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Abstract

Abstract
The need for miniaturisation in devices in today’s industries has led to a vast array of
micromachining processes. Yet, micromachining of glass remains a great challenge
due to the extreme brittleness and hardness of the material. With the development of
the chirped pulse amplification (CPA) technique in the mid-1980s, powerful
femtosecond (10-15s) laser systems are now readily available in the market for
carrying out micromachining on various materials.

Femtosecond (fs) lasers have several advantages over their long pulse laser
counterparts. First, the high intensity of femtosecond laser pulse will easily triggers
the multiphoton absorption process to occur in transparent material enabling bulk
modification within the transparent materials. Moreover, the ultrashort pulse duration
(~100 fs) of a femtosecond laser enables energy to be dissipated before thermal
diffusion occurs (~10 ps), thus collateral damages around the machined area is
minimized. These unique properties have opened up new opportunities in using
femtosecond lasers for carrying out micromachining and micro fabrication of glass
and other transparent materials.

Despite the ongoing work to study femtosecond laser-material interaction, practical
use of femtosecond laser for industrial application can be still considered at the
development stage as the beam interaction process is not well understood. New
physical mechanism and phenomenon can arise when the machining is performed
using different materials and conditions. Therefore, in this research, a femtosecond
laser was used to carry ablation of transparent material in air using fused silica as a
model optical material. The objective of this research is to gain a better understanding
on the femtosecond laser irradiation effects on fused silica so that it can be applied to
practical micromachining processes. These effects include ripple formation, change in
crystal structures and surface morphologies as well as how the laser irradiated
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machined profiles respond to various laser parameters. Special attention was paid to
characterize the laser irradiated morphologies and structures as well as studying
phenomenon related to micromachining of fused silica. Major results and new
findings are summarized as follows:

Femtosecond laser induced periodic structures on fused silica were systematically
studied by irradiating the surface using a wide range of laser processing parameters. It
is found that two directional ripples having periods smaller than the laser wavelength
can be formed on the surface of fused silica. It is demonstrated that the the origin of
the coarse ripple is related to the ultrafast melting and solidification of fused silica and
the fine ripple is a result of harmonica wave generation. It is also found that
orientation and period of these ripple structures can be controlled experimentally by
varying the beam polarization. It is further observed that the influence of the surface
defect like scratches exert an even stronger influence on the ripple orientation than the
beam

polarization.
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crystallographic orientation in ripple formation which has never been compared
between crystalline and amorphous quartz is found to be independent of the ripple
orientation. Instead, it is found that ripple formation can be brought forward and
formed earlier on a certain crystallographic plane which is due to the anisotropy
properties of the material.

In machining of microholes and channels on fused silica substrate, systematic
investigation on the effect of laser processing parameters with regards to the profile
and surface morphology was carried out. For experiments on drilling of microholes,
beam polarization was observed not to have any significant effect on the profile and
machined depth. Two ablation regimes have been identified in the drilling process
when ablation was carried out from low to high fluence. The machined depths were
compared to the predicted depths and the results matches well with the theory.
Material cracking that was rarely reported has been observed when drilling in the high
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fluence regime. For channel machining, similarly beam polarization was found to
have little effect on the machining results. However, it was found that periodic
sub-micron gratings (400 nm in width) can be induced within the microchannels along
the cutting direction. The submicron gratings were likely to be a result of beam
interference. These microchannels and gratings may be used for the manufacture of
optical and microfluidic devices. A dependency on the groove depth was observed
when ablating with different powers rating and machining speeds. By cutting the same
groove with multiple passes, the depths were found to increase linearly up to
approximately 10 consecutive passes. Above 10 passes, a decrease in ablation rate
was observed until a depth limit was reached.

Study of femtosecond laser irradiation effects was conducted on both transparent and
opaque materials having high melting temperature to see study whether or not a
femtosecond laser would induce phase changes. Important engineering materials like
fused silica, quartz and titanium were investigated using X-ray diffraction (XRD) and
transmission electron microscope (TEM). A special technique was used to protect the
laser irradiated surfaces in preparing cross-sectional TEM samples. It is to note that
the studies conducted on fused silica and quartz was the first direct cross-sectional
TEM examination on the silica groove structures after a femtosecond laser beam
irradiation. XRD spectra and TEM results revealed that the structures of the fused
silica remain amorphous after the femtosecond laser irradiation. For single crystal
quartz, TEM observation revealed that micromachining using femtosecond laser
induced a thin amorphous layer in the ablation zone. In characterizing the laser
irradiated titanium structures, two different results can be observed depending on the
working parameters. It was concluded that by increasing the number of pulses, it can
lead to the amorphization of the irradiated zones. Preliminary studies on using in-situ
TEM heating technique was also performed to study the crystallization process of
amorphous titanium structure after femtosecond laser irradiation.
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Some of the below findings are new and thus may have great impact on femtosecond
laser research. Cracking of glass materials after femtosecond laser machining of fused
silica were observed but seldom reported and studied in the literature. In addition, it is
widely believed that femtosecond laser ablation is a non-thermal process and thus it
does not cause cracking. However, this research has produced convincing evidence to
show that cracking can occur in fused silica.

By performing a series design of experiments (DOE) using the concept of full
factorial method, the cracking mechanism and conditions for cracking to occur, which
has never been studied, has been systematically investigated. Also, the laser
processing parameters were studied for process optimization. It was hypothesized that
the mechanism for fused silica cracking is a result of stress generated by the recoil
pressure and shock waves exceeding the material dynamic strength. Calculation using
the Griffith fracture theory based on the crack length proved the hypothesis that the
induced stress exceeded the fused silica dynamic strength. Lastly, a crack-free process
window together with a development of an empirical formula to predict the crack
length based on the applied laser fluences and pulses is proposed for femtosecond
laser machining of fused silica. The developed micromachining process has potential
application in fabricating optical and microelectronic devices on fused silica material.
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Chapter 1 Introduction
1.1 Background

The availability of femtosecond laser or ultrashort pulse laser has opened up a wide
range of exciting new possibilities in the area of micromachining and microfabrication
on various materials including metals (Pronko et al., 1995; Nikumb et al., 2006),
ceramics (Das and Pollock, 2009; Ho et al., 2011), semiconductors (Yokotani et al.,
2004; Kam et al., 2011), transparent materials (Ma et al., 2006; Li et al., 2007) and
tissues (Alekhin et al., 2010; Ionita and Zamfirescu, 2011) for different industries such
as automotive, telecommunication, medical, aerospace and information technology.
Comparing to conventional machining techniques, the main advantage of femtosecond
laser is that it is able to produce pulse widths equal or shorter than the time scale of
lattice vibration. This enables the laser energy to be deposited into the material in the
time scale before any thermal diffusion can occur (An et al., 2004), resulting in
minimum collateral damages such as a reduction in the heat-affected zone (HAZ) and
recast layer within the laser ablated region.

Moreover, by focusing a femtosecond laser beam with high numerical aperture
objectives (N.A >1), the laser radiation is confined to a very small focal volume. This
can generate sufficient photon density (Mazur et al., 2005) causing localized
multiphoton absorption (Kuriyama and Ito, 2003) to occur at the laser wavelength. This
allows direct fabrication on wide bandgap materials like fused silica (7.5eV) and
sapphire (9eV) that are difficult to be processed using conventional tools. These
distinctive advantages achieved by ultrashort laser pulses have stimulated not only
interest in understanding the physical mechanisms of short pulse laser ablation but also
fabrication of microstructures like waveguides, gratings, holes and grooves in different
materials (Crawford et al., 2003; Qiu et al., 2004; Sohn et al., 2004).
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Glass especially fused silica has emerged as a major material of interest for the
telecommunications industry and it is widely used for fabricating optical devices due to
its excellent optical properties. Furthermore, it can be used as an insulator or barrier
layer, often in combination with silicon in other photonic devices. A significant amount
of research work has been carried out in the past to study femtosecond laser beam
interaction with glass. Key areas of research studies include using femtosecond laser
for surface (Lenzner et al., 1999) and subsurface (He et al., 2010; Costa et al., 2011)
microstructuring, structural modification like refractive index change for waveguide
fabrication (Kamata et al., 2004; Zoubir et al., 2005), surface morphology investigation
after femtosecond irradiation (Wu, et al., 2002), plasma interaction (Siege et al., 2007)
and femtosecond laser induced micro (Luo, et al., 2002) and nanostructures (Pattathil,
et al., 2005).

In regard to micromachining of glass, single pulse (Campbell et al, 2005) and multiple
pulses machining (Yasui et al., 2003) with low laser fluence have been carried out.
Other studies include drilling of holes using a femtosecond laser oscillator (Cai and
Piestun, 2007) or applying a different technique (Yan et al., 2001; Zimmer et al, 2007)
to machine glass. Though the above have highlighted a list of major research studies
performed on glass with a femtosecond laser beam, their primary focus was to use a
femtoseond laser for micro-structuring and device fabrication. Little is done to study
the effect of processing parameters and problems associated to direct machining of
glass. An understanding of the laser processing parameters is essential for developing a
better control and better use of the microstructures for practical application purposes.
This is especially important as the interaction process can be very complex when the
material is under intense femtosecond laser pulse irradiation. The interaction between
the laser beam and material can become non-linear (Schaffer, 2001, Rayner et al.,
2005) due to the effect of air (Roso et al., 2008) though this non-linear effect may be
reduced by machining in inert gas environment.
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One phenomenon that is still not well understood is the formation ripples structures
after femtosecond laser irradiation. Laser induced periodic surface structures (LIPSS)
or ripples have been observed in different kind of materials (Kanemitsu, et al., 1984;
Anthony and Cline, 1997; Yu et al., 1999; Gedvilas et al., 2008; Schade et al., 2008) for
the past few decades. These ripples usually have a periodicity equal or close to the
wavelength of the laser radiation. In recent years, LIPSS are attracting increased
interest due to its promising potential in micromachining for microelectronics and
microelectromechanical systems (MEMS). Potential applications include using the
ripples to fabricate gratings and shallow junctions or texturing the surface of magnetic
recording media (Hsu et al., 2011).

Earlier model assumed that these ripples might be a result of (frozen) acoustic waves
where the ripples have a periodicity close to the laser wavelength (Willis and Emmony,
1975). Furthermore, it is observed that the ripples orientation is strongly dependent on
the beam polarization and this leads to an evolvement in a ripple model (Emmony et al.,
1973; Gousheng et al., 1982). However, for ripples that are induced by a femtosecond
beam, the ripples usually have a period smaller than the laser wavelength. Because of
the smaller period and the different ripple’s morphology observed, many different
explanations have been considered such as self-organization (Gedvilas et al., 2008),
boson condensation (Van Vechten, 1981; Singh et al., 2002) or even Coulomb
explosion (Reif et al., 2002). For fused silica material, though there were several
studies on ripples after laser irradiation (Ihlemann et al., 1992; Wager et al., 2006;
Bohme et al., 2008), however, in-depth characterization and study on the physical
phenomena to explain ripple initiation, growth and transitions toward other patterns
induced by a femtosecond laser beam is still not fully understood.

Phase transition induced by a femtosecond laser beam is another topic that has been
actively discussed and research on. As the thermal diffusion length is proportional to
the square root of the pulse duration, the femtosecond laser-induced thermal effect is
expected to be negligible (Shirk and Molian, 1998). However in recent years,
3
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femtosecond laser-induced crystallization (Pratap et al., 2003; Shieh et al., 2004;
Salihoglu et al., 2011) and amorphrization (Hirayama and Obara, 2003; Malshe and
Deshpande, 2004; Izawa et al., 2009; Konishi et al., 2010) have been reported in a wide
range of materials. Generally, a transition between the crystalline and the amorphous
phase following laser irradiation is related to threshold behaviour in the solidification
velocity. If solidification proceeds with liquid-solid interface velocities higher than a
critical value, irradiation leads to the amorphization of the processed material (Bonse et
al., 2004). As femtosecond laser can be used for machining optical grating (Zoubir et
al., 2003), a change in the crystal structural either complete or partial crystallization
may affect its optical properties. Thus, an understanding of the material structure after
femtosecond laser irradiation is of great importance and studies on whether a
femtosecond laser pulse would induce phase change on both amorphous and crystalline
glass is rarely investigated.

Lastly, to be able to successfully use femtosecond laser to carry out machining of fused
silica for practical industrial applications, the machining process still requires some
tuning and understanding of the processing conditions to achieve excellent machining
results. This is not an easy task especially considering a large number of processing
parameters. Studies have shown that drilling with high laser intensities (1015 W/cm2)
can cause some of the advantages of using ultrashort pulses to be lost such as reduction
in the strength of the material at high temperature. Also phenomenon like cracking
(Kuriyama, and Ito, 2003; Chiwon et al., 2009) or melting (Bonse et al., 2004) can still
occur even though femtosecond laser micromachining is widely considered to be
non-thermal and crack free process. As mention earlier, fs-laser has a characteristic
time scale far shorter than the thermal diffusion length, generation of liquid phase and
heat transfer to the surrounding during machining is expected to be minimum. Absent
of liquid phase allow better control of the machining process (Momma et al., 1996)
with little or no collateral damage. However, based on the above reports, machining
with a fs-laser may still induce cracking in material. Till now, no studies have yet been
performed to understand the mechanism of femtosecond laser induce cracking and
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obtaining an optimum window for micromachining of fused silica without crack
formation.

1.2 Objectives and Scope

The nature of multiphoton absorption of femtosecond laser enables both surface and
subsurface modification of transparent materials. However, femtosecond beam
interaction with wide bandgap materials is a complex process especially when the
interaction between the laser pulses becomes non-linear. Thus an understanding of the
mechanism between the laser and material is needed prior to successfully using
femtosecond lasers for any practical applications.

