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Femtosecond laser direct writing in transparent materials such as glass and optical
fibers has been used as a versatile tool in order to fabricate various 3-D photonic
structures such as active and passive waveguides, couplers, gratings and diffractive
optical elements (DOESs). This capability of patterning and refractive index modification
in the bulk of transparent materials depends on the nonlinear absorption phenomenon.
This practical technique has the potential to be used for cost effective and simplified
manufacturing in various applications. This thesis examines three advanced
manufacturing techniques that use ultrashort pulse filamentary propagation induced by
nonlinear absorption in the transparent materials. First, a new gradient index lens
fabrication method using femtosecond laser direct writing is introduced. Light that passes
through the lens with refractive index change resulting from localized energy deposition is
focused using a beam profiler. Second, wide welding area of glass samples are used to
fabricate microfluidic devices with long channels by adopting customized fixture. The fixture
making artificial pressure helps the two glass samples have wide optical contact area and the
highly intensive pulse filamentation strongly joins glass slides. As an example of a more
specific application, microfluidic samples with long grooves sealed by femtosecond laser
welding were successfully fabricated as part of this project. Finally, a screw-shaped, long-

period grating sensor was fabricated by rotating the optical fiber. This technique enables the



fiber core to have asymmetric refractive index change, resulting in higher sensitivity
compared to conventional long period grating sensors. Also, a new long-period grating sensor
with reverse bending effect has been demonstrated by producing complex pitches of

refractive index change.
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Chapter 1: Introduction

A variety of research projects have investigated material processing, biomedical
devices, sensing systems, chemical analysis and a wide-range of scientific applications
since the invention of lasers in 1960 [1]. Since that time, ultrashort pulsed laser systems
have been developed not only to generate high peak power but also to minimize damage
and heat affected zones for improved performance [2, 3]. In the long-pulse method,
machining is carried out through the evaporation of material in the work surface. The
pulse duration of long-pulse lasers is longer than the heat diffusion time [4]. Therefore, it
is hard to accumulate threshold heat that would result in material damage. The energy
delivered by a laser pulse easily diffuses before the next pulse strikes the machining spot.
Instead of plasma, material in the work surface is driven into its molten phase.
Consequently, diffused heat influences the morphology of machining and is one of the
key parameters for the quality of micromachining [5, 6]. The efficiency of the machining
process by long-pulse lasers is accordingly reduced due to the escape of energy from the
work surface. For this reason, it is hard to precisely micro-machine materials which are
good conductors of heat. Moreover, heat diffusion does not allow the working
temperature to raise much beyond the melting point of the sample material. Therefore, a
molten zone is reached in the work surface instead of producing a plasma state. Molten
material in the work surface keeps boiling due to the nonstop striking of laser pulses.

Ejected drops of the molten material contaminate the sample [7] .



Elimination of such contaminants is usually very difficult without damaging the
sample. As well as the efficiency reduction and sample contamination, heat diffusion
leads to several unintended phenomena such as surface ripple and reduced machining
accuracy. Diffused heat expands the molten zone so it is much larger than the beam spot.
Consequently, it is not possible to machine micron features with long-pulse lasers. Heat
diffusion results in numerous undesirable side effects, such as heat affected zone, shock
wave, and micro-cracks that reduce the quality of machining [8]. For instance, the cracks
introduced sometimes travel beyond the machining zone and destroy adjacent structures
(typically 10um — 1mm) [9]. Ultrashort pulse lasers, however, can successfully overcome
the drawbacks of long-pulse lasers. Their ablation process reduces the unexpected
phenomena that take place in the case of long-pulse laser machining. The short pulse
duration of femtosecond lasers inhibits heat diffusion from the work spot of the sample
material. As a result, pulse energy accumulates and immediately raises the working
temperature beyond the evaporation point of the material [10]. In fact, temperatures
continue increasing until the material enters the plasma state. Plasma state has very high
power density that few metals can withstand. Therefore, it is possible to machine any
material easily with high-precision using femtosecond lasers. Thus, the ultrashort-pulse
lasers open new research areas in ultrafast optics, encouraging research groups all over
the world. Ultrashort-pulse lasers have an advantage compared to conventional lasers.
Extremely high intensity can be produced by the focused ultrashort laser pulses. As a
result, technologies of light-matter interactions such as table-top ultrafast generation,

filament propagation in air and ultrafast laser material processing can be achieved [11-13].



This thesis focuses on advanced manufacturing techniques using ultrashort laser pulse
interaction with transparent materials. Hirao fabricated optical waveguides inside glass
materials using femtosecond laser pulses in 1996 [13]. Sub-micrometer sized refractive
index inside transparent materials was modified storing three-dimensional data for
engraving very fine-scale patterns inside transparent materials such as fused silica, fused
quartz, sapphire and BK7 optical glass [14]. Since this original study of refractive index
modification inside transparent materials, various applications have been investigated by
researchers: such as laser surgery [15], integrated optics [16], three dimensional micro-
structuring [17], and optical data storage using ultrashort- pulse laser [18]. Moreover, the
first demonstration of long-period fiber Bragg gratings has attracted significant attention
in the field of fiber optic sensors [19]. Also, nonlinear absorption phenomenon has been
shown to enable the joining of transparent materials without any intermediate material
[20]. Despite these advantages of ultrashort pulse induced modification in transparent
materials, it is still challenging to apply this mechanism in practice due to the complex
fabrication methods, which require very sensitive work on the laser parameters such as

power, irradiation time and sample preparation of various transparent materials.

The main objective of this thesis is to introduce advanced fabrication techniques using

femtosecond laser pulse induced machining in transparent materials for optical devices.



1.1 Femtosecond laser direct writing technique

Due to its straightforward fabrication method and flexibility, femtosecond laser direct
writing (FLDW) has been employed in various applications requiring material processing
in transparent materials. Figure 1.1 shows the femtosecond laser direct writing process

that creates 3-D structures.

<™

Figure 1.1 Schematic of femtosecond laser pulse induced material modification in a transparent

material [21].

The unique and distinct feature of 3-D material modification using femtosecond laser
direct writing is achieved by nonlinear absorption processes under ultrahigh intensity.
This localized high intensity of laser pulses produces 3-D volumetric structural changes

in transparent materials. Moreover, the tightly focused beam produces controlled patterns



without additional process and expensive consumable parts such as post-heat treatment
and photo masks. This enables manufacturers to fabricate customized devices and
prototypes by simply creating the desired computerized scanning path and optical
configuration. Femtosecond laser direct writing has been used as a versatile tool in the
fabrication of various 3-D photonic structures such as active and passive waveguides
[13], couplers [22], gratings [23], and diffractive optical elements (DOEs) [24]. This
capability of patterning and refractive index modification in the bulk of transparent
materials depends on the nonlinear absorption phenomenon discussed in Chapter 2.
Figure 1.2 compares the nonlinear and linear absorption by embedded 3-D controlled
patterning. An absorption band at the incident wavelength is shown in the material (a)
while the nonlinear absorption localized within a focal volume occurs in the material (b).
This confined nonlinear absorption occurs when the laser intensity exceeds the threshold

of structural modification.



(b)

Figure 1.2: Schematic diagram of linear (a) and nonlinear absorption (b) in a transparent material
[21].

High transparency materials and high intensity of the laser pulse are the
requirements for nonlinear absorption to occur in glass materials. Under these
circumstances, nonlinear absorption is confined when the laser beam is tightly focused in
the transparent material, which is called filament. Filament can be used as an optical pen
to modify the refractive index or to write new structures into transparent materials. Also,
the tightly focused femtosecond laser beam can be controlled by external parameters such
as laser power and numerical aperture of objective lens. In other words, the process of
modifying structures in the transparent materials is highly dependent on optical
components and irradiation schemes. Generally, the dimensions of gratings inside

transparent materials and the laser induced refractive index changes are controlled by



laser parameters (wavelength, pulse width, power and repetition rate), mechanical
parameters (scanning speed, precision of stage) and optical parameters (numerical
aperture, beam reflection mirrors). With these controlled laser and optical parameter,
pulse filamentation is achieved in glass materials and an important tool for the

fabrications of various optical devices in this thesis.

