO with larger
magnification has a larger NA value and thus a smaller focused beam diameter
at the beam waist, and therefore, the focus point will have larger spatial laser
intensity. Besides, MO with larger magnification can enable more accurate
positioning of the focus point on the fiber. However, the Rayleigh length is also
smaller, which limits the depth of the fabricated micro-structure. Proper

selection of MO depends on the micro-structure to be fabricated.

By local fs laser irradiation, a micro-hole can be effectively drilled into the fiber
core center without chemical etching. This micro-structure can be applied for RI
sensing by detecting the transmission loss at certain wavelength. The RI sensing
property depends on the diameter of the micro-hole at the core, which can be
changed by adjusting proper pulse energy and irradiation time. The transmission
loss responses to the external RI are linear for both the half through micro-hole
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and the full through micro-hole with diameter (near the fiber core) larger than
that of the fiber core. The temperature-RI cross sensitivity of the half through
micro-hole is less than 4.0x10™, obtained by immersing it into water and
measuring its transmission loss while heating the water. This enables a

temperature insensitive RI measurement achieved by the micro-hole structure.

A micro-cavity can be fabricated in SMF by line scanning the fs laser focus
point along the fiber length. The micro-cavity is positioned asymmetrically on
one side of the fiber core and acts as one arm, while the remaining fiber core
acts as the other arm, to form a fiber-inline MZI. The extreme large RI
difference between the two arms enables a much more compact device length
for certain OPD requirement. Different micro-cavity lengths in the order of tens
of um are fabricated and the corresponding FSR are observed. The visibility of
the fabricated MZI can be optimized to be larger than 15 dB by removing the
core width properly and using a slow and repeated fs laser scanning process. The
micro-cavity is a permanent structure as long as the cavity length does not
change with temperature, which enables a high temperature sensor up to 1100 ‘C
with a good precision and repeatability. Besides, the device has a considerably

high RI sensitivity of ~9300 nm/RIU for RI change around water.

When periodical micro-holes are drilled along the fiber length, a novel kind of
structural modulated LPFG can be fabricated by fs laser micro-machining. In
this thesis, symmetrically or asymmetrically located micro-holes based LPFG
are fabricated in all solid PBGF and SMF, respectively. Such a structural
modulated LPFG belongs to the type of strongly waveguide variation LPFG;
whose coupling mechanism can be explained by a CLM theory. The cladding
modes involved in mode coupling are checked by both simulation and
experiment observation to be LP;; and LP;s modes for the two kinds of fiber,
respectively. The experimental phase matching curves of the corresponding
cladding modes are also compared with simulation results. The RI responses of
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the two types of LPFG have been checked in the RI range around water (1.33).
Compared with normal RI modulated LPFG, the higher RI sensitivities around
the RI of water enables structural LPFG as RI sensor for water solution. This
kind of device demonstrates the possibility of integration of multiple micro-

structures into one fiber and together develop functional OFD.

The micro-hole embedded FBG device is developed through asymmetrically
positioning several micro-holes in the FBG region with the FBG sensor
inscribed in advance. The micro-holes can make the fiber core partially exposed
to the external environment without significantly damaging the periodical FBG
structure. This device can be applied as simultaneous and independent
temperature and RI sensor, by tracing only the FBG resonant dip with both of its
wavelength and transmission. It also has a compact dimension and is convenient
in operation. The micro-hole embedded FBG sensor shows the possibility of
embedding micro-structures in optical fiber without destroying other sensing

element inscribed according to the fine property of fs laser micro-machining.

Fs laser assisted selective infiltration of air hole(s) in the commercial LMA-10
PCF is developed. The main steps of this technique include: (1) fusion splice
with SMF to block all air holes; (2) laser cleaving near the splicing point and (3)
open certain air hole and infiltrate liquid analyte with RI higher than the
background silica into the opened air hole. By infiltrating a type-A air hole of
the LMA-10 PCF, a directional coupler is achieved by coupling the PCF core
mode to the LPy; mode of the high RI rod. Another kind of MZI can be achieved
by infiltrating two adjacent air holes of the innermost layer: a hybrid mode can
be supported by the coupling of LP;; modes between the two high RI rods,
which interferes with the PCF core mode. Both the two types of devices can be
applied as temperature sensors with very high temperature sensitivity. The

temperature sensitivities are simulated to be close to the experiment results.
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Compared with the micro-structure based OFS reported in previous literatures,
this thesis has proceeded with the work of fs laser micro-machining on optical
fiber in the following aspects: (1) Several novel kinds of micro-structures are
developed in optical fiber, some of which can be applied as other functional
OFD besides their sensing application, such as the micro-cavity MZI and the
micro-holes based LPFG; (2) This thesis also demonstrates the possibility of
integration of multiple micro-structures into one fiber, such as the periodical
micro-holes based LPFG and the micro-holes embedded FBG sensor. The latter
case also makes progress for integrating micro-structures into fiber with other
sensing element inscribed in advance; (3) The fs laser assisted selective
infiltration technique broadens the applications of fs laser micro-machining in

fabricating novel fiber devices without micro-structures left in the final device.

7.2 Further Work

The micro-structures developed in this thesis are directly fabricated into fiber,
with relatively large pulse energy and thus part of the fiber is removed. This may
result in a coarse morphology of the ablation surface due to the thermal effect,
which induces unwanted scattering loss and geometry error. One promising
solution is to take advantage of the internal fabrication ability of fs laser. With
the fs pulse energy smaller than the threshold energy for material damage, RI
modulation region (or imprint) can be induced inside the optical fiber. This
imprint can be removed by diluted HF with a much larger etching rate than the
other part of fiber without imprinting so that the desired micro-structure can be
obtained, with its surface much more smooth than that of direct ablation.
However, the imprinting pulse energy, the concentration of HF, and the etching
time need to be optimized, which may be a time consuming work. One of the
applications of the chemical etching assisted fs micro-machining is to fabricate

micro-structure inside the optical fiber, such as micro-ring and micro-waveguide.
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Another important issue to be addressed before the micro-structure OFS can be
practically used is the proper protection of the devices. Since part of the fiber is
removed, the mechanical strength will be significantly lowered, although the
devices in experiments are not easily broken. A straight ceramic or stainless steel

tube with proper adhesive glue may help to achieve this purpose.

The ultra-high pulse intensity of fs laser and its ablation mechanism may help to
achieve micro-machining on special Sapphire fiber, which has a relative high
melting point over 2000 °C (and therefore can hardly be processed by normal
lasers such as CO, or UV laser). The single crystal property makes the Sapphire
fiber only has a core rod structure without cladding, being different with normal
SMF, which may lower the transmission loss when micro-structures are

fabricated into it.

The fs laser assisted selective infiltration technique opens a way for highly
flexible infiltration of any air hole(s) of PCF. The devices developed in this
thesis are just prototypes for application. Further works, including optimization
of the device length for efficient coupling, selection of suitable RI as the
infiltrated analyte, and solidification of the liquid analyte need to be carried out.
Moreover, other functional devices can be developed by this technique. For
example, if a series of in-line air holes are infiltrated with RI smaller than
background silica, the resultant fiber may turn into a Hi-Bi PCF, with its
birefringence tuneable. Besides, this technique can produce internal metal rods
in PCF if melting gold can be successfully infiltrated, which has potential

applications for integrated metal switch or surface plasma resonant sensors.
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