Therefore the primary objective of this research project is to study irradiation effects
and phenomenon related to femtosecond laser machining of fused silica. By performing
laser ablation experiments over a wide range of experimental parameters, irradiation
effects and phenomenon such as ripple formation, cracking, structure change and the
laser machined profiles are systematically studied so that a better understanding of the
femtosecond laser machining process can be gained and can be put into practical use.

The main scope of this study includes:

(1) Investigating the effects of experimental parameters (fluence, number of pulses,
polarization) and the influence of material crystal orientation and on ripple
formation.

(2) Performing micromachining of holes and channels in fused silica and
investigate the effects of different laser machining parameters (fluence, speed,
polarization, cutting orientation, machining pass) on the machining quality,
profile, morphology and chemical composition.
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(3) Conducting high resolution TEM and in-situ TEM analysis to study
femtosecond laser irradiation effects on the structures of some of the
technological importance materials like fused silica, quartz and titanium.

(4) Designing experiments to understand phenomenon such as cracking that has
never been proven experimentally and proposing an operating window in carry
out surface machining of microholes and channels without crack formation.

1.3 Organization of thesis

The thesis is organized as follows:

Chapter 2: Consists of the literature review for this research. First, properties of glass
and the current techniques used for machining of glass are reviewed. The limitation of
each technique is discussed and the unique characteristics of using femtosecond laser
will be highlighted. Following which, the ablation mechanism of long and femtosecond
pulse laser are discussed. Lastly, some surface and material phenomena associated with
femtosecond laser beam interaction is highlighted.

Chapter 3: Describes the femtosecond laser setup and the various characterization
techniques used in this study.

Chapter 4: Reports the formation of ripple structures on fused silica and quartz after
femtosecond irradiation. The effects of processing parameters on the ripple
morphology, evolution and mechanism of ripple growth were investigated. The
influences of surface defects and crystallographic orientations on ripple formation were
also discussed.
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Chapter 5: This chapter demonstrates the machining capability of femtosecond laser in
carryout micromachining of hole and channels on fused silica. A systematic study on
the effects of laser processing parameters on surface morphology, width, depth and
quality of machining are presented and discussed.

Chapter 6: Reports structural and compositional analysis on femtosecond laser
irradiated structures. UV grade fused silica, single crystal quartz and titanium are
studied using TEM and the mechanism behind the structure evolution is discussed.

Chapter 7: Design of experiments to investigate the mechanism and conditions for a
femtosecond laser beam to induce cracking during surface machining of holes and
channels in fused silica.

Chapter 8: Summarizes the experimental results and makes recommendations for
future research directions.
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Chapter 2

Literature Review

2.1 Introduction

Glass is an important engineering material widely used in many areas such as building,
electronics and automotive industries. In its nature form, is consists of almost 100% of
crystalline silica in the form of alpha-quartz that is commonly found in sand or rocks.
When heated above 573ºC, alpha-quartz undergoes a reversible change to become
beta-quartz. Natural quartz is difficult to process because it comes in random shapes
and sizes. Also a widespread of impurities can be found in natural quartz which makes
it impractical for direct application. In current market, quartz is artificially grown using
hydrothermal synthesis process to a specified dimension having controlled crystal
orientation, high purity and good uniformly. Because it possesses good optical and
piezoelectric properties, quartz is extensively used as wave retardation medium,
electronic filters or resonators.

Glass on the contrary is produced by heating the crystalline silica to a high temperature
followed by rapidly cooling below its glass transition temperature. By performing rapid
cooling, there is insufficient time for a regular crystal lattice to form and this results in
glass having amorphous crystal structure. Today, glass properties are altered by
adjusting the composition during development so that they can meet the various
industry requirements. Generally, glass can be classified into six main types according
to their methods of fabrication as well as minor additions and variations in the
ingredients used. A summary on the major glasses with their ingredients, properties,
and applications are listed in the Table 2.1. For common glass, it consist of 70 ~ 72
weight % of silicon oxide (SiO2) while ultra-pure glass such as fused silica make up of
99.99 weight % of silicon oxide. Fabrication of fused silica can be either by an
electrically heated furnace (electrically fused) or a gas/oxygen-fuelled furnace (flame
fused). The key advantage of fused silica over common glass is that it has very low
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thermal expansion coefficient with excellent optical qualities and exceptional
transmittance over a wide spectral range, especially in the ultraviolet. Therefore, this
material is often used for fabricating high energy laser optics.

In current market, commercial available fused silica and quartz may come in different
dimensions in the form of sheets and rods. However, due to the brittle nature of glass,
micromachining on glass-based materials using conventional techniques can be very
challenging. Advanced micromachining techniques like lithography, water jet cutting
or laser cutting are needed. The use of laser, especially femtosecond lasers, has opened
up new opportunities in the area of micromachining and microfabrication of glass.

Type of glass
Fused silica

Ingredient

Properties

Application

•

Silica (SiO2) 99.99%

•
•
•

Optical fiber
Mask
Lens

Soda-lime-silica
glass

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Silica (SiO2) 72%
Sodium oxide (Na2O) 14.2%
Magnesia (MgO) 2.5%
Lime (CaO) 10.0%
Alumina (Al2O3) 0.6%.
Silica (SiO2) 81%
Boric oxide (B2O3) 12%
Soda (Na2O) 4.5%
Alumina (Al2O3) 2.0%
Silica (SiO2) 59%
Soda (Na2O) 2.0%
Lead oxide (PbO) 25%
Potassium oxide (K2O) 12%
Alumina (Al2O3) 0.4%
Zinc oxide (ZnO) 1.5%
Silica (SiO2) 57%
Alumina (Al2O3) 16%
Boric oxide (B2O3) 4.0%
Barium oxide (BaO) 6.0%
Magnesia (MgO) 7.0%
Lime (CaO)10%
Alumina (Al2O3) 90%
Germanium oxide (GeO2)
10%.

• Low thermal expansion
coefficient
• Good UV transmission
• High corrosion resistance
• High thermal expansion
• Poor heat resistance
• Chemically stable

•
•
•

Windows
Food containers
Tableware

• Low thermal expansion
coefficient
• Thermal shock resistance
• High softening point

•
•
•

Laboratory glass ware
Flat panel display
Light source

• High refractive index
• High elasticity
• Poor heat resistance

•
•

Food containers
Radiation shield

• Chemical resistance
• God thermal resistance

•
•

Glass fiber
Halogen bulb glass

• Extreme clear

•

Fiber optics waveguide

Sodium
borosilicate glass

Lead oxide glass

Aluminosilicate
glass

Oxide glass

Table 2.1: Type of glasses and its properties.
(http://en.wikipedia.org/wiki/Glass)
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2.2 Methods of machining glass
2.2.1

Mechanical scribing and breaking

For centuries, this traditional method has been one of the more commonly used
techniques for glass separation. The technique simply involves scribing the surface of
the glass using a hard, sharp tool (typically a diamond or carbide wheel) to create a
groove on the glass surface. This is followed by using a mechanical snapping force to
propagate the crack completely through the glass. In the modern automated factory, the
separation of the glass is usually carried out by means of a “chopper bar”. Though this
method is the fastest separation technique, however, it has several key drawbacks that
include not being able to machine complex shapes and thin substrate.

In fact, it is almost impossible to use mechanical scribing at all when the glass substrate
is below 1mm in thickness. This is because mechanical scribing will induce higher
stress (Matthew, 2001; Venkatakrishnan and Tan, 2007) in thin substrate as compared to
a thick substrate and this results in the formation of micro cracks on the edges. Another
reason in particular is that this cutting technique will often require additional grinding,
polishing or even cleaning processes so that the uneven cutting edges or debris will not
interfere with the subsequent operations and pose a hazard.

2.2.2

Water jet cutting

Water jet cutting is one of the widely used techniques by various industries in a wide
range of materials. In this process, highly pressurized water (typically between 20,000
and 60,000 pounds per square inch (PSI)) is forced through a fine orifice. This creates a
thin jet of water with very powerful forces travelling at high velocity (close to the speed
of sound) which enables machining to take place. However, pure water jet cutting can
only cut soft material like thin wood and is not effective for cutting hard materials like
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glass or metals. This is because the water jet tends to entrain into the atmospheric air
causing the cutting efficiency to be greatly reduced. Very often, abrasive water jet
cutting (AWJC) is used to machine harder materials instead.

By adding abrasive particles such as garnets or glass beads into the water, machining
efficiency can be greatly improved. The mechanism of material removal by AWJC is
similar to a grinding wheel which the particles chip out small pieces of material upon
impact. In AWJC cutting of ductile materials, the material removal is mainly by low
angle impact by the abrasive particles, leading to ploughing and micro cutting (Engels,
1978). Further at higher angle of impact, the material removal involves plastic failure of
the material at the site of impact, which was studied initially by Bitter (1953). Hashish
(1989) unified such models and applied it under AWJC at a later stage. In the case of
cutting of brittle materials, other than the above two models, material would be
removed due to crack initiation and propagation because of brittle failure of the
material.

The key benefit of the water jet machining is its ability to cut material without changing
their intrinsic properties as there is no heat-affected zone (Yang et al., 2008). However,
the disadvantages are high initial cost, frequent maintenance and replacement of the
nozzle due to erosion. Moreover, this technique cannot machine submicron features as
the feature size in water jet cutting is proportional to the diameter of the jet stream in
which the water droplets or abrasives are confined (Liu, 2010). Therefore, the key
challenge for the water jet technology is to reduce the diameter of the jet stream. Till
now the smallest features machined with commercial water jet cutters are generally
larger than 200 µm.
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2.2.3

Ultrasonic machining

Ultrasonic machining is a process in which abrasive slurry is used to perform material
removal from the workpiece. Quite similar to abrasive water jet machining, the slurry
consists of tiny granular particles having grain size and hardness equal or greater than
the hardness of the workpiece. Materials like silicon carbide and boron carbide are
usually used because of their high hardness. Material removal is achieved by directing
the slurry between the workpiece and a vibrating tool so as to allow the abrasive
particles to hit against the workpiece surface causing cracks and finally material
removal from the work piece.

A schematic on ultrasonic machining (USM) principle with major elements are shown
in Figure 2.1 (Nath et al., 2012). The advantage of this process is basically non-thermal
thus leaving the chemical and physical properties of the workpiece unchanged (Deng
and Lee, 2002). Furthermore, this technique is suitable for machining brittle material
like glass and ceramics as the cut provides reduced stress and a lower tendency of
fractures. A limitless number of feature shapes including odd-shaped thru-holes and
cavities of varying depths having high quality and consistency features can be
fabricated on glass using this technique. However, the disadvantage of ultrasonic
machining is that this process has low material removal rate (MRR) and the machining
time highly depends upon the viscosity of the slurry fluid and frequency at which the
tool is vibrating. Also the slurry may wear the wall of the machined hole as it passes
back towards the surface. This limits the accuracy particularly for milling of small
holes.
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Figure 2.1: Schematic illustration of ultrasonic machining (USM) principle
with major elements (Nath et al., 2012).

2.2.4

Photolithography

The use of photolithography technique offers another solution for processing of glass.
This method was borrowed from the semiconductor industry where mask lithography is
used to pattern the surface of silicon wafers for printed circuit boards. Similarly, in
glass processing using photolithography technique, a light sensitive photochemical or
photoresist is applied onto the glass substrate. The desired pattern is then transferred
onto the photoresist by exposing ultraviolet (UV) light through the mask. Usually
regions that are exposed by UV light will be hardened while non-exposed region will be
washed away after developing the photoresist. The final pattern is then transferred to
the glass substrate by either wet or dry etching process.

In wet etching of glass, common chemical agent use is hydrofluoric acid (HF) while dry
etching uses reactive-ion etching which combines both plasma and sputter etching
processes. The plasma systems are used to ionize reactive gases and the ions are
accelerated to bombard the glass surface. Chemical such as Fluoroform + Oxygen gas
(CHF3 + O2) or Tetrafluoromethane + Hydrogen gas (CF4 + H2) are employed in dry
etching process.
13
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The key advantage of photolithography technique is that it offers very high resolution
(Nano scale) especially with the introduction of immersion lithography (Rothschild et
al., 2005). However, cost is the main concern as commercial photolithography systems
are very costly and to fabricate the required mask sets further adds to the capital cost.
Moreover, this technique has been well optimized to handle standard silicon wafers but
not on glass. Thus there might be difficulties and limitations when used for direct
patterning of glass especially glass is an isotropic material and the etching can be
non-directional (Malek et al., 2007) especially with wet etching process. This results in
structures with curved sidewalls and having relatively low aspect ratios to be produced.
Furthermore, material removal rate (MRR) is rather slow. For example, wet etching rate
ranges from 10-1000 nm/min while dry etching is approximately 20 nm/min. These
restrictions limit the use of photolithography for precision patterning of glass material.

2.2.5

Long pulse laser machining

The use of laser has proven to be another fast and effective ablation technique for
processing of glass. This technique can correct many of the deficiencies associated with
other techniques. First, laser ablation is a non-contact process that can completely
eliminate the problem of additional cleaning step induced from mechanical methods.
Second, laser machining is one step cutting process that does not require complex
set-up as compared to the lithography technique. The laser beam can be easily focused
to the micro scale using a simple lens and mirror setup to facilitate the micromachining
or micropatterning of glass surface.