1.2 Contribution

Three manufacturing techniques using transparent materials, such as glass and optical
fibers, are introduced in this thesis. Each uses ultrashort pulse filamentation. Pulse
filaments provide controlled pulse energy, enabling the fabrication of various optical
devices such as microfluidic device and optical fiber sensors. Although there are plenty
of methods to manufacture optical devices, they are either expensive or rely on complex
processes. | propose a new concept of gradient index (GRIN) lens fabrication using thin
glass plates and pulse filamentation. This method using femtosecond lasers has not yet
been reported by other researchers, so only the concept viability and potential to improve
manufacturing are demonstrated in this thesis. In addition, my experiments resulted in a
wide welding area of glass samples when compared to other studies (maximum 1 x 1 cm).
This was achieved by using customized fixtures and intense pulse filaments. Finally,
highly sensitive long-period fiber grating sensors with symmetric refractive index change

was fabricated by rotating the fiber and a new long period grating with complex helical



shape of refractive index change in the fiber was produced, which suggests possibilities

for future applications.

1.3 Content summary

Chapter two presents the basic principles of nonlinear absorption and ionization

that occur as a result of the interaction of ultrashort laser pulses with transparent materials.

Chapter three explains the refractive index change in glass materials using pulse
filaments and is characterized according to pulse energy. The chapter also explains the
new concept of gradient index lens fabrication method, which has been developed using

controlled 3-D structuring of pulse filaments.

Chapter four demonstrates the joining of two glass slides with wide welding area,
as demonstrated via a customized fixture. Experiments in this thesis achieved a relatively

wide sealing area (418 mm3 compared to previous work (1 cm3 [25] .

Chapter five, | discuss how highly sensitive long period grating optical sensors

were fabricated via screw-shaped refractive index change in transparent materials. Also, a



new type of optical sensor is proposed which relies on a complex helical shape of

refractive index change.

Finally, Chapter six provides conclusions about this research and outlines possibilities for

future work
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Chapter 2: Background

2.1 Introduction

Glass is one of the most important materials in optics. It is a crucial material in a wide
variety of applications. Nevertheless, it is challenging to micro-machine glass materials
because glass is transparent for all visible wavelengths of light. Glass is unable to absorb
energy carried by long-pulse lasers, which implies that the intensity of the incident laser
beam stays below the threshold of machining effectiveness [26, 27]. Femtosecond lasers,
however, are powerful tools for introducing microscopic modifications inside glass. The
intensity of a given laser beam focal point exceeds the threshold for plasma formation
when a femtosecond laser is involved in micromachining glass materials [28]. An optical
cavity is created when plasma expands, since this plasma is confined inside the glass. It is
possible to control space-selective induced structure inside the glass material when using
the suitable conditions of ultrashort laser pulses. This chapter explores some of the basic
nonlinear physics that explain how femtosecond laser pulses interact with transparent
materials. Femtosecond laser pulses powered by only a modest level of energy can
produce an extremely high peak power and intensity [29]. If the femtosecond laser pulses
with high power and intensity come into an interaction, material response becomes highly
nonlinear. The refraction index of the material changes responding to laser intensity and
infrared energy is absorbed in transparent material while generating electrons [30]. This
distinct characteristic of femtosecond laser technologies indicates enormous possibilities

for micromachining transparent materials.
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2.2 Non-linear propagation

In the nonlinear regime, when the laser intensity is low, the polarization is related to

the electric field by
P=¢y+ |}x'E + ¢*EE + y3EEE + ---..| = [P1 + P2+ P3 + -] (2.1)

where P is the induced polarization, g, is the permittivity of free space, x™ is the n-th
order nonlinear susceptibility, and P™ is the n-th order nonlinear polarization. As depicted

in Equation 2.1, all the perturbative nonlinear optics starts with induced polarization.

Each electric field of the right hand side of equation 2.1 can have different frequency
components. The induced nonlinear polarization is the sum and/ or difference of these
frequency components. Radiation is not necessarily observed at all of the frequency
components at which there is a nonlinear polarization. The nonlinear polarization induced

light generation and its propagations are governed by the following wave equation :

L (2.2)

goc2 at2

1 02
c2 ot?

VX VXE(,t) + E(r,t) =

where E is the electric field vector and c is the speed of light in a vacuum. For the
radiation to be produced by nonlinear polarization, the nonlinear process must be phase-
matched with the driving fields. Without phase matching, there is destructive interference
between the radiations produced by nonlinear polarization at different positions in the
material. As a result, special arrangements must be made to ensure a phase matched

nonlinear process.
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2.2.1 Refractive index change

The propagation of femtosecond laser pulses in amorphous materials such as glass is
analyzed below. As the amorphous materials are isotropic, the tensor nature of the
nonlinear susceptibilities can be dropped. All even-order terms in equation 2.1 can be
cancelled since the amorphous materials have inverse symmetry. The following relations
apply P2 =P 2 E = —E, buty* = —y! because the material has inverse symmetry. It

can be written that:
—P? = gyx*(—E)(—E) = P? (2.3)

and P2 = 0, which implies that ¥?> = 0. For the same reason, an equivalent argument

holds true for the higher-order even terms of (2.1).

For an isotropic material and frequency dependency of the refractive index, the only
processes that will be phase-matched are those, wherein all the fields have the same
frequency, and therefore the same phase velocity. Consequently, ignoring the higher

terms, polarization equation of (2.1) becomes
P = golx! +2x°|EI|E (2.4)

and the refractive index can be expressed by

n=\/1+x1+%x3|E|2 (2.5)
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Considering the nonlinear term to be small (when compared to its linear susceptibility),
and expressing the electric field strength in terms of laser intensity I, the refractive index

can be written as:

n=ngy+n,l (2.6)
The laser intensity is given by
I = %gocnolEl2 2.7
and the nonlinear refractive index is
_ 3
N2 = 4g9cn?, (2'8)

The nonlinear RI expressed in (2.8) boosts the self-focusing and self-phase modulation,
and gives the propagation characteristics for short-pulse lasers when interacting with

transparent materials.

2.2.2 Self-focusing

Spatial refractive index changes due to the spatial variation of intensity in laser pulses.
Therefore, as (2.6) suggests, self-focusing takes place due to the intensity dependence of
refractive index (RI). RI is higher at the center of the beam when compared to the outer

beam area. This variation acts as a lens and focuses the beam as shown in Figure 2.1
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Figure 2.1: Schematic illustration of self-focusing. The spatial refractive index variation forms a

virtual lens that focuses the beam

The strength of the self-focusing lens depends on the peak power of the laser pulse even
though the refractive index variation depends on the laser intensity [31]. If the size of the
incident laser beam is doubled, the laser intensity is reduced by a factor of four, which
results in a reduction of the refractive index by a factor of four. As the size of the laser
beam is doubled the area of the self-focusing lens is also increased by a factor of four.
This increase in area compensates for the decrease in refractive index, giving the same

output power.

An increase in the power of the laser pulse also makes self-focusing stronger until the
power reaches a critical point. Degradation of laser beam quality occurs when the peak
power of the laser pulses exceeds the critical power [31]. The critical power, P.,, can be

expressed as [32]

_ 37722
- 8mTngn,

(2.9)
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where A is the vacuum wavelength of the laser. In practice, other mechanisms halt the

collapse of the beam due to its self-focusing. The intensity continues to rise and
eventually becomes sufficient to non-linearly ionize the material when the laser beam is
self-focused. Electron gas contributes to a negative refractive index (NRI) change,
cancels the positive refractive index (PRI) change produced by the intensity dependant

index, and prevents further self-focusing.

2.3 Nonlinear ionization

Micromachining of a purely transparent material is not possible through the linear
absorption of incident laser light. However, the laser energy can be deposited inside the
material through a nonlinear ionization process if the laser intensity is adequately high. In

the following sections, two types of nonlinear excitation mechanisms are reviewed.

2.3.1 Nonlinear photoionization

The direct excitation of electrons by a laser field is called photoionization. Since
transparent materials have a large energy band gap, a single photon of light does not have
enough energy to lift an electron from the valance band to the conduction band. Hence,
multiple photons must cooperate to excite an electron making up transparent material.
There are two regimes of photoionization: tunneling ionization (TI) and multiphoton

ionization (MPI), which depend on laser frequency and intensity [33].

In nonlinear photoionization (NPI), the tunneling process dominates when the laser

beam has a strong field and low frequency. In this regime, the electric field of the laser is
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stronger than the coulomb well that binds the valance electron to the parent atom [33].
As shown in Figure 2.2, a strong electric field can suppress the coulomb well, bound the

electron tunnels through the short barrier, and becomes free.