The idea of using laser to machine glass was first originate by Lambert and his group in
1976 where they employed two separate laser beam to machine glass. The first beam
usually produced using a YAG laser (Yttrium-Aluminium-Garnet Laser) or a diode
laser is used to melt a 0.2 mm deep groove-crack, while a second laser beam is used to
generate thermal stress at the crack tip to make the material separate controllably. This
method is an extension of the laser cutting of controlled fracture and the laser scribing
14
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method, previously proposed by Garibotti (1963) and Lumley (1969). In Garibotti’s
method, a laser is used to scribe the substrate along the desired separation line. The
scribed materials are then immersed in an ultrasonic cell and broken along the scribed
lines by ultrasonic energy. Alternatively, the scribed substrate is broken along the
scribed line by applying a mechanical force induced from the cracking roller. This
fracture technique however is less controllable. Lumley’s method on the contrary is
much simpler and has great potential in machining brittle material. In his invention, a
single beam is use to generate mechanical stress and this causes the material to separate
along the path of the laser beam. This separation technique is similar to a crack
extension and the fracture growth is controllable. Dicing of brittle materials such as
alumina ceramic substrate and glass has been successfully demonstrated by Lumley
using the carbon dioxide (CO2) laser.

Mechanical
Cutting
Capabilities

Advantages

•

•
•

Disadvantages

•
•
•

Capital
Investment

Minimum
Feature
Size: >1
mm

Inexpensiv
e
Minimum
setup
needed.

Poor
accuracy
Tool wear
Require
post
cleaning
process

$10k to $20k

Water Jet
Cutting
•
•
•
•

•
•

•

Minimum
Feature Size:
300 µm
Aspect Ratio:
30:1
Can cut almost
all material
No heat
affected zone

Slow process
Higher cost
due to
abrasive
material use.
Taper profile
when machine
thick parts

$60k to over
$300k

Ultrasonic
Machining
•
•
•
•

•
•
•

Minimum
Feature Size:
200 µm
Aspect Ratio:
25:1
High aspect
ratios
Able to drill
straight
sidewalls and
produce very
fine features

Slow process
Large capital
investment
cost
Difficult to
machine
asymmetrical
patterns

$60k to over
$300k

Lithography
•
•
•
•

•
•
•

•

Minimum
Feature Size:
0.1 µm
Aspect Ratio:
3:1(glass)
Highly
precision
Minimum
human
intervention
once setup
done.
Able to print
complex
shapes
Large capital
investment
cost
Undercut
problem when
using wet
etching.
Multi step
process

$200k to over $1M

Laser Cutting
•
•
•
•
•
•

•
•
•

Minimum
Feature Size:
1-50 µm
Aspect
Ratio: 10-20:1
Extreme
versatile.
Able to machine
complex shapes.
Can cut almost
all material
No mask, tooling
or tool wear

Large capital
investment cost
High power
consumption
Difficult to create
blind holes

$200k to over $1M

Table 2.2: List of machining techniques and its capabilities (http//:www.
memsjournel.com).
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Table 2.2 shows a summary of the various machining techniques as compared to laser
micromachining. From the table, it can be observed that though the investment cost for
a laser system is higher than that of a mechanical system, generally it is cheaper when
compared to conventional lithography system. The overall investment cost of a laser
cutting system in the long run is still cheaper when compared to mechanical processing
techniques that require additional grinding or cleaning (Finlay and Frank, 2009). Most
importantly, laser cutting makes it easier to produce curved cuts in glass. The demand
for curved cuts is increasing, especially in mobile phones, where many manufacturers
would like to replace plastic covers with glass to increase scratch resistance and this
generally requires small radius rounded edges, and sometimes even cut-outs.

In today industry, high power pulse lasers such as carbon dioxide (CO2) laser operating
at a wavelength of 10.6 µm are widely used for cutting of glass. These CO2 laser can
generate very high power ranging from 50W to 500W. By irradiating the glass surface,
tensile stress is generated with CO2 laser heating. This is followed by injecting a cold
jet of air at the irradiated region causing cracking along the direction of cutting to break
the material (Hermanns, 2000). Because of the high power output, these lasers can
direct machine glass having a thickness of several millimetres at very high federate
with micro-scale precision. However machining with a CO2 laser is essentially a
thermal process and can induce undesirable side effects such as cracking (Rolo et al.,
2005). Figure 2.2 shows the possible damages on the surface of material when
machining using a long pulse laser.

16

Chapter 2 Literature Review

Figure 2.2: Long-pulse laser-matter interactions. It highlights the numerous
physical phenomena that are present when machining with a long laser pulse.
(http://www.cmxr.com)

2.2.6

Femtosecond laser machining

Femtosecond lasers, also known as ultrafast or ultrashort pulse lasers emit a pulse width
in a time scale of femtosecond (10-15 s). In some literature, it also refers to pulses less
than 10 ps (Craig, 1998). In order for a laser system to generate ultrashort pulses, three
essential elements are required. First, a gain medium must be present in a laser system.
This medium is usually made of an ion doped crystal or glass having a wide emission
bandwidth. Moreover, to generate short pulses, the gain medium must be broad in
frequency and must be able to produce these frequencies. The second mechanism is
used to compensate for the dispersion in the laser cavity. This is because the group
velocity in the optics (and even in air) inside the laser cavity is frequency dependent,
and the initial short pulses tend to spread in time because different frequency
components travel at different velocity. Typically a prism pair is used to compensate for
this dispersion in the laser cavity, though recent advances in mirror coating technology
allow the dispersion in the laser cavity to be taken care of in the optics themselves (Xu
et al., 1996).
17

Chapter 2 Literature Review

The last mechanism is needed to make the laser run in a pulsed, as opposed to a
continuous wave mode. Essentially, all the different frequency components supported
by the laser cavity (in terms of gain and dispersion compensation) must add
constructively to produce a pulse, a process known as mode-locking (Ippen, 1994). For
long pulse laser, mode-locking can be achieved by inserting an active modulator into
the laser cavity that makes the gain in the laser cavity exceed the loss for only a short
time, ensuring that the laser produce a pulse. However, no active modulator can switch
fast enough to produce a femtosecond pulse, thus the gain (or loss) of the cavity must be
modulated in some other ways.

In Ti:sapphire lasers, this modulation is accomplished by so called Kerr-lens
mechanism (Christov et al., 1995). Briefly, weak self-focusing of the pulse in the gain
crystal reduces the transverse size of the beam so that there is a better overlapped
optically pumped gain region. It is thus energetically favorable for the laser to run
pulsed as opposed to continuous wave (indeed, in a well-aligned Ti:Sapphire laser the
average power will go up when the laser is mode-locked). Typically, a Ti:Sapphire laser
oscillator will produce an output of 20 fs, 5 nJ, 800 nm pulses at a repetition rate of
about 90 MHz. However, for many applications, higher laser density is desirable which
requires amplification of the laser energy. This amplification of femtosecond laser
pulses requires care, however, as the laser energy grows, the non-linear optical effects
occur in the amplification chain, degrading the pulse. In extreme cases, non-linear
absorption of laser energy by the optics in the amplification chain could cause
permanent damage.

In order to avoid this non-linear effect and still pump more energy into the pulse,
Mourou and co-workers devised a clever strategy of chirped-pulse amplification (CPA)
(Strickland and Mourou, 1985). The CPA scheme works as follows (see Figure 2.3).
Ultrashort light pulses are generated at low pulse energy through the use of an
ultrashort-pulse mode-locked laser ‘‘oscillator.’’ This mode-locked laser typically
generates light pulses at a high repetition rate (≈108 Hz) with pulse energies in the range
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of 10-9 J, and with pulse durations in the range of 10-12–10-14 s.

These femtosecond pulses are then chirped using a dispersive delay line consisting of
either an optical fiber or a diffraction-grating arrangement. The pulse is stretched from
a duration under 100 fs to typically ~100 ps, decreasing its peak power by
approximately three orders of magnitude. One or more stages of laser amplification are
used to increase the energy of the pulse by six to nine orders of magnitude to achieve a
sufficient fluence to efficiently extract energy from the laser amplifiers. This
amplification typically requires a total of between 4 and 50 passes through an
amplification medium, with a gain of between 2 and 100 per pass. After optical
amplification, when the pulse is very energetic, a second grating pair is then used to
‘‘recompress’’ the pulse back to femtosecond duration using an optical pulse
compression technique (Treacy, 1969; Fork et al., 1984). To achieve this recompression
back to near the original input pulse duration, proper optical design of the amplifier
system is required.

Figure 2.3: Schematic diagram of an amplifier system based on chirped-pulse
amplification.
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The development of femtosecond laser or (fs-laser) may offer an alternative solution for
processing of glass. Despite the fact that the cost of femtosecond laser system is
generally much higher as compared to conventional long pulse laser system. However,
in the recent years, reduction in the cost and complexity of the femtosecond laser
system has generated interest in using ultrashort pulse laser for micromachining and
micro-fabrication applications. The advantage of femtosecond laser is that it has a pulse
width shorter than or equal to the time scale of lattice vibration. As a result, the energy
deposited into the material is far shorter than thermal phonon diffusion process. This
means that femtosecond laser-induced thermal effect is considered to be negligible (Liu
et al., 1997; Bank et al., 1998).

An illustration on ultrafast pulse laser-matter interaction as compared to long pulse
laser is shown in Figure 2.4. Moreover, femtosecond laser can also generate very high
peak power intensity resulting in non-linear multi-photon absorption to occur in glass.
This can result in an increase in the refractive index at the focal point inside the glass,
which is potentially effective to produce structures in nano-scale (Theppakuttai and
Chen, 2003). This unique property allows processing of materials like glass (Ferna et
al., 2011), ceramic (Wang et al., 2010) and explosive (Roeske et al., 2003) cannot be
achieved in using conventional long pulse laser. Though femtosecond laser has many
advantages over long pulse laser but when compared to high power CO2 laser in term of
high volume manufacturing, femtosecond laser has lower machining rate. Moreover it
cannot direct cut thick glass having a thickness greater than 200µm in one single pass.
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Figure 2.4: Ultrafast pulse laser-matter interaction (https://www.imra.com).

2.3 Ablation mechanism between long and femtosecond pulses lasers

Understanding the physical process in laser material interaction is important as it allow
one to understand the capabilities and limitations of laser machining processes. Below
describe the ablation mechanism between a long and ultrashort pulse laser.

2.3.1

Long pulse laser ablation

Lasers with pulse duration longer than a few tens of picoseconds (ps) are often
classified as long pulse lasers. For long pulse laser material interaction, the laser energy
is basically transferred from the laser-excited electrons to the material lattice by thermal
diffusion process. Damage occurs when the temperature at the laser irradiated region
become relatively high to cause melting or even fracture (Stuart et al., 1996). A
schematic showing long pulse laser ablation is shown in Figure 2.5.
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Figure 2.5: Schematic diagram showing long pulse laser ablation (Chichkov
et al., 1996).

In long pulse laser interaction, free electrons gain kinetic energy by the absorption of
photon energy through a series of inverse Bremsstrahlung process (Gamaly et al., 2002).
Once the free electron gain sufficient kinetic energy, a portion of the energy is
transferred to a bound electron by collisions to overcome the ionization potential to
form two free electrons (Wong et al., 2003). This process is called impact ionization
(Quere et al., 2001). Consequently, this results in more free electrons absorbing the
photon energy to produce more free electrons from the bounded electrons. This results
in a series of impact ionization process which is called avalanche ionization (Pronko et
al., 1998) as shown in Figure 2.6.

Avalanche ionization strongly depends on the free electron density and is sometimes
assumed to be linearly proportional to the laser intensity (Stuart et al., 1996). The
reason for avalanche ionization is very efficient in long pulse ablation is due to
availability for the exponential growth of the electron density. For long pulse laser
ablation of wide bandgap materials, typical laser energy is below 1012 W/cm2 and
avalanche ionization is responsible for the ablation.
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Figure 2.6: Schematic diagram showing impact ionization; avalanche
ionization consist of a series of impact ionizations (Jiang and Tsai, 2011).

2.3.2

Short pulse laser ablation

Energy transfer during femtosecond laser ablation can be separated into two different
stages: (1) the absorption of photon energy by electrons and (2) redistribution of the
absorbed energy to the surrounding lattice leading to material removal (Ladieu et al.,
2002; Jiang and Tsai, 2011). The absorption of photon energy can be further
categorized into either linear or non-linear. In the linear photon absorption, the process
basically obeys the Beer-Lambert Law (Jiang and Tsai, 2011) which states that the
absorption of a specific wavelength transmitted through a material is a function of
material path length and is independent of incident intensity.

However, ablation in the femtosecond regime results in non-linear absorption rather
than linear absorption for all materials. Avalanche ionization multi-photon ionization
and/or tunnel ionization are major competing mechanisms for free electron generation.
For a femtosecond laser, the laser intensity is typically greater than 1013 W/cm2.
Therefore multi-photon ionization (Guy et al., 1993) becomes significantly stronger as
compared to avalanche ionization for material ablation.
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Multi-photon absorption occurs due to the simultaneous absorption of multiple photons
by an electron in the valence band. The number of photons m required to bridge the
bandgap must satisfy mhυ> Eg, where Eg is the bandgap, and hυ is the photon energy. A
schematic of a multiphoton ionization process is shown in Figure 2.7.

Figure 2.7: A schematic of a multiphoton ionization process (Jiang and Tsai,
2011).

Since the laser energy absorbed by the photons is usually greater than the ionization
potential (Liu et al., 1997), a bound electron can be freed from the valence band after
absorbing the energy from several photons. Thus seed electrons are not required to start
the ionization process in wide bandgap materials. Moreover, the presence of defects
and impurities play a negligible role due to high the high field ionization and impact
ionization process (Jasapara et al., 2001). Thus, for laser intensities greater than 1015
W/cm2, tunnel ionization is to be considered as well (Stuart et al., 1996).

For femtosecond ablation of wide bandgap materials, both multi-photon ionization and
tunnel ionization makeup of the photo-ionization process. Absorption of the energy
occurs on a time scale much shorter as compared to the time scale for energy transfer to
the lattice, this result in the decoupling of the absorption and lattice heating processes as
shown in Figure 2.8 (Stuart et al., 1996). Furthermore, material damage induced by
ultrashort pulse laser is far more regular and confined as compared with longer pulse
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laser (Glezer et al., 1996) and the larger statistical variation for long pulses is not
present for short pulses (Morou, 1997). This is because lesser energy is required to
produce optical breakdown within the material by short pulse laser. This leads to a more
precise ablation or bulk material modification. This deterministic breakdown and
damage near threshold and controllable material alteration make femtosecond lasers an
ideal tool for micromachining (Liu et al., 1997).

Figure 2.8: A schematic of short pulse ablation (Chichkov et al., 1996).

2.4 Femtosecond laser induced phenomenon and structure changes

Laser interaction with matter can lead to various permanent surface micro/nano
structures in different material systems. The interaction of femtosecond laser pulse with
material surface has attracted much interest among researchers because of its
capabilities of unique surface modification and efficient material ablation. A literature
review on the past work performed on femtosecond laser machining of glass and also
laser-induced related phenomenon like both surface morphological and structure
changes is reviewed in the following section.
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2.4.1

Laser machining of glass

The use of laser to process glass has been an area of intensive research due to its
technological importance. Much of the earlier work performed on glass using long
pulse laser like, CO2 laser to study the ablation behaviour between the laser beam and
glass (Kestenbaum et al., 1990; Dyer et al., 1997). The development of femtosecond
laser has stimulated research interest in the application of femtosecond laser for both
surface and subsurface machining of transparent materials (Lenzner et al., 1999; He et
al., 2010; Costa et al., 2011). Initially, the research on femtosecond laser on glass was
mainly focused on studying ablation threshold (Kuger et al., 1997; Ashkenasi et al.,
1999) and surface morphology (Schaffer et al., 2001; Kawahara et al., 2002)

With the rapid advancement in femtosecond laser technology, the use of femtosecond
laser as potential tool for material processing has been demonstrated by many groups
(Yuan et al., 2005; Zheng et al., 2006; White et al., 2008; Bellourd et al., 2010). Now,
femtosecond laser technology has entered the industrial market, there is a need for
systematic analysis and characterizing the laser ablated structure machined by
femtosecond laser. In practical application, such as drilling or scribbling, one must
understand the processing parameters so that the desired results can be achieved. For
example, it has been reported that using shorter wavelength would improve the drilling
rate due to better absorption in metal (Tunna et la., 2006). In another report, using
different laser wavelength can affect the ablated profile (Witte et al., 2007). Other laser
parameters include pulse energy, polarization, pulse duration, federate and repetition
rate. The work performed here is an extension of the experimental work performed by a
few groups (Yasui et al., 2003; Campbell et al, 2005) on single and multi-pulse
machining of glass. No detailed study on the effects of processing parameters has been
carried out especially on beam polarization effect in machining.
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2.4.2

Laser induced ripple formation

Ever since Birnbaum (1965) first reported the formation of periodic structures on the
surface of germanium substrate using a ruby laser, laser induced periodic surface
structures (LIPSS) have been intensively studied over a wide range of materials ranging
from metals (Regelskis et al., 2007; Kim et al., 2008), semiconductors (Serna et al.,
1994; Tan and Venkatakrishnan, 2006) and dielectric materials (Peng et al., 2003; Liu
et al., 2011). In most cases, the ripples are found to have an orientation perpendicular to
the laser polarisation with a periodicity close to the wavelength of the laser radiation.

Moreover, these ripples were found to have a period smaller or bigger than the laser
wavelength if the radiation was performed at an inclination to the surface normal. Early
model assumed that the ripples might be a result of frozen acoustic surface waves
(Willis and Emmony, 1975).Very often, however, ripples having a periodicity at the
order of the wavelength were observed. Furthermore, the ripples orientation strongly
depends on the polarization of the incident laser light. This evolves into a model
explaining the ripples are a result of interference between the incident laser radiation
and scattered or excited surface waves (Emmony et al., 1973; Gousheng et al., 1982).
For more than ten over years, this interference theory was able to successfully predict
the periodicity of the ripples which is highly dependent on the laser wavelength and the
angle of incidence.

Recently, these ripples have also shown to find potential application in micromachining
MEMS structures (Brugger et al., 2000; Chen et al., 2002). Applications such as
fabricating of gratings, shallow junctions of metal-oxide-silicon transistors,
liquid-crystal display to texturing of magnetic recording media (Hsu et al., 2011). Also,
these ripples have shown to improve the adhesion of surface (Vajpayee et al., 2011). A
large diversity of patterns at the modified surface region was revealed with the use of
femtosecond laser irradiation. These include periodic structures with many bifurcations
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(Reif et al., 2002; Varlamova et al., 2007), uniformly distributed nanodots (Tomita et
al., 2009; Yang et al., 2011) or even conical structures (Zhao et al., 2003; Nayak et al.,
2010). Very often, ripples with spacing smaller than the laser wavelength was observed
after femtosecond laser irradiation and using the interference theory could no longer
account for the formation of these subwavelength ripples. Instead various mechanisms
have been proposed to explain the observation of these ripples. These include
interaction between incident light and excited surface plasmon (Bonse et al., 2009;
Huang et al., 2009), self-organization (Varlamova et al., 2007; Weizman et al., 2008),
second harmonic generation (Bonse et al., 2005; Dufft et al., 2009) and Coulomb
explosion (Dong and Molian, 2004).

For ripple induced on fused silica after laser irradiation, some preliminary studies have
been carried out. Ihlemann et al (1992) carried out ablation of fused silica using both
nanosecond and femtosecond Excimer laser. They reported that the ripples maybe due
to melting and resolidification or even perhaps recrystallization process. In another
study, Wager et al (2006) observed subwavelength ripples when scanning
perpendicular to polarization. A preliminary explanation proposed by them is the
interaction of incident wave with the surface electromagnetic waves (SEW). They also
suggested that the ripples might be due to higher harmonic generation. Bohme et al
(2008) carried out laser-induced backside wet etching (LIBWE) of fused silica using a
sub-picosecond UV laser and observed subwavelength ripples as well. However, as the
laser irradiation was performed at the solid/liquid interface, they proposed that these
ripple maybe defect-mediated. Despite the fact that the mechanism of the femtoseond
laser-induced ripple formation is still under keen discussion, there are also other factors
that can affect ripple formation. One such factor is the effect of surface roughness.

Yang et al (2010) reported that the ripple periodicity tends to decrease with larger
surface roughness but increase with higher laser fluence. For the increased roughness,
the change in ripple periodicity becomes more sensitive to the incident laser fluence.
Tomita et al (2007) also carried out femtosecond irradiation of single crystal 4H-SiC
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wafer and observed that the fine ripples were remarkably reduced on the surface
roughened by intentional rubbing, while the threshold for the formation of the coarse
ripple were not affected. They suggest that the formation of fine ripples may be
explained by non-uniform free electron density due to the initial surface roughness.
Though the above experiments and theories on laser-induced ripples have been studied,
however, in-depth characterization and study on the physical phenomena to explain
ripple initiation, growth and transitions toward other patterns induced by a femtosecond
laser beam on fused silica is still not fully understood.Therefore, further research is still
needed in understanding ripple formation.

2.4.3

Laser induced recrystallization and amorphization

In addition to the laser induced periodic structures formation, laser irradiation effects
on materials have been studied extensively in the past due to its great technological
importance. For example, the use of long pulsed laser such as Excimer laser can be used
to induce crystallization in amorphous thin film for thin-film transistor (TFT)
application (Staudt et al., 1998). By irradiating the film with the long pulse laser,
energy is basically transferred from the laser-excited electrons to the material lattice by
thermal diffusion process. Once sufficient energy is employed, melting of the material
occurs. Once the pulse is over, nucleation and solidification of the material took place
leading to the resultant microstructures.

Another irradiation effect is the transformation of crystalline to amorphous phase after
laser irradiation. Generally, the transition between crystalline and the amorphous phase
is highly dependent on the solidification velocity. If the velocity of the solidification
front is greater than a critical value, amorphization of the laser-irradiated structure can
occur (Cerny et al., 1999). Femtosecond laser is well known to be a non-thermal
process since the laser pulse wide is shorter than the electron-phonon energy relaxation
time. Energy is deposited into the material before thermal diffusion occurs. However, in
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recent years, femtosecond laser-induced amorphization (Rodenas et al., 2006; Budiman
et al., 2010; Konishi et al., 2010) and crystallization (Shiek et al., 2004; Valette et al.,
2005) have been reported for a wide range of materials. As femtosecond laser can be
used to make optical gratings (He et al., 2009) and waveguides (Ams et al., 2010) in
glass, a change in the material crystal structure can alter the optical properties. Thus
characterizing the irradiated structure is important for device fabrication.

2.4.4

Laser induced cracking

Cracking is a common phenomenon especially when carrying out machining of brittle
material like glass. Laser machining of glass has always been very challenging due to
the transmissive nature of glass in the visible region. The use of a nanosecond laser in
machining glass usually requires the use of high pulse energies since linear absorption
is not efficient. However, this would often lead to thermal induced damages such as
chipping and micro-cracking (Lan et al., 2003). Carbon dioxide lasers are often used to
machine glass since glass has better absorption in the far infrared range (Lane, 1990).
However, the long pulse durations (µs) of the CO2 laser can result in crack formation
(Ozkan and Migliore, 2003).

Femtosecond laser machining has proven to be an effective tool for carrying out
micromachining of glass and other transparent materials without any crack formation.
However, in recent years, material cracking induced by a femtosecond laser beam has
been reported (Lai et al., 2007; Qiu et al., 2008; Cheng et al., 2010). Though some
preliminarily investigations have been carried out (Seydoux al., 2010), the cracking
mechanism and conditions for cracks to form is still not well understood and this
warrants further studies.
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2.5 Summary

Various techniques on machining of glass have been review in this chapter. The use of
a femtosecond laser has shown to be a promising tool for carrying out micromachining
of glass as compared to long pulse lasers. Though many studies have been carried out to
study femtosecond laser beam interaction with various materials, femtosecond laser
beam interaction process with glass is still very complex and the laser irradiation can
induce various phenomenon such as cracking, ripples and structure change which till
now is still not very clear and need to be investigated.
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Chapter 3

Experimental Procedures

3.1 Introduction
This chapter describes the femtosecond laser system, laser ablation set-up, sample
preparation techniques and the different diagnostic tools used to characterize the laser
irradiated sample.

3.2 Laser system and ablation set-up
3.2.1 Femtosecond laser system
The laser system used was based on a regenerative Ti:Sapphire amplifier using
chirped pulse amplification technique (Clark-MXR, CPA 2001) to provide highintensity fs laser pulses. A schematic of the laser ablation set-up is shown in Figure
3.1 while photographs of the femtosecond laser system with optical setup are shown
in Figure 3.2. The output beam from the CPA system was directed onto the
mechanical stage using 3 highly reflective mirrors (M1-M3). A beam-splitter (BS)
was used to divert a portion of the output beam to a photo-detector (PD1), which
monitors the beam quality during the laser experiments. A second photo-detector
(PD2) was placed just before the objective lens for measuring pulse energy used in
ablation experiments. Various pulse energies for the machining experiments were
obtained by adjusting using a zero order half wave plate (HWP) and a thin film
polarizer (P1). The maximum pulse energy output from the femtosecond laser system
is 0.8mJ. However for ablation threshold studies which require much lower beam
energies, different neutral density filters (F1) with different attenuation values were
used.

The pulse duration of the output beam from amplifier was 150 fs with nominal
wavelength at 775 nm. The repetition rate was set at 1 kHz and the beam profile
emitted from the regenerative amplifier was approximately Gaussian with a M2 factor
<1.2 base on the specification from vendor. The linearly P-polarized laser beam was
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focused on the sample at normal incidence by a fused silica focusing lens having a
focal length of 25mm. Circular and elliptical polarized light was obtained using a half
and quarter-wave plate. The focused beam spot size was estimated to be 7 µm at 1/e2.
The number of pulses delivered to the sample was achieved via adjusting the open
time of a fast mechanical shutter (FS) synchronized with the laser operation at 1 kHz.
A summary on the laser specification provided by Clark-MXR, Inc have been listed in
table 3.1.

Maximum Pulse energy
Pulsewidth (FWHM)
Wavelength
Transverse mode
Repetition Rate
Polarization
Energy stability
Prepulse extinction ratio
Postpulse extinction ratio
M2 factor
Beam Diameter (FWHM)
Beam divergence

0.8 mJ at repetition rates = 1 kHz.
<150 fs
775 nm
TEM00
User adjustable up to 1 kHz
Linear, horizontal
<1% rms all versions
>500:1 all versions
>100:1 all versions
< 1.2
4-6mm
<100 microradians

Table 3.1: Performance parameters of a CPA-2001 system.