<15 Y-1.5 Yy>15
tunnelling intermediate MPI
g %

Figure 2.2 Schematic diagrams showing the photoionization process for different values of

Keldysh parameter [33].

In the case of high frequency (not high enough that single photon absorption can occur),
the tunneling effect is almost impossible. Therefore, NPI is usually described in terms of
the simultaneous absorption of several photons by an electron as shown on the right in
Figure 2.2. In order to transit from the valance band to the conduction band by
multiphoton absorption, the electron must absorb enough photons. Both multiphoton
absorption and tunneling can be described within the same framework, as suggested by
Keldysh [34]. The transition from multiphoton to tunneling ionization is expressed by the

Keldysh parameter y as

1
y =25y (2.10)

e
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where Ej is the band gap of the material, ¢, is the permittivity of free space, n is the

refractive index of the material, c is the velocity of the light, m and e are the reduced
mass and charge of the electron, and w is the laser frequency. When y is much larger than
1, multiphoton ionization dominates the excitation process. In the intermediate regime,

photoionization is a mixture between tunneling and multiphoton ionization.

2.3.2 Avalanche ionization

Free-carrier absorption followed by impact ionization is involved in avalanche
ionization. As shown in Figure 2.3, a valance band electron of the material linearly
absorbs several laser photons, and subsequently, moves to higher energy states in the
conduction band. When the electron absorbs a photon, it must transfer momentum by
absorbing or emitting a photon or by scattering off an impurity in order to conserve both
energy and momentum [35]. Following the absorption of n photons where n is the
smallest number that satisfies the relation (nhw > E;), the electron energy exceeds the
minimum conduction band by more than the band gap energy [36]. Such an electron can
collision-ionize another electron from the valance band as shown on the right in Figure
2.3. As a result, there are two electrons in the minimum conduction band. Therefore, the
electron density (N), in the conduction band continues to increase while the laser field

persists. The conduction band density grows according to

N
S=nn (2.11)
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where n is the avalanche ionization rate [36].
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Figure 2.3 The avalanche ionization mechanism. A valance band electron linearly absorbs several

photons through free carrier absorption and then starts impact ionizing another electron [33].

In order to start the avalanche ionization process, there must be some seed electrons
existing in the valance band of the material. These initial electrons are provided either by
a thermally excited carrier, by an easily ionized impurity, or by carriers that are directly

photo-excited by MPI or TI.
2.4 Femtosecond laser assisted mechanisms

2.4.1 Plasma formation

In laser physics, plasma is typically an ionized gas that is considered a distinct state of
matter. When intense femtosecond laser pulses interact with materials, free electrons are
produced through ionization processes and the material enters this distinct state of matter,
which is called plasma. The accumulation of free electric charges makes plasma

electrically conductive. As a result, it responds strongly to electromagnetic fields.
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2.4.2 Plasma defocusing

Plasma defocusing takes place due to the negative contribution of free electron to the
refractive index. In plasma, the spatial distribution of electron density is maximum in the
center and decreases gradually outwards. Therefore, a virtual negative lens is formed
which is responsible for defocusing the ultrashort laser beam. Due to the balance between
self-focusing, plasma defocusing and diffraction, femtosecond laser pulses can be
transformed into self-trapped filamentation [37]. In this regime, the laser beam has a
constant beam diameter even over a long distance [38]. By applying ultrashort laser
beams, pulse energy can be efficiently utilized for the creation of long cavities in

transparent materials consisting of filaments.
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Chapter 3: Refractive index change using pulse filamentation

Local optical properties are changed when an ultrashort laser beam is focused inside a
transparent dielectric material. Some researchers recently found that femtosecond pulses
can inscribe modified structures inside transparent materials when the laser beam is
tightly focused inside the material [39, 40]. Permanent refractive index change of single-
mode fibers using ultra short pulses has also been reported [41]. Refractive index
increases up to 0.035 induced by laser irradiation have been demonstrated in Ge-doped
bulk silica glass [42]. Index modification of glass materials using ultra short pulse lasers
has attracted attention for its potential to improve the fabrication of fiber optic devices.
However, controlling the deposition of femtosecond pulse energy is important for
photonic device fabrication using glass. The pulse filamentation induced by femtosecond
lasers can enhance the guided delivery of the pulse energy for permanent refractive index
changes in transparent materials [43]. This chapter provides a brief study on refractive
index change in glass materials and introduces a simple lens fabrication that relies on
controlling the beam pulse intensity using femtosecond laser pulse filamentation.
Femtosecond laser direct writing provides a unique capability to change refractive index

of transparent materials.
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3.1 Introduction

Increasing the intensity of pulses confined to a range close to the laser focal volume
continues to indicate amazing physical phenomena. Many researchers have reported
interesting phenomenon such as pulse filamentation induced temporal reshaping and
multiple foci in fused silica using intense femtosecond laser pulses [44-46]. Controlled
ultrashort-pulse filamentation suggests great potential for applications such as optical devices
and waveguides in transparent materials. Cutting glass plates using the filamentation of
ultrashort laser pulses has been demonstrated [43]. In order to change the refractive index in
transparent dielectric materials, uniform progress of the filament plasma column is employed
for better control. In fact, for pulse filamentation, it is essential to control the size of a plasma
column in a medium. The analytic estimation of filament length in air as a function of pulse
duration and beam energy was demonstrated [38]. Balance between self-focusing and
multiphoton ionization results in self-guided filament propagation in fused silica over several
Rayleigh length [47]. Prolonged filament pulse propagation can be achieved by increasing
the power density at focal point and minimizing losses. However, it is challenging to reach
ultra-high -power density, because the light at a focal volume spreads longitudinally and
radially. Increasing the peak power of laser pulses may lead to optical aberration. Pulse
filamentation is a complicated phenomenon due to its nonlinear absorption and
accompanying optical effects such as aberrations in transparent materials. Therefore,
understanding the pulse filamentation phenomenon is crucial to produce controlled index

change in transparent materials.
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One dominating parameter required to form the appropriate filamentation length of the
femtosecond laser in transparent materials is an intensity distribution at the focal point. In
order to form the pulse filamentation, spaced plasma spots are formed regularly until the laser
pulse peak power is higher than the critical power. The balance between alternative Kerr self-
focusing and defocusing of self-generated plasma then continues along the propagation axis
of the filament [48]. The pulse energy is subsequently consumed and weakens in ionizing the
medium during filament propagation. Finally, self-focusing is collapsed by diffraction and

plasma defocusing. Figure 3.1 shows the basic mechanism of ultrashort pulse filamentation.
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Figure 3.1. Filament propagation mechanism in transparent materials [49].

Previous work demonstrated that premature termination of filaments was promoted by
an additional diffraction induced by plasma, even though the peak power was higher than

the critical power [50]. Therefore, it can be assumed that the original plasma volume
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when the beam is focused can be determined by the intensity distribution at focal point.

This can also effect the size of the plasma spots and the length of filament. In order to
retain extended length of filamentation, a glass plate was employed underneath the
objective lens [43]. This study shows that the use of a glass plate can increase the
effective numerical aperture (NA) and the density of the laser energy into a tiny focal
volume, which results in a narrow and long filament ionization column inside glass
materials. Figure 3.2 shows the high density pulse energy for small and long filament

propagation.
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Figure 3.2 (a) Glass plate as a compressor of laser beam before the beam is irradiated into the

sample, (b) picture of laser setup assembly for filament fabrication [43]

In this chapter, laser pulse filamentation produced through variable pulse energy will be
demonstrated. Furthermore, a gradient index lens for pulse filaments is proposed as a

promising approach for femtosecond laser direct writing.
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3.2 Experimental setup

A schematic diagram of the femtosecond laser system is shown in Figure 3.3.
Femtosecond laser (Spectra-Physic ultrafast Ti: Sapphire laser) with a 120 femtosecond
pulse width and 1 KHz repetition rate at a central wavelength of 800 nm was used for
refractive index modification of a fiber. The laser beam was guided into a 50X objective
lens (Numerical aperture: 0.55) and focused on to the core of the transparent material. An
electronic shutter controlled by computer was used to control the transmitted laser beam
at the desired focal position of the fiber. The effect of refractive index modification that
occurs during irradiation of femtosecond pulses was observed through a CCD camera

installed above a dichroic mirror. Figure 3.3 illustrates the femtosecond laser system.
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Figure 3.3. Schematic of the femtosecond laser system for refractive index change using pulse

filaments
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3.3 Result and discussion

3.3.1 Filament by different pulse energy

With the laser specifications indicated above, pulse filaments were applied to a
commercial soda-lime glass with different pulse energy so as to verify the possibility of
refractive index change in transparent materials. Figure 3.4 shows the pulse filament

propagation versus pulse energy.