The substrate is mounted on an x-y-z variable speed motor driven stage with a step
resolution of 0.1 µm. A CCD camera arrangement was aligned through the dielectric
mirror (M3) which has high reflector at a laser wavelength but transparent in the
visible region, was used to monitor the sample alignment and the machining process
during the course of the experiments. All experiments were performed in ambient
conditions.
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Figure 3.1: Schematic of set-up for femtosecond laser processing of
materials.

Figure 3.2: (a) Photographs of femtosecond laser (CPA2001) with optical
components and (b) showing machining stage with lens.
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3.2.2 Single and multiple pulse ablation experiments
In experiments dealing with single and multiple pulse ablations, it was necessary to
select a known number of pulses from the 1 kHz pulse train. The number of pulses
delivered to the sample was achieved via adjusting the open time of a fast mechanical
shutter synchronized with the laser operation at 1 kHz. In this research study, the laser
pulses used ranged from 1 to 100000 pulses.

3.2.3 Groove cutting experiments
In the experiments involving groove cutting the individual pulse energy
measurements were not required. Instead, the average power was measured with the
power meter prior to the experiments. Three basic types of experiments were routinely
performed involving characterization of the groove depth as a function of the pulse
energy, the feed rate and the number of consecutive passes over the same area
(multiple pass cutting). The sequence of these experiments was as follows: After one
of the routines was initiated, a groove of specified length was cut by translating the
sample relative to the stationary beam in both x and y axis at a specified feed rate (10
µm/s to 500 µm/s). The sample was then moved to a new position with a new set of
parameters and the process was repeated until a specified number of grooves were cut.
A summary of the parameters is described in Table 3.2.

Description
Scribing Orientation
Power (mW)
Polarization
Feed-rate (µm/s)
No of Cutting Passes

Parameters
X or Y
15,25,50,100,250 and 500
P-Polarized or C-Polarized
10,50,100,250 and 500
1,2,4,8,10,25,50 and 100

Table 3.2: Parameters used for groove scribing.
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3.3 Laser diagnostic tool and alignment
3.3.1 Beam profile measurement
Characterizing the laser beam profile prior to the ablation study is of great importance
to ensure the stability of the laser system in term out beam energy distribution. The
spatial profile of the beam from CPA 2001 was characterized using a CCD-based
laser beam profiler (SPIRICON, LBA-PC Series). The beam quality factor (M2) for
the laser system is approximately 1.5. Under most of the experimental conditions the
beam profile and the far field profile after the microscope objective closely followed a
Gaussian intensity distribution as shown in Figure 3.3.

(a)

(b)

(c)

Figure 3.3: (a) Typical beam profile of the CPA2001 beam (775 nm
wavelength) taken with a CCD beam profiler. The curve in figures (b) and
(c) represents a Gaussian fit to the intensity distribution along the horizontal
and the vertical direction.
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3.3.2 Pulse width measurement
Important information about the temporal behavior of the phase of the pulsed field
may be obtained by spectrally analyzing the second-harmonic or sum frequency signal
produced by the two pulses as a function of delay time. This technique was first
introduced by Trebino and Kane (1993) and is called FROG (frequency-resolved
optical gating). A typical SH-FROG trace and the retrieved pulse shape are shown in
Figure 3.4 with FWHM of 210 fs,

(a)

(b)

(c)

(d)

Figure 3.4: (a) SHG-FROG trace for a train of pulses from the 775nm Ti:
Sapphire femtosecond laser. (b) Spectrum derived for the pulse who FROG
trace is shown in Figure 3.4 (a). (c) Measure intensity whose SHG FROG
trace shown in Figure 3.4 (a). (d) Fitted intensity whose SHG FROG trace
shown in Figure 3.4 (a).
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3.3.3 Spectrum measurement
Spectral measurement in the visible wavelength range was performed using a
spectrometer E201 LSA03A (IST). A typical spectrum from the CPA 2001 is shown
in Figure 3.5. It can be observed that the measured wavelength of the laser system is
approximately centered at 775 nm which is close to the specification specified by the
manufacturer.

Figure 3.5: Spectrum from the CPA2001 femtosecond laser at 150 fs output.

3.3.4 Power measurement
Accurate power measurements were very important since the goal of many
investigations was to determine the ablation thresholds and characterizing the
dependence of various machining parameters with respect to the laser pulse energy or
fluence. The power measurement was carried out using a dual channel energy meter
(Ultima LabMaster, Coherent) and an absorbing detector head (LM-3, Coherent) with
an accuracy of ±2% and resolution 0.01W base on specification from Coherent. All
power (pulse energies) measurements were always made just before the microscope
objective to account for all throughput losses during the beam delivery to the lens.
Typically, energy loss through mirror is approximately 3 percent of the output power.

38

Chapter 3 Experimental Procedures

Before the start of every experiment, the required beam energy was adjusted by
inserting different neutral density filters with different attenuation values. Following
which, the pulse energy was measured and monitored using a computer based strip
chart program for a period of 10 minutes and the average power (P ) and the
avr

standard deviation (σ ) were calculated. To further account for power fluctuations or
P

drifts, during the course of experiments, the secondary output power from the beam
splitter (Refer to earlier Figure 3.2) was monitored on the other channel of the power
meter. Any differences in the secondary output power would indicate an energy drift
which occurs but in the course of most experiments, no significant energy drift was
observed.

3.3.5 Spot size measurement
Determination of the laser fluence is essential for characterization of the ablation
process and the accuracy of fluence determination largely depends on the
measurements of the spot size on the sample surface. For a Gaussian beam, the peak
fluence is given by (Trans et al., 2005):

Fo =

2.E p

(3.1)

πω02

2

where, Ep is the pulse energy and ω is the spot size, i.e., beam radius measured at 1/e
o

of the intensity profile.

Several methods have be used for carrying out spot size measurement like using a
CCD profiler (Roundy,1999) knife edge technique (Firester et al., 1977; Bilger, and
Habib, 1985) or measuring the laser spot size of tightly focused beams and analysis of
the lateral dimensions of the ablation craters (Lui, 1982). The last method has been
widely adapted by many groups in studying laser ablation and micromachining as it
also allows one to determine the modification threshold of the target material.
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Using this technique, a set of single pulse ablation craters were produced on the
sample with decreasing pulse energy. The crater diameters (D) were measured as a
function of the pulse energy F , then F and ω were determined by fitting the data to
o

th

o

Equation. (3.2) where the diameter (D) of the ablation crater is related to the energy of
the incident pulse by (Bonse et al., 2001; Borowiec and Haugen, 2004):

F 
2
D 2 = 2ω 0 In 0 
 Fth 

(3.2)

F is the threshold pulse energy, that is the minimum pulse energy required to
th

produce permanent material modification. With the obtained fit parameters the
threshold fluence was calculated with Equation. (3.1).

A typical set of experimental data is shown in (Figure. 3.6), obtained for fused silica
irradiated by 150 fs, 775 nm pulses, focused with a 25mm focal length lens. The solid
line represents the fit to Equation. (3.2). In this experiment, the least square fit yielded
a spot size of 10.56 µm. To verify the consistency of the measured spot size and
polarization effect, another set of single pulse ablation experiment was carried out
using various laser polarizations as shown in Figure 3.7. For this set of experiments,
the least square fit yielded a spot size of 11.2 µm and comparing the two sets of
measurement data, the error difference is less than 10% indicating a good consistency
in the results.
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Figure 3.6: Spot size measurements of beam focused on the sample surface
by a 25mm focal length lens.

Figure 3.7: Spot size measurements of beam focused on the sample surface
by a 25mm focal length lens using various polarizations.
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3.4 Sample and sample preparation techniques
UV grade fused silica having a dimension of 10mm by 10mm with thickness of 1 mm
was used throughout the experiment. This material has thermal coefficient of
expansion of 0.55–0:57 x 10-6 ºC-6 which makes it an ideal candidate for high
repetition rate laser processing. For crystalline quartz (100) and (111), it also has
similar dimension as the fused silica substrate.

3.4.1 Preparation of metallographic samples
Prior to the laser ablation experiments, all samples having a dimension of (10mm x
10mm x 1mm) were pre-cleaned in an ultrasonic bath containing acetone to remove
any grease or surface contaminants on the surface. The samples were dried using
nitrogen gas.

3.4.2 Preparation of cross-sectional SEM samples
Preparing cross-sectional samples of the laser machined grooves and holes require
great attention and skill as the laser machined grooves and holes tend to fracture
during the sectioning and grinding process. To reduce the fracturing tendency, a
special technique was applied. First a glass substrate was preheated to a temperature
of 70 °C on a hot plate. Next, a small portion of wax was applied on the heated
substrate surface followed by placing the laser-machined sample on the surface. More
wax was further applied on the sample surface (see Figure 3.8) until the entire sample
surface was covered in wax. The sample was then left to cool in air for the wax to
solidify. Once the sample was firmly held in place, it was then sectioned using a
diamond saw. The cut sample was then ground with silicon carbide paper
progressively from a grits of 1000 to 4000. Careful cleaning of the samples was
performed between each step to prevent cross contamination of coarse abrasive
particles in the finer steps. To avoid the formation of directional grinding, these
operations were performed with a rotation of the specimen by 90° after each step to
eliminate scratches formed in the previous step.
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After the fine grinding step, the surface was progressively polished using diamond
particle suspension solutions with sizes from 6 µm, 3 µm and 1 µm at a constant
rotating speed of 250 revolutions per minute. Polishing lubricants were applied
constantly to prevent embedding of diamond particles into the sample surface. Visual
inspections were also frequently carried out under an optical microscope to ensure
that the final surfaces were free from scratches and embedded particles from previous
polishing process. The samples were cleaned in an ultrasonic bath containing acetone
to dissolve the wax and also to remove any grease or surface contaminates on the
surface.

Figure 3.8: Cross-sectional view of the laser machined sample covered in
wax on the glass substrate.

3.4.3 Preparation of plane view & cross-sectional TEM samples
Great effort was made to prepare samples in order to carry out TEM observation of
the laser-irradiated materials. In this research study, two types of TEM samples were
prepared, namely, plane view and cross sectional samples. The sample preparation
techniques are described in greater detail as follows:

Plane view samples were prepared by cutting laser-irradiated region to a dimension
around 2 mm x 2 mm using a diamond saw. The sample was ground using diamond
abrasive papers from grit of 30 µm progressive down to 0.5 µm using an in-house
built tripod jig fixture. Constant monitoring of the sample thickness was carried out
under an optical microscope operating in transmission mode between each grinding
steps. The ground sample was thinned to perforation by an Ar-miller from the
substrate side towards the laser-irradiated surfaces using a Gatan Precision Ion
Polishing System (PIPS 691) operating at 5 keV. The thinning parameters used were
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as follows: rotation speed was at 3.5 rpm and milling angle was set at 7º and 4º
respectively. In order to reduce the ion-induced rippling effect, specimen rotation and
shocking were adopted in the thinning process (Carter, 1997; Mongeot et al., 2000).
Cross-sectional TEM specimens were prepared either by using FIB or a special
technique that was able to protect the top layer of the laser-irradiated surface. The
samples were cut into slices using a diamond saw and subsequently glued face to face
using M-bond 610 adhesive joining the laser irradiated surface as shown in Figure 3.9.
These sandwiches were then ground and introduced onto the TEM copper tube and
then thinned down as for the plane views.

(a)

(b)

(c)
Figure 3.9: Steps in preparation of cross-sectional TEM sample. (a) Crosssectional slice of microchannels sectioned with diamond saw; (b) Two slices
of microchannels glued face to face to protect irradiated surfaces; and (c)
Transfer of sample onto TEM grid after grinding.
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3.5 Characterization techniques
3.5.1 Optical microscope (OM)
Optical microscope (OM) was first used to carry out preliminary assessment of the
material surface after femtosecond irradiation. All the optical measurements were
performed using an Axioplan 2 (Zeiss) microscope, which operates in the differential
interference contrast mode (DIC). Optical images of the laser-ablated surfaces were
captured with a digital camera using various magnification objective lenses (5× to
50×). Image Pro Plus software was used for image processing and carrying out
quantitative measurement of the laser ablated surfaces in terms of length and area.
Using the OM is a convenient and easy tool to capture the surface morphology and it
is especially sensitive to changes in surface reflectivity induced by laser irradiation.
However, the resolution of the OM is relatively low, approximately 0.5 µm and since
most of the ablation features were less than 20 µm, SEM was the primary
measurement instrument.

3.5.2 Scanning electron microscope (SEM)
In this project, the scanning electron microscope (SEM) was used as the primary tool
for characterizing the surface morphology, lateral dimensions of ablated features and
the depth of the grooves viewed in cross-section. The SEM images present in this
thesis are mostly captured using JEOL LV5600 SEM and LEICA S360 (Cambridge,
UK) SEM. All the SEM systems are equipped with Energy Dispersive X-ray Analysis
(EDX) for carrying out fast detection of the chemical compositions of materials. A
thin layer of gold was sputtered on the laser irradiated sample to prevent charging of
the glass sample. However, sputtering the sample surface with gold was performed
after completing the chemical composition analysis. This is to ensure that the
accuracy of the EDX results so that the original chemical composition was not altered.
The beam energy can be in the range of 5-20 keV, but in most cases it was kept
constant at 20keV for both imaging and chemical composition detection purposes
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3.5.3 Transmission electron microscopy (TEM)
JEOL 2012F and JEOL JEM-2012 transmission electron microscope operating at 200
kV were used to study material damage and structure change induced by femtosecond
laser beam irradiation. Both TEMs were also equipped with EDX facilities (energy
dispersive X-ray analytical system) for carrying out chemical analysis. Selected area
diffraction technique was used to determine the crystallographic structures of the
regions investigated. Preparation of the TEM samples has been described in detail in
Section 3.5.3.

3.5.4 Atomic force microscopy (AFM)
A multimode AFM (Digital Nanoscope III) operating in tapping mode was used to
characterize the three dimensional topography of laser irradiated surface. Due to its
high lateral and vertical accuracy, the AFM is well suited for characterizing very
shallow features and allows measurement of small crater depths and volumes.
Furthermore, measurement can be directly performed in air rather than vacuum and it
does not require the sample surface to be conductive. This greatly improves the
operational convenience; however, several disadvantages of AFM include low
dynamic range, typically less than 2 µm, and a scanning area limited to 150 x 150
2

µm . If the sample has large topology variation, the tip would not be able to measure
and the image will be distorted due to noise.

3.5.5 Talyscan stylus profiler
A stylus profiler (Taylor Hobson Precision Talyscan 150) was used to characterize the
laser machined grooves profiles. The stylus profiler has two modes of operation,
which are contact, and non-contact mode.
In contact mode, a sharp diamond tip with a diameter of 5 µm is in contact with the
surface. The height difference during scanning causes deflection to the tip and is
picked up by an inductive transducer. A change in the electrical inductance due to the
movement of the stylus was converted to height information with the help a signal
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processor. Measurements carried out in contact mode are often very damaging, as it
will cause scratches on the material surfaces.

In non-contact scanning mode, a laser beam was used. The non-contact scanning was
carried out using a pulse laser operating at a wavelength of 670 nm. The beam was
focus onto the surface to a diameter of 100 µm. The stylus operating in non-contact
mode made used of laser triangulation principle to determine the surface topology.
During scanning, the beam is projected on to the target and a portion of the beam is
reflected through focusing optics onto a detector. As the target moves, the laser beam
proportionally moves on the detector. A change in the detector signal is used to
determine the height data with the aid of a signal processor. For both contact and non
contact measurements, the samples sit on a high precision x-y motorized stage and the
lateral resolution for contact scanning is 0.06µm while non-contact scanning is 1µm.
Vertical accuracy resolution for laser gauge measurement on diffusing surfaces with
homogeneous properties is 1µm.

3.5.6 X-ray diffractometer (XRD)
X-ray diffraction patterns for the non-laser irradiated and femtosecond laser irradiated
surfaces were obtained using a XRD (Philips Model PW1830). A copper target was
used for producing a X-ray source having a wavelength of λ=1.5404 Å (Cu Kα1). All
the samples were scanned at a speed of 0.02 °/s. with the scanned angle from 10° to
120°.
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Chapter 4 Ripple Formation upon Femtosecond Laser
Irradiation of Fused Silica

4.1 Introduction
Ripple formation after femtosecond laser irradiation has been observed over a wide
range of materials and the possible mechanisms have been reviewed in Chapter 2.
Though the literature have provided some in-depth understanding on the mechanism
on ripples formation on various materials using both long and short pulse lasers,
ripple induced on fused silica after femtosecond laser irradiation is still not well
understood even though there are already some preliminary ripple studies performed
on fused silica material during the course of my PhD research. For example, Ihlemann
et al (1992) carried out ablation of fused silica and they reported that the ripples
maybe due to melting and resolidification or even perhaps recrystallization process.
Wager et al (2006) observed subwavelength ripples when scanning perpendicular to
polarization and they explained the ripple formation in term of the interaction of
incident wave with the surface electromagnetic waves (SEW). Bohme et al (2008)
performed laser-induced backside wet etching (LIBWE) of fused and since the laser
irradiation was performed at the solid/liquid interface, they proposed that these ripple
maybe defect-mediated. Gottmann et al., 2009 proposed a different reason on the
ripple formation which was a result of interference.

This chapter reports a detailed study on the formation of periodic structures on fused
silica after femtosecond laser irradiation. By employing a wide range of laser
parameters such as varying the laser fluence, number of pulses, beam polarization
orientation and material crystallographic orientation, the growth and evolution of the
ripples on fused silica is studied using SEM and AFM techniques. Two directional
ripples were observed after femtosecond laser irradiation. The ripple mechanism is
discussed based on the framework of the conventional theory and in terms of
irradiated surface morphology. Calculation on the melt depth tallies with the depth of
the coarse ripples measured using AFM. It is proposed that the coarse ripple is likely a
result of freezing capillary waves while fine ripples are induced by the harmonic wave
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generation during femtosecond laser irradiation. The influence of the beam
polarization, crystallographic orientation and surface defects in the ripple orientation
is also discussed.

4.2 Ablation threshold determination
Determining the ablation threshold of a material is important prior to any laser
machining studies as it enables the end user to know the minimum amount of fluence
required to ablate the material of interest as well as to control the machining process
effectively. In this study, the threshold fluence can be obtained using the following
equations. For a Gaussian shape beam, the change in the feature diameter can be
related to the laser fluence by the following relationship (Qi et al., 2010):
F
2
D 2 = 2ω 0 In 0
 Fth





(4.1)

where, D is the feature diameter, ω0 is the l/e2 beam radius, F0 is the fluence at the
centre of the focused beam, and Fth this the threshold fluence for creating the feature.
F0 is related to the laser pulse energy by:

Fo =

2.E p

πω02

(4.2)

where, Ep is the laser pulse energy. From equations (1) and (2), ω0 and Fth can be
determined from the slope and intercept of the logarithmic dependence of D2 on Ep. In
this experiment, the feature diameter (D) is obtained by measuring the laser-ablated
profile using the optical microscope. The maximum threshold fluence can be obtained
by extrapolating D2=0. The threshold represents the lowest level of material
modification detectable using the optical microscopy which is 3.5 J/cm2. The result
for single pulse laser ablation of fused silica is shown in Figure 4.1.
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Figure 4.1: Squared diameter (D2) of the ablated area versus the applied
pulse energy (Ep) on femtosecond laser ablation of fused silica by single
laser pulse irradiation.

4.3 Effect of laser fluence and pulses in ripple formation

4.3.1

Low fluence regime with increasing laser pulses

To study the evolution of ripples, the fused silica substrate was first irradiated using a
low fluence of 4.7 J/cm2 which is slight above the ablation threshold of 3.5 J/cm2. In
this study, low fluence regime refers to laser fluence close to the threshold value
while high fluence regime refers to using a fluence ten times the threshold value. The
evolvement of the ripples with the increasing number of laser pulses in the low
fluence regime is shown in Figure 4.2. From Figure 4.2(a) and (b), no ripples can be
observed on the surface after irradiating with one or two laser pulses. This indicates
that a feedback mechanism is likely to be involved in the formation of surface patterns
when carrying out single-pulse ablation (Bonse et al., 2002). However, after
irradiating with 4 consecutive laser pulses, fine ripples having an orientation
perpendicular to laser polarization were formed on the fused silica surface (See Figure
4.2 (c)).
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By further increasing the number of irradiated pulses to 8 and 10 laser pulses, the
ripples become broader and more regular (See Figure 4.2(d) and (e)) but these ripples
tend to become rougher when more pulses were applied. It is also observed that the
width and the height of the ripples decrease monotonically from the center to the
edge, which is consistent with the Gaussian distribution of the focused laser energy.
Judging from the SEM results, the fine ripples evolved from an initial period of
100nm to a final period of 320nm.

After 13 laser shots, the center of the irradiated spot broke open and a second ripple
structure was observed to superimpose onto the original fine ripples as shown in
Figure 4.2(f). This second structure, also known as coarse ripple in this chapter is
observed to have a larger period as compared to the fine ripples. The orientation of
the coarse ripple is opposite of the fine ripples which is parallel to the beam
polarization. Based on the SEM images, the coarse ripples have a period of
approximately 580 nm. It should be noted that ripples parallel to polarization are
seldom observed, however, this does not imply that our results are necessarily
contradictory to others as ripples parallel to laser polarization have been previously
observed and reported (Sung et al., 2001; Qian et al., 2005; Han et al., 2011).

By further increasing the number of consecutive laser pulses to 17 shots (See Figure
4.2(g)), it is observed that the region of the coarse ripples gets larger but at the edges
of the laser irradiated spot the primary fine ripple structure can still be observed.
Slight traces of melting can be observed within the ablated crater. This melting could
be a result of a liquid layer that has undergone phase explosion due to superheating by
the high intensity beam (Bonse et al., 2002). Figures 4.2(f) and 4.1(g) clearly show
evidence for a rapid expulsion of liquid droplets that was cooled almost instantly and
solidified.

Upon irradiating with 20 consecutive pulses, the primary ripples disappeared
completely leaving behind only the coarse ripples at the bottom of the ablated crater
as shown in Figure 4.2 (h). Massive ablation leading to rapid deepening of the ablated
crater is observed when the applied laser pulses (> 40 pulses). At the bottom of the
crater the regular ripple structures can be still observed until the total pulses reaches
70 pulses.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 4.2: SEM images of fused silica surface after irradiation at 4.7 J/cm2
for pulse number of (a) 1, (b) 2, (c) 4, (d) 8 (e) 10, (f) 13, (g) 17 and (h) 20.
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AFM was used to characterize the period and depth of the ripples. The 2D AFM
surface morphology and cross sectional profile of the ripples after 4 and 15 laser
pulses are shown in Figure 4.3 and Figure 4.4 respectively. From the AFM crosssectional profile in Figure 4.3 (c), the fine ripple after 4 consecutive pulses has a
period of 120nm and the measured depth is 40nm. It is interesting to note that the
topology of fine ripples when observed at high AFM magnification resemble many
short linear strings arrays having a length of approximately 500nm (See Figure 4.3(b)
and (d) on an enlarged view of 4.3 (a)). These arrays seem to be made up of many
nanospheres arranged in an orderly manner.

(a)

(b)

(c)

(d)

Figure 4.3: AFM images of fused silica surface after irradiating with 4 laser
pulses using a fluence of 4.7 J/cm2. (a) Overview of surface morphology at
low AFM magnification (b) Close-up AFM profile of the ripples. (c) Crosssectional profile of the ablated crater and (d) Cross-sectional profile of the
ripples.
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For ripples irradiated with 15 laser pulses, AFM results in Figure 4.4 shows that the
fine ripples have a depth and period of 100nm and 340 nm respectively. It is observed
that both the modulation depth and ripple period increases with an increase in the
pulse number. For the coarse ripple, it has a larger period and depth as compared to
the fine ripples. AFM results show that the coarse ripple period is approximately
550nm with a depth of 300 nm. The increase in the ablation depth is due to the
increase total cumulative pulses applied.

(a)

(c)

(d)

Figure 4.4: AFM images of fused silica surface after irradiating with 15
laser pulses using a fluence of 4.7 J/cm2. (a) Overview of surface
morphology at low AFM magnification (c) Cross-sectional profile of the
fine ripple and (d) Cross-sectional profile of the ripples.
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4.3.2

Intermediate fluence regime with increasing laser pulses

By irradiating with a laser fluence (15.9 J/cm2) which corresponds to three times
higher than that of the first applied fluence, it is observed from Figure 4.5 (a) and (b)
that ripples have already formed on the surface after irradiating with only 1 and 2
laser pulses.

A close-up examination at higher SEM magnification (See Figure

4.5(e)) shows that these ripples have orientations both parallel and perpendicular
polarization. Comparing to the earlier results in the low fluence regime, ripples with
only two orientations can be observed at higher pulses. This shows that by irradiating
with higher laser fluence brings forward the formation of two directions ripple. It
should be noted that the two direction ripples can only be observed in a certain
fluence and pulse conditions based on our experimental results.

By irradiating with 4 or 8 consecutive pulses in this intermediate fluence regime
(Figure 4.5(c) and (d)), no ripples can be observed within or along the peripheral of
the laser ablated crater except sign of material chipping. Some chaotic structures can
also be observed within the laser ablated crater. This strongly suggests that ablating
the fused silica surface at higher fluence do not favour ripple formation. Instead it
promotes surface defects formation like chipping or even cracking when higher laser
fluence is used.
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(a)

(b)

(c)

(d)

(e)
Figure 4.5: SEM images of fused silica surface after irradiation at 15.9
J/cm2 for pulse number of (a) 1, (b) 2, (c) 4, (d) 8 and (e) Close-up image of
surface irradiated with 1 pulse having ripples in 2 orientations.
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4.3.3

High fluence regime with increasing laser pulses

Results of fused silica irradiated at even higher fluence of 31.3 J/cm2 are presented
Figure 4.6. As expected, ripples could only be observed for the first few pulses when
irradiating the surface at even higher fluence (See Figure 4.6 (a) and (b)). By taking a
closer examination of the fused silica surface irradiated with 2 pulses (See Figure 4.6
(e), it is surprising to see that the surface consists of both ripples as well as nanovoids. Slight traces of melting can also be observed which is indicated by the strands
of white lines in the SEM image. The formation of the nano-voids is a result of the
inhomogeneous nucleation of the bubble in the melted fused silica layer after slight
ablation by phase explosion (Bonse et al., 2002). It is known from the earlier results
that by irradiating with even higher fluences would lead to massive ablation and
defects formation. As shown in Figure 4.6 (c), cracking was observed with a dramatic
increase in the ablated depth when 4 or more consecutive pulses were applied.