10u) 8ul 6ul 4u) 2ul <lul

Figure 3.4 Cross section of pulse filament propagation for different pulse energy in a soda-lime
glass

The measured lengths of filaments were approximately 180 um, 170 um, 150 pm, 140
um, 130 um, and 120 um with laser pulse energies were from 10 pJ to 1 uJ, respectively.
It is very important to achieve pulse filamentation without damage in the transparent

material since applications such as fiber grating sensors require high precision
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measurements. The damage in transparent mediums may result in loss of light intensity
or inducing signal noise in the optical sensors. Damage to the soda-lime glass was
observed after increasing the pulse energy over 10 pJ. Figure 3.5 displays the cross

section of the soda-lime glass damaged by femtosecond laser pulse.

Figure 3.5 Cross section of the damaged glass by femtosecond laser pulse

In order to investigate the effect of this damage, refractive index change with and without
damage using the pulse filament were implemented in two single-mode optical fibers and
then they were connected to a broad band light source (AFC BBS-1550), which transmits
light into the fiber core. A spectrum analyzer (PHOTONETICS Walics) was used to
show the intensity of transmitted light at various wavelengths. Figure 3.6 shows the loss
of light intensity and the generated noise because of the damage inside the single mode

optical fiber.
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Figure 3.6 Transmission spectrum of the single mode optical fiber. (a) refractive index change

without damage (b) refractive index change with damage by laser pulses

The measured light intensity of the optical fiber without damage at 1550 nm was -45

dB and the noise was relatively small. In contrast, the light intensity of the optical fiber

with damage by laser pulse was -57 dB while significant noise was observed compared to

the first sample. Damage due to the refractive index change, such as micro-cracks,

decreases the productivity of optical fiber sensors and reduces precision of fabrication.

Therefore, an efficient refractive index modification induced by pulse filamentation is

essential for optical devices. Considering the findings of this pulse filament propagation

experiment, a new idea of gradient lens fabrication emerges, as will be introduced in the

next section.
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3.3.2 A concept of gradient index lens fabrication using pulse filamentation
Gradient index (GRIN) lens is an optical component produced by gradient refractive
index change. GRIN lens fabrication has the following two advantages. It can be
assembled with flat surfaces and does not have any aberrations. Various methods for
fabricating of GRIN using infrared transmitting glass lenses have been reported including
ion exchange, chemical vapor deposition, sol-gel processing, copolymer diffusion,
layered diffusion and molded fusion [51-54]. The most well-known and successful
technique for GRIN lens fabrication is an ion exchange method. lon exchange uses the
exchange of single valent ion existing in molten salt baths (dopant ions) and single valent
ions in glass (host ions). Since there is a concentration gradient across the border of
molten salt bath and the glass sample, ion inter-diffusion occurs. Figure 3.7 depicts the

GRIN lens fabrication method using ion exchange.
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Figure 3.7 A typical ion exchange experiment. Lithium ions in the glass exchange for sodium
ions in the salt bath [55].

It should be noted that fabrication of GRIN lens using various methods mentioned above
is still challenging. Fabrication of large diameter of GRIN lenses using ion exchange is
limited by long diffusion time. They require additional materials such as a liquid melt
with lithium ions for fabrication. In order to overcome these limitations, a new concept of
GRIN lens fabrication method using laser pulse filamentation is introduced in this thesis.
Radical gradient index lens was fabricated with the idea that pulse filament can change
the refractive index of glass materials, and that the focal point in glass materials can vary.

Figure 3.8 illustrates GRIN lens fabrication.
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Figure 3.8 Schematic of GRIN lens fabrication. Laser scanning speed decreases and the number

of scanning layers increase as it goes to the center

Laser scanning speed was decreased from the side to the center of glass samples,
resulting in greater overlap between filaments induced by femtosecond laser. Further, the
number of laser scanning layers were increased in the Z-axis, which means an
increasingly greater number of filaments were observed to overlap when moving from the
edge to the center. This can result in higher refractive index change at the center point
than around edge. Figure 3.9 shows the profile of laser beam intensity with and without

modified refractive index of glass plates.
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Figure 3.9 Profile of laser beam intensity. (a) without GRIN lens (b) GRIN lens placed on the
beam profiler

After fabrication of GRIN lens using femtosecond laser induced filaments, the lens was
positioned underneath the laser beam to verify its gradient index. Figure 3.9 (a) shows the
Gaussian distribution of the original laser beam. There is no peak point in this instance,
since there was no lens or other substrate placed on the beam profiler. However, in Figure
3.9 (b), beam intensity increases to the edge of the lens, and rapidly reduces at the

starting point of the lens. Afterwards, the beam intensity significantly rises to the peak
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point. This means that the light was focused by the fabricated GRIN lens and gradually
increased refractive index from edge to the center of the glass sample was produced by
the femtosecond laser induced pulse filaments. Figure 3.10 shows the X-Y profiles of the

light intensity.
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Figure 3.10 X-Y beam profile. (a) without lens, there is no light focused (b) light intensity rapidly
decreases at the lens placed and focused sharply.
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As an emergent technology, GRIN lens fabricated by femtosecond laser pulse
filamentation still lacks precision since it is challenge to control uniform refractive index
change. Even so, at this early stage it already proves the viable fabrication of commercial
productions with attendant advantages such as simplistic method and relatively short

fabrication time.

3.4 Conclusion

The experimental study of femtosecond ultrashort pulse induced filamentation was
demonstrated using femtosecond laser system in this chapter. It was verified that the
length of filaments are effected by pulse energy and that the length of filaments increased
as the pulse energy rose. In order to manipulate this filament for optical device
production, refractive index change with damage in the glass material such as cracks was
intentionally produced. As expected, damage inside the single-mode optical fiber
produced a loss of light intensity and noise as shown by the optical spectrum analyzer.
For use of the ultrashort pulse filament in other optical application devices, the new
concept of GRIN lens fabrication technique was developed. Gradually increased
refractive index produced by different laser scanning speeds and pulse overlapping rates
made light more focused, as shown by the beam profiler. | believe that the proposed
technique has potential to replace existing methods of GRIN lens fabrication with the

advantages such as simplified process by laser direct writing and fabrication time.
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Chapter 4: Glass welding using ultrashort pulse filamentation

4.1 Introduction

Joining transparent materials using ultrafast pulse laser, whether glass to glass or glass
to silicon, has been investigated by many researchers [56], since it has clear advantages
compared to welding by conventional laser with continuous wave function. Ultrafast
pulse laser welding enables highly accurate selection of the welding region, due to very
short heat-diffusion time and because it does not involve additional adhesive substances
that deteriorate the functionality of joined materials [20]. Moreover, joint strength of
materials welded together by ultrashort pulse laser is comparable to inherent strength of
materials prior to welding. For these reasons, the bonding method for transparent
materials by pulse laser, which maintains mechanical, thermal, and chemical properties of
original materials, has been employed in a variety of applications. These include micro-
fluidic devices, sensors, and optical devices [57]. As the same adhesive-free joining
methods, direct bonding by Van der Waals force has been widely used for proper joining
[58]. However, this method may be vulnerable to external effects such as thermal and
pressure changes. Therefore, it is not considered ideal for joining process meant to result
in durable products. In addition, some mechanical properties such as low surface flatness
and roughness are required in order to achieve direct bonding [59-61]. In order to achieve
proper conditions for direct bonding, materials may need post-processing such as precise
polishing and cleaning processes which means a rise in the cost of materials, and it is a

challenge to obtain optical contact on an entire area of material surface. Therefore,
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ultrashort laser welding methods have been investigated by researchers who seek to

overcome the constraints of present direct bonding practices. Kongsuwan et al.
investigated the morphology of welded cross-sections and analyzed the relationships
between welding widths and absorption widths as well as changes in mechanical
properties using BK7 glass plates [62]. Horn et al. demonstrated joining geometry and
joint strength of the welding seam in high repetition rate laser irradiation using
borosilicate glass [63]. Richter, investigated conditions of the laser burst regime and
tested repetition rates to optimize breaking resistance of fused silica. They determined
stress levels induced by laser pulses generally relies on laser power [64]. Fabrice et al.
conducted a study of welding of dissimilar transparent materials such as borosilicate
glass-fused silica and silicon-borosilicate glass using femtosecond laser with both high
and low repetition rates [56]. Also, translation velocity and parameters resulting in
joining by varying the laser pulse energy have been investigated [65-68]. However, these
past studies mainly focused on laser parameters and joint strength in a small welding area
(from 100 um2to 10 mm3 and they used high-quality glasses such as fused silica and
BK7, which have better smoothness and flatness than normal soda-lime glasses or
microscope slides. The choice of materials in previous lab studies leads to a rise in

experiment costs and limits the applications of results to small devices.

In the present study, joining normal microscope-slide glasses using femtosecond laser
has been performed to verify the possibility of welding both wide and targeted regions.

Experiments in this thesis used forcibly achieved optical contact by a fixture in order to
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show that this welding method can be feasibly used for real-world applications, such as

micro-fluidic channel assembly.

4.2 Principle of ultrashort-pulsed laser welding

Two different methods of the laser welding are advocated in this thesis: low repetition
pulse rate, and high repetition pulse rate). The difference between them depends on how
long it takes for the pulse period to heat the focal volume. Material melting is produced
by a single pulse in the low-repetition rate regime. By contrast, the material molten zone
is reached because of the cumulative effect of heating in the high-repetition rate regime.

Figure 4.1 shows the principle of the laser micro welding technique.
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Figure 4.1 Schematic diagram of the laser welding process. (a) Nonlinear ionization occurs at
interface of two substrates. (b) creation of localized plasma in the focal volume. (c)
resolidification of material results in micro-welding [69].
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A filament melts both transparent materials when ultrashort laser pulses are tightly

focused at the interface of the materials. The intensity in the filament is high enough to
initiate nonlinear absorption volume by field ionization processes, such as multiphoton
ionization, tunneling ionization and avalanche ionization. This nonlinear absorption
creates an electron-ion plasma localized in the focal volume. Subsequently, a glass-
melting zone occurs between the two transparent materials and around the focal volume.

Finally, two sample materials are joined through re-solidification [70].

There are certain advantages to femtosecond laser micro-welding. For instance, the
welding of transparent materials can be achieved through direct irradiation of a laser
beam without intermediate layers. Moreover, femtosecond laser welding allows space-
selective joining that results in reducing residual thermomechanical stress since the
melting zone of the materials is limited around the focal spot. In addition, it is possible to

join dissimilar materials if one is transparent.

4.3 Experiment setup and fabrication

Experiments have been carried out using a commercialized, mode-locked fiber laser
manufactured by PolarOnyx. Inc. The laser output beam used in this experiment is
Gaussian shape, and it has a pulse duration of 700 fs and a spectral bandwidth centered at
1030 nm. The pulse repetition rate was fixed at 99.6 kHz and the average output power
was 1.1 W. An electronic shutter controlled by computer was used to turn on and off the

laser beam, targeted for irradiation at a desired spot within the interface of the sample
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materials. The laser beam was focused by an objective lens (hnumerical aperture: 0.42)

into the interface of the sample. The live images capturing focused irradiation of
femtosecond pulses were observed through a charge-coupled device (CCD) camera
mounted above a dichroic mirror. Two commercial microscope glass slides (borosilicate)
were cleaned with acetone in order to remove impurities that make a gap between the
samples before being placed within the fixture. The sample was put on a computer-
controlled 4-axis stage to achieve perfect alignment along the laser scanning path. The

commercial software, GOL3D was used to create the laser scanning path. The laser

= A
——

system for glass welding is shown in Figure 4.2.
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Figure 4.2. Schematic of the experimental setup for glass welding.
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Optical contact of two transparent materials is very important for glass welding.

Sample materials should have sufficient smothness and flatness (5 nm roughness and A/2
flatness) to obtain optical contact. Note that these condition requirements may increase
manufacturing costs because it needs high quality materials such as BK7 and fused silica.
In addition, optical contact cannot be achieved on entire surface of the sample even if the
high quality materials are used. Therefore, for purposes of the present study, a
customized fixture was fabricated to obtain a wide area of optical contact. Figure 4.3

shows a schematic of the created fixture for wide optical contact area:

Pocket for welding(48 X 13 mm) pressurc
cushion
Top view Front view

Figure 4.3. Schematic of customized fixture for optical contact of the sample using pressure

Two transparent material substrates are stacked together on the cushion. The moderate
pressure is applied to the sample, which is created when the aluminium fixture is clipped
together. This pressure applies to the top and bottom plates and achieves optical contact
at the interface of the sample. The laser beam was irradiated through an open pocket to
the interface of the sample materials. Using this type of cushion achieves uniform

pressure for optical contact and possibly aids in widening welding areas. It also prevents
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over-stressing and fracturing of the sample. Experiments showed that the cushion area
must be smaller than the pocket area, otherwise interference patterns result: indicating a
gap between the sample layers. The stacked sample moves together with the 4-axis

controlled stage, while the focused laser beam is irradiated to the sample.

4.4 Result and discussion

4.4.1 Glass welding by different air gaps

The focused laser beam was irradiated at the interface between the two microscope
slides for femtosecond laser welding. Since complete optical contact of the entire welding
area cannot be achieved even though the customised fixture is used for laser welding,
several times laser welding was conducted at the sample interface with different air gaps
in order to verify how big gaps between glasses allow laser welding. Different
interference colours were obtained by applying various pressures to the glass slide sample.
According to thin film interference theory, a dark band appears where the glass slides
tightly touch together forming the optical contact. The interference colour at the point of
a gap changes from violet to red as the distance between the slides increases. Figure 4.4
shows the color bands produced by thin film interference in the air between two glass

slides.
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Figure 4.4. Colour bands by thin film interference. The colour changes from the left to right as the

gap increases.

Experimental results show that the laser welding conducted in the black and white bands
(areas 1 and 2 in Figure 4.4) successfully joined the two glass slides. There were no

traces of micro-cracks or machining debris following the experiment, as shown in Figure

4.5.
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Figure 4.5. Microscope images of welding seam conducted in the black and white band area (area
1 & 2 in Figure 4.4) at the interface of the sample two samples with different gaps were

completely joined and no micro cracks were observed.

The thin, dark lines visible in the Figure 4.5 are welding seams inside the sample
materials, and there was no variability in the shapes of welding seams in either areas. In
contrast, micro-cracks or machining debris were observed in the welding areas that fell
into the yellow interference colour band. It was assumed that the laser beam machined
the glass substrate since the gap between the samples was too big for the laser welding.
Another possibility is that micro-cracks could have been generated after the glass melting
stage, because the force pulling glass surface back to its original position exceeded the
strength of the welding seams. In the area of violet color band, the materials were

completely machined by the laser beam without pushing materials into their meting zones.
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Figure 4.6 shows microscope images of the machining areas of yellow and violet color

bands.

Figure 4.6. Microscope images of welding areas in yellow and violet color bands (area 3 & 4 in
Figure 4.4). The welding sample conducted in the yellow color band has micro cracks and the

laser beam ablated (not welding) the glass in the violet color band.

Shear strength tests were carried out after femtosecond welding in order to estimate the
joint strength of the fused materials. The first sample was bonded by direct boding
method using Van der Waals force, and the second sample was joined by femtosecond
welding. As shown in Figure 4.7, a simple tensile tester able to measure maximum 10 N
force was used for the test. The top and bottom pieces of the sample were fixed to the

base of the tester.
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Figure 4.7. Picture of the tensile tester for joint strength. The sample was fixed in place through
bolting.

The load was subsequently increased until the bonded samples were cleaved into two
pieces. The joint strength was determined by dividing the pressure of the load by the
surface of the bonding areas (measured at the point when the sample was cleaved). The
fraction of the sample joined by direct bonding occurred at 3 Newton, meaning that the
bonded sample was broken by that force. In contrast, the welding sample fused through
femtosecond laser beam withstood until a force of 10 Newton, the maximum force of the
tester. Therefore, the measured shear strengths of the two samples were 0.4 KPa and 50

MPa (at least), respectively. Figure 4.8 shows the sample strength test results.
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Figure 4.8 Shear test results. Welding sample was broken at 10 N (maximum force of the tester)

and the sample joined by direct bonding was cleaved at 3 N.