Similarly, no periodic ripples could be observed within the crater except for a chaotic
structure which was observed earlier that resembled highly disorientated ripples.
Judging from the feature size which is close to the laser wavelength, these chaotic
structures may be the result of beam interference due to multiple reflections from the
side-walls and bottom surface. This is because fused silica is transparent to the 775
nm beam during the laser processing and by irradiating with higher laser intensity; it
will lead to stronger beam reflection (Han et al., 2009).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.6: SEM images of fused silica surface after irradiation at 31.3
J/cm2 for pulse number of (a) 1, (b) 2, (c) 4, (d) 8, (e) Close-up image of
surface irradiated with 2 pulses having ripples and nano voids and (f) Closeup image of surface irradiated with 8 pulses.
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4.3.4

Discussion on ripple formation

Next, the mechanism for ripple formation on fused silica will be discussed based on
the earlier experimental results obtained. For solid surfaces subjected to multiple
linear polarized laser pulses irradiation, it is widely accepted by many that ripple
formation is a result of interference between the incident laser radiation and scattered
or excited surface waves (Emmony et al., 1973). Very often, two distinct types of
ripples have been observed after laser irradiations which are the low and high spatial
frequency ripples (Couillard et al., 2007). For low spatial frequency ripples or (coarse
ripple), they are generally observed to have a period close to the irradiation
wavelength and with an orientation perpendicular to the laser polarization. The ripple
period using the interference model can be described as:

dp =

λ
1± sin θ i

(4.3)

Where λ =laser wavelength; ( θ i ) refers to angle of incidence considered to the
surface normal (Costache et al., 2003). A third pattern, (rarely observed mainly
induced by p-polarized beam, was described to be orientated parallel to the beam
polarization having a period of:

dp =

λ
Cosθ i

(4.4)

In contrast, the high spatial frequency ripples (fine ripples) have a period significantly
smaller than the laser wavelength and their origin is still under much discussion in the
literature. Since the classical interference theory can be used to describe most of the
ripple phenomenon, this theory cannot be ignored and need to be considered.
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By comparing our results with the literature, irradiating the fused silica at normal
incident would produce both low and spatial frequency ripples and indeed the fused
silica results tallies with those reported by others. However, when comparing the
ripple period against the interference model, both the fine and coarse ripples cannot be
described by the simplified classical model as the ripples period are significantly
smaller than the wavelength of the laser radiation used. To satisfy the interference
criteria, the ripple period has to be somewhere closer to the laser wavelength.

Since, the classical interference theory cannot be used to explain the subwavelength
ripples on fused silica, another theory needs to be considered. Self-organization is
another popular theory that is widely used to explain sub wavelength ripples
formation after femtosecond laser processing of transparent dielectrics (Reif et al.,
2008; Schade et al., 2010). It is to note that the formation of these sub-wavelength
ripples is well known to occur only by femtosecond laser irradiation (Tomita et al.,
2007).

For ripples induced by self organization, they have several particularly strong distinct
indications. One of which is the obvious presence of bifurcations along the ripples
while another indication for ripple structure arise from self-organization is that the
ripple structure will rise above the initial surface, whereas the valleys in between
appears depressed (Schade et al., 2010). Based on the above two features and
comparing against the SEM and AFM results, none of the above features can be
observed. It is very likely that ripples arising from self-organization are highly
material dependent as different ripple morphology varies on different materials when
irritated using the same laser parameters (Wagner and Gottmann, 2007).

A study by Levchenko et al (2011) reported that two key factors are needed for selforganizing behavior of the nanoarrays which are nucleation and the growth kinetics.
They reported that surface diffusion was the main physical process responsible for
self-organization in nanoarrays. They also reported that the probability of nucleation
depends mainly on the density of adsorbed atoms (adatoms) on the surface, whereas
the growth kinetics of nucleated nanoparticles (NPs) depends mainly on the material
flux to the (NPs). To control the self-organization in nanoarrays, proper adsorbed
atoms /adradical density and electric field patterns should be created by sophisticated
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tailoring of the process parameters. Meanwhile, other driving forces such as the
surface free energy and surface diffusion due to a chemical potential gradient can play
a leading role in specific cases.

In femtosecond irradiation of fused silica, since glass has good glass former ability in
nature, it is very difficult to initiate nucleation especially for ultrapure material like
fused silica which makeup of only single component such as silicon dioxide (SiO2).
Furthermore, femtosecond laser ultrashort pulse width does not favor nucleation
process. For nucleation and recrystallization process, thermodynamic driving forces
must be present. Thus the theory of self-organization is unlikely to be the reason for
the subwavelength ripple observed in fused silica as compared to other glass
containing impurities (Serfret et al. 2005).

Since the both the classical and self-organization theory could not be used to explain
the ripple observed and it seems hard to carry out direct measurement to determine the
exact physical mechanisms and dynamics that occurs during the ablation process as
the material properties would keep changing during the irradiation process. However,
to some extent, we can make use of the surface morphology characteristics after
irradiating with different laser parameters to deduce the ultrafast process of ripple
formation in fused silica. One key observation is the splashed like effect together with
the fine droplets and strands of nano- thread like structures that grow outwards and on
top of the coarse ripples (See Figure 4.2(g) and 4.10(b)). These images suggest that
during the femtosecond ablation process, the centre region undergoes material melting
and resolidification and the formation of the coarse ripples is very likely to relate to
the melted material dynamics. Phase explosion may even occur due to superheating
by the high intensity beam (Bonse et al., 2002)

Base on the above observations, the following mechanism is proposed for the
formation of fused silica ripples after femtosecond laser irradiation. For the coarse
ripples, it is likely to be resulting from the freezing interference capillary waves due
to surface plasma at the air-liquid interface. The following explanation supports the
coarse ripple formation mechanism. During ultrafast laser ablation of dielectric
material, the interaction between the femtosecond laser beam and the material often
involves a number of different processes which includes, non-linear absorption,
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plasma generation, shock propagation, melting propagation and resolidification
(Brodeur and Chin, 1998). However, during energy deposition into dielectric material,
not all energy is used for the ablation.

Ladieu, et al. (2002) reported that that about 8% of the laser energy was thermalized
and transmitted to the undamaged part of the quartz using a 100 fs pulse during
plasma expansion. In another report, Perry et al., (1999) shows that a large portion of
the energy is reflected back to the sample. At a laser irradiance of 1012 W/mm2, they
calculated the reflectance of a fused silica surface to be around 70%. This result in the
formation of a transient shallow molten zone below the plasma (Yakar et al., 2003)
and if the melt lifetime is long enough, the forces acting on the fluid can drive molten
material from the center to the edges of the crater. Numerical stimulations (Aggoune
et al., 2010) performed on aluminum irradiated with 100-ps laser pulses have shown
that for the few microseconds after irradiation; about 70% of the absorbed energy is
used by the expanding plasma to move the ambient gas. Another 20% of the absorbed
energy is lost in radiation and only 10% of it remains in the target as thermal energy.

To estimate the thickness and the lifetime of the molten layer, an analysis is
performed on the absorption of the laser energy and its dissipation using a onedimensional heat conduction calculation base on the above assumption from the
numerical stimulation. Here it is assumed that less than 3% of the incident laser
energy (i.e., 10% of the absorbed energy) is available to heat the undamaged material.
Therefore, at an incident laser fuence of 4.7 J/cm2, less than 0.001 J/cm2 goes into
heating of the material. Because glass does not have a latent heat of melting, all of this
energy goes into melting (Yakar et al., 2003).

The average melt depth (hm) can be calculated using

hm ≈

Fa
Tm ρc p

(4.5)

where Fa = 0.001 J/cm2 is the portion of the absorbed laser fluence that goes into
heating, ρ = 2.23×103 kg/m3 (Doremus, 1994) is the density, Cp = 1250 J/kgK
(McLellan and Shand, 1984) is the specific heat at an average temperature of T =
900K, and Tm = 1500K (Doremus, 1994) is the working point of glass, defined as the
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temperature at which the glass can be easily formed and sealed. This calculation
yields a molten layer of thickness hm ≈ 250nm at the irradiated surface below the
expanding plasma. This value tally with the depth of the crater measured using AFM
which is shown in Figure 4.4(d). Also, the lifetime of the molten region is calculated
using one dimensional heat equation, given that the heat diffusion depth is
approximately given by

l ≈ Dt

where D =

(4.6)

k
is the thermal diffusivity. Using an average temperature around 900 K
ρC

and D = 1.6x 10-6m2/s (McLellan and Shand, 1984), we estimate that the 250nm thick
layer remains molten for about a time hm2 D ≈ 0.04 µs after which resolidification
begins. During the melt lifetime, capillary waves are generated. Upon ultrafast
solidification the excitation of capillary waves at the liquid-air interface freeze to
become the coarse ripple. This mechanism described by Young e al. (1984) may
provide a plausible explanation to the femtosecond laser induced periodical surface
structures observed on femtosecond irradiated fused silica. Young studied LIPSS with
a nanosecond laser and characterized the development of LIPSS into four regimes
based on the irradiation fluence. At the lowest fluence, regime A, the material melts
locally and forms periodic concave meniscus and after irradiation, these meniscuses
resolidify, leaving steady-state morphology on the material surface.

Furthermore, when dielectric materials are subjected to intense femtosecond laser
pulse irradiation, the plasma interaction also facilitates harmonic wave’s generation
during dielectric breakdown (Von et al., 1995; Carr et al., 2005). A second harmonic
wave is given by (Wang et al., 2005):

dw =

λ
2n

(4.7)
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Where (λ =775 nm, the fundamental laser wavelength; n =1.45 for 775nm light, the
refractive index of fused silica. By substituting in the laser wavelength and refractive
index, this gives a value of 267nm. The result is somehow close to the fine ripples
period (~300nm) obtained and this may give a good indication that the fine ripples is
likely to be a result of harmonic waves.

4.4 Effect of laser polarization
In order to reveal the dependence of the ripples on laser polarization, the linear
polarized femtosecond laser beam was transformed into circular or elliptical
polarization by means of a rotatable half and quarter wave plate. In this experiment,
by rotating the optical axis of the quarter wave, different ellipticity

(ε )

can be

achieved to gives the different laser polarization state. The E-field ellipticity is given
as:

ε=

(a − b )
a

(4.8)

where, a is the long (high field) axis and b the short (weak field) axis of the laser
electric field ellipse (Reif et al., 2008).

Figure 4.7 shows the SEM images of the laser irradiated surface using various
polarizations. The angle of rotation is indicated on the upper right corners of the SEM
micrographs. It is evident from the SEM images that the orientation of the ripples is
always perpendicular to the long axis, a, of the polarization ellipse. By comparing the
ripples irradiated with different polarization having different ellipticity such as a ppolarized beam ( ε =1), elliptical beam ( ε =0.5) and circularly polarized beam ( ε =0),
no significant difference can be observed in term of the ripple period except the
orientation. This result indicates that the ripple period is not dependent on the laser
polarization. Close up AFM images of the ripples are shown in Figure 4.8.
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From the AFM results, no significant difference can be observed in terms of the ripple
depth and period after irradiating with different laser polarization. The average ripple
depths measured after irradiating with 4 laser pulses ranges from 40nm to 50nm while
the average period ranges from 150 to 200nm respectively. For circularly polarized
beam ( ε =0), it is interesting to see that these ripple structures could still be observed
as irradiating with a circular polarized beam would often produce dots instead of
ripples. However, this again does not mean that our results are different from others as
ripples or pillars have been observed after irradiation is carried out using a circular
polarized beam as well. Also the ripple morphology can be highly dependent on the
material and the gas environment.

Varlamova et al. (2008) reported the formations of orderly dots array when irradiating
with a circular polarized beam. However, it is to note that these nano-dots array are
actually ripples arranged in a well-defined line. In another report by Nayak et al.
(2010), they also observed the formation of ripples on the surface of silicon after
irradiating with a circular polarized femtosecond laser beam. The ripples could evolve
to form pillars if the laser irradiation is carried out under reactive gases environment.
For example, the presence of an ambient gas can affect the laser ablation, plume
dynamics and surface structure formation (Geohegan, 1994; Zhigilei, 2003; Henley et
al., 2005). In the presence of different gas pressure and composition, the thermal
conductivity can be affected. Also, the presence of a gas confines the plasma plume
and can lead to shockwave formation. This directly returns the material back to the
surface in the form of re-deposition.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.7: SEM images of fused silica surface after irradiation at 4.7 J/cm2
with 4 pulses using various polarization angle (a) P-polarized - 0º, (b)
Elliptical polarized - 15º, (c) Elliptical polarized - 35º, (d) Circular polarized
- 45º,(e) Elliptical polarized - 60ºand (f) Elliptical polarized - 75º.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.8: AFM images of fused silica surface after irradiation at 4.7 J/cm2
with 4 pulses using various polarization angles (a) P-polarized - 0º, (b)
Elliptical polarized - 15º, (c) Elliptical polarized - 35º, (d) Circular polarized
- 45º,(e) Elliptical polarized - 60º and (f) Elliptical polarized - 75º.
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4.5 Effect of surface defect in ripple formation
As demonstrated, the ripple orientation is highly dependent on the laser polarization.
Here we demonstrate another important parameter that has significant influence on
the ripple orientation. It has been known from some previous studies (Costache et al.,
2003; Theppakuttai and Chen, 2004) that macroscopic surface defects can have an
important influence on ripple orientation.

Shown in Figure 4.9(a) and (b) are two SEM images having pre-existing defects like
scratches on the fused silica surface. Especially in Figure 4.9(b), it clearly shows that
the ripple is formed along the same orientation of a scratch with an angle of 30°. It
can be observed that the surface scratches not only act as seed for ripple formation but
also intensified the ripples where as compared to locations that is smooth. This
obviously indicates that the influence of surface defects on the ripple orientation is
significantly stronger than that of the polarization. Though the roughness of the
scratch is unknown, the effect of surface scratch having different surface roughness in
ripple formation can be further explored in future work.