4.4.2 Sealing of wide welding area

For various applications, such as manufacturing microfluidic devices, the femtosecond
laser welding technique can effectively replace the current intermediate adhesive-layer
used to seal a complete region and to protect the center region by using four-edge multi
line welding [25]. Two commercial microscope slides without optical coating were used
to show the viability of femtosecond laser welding. Figure 4.9 shows a welding sample
effected by interference fringe inside of the welding lines. The total sealing area of the
sample (produced by femtosecond welding) is 44 mm x 9.5 mm, which is much wider
area than previous welding results which have been viably produced. This wide sealing

area is achieved by a customized fixture creating optical contact over the sample surface.
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Figure 4.9 Camera view of four-edge sealing of glass sample by femtosecond welding. The

interference fringe exists inside welding boundary.

In order to verify that the sealed area is completely isolated by the welding lines, the
welding sample was submerged in water. Figure 4.10 shows that the center square region
is well sealed by femtosecond laser welding. The interference fringe outside of the
welding lines was almost completely removed after the water submersion test. In contrast,
the interference fringe inside the welding area was not removed, meaning that water was
not able to penetrate into the sealed area, since that area was completely blocked by the
surrounding welding seams. This shows not only isolation from liquids but also that the

materials were perfectly sealed against gases.
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Figure 4.10 Water immersion test. The interference fringe still exists after the test.

In order to verify the viability of using femtosecond laser welding to produce micro-
fluidic devices and to double-check that regions inside welding lines are completely
sealed, a simple microfluidic sample was fabricated using a femtosecond laser. Figure
4.11 illustrates the microfluidic channel assembly fabricated by femtosecond laser
machining and welding. First, a simple channel (0.5 mm width, 10 mm length) was
machined on the top surface of the bottom glass slide and then 2 holes were machined on
the top surface of the upper glass-slide and bottom surface of the lower glass-slide to
insert liquid into the channel. The pulse width, wavelength, repetition rate, average power,
scanning speed, and objective lens for machining the channel and the holes were 120 fs,

800 nm, 1 kHz, 0.4 W, 0.3 mm/sec and 20 X, respectively. The two glass slides with
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channels and the holes were cleaned using acetone and then welded using the same

procedure explained above.

Figure 4.11 Microfluidic channel assembly fabricated by femtosecond laser machining and

welding.

After fabrication of the microfluidic channel assembly, a solution insertion test was
conducted using red ink. Then the sample was illuminated by an LED backlight to verify
the integrity of the welding seam by checking for leakage from the channel. As shown in
Figure 4.11, no ink leakage from the channel was detected. Red ink inserted through the
hole at the top surface of the sample flowed into the channel and then slipped out through
the hole in the bottom surface of the sample. The welding seams around the channel were

clearly seen to have withstood the experiment without debris or cracks.
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4.5 Conclusion

Glass welding using femtosecond laser was demonstrated as a viable procedure. A
customized fixture to secure a wide region of optical contact was adopted. Welding
according to different air gaps between two glass substrates was characterized. The shear
strength test was carried out using the tensile tester to verify the fused sample material
joint strength. The measured joint strength was 50 MPa which is stronger than previous
attempts and the directly bonded sample as well. This welding technique, using the
fixture, overcomes the limitation of allowing for only a small welding region. The sealed
area surrounded by welding seams was 418 mm=2 which is much wider compared to the
results of previous attempts in the literature. Moreover, the simple microfluidic channel
assembly was fabricated using femtosecond laser machining and welding techniques to
verify the feasibility of this production method. The experiment clearly demonstrated that
glass welding and machining techniques using commercial femtosecond laser systems
can increase the potential for sealing applications in microfluidic devices and precision

manufacturing.
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Chapter 5: Fabrication of Long Period Grating in fiber

5.1 Introduction

Long period fiber grating (LPFG) has been studied as a platform for environment
sensors for refractive index (RI) [71], temperature [72], strain [73], liquid level [74],
humidity [75], and pressure [76]. LPFG couples the light from a guided core mode to
forward propagating cladding modes that show attenuation bands at specific wavelengths.
LPFG is fabricated by modulating the RI of a fiber core with a certain periodicity in the
order of 100 micrometers to a millimeter [77]. Various methods to fabricate LPFGs have
been reported during the last two decades, such as ultraviolet (UV) exposure [78], ion
implantation [79], CO2 laser irradiation [80], electric arc [81], and mechanically induced
fiber deformation [82]. UV laser exposure is the most common process used to fabricate
LPFGs in photosensitive optical fibers, such as boron and germanium doped fibers.
However, UV-exposed gratings have an unstable reflective index that decays over time,
which results in spectral changes and peak loss of the attenuation bands [83]. Compared
with those produced through UV-exposure, the LPFGs fabricated by CO2 lasers have
high stability regardless of the photosensitivity of their optical fibers. However, they
suffer insertion loss because of an unintended physical deformation caused by laser
heating [77].

Among LPFG fabrication methods, processes that use femtosecond lasers have
attracted attention because of their high flexibility and stability [84]. Localized

femtosecond laser pulses lead to permanent changes of RI in a fiber core, even for photo-
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insensitive optical fibers. Moreover, LPFGs fabricated by femtosecond lasers have
high resistance to thermal decay and greater durability over time [23].

In conventional LPFG fabrication, each grating is individually inscribed at the fiber-core
by multiple scans of the laser beam. The laser beam is irradiated only onto a single side
of the fiber, which results in asymmetric core index modification. Because asymmetric
index modification causes large polarization dependent loss [85], several processes have
been reported that achieve symmetric index modification, such as twisted grating
inscription [86], symmetric laser irradiation [87], and pre-processes at cladding [88].
However, those studies are limited to CO2 laser fabrication, so that symmetric index
modification is still challenging for femtosecond-laser-based LPFG fabrication.

In this study, | propose a new strategy for femtosecond laser based LPFGs fabrication. In
the proposed process, the laser beam is irradiated in the fiber-core while the fiber is
moved along the fiber-axis as in the conventional process. A difference compared to the
conventional process, here, is that the fiber rotates in a radial direction during the laser
scanning along the fiber-axis. As a result, the index modulation with a screw shape is
formed in the fiber-core by a single-path scanning process. The fabricated LPFG with a
screw shape was compared to the LPFGs fabricated by conventional scanning method
with respect to the manufacturing time, reproducibility, and sensing capability. The
screw-shaped LPFG was evaluated for RI sensing applications using various

concentrations of glycerin solution.
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5.2 Sensing principle of LPFG

Structures of periodically modified refractive index change in fiber cores couple light
from a guided core mode to forward propagating cladding modes that show attenuation
bands at specific wavelengths in the transmission spectrum [19]. The periodic-matching
of a long-period fiber (LPFG) results in wavelengths of the refractive index change
between fundamental core mode and propagating cladding modes. Moreover, it
demonstrates the sensing ranges of the LPFG induced by femtosecond laser. The phase-
matching between the forward travelling fundamental core and exterior cladding is found

to operate with wavelength

A= (8ners)A (5.1)
where A is the grating periodicity of the LPFG and 6n.sf is the difference of the

corresponding refraction index between the fundamental core and cladding mode, which

is satisfied by [89]
Sneff = Neore — Nei (5.2)

In this equation, n.,,. and n.; are the refractive indexes of the core and cladding modes,
respectively. The principle of refractive index sensing is explained by the mechanism of
coupling wavelengths between fundamental core mode and propagating cladding mode
known as phase-matching condition. The effective indexes are dependent on the indexes
and radii of the core and cladding. The core is represented by n,, n,, and n;, while the

cladding and surrounding indexes are represented by n, <n.sr <mn; and nz <n,<n,.
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These equations explain that the resonant wavelength of the coupling is a function

which affects the indexes of cladding modes and the grating period. The indexes and radii
the of core and cladding are the main variables for the effective indexes, and the effective
indexes of the cladding modes are crucial for the surrounding RI (n3). A difference of
surrounding index shifts the effective index of cladding modes (n.;) with the higher-order
modes. The coupling wavelength which relies on n.; coincides with a precise cladding
mode. As a consequence, modification of the ambient index (n3) will change the value of
A. The ambient index (n3) seems less than the effective index of cladding mode (n.;) with
curbing the Rl measurements. Ambient index modulation does not influence the
fundamental mode guided into fiber core for a typical single mode fiber. The grating
period stays constant in steady state external temperature and strains. Hence, under the

effect of ambient index, n;(dA/dns), shifting vibrancy cladding mode is given by [90]

dA di dng
dn;  dng dns

(5.3)

A negative directional shift in the coupling wavelength, (dA/dn.;) < 0, results in the
effective index which rises in the cladding mode for the operational band in normal
region. Thus, an RI response of LPFG is typically shown as a negative spectral shift of

transmission in contact with any RI higher than air.
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5.3 Experimental setup and Fabrication

Femtosecond laser systems were prepared to demonstrate LPFG fabrication with two
different methods as shown in Figure 5.1. A femtosecond laser (Spectra-Physic ultrafast
Ti:Sapphire laser) used in this system has a 120 fs pulse width and 1 kHz repetition rate
at a central wavelength of 800 nm. The laser beam was guided into a microscope and
focused into the fiber core by using a 50X objective lens with numerical aperture of 0.55.
An electronic shutter with a computer assisted control system was used to timely irradiate
the laser beam at the desired focal position. Index modification was observed during laser
irradiation by a CCD camera installed above the dichroic mirror. Single-mode optical
fiber (Fiber Instrument Sales) was placed on a 4-axis stage for automatic positioning.
Two ends of the fiber were individually connected to a spectrum analyzer
(PHOTONETICS Walics) and a broad band light source (AFC BBS-1550) for

monitoring changes in transmission spectrum.
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Figure 5.1 Schematics of the femtosecond laser system for LPFG fabrication by (a) multi-path

scanning and (b) single-path scanning.

Figure 5.1 (a) shows a schematic diagram of the conventional LPFG fabrication that uses
the multi-path scanning method. Therein, discrete gratings are formed along the fiber axis
and each grating is inscribed with a zig-zag pattern. Figure 5.1 (b) shows a schematic
diagram of laser inscription with a single scanning method for fabrication of the LPFG
with a screw-shaped grating. The laser inscribes the fiber core along the transverse
direction while the fiber rotates. A DC motor was additionally used to rotate the fiber.
Because the RI modification is continuously formed while the fiber moves along the fiber

axis, this method is termed single-path scanning.
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5.4 Fabrication result and discussion

5.4.1 Conventional LPFG

Conventional LPFGs were fabricated at pure silica core single mode fiber through the
femtosecond laser fabrication with multi-path scanning. Each grating was formed by
inscribing zig-zag patterns line by line as shown in Figure 5.2 (a). The zig-zag pattern
was formed with a line-by-line inscription of 100-um-length lines with an interval of 1
um. Figure 5.2 (b) shows the fabrication result at the region of core index modification,
as produced the multi-path scanning method. The femtosecond laser power was 1.53 uW
and the travel speed along the fiber axis was 30 um/s. The index change area had a length
of 100 um. Inside the fiber core, no damage or cracks were observed in either core or

cladding. Therefore, background loss can be ignored in the transmission results.

Femtosecond Laser

Cladding

- =

Are; of index change

(a)

Figure 5.2 Schematics of the femtosecond laser system for LPFG fabrication by (a) multi-path
scanning and (b) single-path scanning.
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Figure 5.3 Transmission dips of the LPFGs with different numbers of periods. Transmission dip decreases
after 42 periods.

Figure 5.3 shows the spectral growth of LPFGs transmission dip for different numbers of
periods: namely, 20, 24, 28, 32, 36, 40, and 42. The transmission dip occurs from the
LPFGs with 20th periods. A larger number of periods causes deeper transmission dip.
The transmission spectrum was measured until loss peak of the LPFG reached maximum
value. The transmission dip of the LPFGs with 42 periods reaches approximately 19.5 dB
at 1553 nm and it has full width at half maximum (FWHM) of 8 nm. The LPFG with 42

periods have a total length of 17.77 mm.
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The RI dependence of the loss peak wavelength was investigated for the three
LPFGs with 42 periods. The fabricated LPFGs were immersed in different concentrations
of glycerin solutions ranging from 0% to 80%. RIs of the glycerin solution at room
temperature were 1.3330, 1.3448, 1.3575, 1.3707, 1.3841, 1.3981, 1.4130, 1.4279, and
1.4429 for concentrations of 0, 10, 20, 30, 40, 50, 60, 70, and 80%, respectively.

Figure 5.4 shows the spectral shifts of the LPFGs fabricated with 42 periods. As the
glycerin concentration increases, a blue shift of the loss peaks is observed. Figure 5.5
shows the RI characterization for the LPFGs with different periods fabricated by multi-
path scanning. The RI sensitivity of the conventional LPFGs was approximately 36 ~ 39
nm/RIU in the range of 0% to 70% glycerin concentration. Moreover, the peak shift

dramatically increased in the range of 70% to 80% glycerin concentration.
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Figure 5.4 Spectral growths of the transmission dips for the LPFGs fabricated by multi-path scanning with
42 periods. The transmission dip decreased at 80% glycerin concentration.
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Figure 5.5 Refractive index characterization of the LPFGs fabricated by multipath scanning.

5.4.2 Screw-shape LPFG

LPFGs with screw shapes were fabricated at pure silica core single mode fiber through
the technique of single-path scanning by the femtosecond laser, as shown in Figure 5.6
(@). In order to form a screw shape in the grating, laser inscription along the fiber axis and
rotation of the fiber were performed simultaneously. During the laser inscription, the
fiber was continuously rotated at 45 rpm using a DC motor. In order to rotate the fiber at

constant speed while minimizing run-out, the fiber was pulled from both ends to maintain
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tension during laser irradiation. The measured fiber run-out was less than 1 pm. Figure
5.6 (b) shows the fabrication result of the 100 um-length grating with the screw shape by
the multi-path scanning method. The femtosecond laser power was 1.53 uW and the

travel speed along the fiber axis was 10 um/s.

Figure 5.6 (a) Schematic of the screw-shaped LPFGs fabricated by the single-path scanning and (b) the
fabrication result of the LPFG with a screw shape by a single-path scanning.

Figure 5.7 shows the spectral growth of the transmission dips for the screw-shaped
LPFGs with a variable number of periods: namely, 80, 90, 97, and 100. The periodicity of
gratings was 450 um. Although the screw-shaped LPFGs were fabricated with a different
number of periods, their spectral deviation was only 0.22 nm. For the screw-shaped
LPFGs with 100 periods, the transmission dip reached 21 dB at 1548 nm and the FWHM
was 3.5 nm. The total length of LPFG was 44.65 mm and the fabrication time was 17 min
in duration which is relatively short time compared to conventional LPF fabrication time

(50 min). The fabrication time was reduced because the laser scanning was performed in
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a single path. In addition, the screw-shaped LPFGs generated deeper and narrower dips
when compared with the conventional LPFGs, because of azimuthally symmetric index

change in the gratings.
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Figure 5.7 Transmission dips of the screw-shaped LPFGs with different number of gratings.

Figure 5.8 shows the transmission spectra of the screw-shaped LPFGs with 100 periods,
when immersed in glycerin solution with variable concentrations. Their total length was
44.65 mm, respectively. Similar to the conventional LPFGs, the blue shift occurs in
transmission dips as the surrounding RI increases. A deeper dip was observed for the
44.65-mm-long LPFGs in 80% of glycerin solution than for the 22.54-mm-long LPFGs.
Figure 5.9 shows the RI sensitivity of the screw-shaped LPFGs with different numbers of

periods. Both LPFGs had similar RI sensitivity regardless of the total grating length,



period, or laser power. The RI sensitivity was approximately 48 ~ 51 nm/RIU in the

63

range of 0% to 70% glycerin concentration. The peak shift dramatically increases in the

range of 70% to 80% glycerin concentration. By comparing it to the conventional LPFGs,

the sensitivity of the screw-shaped LPFGs is better.

or 4
.
w©
A=A
S |
PA Air
w - - -
g L \ Water
8 10%
= | 20%
.1 5 L 3% —
40%
\ } 50%
& 60%
20+ Y 70% -
80%
1520 1525 1530 1535 1540 1545 1550 1555 1560
Wavelength(nm)

Figure 5.8 Spectral shift of the LPFG with 100 periods. The transmission dip remains at 80%

glycerin concentration.
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Figure 5.9 Refractive index characterization of the screw-shaped LPFGs fabricated by single-path
scanning. The sensitivity of screw-shaped LPG is better than conventional LPG (from 36~39
nm/RIU to 48~51 nm/RIU)

5.4.3 The screw-shaped LPFG with complicated pitches

LPFG is vulnerable to fiber bending and transmission dip normally decreases as fiber
bending curvature increases. Several sensors for measuring bending curvature, vibration,
and acoustic wave have been reported in relation to this LPFG’s behavior [91-96].
However, attenuation dip will disappear as bending curvature increases. Therefore, LPFG
is unable to sense any target substrates or properties such as surrounding refractive index,
vibration and temperature. In order to solve those issues, LPFG fabricated by rotating
fibers can provide a viable alternative. Reverse bending effect is investigated in helical
LPFG by writing complex index modulations. As shown in Figure 9, the pitch of the
screw shape of the index modification can be controlled by adjusting the feed rate along

the fiber axis. As the feed rate increases in speed, the pitch of the screw becomes longer.
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Based on this process, a new structure of the LPFG with a screw shape is proposed

here, as shown in Figure 5.10,: a screw-shaped LPFG with complex index modulation.
This structure is generated by adjusting the feed rate repeatedly. Each coloured lines in
Figure 5.10 represents the switching position of the feed rate. As the feed rate was
switched at each line, the pitch of the screw-shaped index modification was mixed along

the fiber axis.

0.01 mm/s

0.03 mm/s

Figure 5.10 Diagrams of the LPFG with screw-shape of different pitch. Three different helical
refractive index changes were integrated by overlapping laser scans and complex screw-shaped
LPG was fabricated.

A screw-shaped LPFG with complex pitches was fabricated and its bending effect was

evaluated. Fiber index modifications were produced with five different feed rates: namely,
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of 0.01 mm/s, 0.03 mm/s, 0.05 mm/s, 0.07 mm/s, and 0.09 mm/s along the fiber axis.

The screw-shaped LPG with complex pitches was fabricated at each grating with a length
of 440 um. The number of gratings was 60 and its total length was 26.06 mm. Bending
effect of the screw-shaped LPG with complex pitches was investigated by applying
various weights to the fiber. Figure 5.11 shows transmission dips for the complex helical
LPFGs while various weights of 0 N to 17.2x10™ N hanging from the complex helical
LPFG. The transmission dip was 13 dB at 1539 nm for the complex helical LPFG when
no weight was hanging from it. The transmission dip was increased to 19 dB while the
weight of 17.2x10™ N was hanging from it. The transmission dip became deeper as the
bending curvature increased. This phenomenon is completely different from what is
observed in conventional LPG’s spectral variation that transmission dip decreases or

disappears as bending curvature increases.
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Figure 5.11 Bending characterization of the screw-shaped LPFG with different pitches
5.5 Conclusion

LPFGs with a screw shape were produced by femtosecond laser induced index change,
using a single-path scanning technique. Transmission characteristics of the screw-shaped
LPFGs and the conventional LPFGs were compared in order to verify the relative
reliability of the screw-shaped LPFGs. The fabricated LPFGs with a screw shape had no
significant insertion loss, as did the conventional LPFGs. Moreover, compared to the
conventional LPFGs, deeper and narrower transmission dips were observed in the screw-
shaped LPFGs. The experiment showed relatively large transmission dips up to 21 dB
with  FWHM of 3.5 nm. The RI sensitivity of the screw-shaped LPFGs was

approximately 48 ~ 51 nm/RIU. The screw-shaped LPFG has improved performance
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because its index change was inscribed azimuthally at the fiber core by the proposed

single-path method. In addition, the screw-shaped LPFGs with complex pitches were
produced by adjusting the feed rate of the fiber along the fiber axis. Reverse bending
effect was observed for the screw-shaped LPFG with complex pitches. Unlike the
conventional LPFGs, the transmission dip of the proposed LPFG sensor was measured
although the curvature increases. Accordingly, this type of LPFG can be used as a micro
unit scale or bending sensor. Moreover, the screw-shaped LPFGs with complex pitches
can be an alternative to the LPFG sensors used for monitoring structural parameters
under harsh environmental conditions that produce significant bending or severe

vibration.
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Chapter 6 Conclusion and future work

6.1 Conclusion

Three types of manufacturing techniques (GRIN lens, laser welding and long period
grating sensor) using femtosecond laser pulse filamentation were presented in this thesis.
Filament propagation in transparent materials was investigated as a first step, because the
controllable filaments can modify the refractive index or the structure of glass materials.
Pulse energy varies the area and length of filament propagation, and the filament voids
with/without damage were compared to verify the effect of transmit light intensity and
noise using the spectrum analyzer. The concept of gradient index lens was introduced,
which uses 3-D photonic structures inscribed by ultrashort pulse filaments. This process
gradually increases refractive index of glass materials, modified by controlled scanning
speed and variable pulse overlapping. As a result, laser light became focused with a high
intensity. | believe that in the future this technique can replace existing methods.
Advantages of GRIN lens fabrication include simple processing and affordable costs for

manufacturers.

A second fabrication technique using femtosecond laser in transparent material,
welding of two glass slides was demonstrated using a customized fixture. A wider sealing
area than those made possible by the previous work was achieved. This required securing
a wide optical contact area to the fixture. Experiments conducted produced sealed areas

surrounded by welding seams that reached a size of 418 mm2 To demonstrate a more
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specific application, a simple microfluidic channel assembly was fabricated using

femtosecond laser machining and welding techniques. The liquid smoothly flowed into
the micro-channel without leakage due to the welding seams maintaining their integrity
around the channel. Finally, an LPFG with a helical-shaped refractive index change was
investigated. A deeper and narrower transmission dip was achieved due to the
azimuthally modified refractive index of the optical fiber. Its shape had a secondary
advantage, in that fabrication time was also improved when compared to the conventional
LPG fabrication method. Unlike the conventional LPG, the screw-shaped LPG with
complex pitches showed greater transmission dip as the curvature of the sensor increased.
This new type of LPG sensor can operate as a micro-unit scale or a bending sensor that
does not lose its functionality under harsh environments such as significant bending or

severe vibration.

6.2 Future work

Before the concept of GRIN lens fabrication method will be taken up by industry, the
precise measurement of refractive index change and the size of pulse filaments according
to laser parameters (power, and index change by pulse overlapping rates) must be
investigated in greater depth. Researchers must determine and control the working
distance of the GRIN lens. Although a 3-axis stage was effectively used in this study to
prove the feasibility of GRIN lenses, productivity of GRIN lens can be improved. Areas

for future advancements include fabrication time and lens diameter. These advancements
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will require that researchers precisely measure refractive indexes and the size of

filaments. Figure 6.1 shows how GRIN lens fabrication may be improved with shorter
fabrication time and lager diameter. Due to a combination of rotating stage with 3-axis
stage, a single-scanning path technique can produce uniform refractive index change. The
number of laser writing layers will always be determined by the lens diameter, but

fabrication time will definitely be reduced with the proposed method.

ll.aser direction

Q —

Y

z | Rotation v &

Right view

Figure 6.1 GRIN lens fabrication method using rotational stage.

In a glass welding study using femtosecond lasers, two glass slides were shown to bend
slightly due to the force applied by the fixture. In the experimental fabrication processes
conducted as part of this research project, more than 3 hours elapsed before target areas
were properly fused and sealed, because the area joint strength must be larger than the

bending force for optical contact induced by the customized fixture. | believe that future
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studies on joint strength, pulse energy, and welding seams will help to improve the

required fabrication time for producing microfluidic devices with laser welding.

Optical fiber sensors are required for reliability and productivity (fabrication time and
cost effective) in manufacturing processes. Although the fabrication time of screw shaped
LPFGs was much improved compared to the conventional LPG, it can be further
improved if the use of femtosecond laser with higher repetition rate (> 1 kHz) is explored.
More precise rotary stage, without significant vibration or run-out, needs to be developed
in the interest of sensing reliability. Improved rotary stage may produce better symmetric
refractive index change resulting in fabrication flexibility and improved performance.
Moreover, the bending effect of screw-shaped LPFG sensors first developed in this thesis
has not been analyzed in terms of physics (why reverse spectral shift appears compared to
the conventional LPFG). This is only phenomenon of light behavior in the optical fiber
with a complex structure of refractive index. In order to use such a bending effect as a
multipurpose sensor, physical analysis of light behavior induced by complex pitches are

required and more experimental results based on physical analysis need to be investigated.
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