(a)

(b)

Figure 4.9: SEM images of fs laser irradiated surface showing ripple
orientation high dependent on the scratch line orientation. The laser fluence
was 4.7 J/cm2 , (a) 2 pulses and (b) 10 pulses.
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4.6 Effect of crystallographic orientation in ripple formation
It has been reported that the material crystal orientation may influence the ripple
orientation when subjected to laser irradiation. For example, Blamires and Totterdell
(1983) reported that laser irradiation of cadmium telluride with different
crystallographic orientations would produce ripples with different orientations. In
another report however, Borowiec and Haugen (2003) report that ripples orientation is
independent of crystallographic orientation. Thus it seems that the ripple orientation
might be highly material dependent. We also conducted preliminary experiments on
the crystal orientation dependence of ripple formation on commercial available
cultured quartz (100) and quartz (111). The quartz samples were irradiated using a
fluence of 4.7 J/cm2 similar to the laser fluence use in the earlier fused silica
experiment in the low fluence regime. Figure 4.10 and Figure 4.11 shows selected
SEM images of the two quartz samples irradiated for different numbers of pulses.

Within the set of parameters investigated, it is observed that the ripple orientation was
found to be independent of the crystal orientation relative to the polarization of the
incident beam. However, one interesting observation is that the 2D ripples tend to
form earlier in quartz (100) when few pulses are used as compared to quartz (111).
This may be related to the anisotropy properties of quartz such as having different
optical and thermal properties when cut in different crystal axis. Wachtman (1969)
reported that the thermal conductivity for single crystal quartz is higher (~10Wm-1K-1)
when the cutting orientation is parallel to the optical axis as compared to cutting
perpendicular to the optical axis (~6Wm-1K-1). Also maximum birefringence occurs
when the light passes perpendicular to the optical axis. For the two quartz samples,
quartz (100) cutting orientation is perpendicular to the optical axis (c-axis) while
quartz (111) is cut at 54.7 degree with respect to the (100) plane. The thermal
conductivity for quartz (100) and quartz (111) are 6.1Wm-1K-1 and 8.5 Wm-1K-1
respectively. Lower thermal conductivity favors cumulative effect (Schille, 2010).
Thus, a considerable temperature rise around the irradiated area enhances the laser
beam absorption and this results in lowered ablation threshold and higher ablation
rate. That why ripple form earlier on quartz (100) than quartz (111). This result is
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consistent with the data observed on fused silica having even lower thermal
conductivity value of 1.38 Wm-1K-1.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.10: Scanning electron microscope images showing LIPSS at
various sites on Quartz (100). The number of laser shots (N) is shown in
each image. The laser fluence 4.7 J/cm2.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.11: Scanning electron microscope images showing LIPSS at
various sites on Quartz (111). The number of laser shots (N) is shown in
each image. The laser fluence is 4.7 J/cm2.
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4.7 Summary
Formation of subwavelength ripples was observed on fused silica after irradiating
with a femtosecond laser beam. By varying the laser parameters such as using
different fluence, pulses and polarization to irradiate the fused silica surface, ripple
evolution and mechanism was systematically studied. It was shown that two
directional ripples could only developed under certain irradiations conditions.
Moreover these ripples were observed to be highly dependent on the beam
polarization orientation but the presence of surface defects was found to have even
greater influence on the ripple orientation as compared to the laser polarization.
Finally no dependency in the ripple orientation was observed when comparing
crystalline quartz having different crystallographic orientation to fused silica.
However, it is found that the materials having lower thermal conductivity would
enhance the laser beam absorption, resulting in ripples to form earlier.
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Chapter 5

Femtosecond Laser Micromachining of Fused

Silica
5.1

Introduction

Machining of transparent materials using femtosecond lasers has become one of the
most popular subjects as femtosecond laser pulses have shown to have distinct
advantages against long pulse laser. However, for practical applications, femtosecond
laser processing of materials still requires some tuning and an understanding of the
processing conditions to achieve optimal machining results. This is not an easy task
especially when working with transparent materials as the process can be complicated
due to the nonlinear effects in the air which can cause distortion to the beam profile.
This chapter investigates the use of a stationary and a moving femtosecond laser beam
to carry out micromachining of holes and channels in UV grade fused silica. A
systematic study on the influence of laser processing parameters on surface
morphology, width, depth and quality of machining are presented and discussed.

5.2

Femtosecond laser drilling of fused silica

5.2.1 Best focus determination
It is well known that the focal position of the beam will directly affect the beam spot
size as well as the amount of power delivered to the surface (Duan et al., 2001).
Moving the focus position from the surface of the material somewhere above it will
result in a larger entrance diameter, smaller exit diameter and a poor roundness of the
exit. In the opposite direction the opening at the exit will be larger, while the entrance
will develop a taper profile. This behavior is due to the beam propagation and is a
function of the Rayleigh length (Witte et la., 2007). In both cases, since off focus
position will induce a larger beam diameter, the total fluence delivered to the machine
surface will be smaller as compared to a beam at focus having a smaller beam spot
size when the same amount of power is used. Therefore, it is very important to find
the optimum focus position before any the laser ablation experiment takes place as
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incorrect focal position would greatly reduce the drilling and machining efficiency
due to reduction in the power distribution at off focus position. By adjusting the stage
height at a step of 20 µm, a series of grooves were machined on the fused silica
substrate using a fixed laser power of 25 mW. The machining speed was kept constant
at 50 µm/sec.

Figure. 5.1 illustrates a through focus plot of the laser machined groove width with
respect to the various stage positions. Here a positive value (+) defines as the beam
move above the surface, while a negative value (-) indicate the beam move below the
surface. (0) is defined as the stage reference point. It can be clearly observed from
Figure 5.1 is that as the laser beam tends to approach the optimum focal position; the
groove width tends to get smaller until a minimum cut width is achieved. Moving
away from the focal position would results in a gradual increase in the groove width.
For this case, the optimum focal position is around -0.05 µm.

Figure 5.1: Plot of through focus as a function of cut width.
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5.2.2 Effect of laser polarization in drilling
It has been reported that the influence in laser polarization can affect the profile
(Nolte et al., 1999; Venkatakrishnan et al., 2002) as well as the cutting efficiency
(Niziev and Nesterov, 1999). To study the polarization effect, a series of blind holes
were machined using a P-polarized and circular polarized beam. Figure 5.2 shows two
optical micrographs on the hole machined on fused silica using a p-polarized and a
circular polarized beam. The laser fluence is approximately 5 J/cm2. It can be seen
from the micrographs that the shape of machined hole is independence on the
polarization of the femtosecond laser beam. No cracking except slight chipping
around the circumference of the ablated crater is observed. By examining the crater at
higher SEM magnification (See Figure 5.3), two difference types of surface
morphologies was observed at the bottom of the crater.

For a p-polarized beam, it is observed that periodic structures have an orientation
parallel to the laser polarization while circular polarized beam have an orientation
perpendicular to the laser polarization. To further investigate whether polarization has
any effect on drilled depth, a series of holes were drilled with increasing number of
pulses using a p-polarized and circular polarized beam. The drilling depth was
measured using a white light optical imaging profiler (Sensofar PLu 2300). Figure
5.4 shows the mean depth profile obtained for a p-polarized and c-polarized beam
(See Appendix A for raw data). As observed from the graph, no significant difference
in term of the drilled depth when drilling with different laser polarizations.

Tao et al. 2011 performed a modeling on fs-laser beam propagation in micro holes.
They reported that drilling microholes having a diameter larger than the incoming
beam diameter will not have significant effect on the profile regardless of beam
polarization. However, when the incoming diameter is obviously smaller than the
laser beam intensity profile, the cross section inside the hole will be different from the
incoming beam at the hole entrance. For a circularly polarized beam, the profile inside
the hole will still be axis-symmetric but with higher peak intensity at the beam center,
and the intensity drops faster as it goes away from the center. For a linearly polarized
incoming beam, the laser intensity inside the microhole will have an elliptical profile.
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Similar observation was observed by Venkatakrishnan et al (2002) using femtosecond
laser to ablated sub-micron holes on thin metal film. In our experiment, since the
drilled diameter is larger than the incoming spot size thus no polarization effect is
observed.

Figure 5.2: Optical micrographs of blind holes drilled using (a) P-polarized
and (b) Circular Polarized beam. The applied fluence is 5 J/cm2.
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(a)

(b)

(c)

(d)

Figure 5.3: SEM images of blind holes drilled using (a) P-polarized and (b)
Circular Polarized beam. A morphology of the hole showing ripples (c)
parallel and (d) perpendicular to beam polarization. The applied fluence is 5
J/cm2
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Figure 5.4: Femtosecond laser drilling depth as a function of the number of
pulses at different polarization.

5.2.3 Effect of laser fluence and pulses in drilling
Experiments on varying the fluence and number of pulses were carried out to
understand how the material responds in terms of the laser irradiated surface
morphology as well as the depth information. By first keeping other process
parameters constant, a series of holes were drilled with different laser fluences using a
polarized beam of 200 pulses. The ablation depth is then compared with the predicted
the ablation depth using Beer’s law with constant optical properties. The predict
ablation depth as a function of applied fluence can be calculated using (Jiang and
Tsai, 2006)

1 F
d =   In a
 α  Fth

(5.1)

Where α is the absorption coefficient of the fused silica, which is estimated to be 4 x
104 cm−1 (Hiroaki and Saulius, 2006). Figure 5.5 shows surface morphologies of fused
silica irradiated at different fluence level while Figure 5.6 shows a comparison
between the calculated ablated depths versus the machined depths. From Figure 5.6, it
is observed that the depth calculated matches well with the machined depth at low
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fluence. However, with increasing fluence, there is a deviation from the calculated
and measured depth value. This deviation is a result of change in the absorption
coefficient of the material as the absorption coefficient changes significantly with
time and the laser intensity during the femtosecond laser irradiation (Adreev et al.,
2003). In equation 5.1, the mean absorption coefficient is used for the calculation,
thus resulting in the measured. Also from the SEM image and depth profile using low
fluences, it is observed that the diameter of the hole is smaller and the machined depth
is shallow. This is because the ablated material will easily cool down and cannot
escape through the small opening. As expected, when increasing laser fluence, ablated
depth increases as well due to higher energy supplied leading to deeper carter. It is
further observed that at very high fluence ranges, the ablation rate is reduced. The
reduction in machining efficiency at high fluence is attributed to plasma shielding
effect (Vadillo et al., 1999).

One significant effect observed when drilling at high fluence is the formation of
surface cracks around laser drilled holes. Material cracking when machined with a
femtosecond laser is quite surprising as femtoseond laser machining is well known to
be a non-thermal machining process that produces little or no collateral damage
(Banks et al., 1998; Ionita and Zamfirescu, 2010 & 2011). In this study, cracking is
observed when carrying out drilling of holes in fused silica at higher fluence and the
cracking becomes more severe with increasing fluence. It is known that femtosecond
laser machining of transparent material in air can generate plasma (Vanagas et al.,
2004; Hanada et al., 2004) and the intensity of the plasma emission increases as a
function of the laser fluence (Demos et al., 2001). Therefore the most probable cause
for this damage is the laser induced breakdown and plasma which is also recognized
by other authors (Vanagas et al., 1999; Yoshida et al., 2006).

At lower fluences, although plasma is formed, the energy deposited is not sufficient to
cause cracking of the material. However, in the event of higher fluence like in this
case using a fluence ranging from 63.6 J/cm2 to 127.3 J/cm2 at 200 shots, the material
is heated to even higher temperature and the energy deposited can be large enough to
create a shockwave that is sufficient to cause mechanical failure of the surrounding
material (Bernath et al., 2006). A detailed study and analysis on the mechanism on
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femtosecond laser induce cracking and how fused silica can be safely machined
without cracking will be reported in the chapter 7.

(a)

(b)

(c)

(d)

(e)

(f)

Figure: 5.5. Optical micrographs of holes drilled using 200 pulses. The laser
fluence used is (a) 7.96 J/cm2, (b) 15.9 J/cm2 (c) 31.8 J/cm2 (d) 63.65 J/cm2,
(e) 95.48 J/cm2 and (f) 127.3 J/cm2.
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Figure 5.6: Femtosecond laser drilling depth as a function of fluence at
200 pulses.

Next a series of holes were machined by varying both the laser fluence and pulses.
The objective is to examine the irradiation effect on the ablated depth when varying
both parameters. Figure 5.7 shows the measured depth at different fluence and pulses.
From this figure, two regimes can be identified when drilling fused silica in air with
progressive laser pulses. In the first regime, there is a steep increase in the ablation
rate until the drilling enters into the second regime (Pulses >100) where the ablation
begins to slow down. This curve pointed out a linear dependence of the applied pulses
at the beginning of the ablation process; subsequently, as the hole is becomes deeper,
the increasing rate diminishes. Similar behaviors were found for all the laser fluences
used. This decrease in ablation rate at the roll over point can be explained using the
observations made by Shah et al., (2004). By performing in-situ monitoring of the
plasma distribution within the crater, they observed at the roll of point, the laser
plasma within the ablated crater become non uniform and the ablating tip is much
narrower. The plasma cools before it can complete escape from the hole. This results
in the decrease in ablation rate.
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By doubling the laser fluence, it is observed that the drilling depth will nominally
increase. However, it is interesting to observe that when the machining is carried in
the high fluence range, the ablated depth seems to be independent of the applied
fluence. This phenomenon is a result of plasma shielding effect. By irradiating the
sample with highly intense femtosecond laser beam, electrons from the fused silica
surface are easily excited causing nonlinear multi-photon absorption and subsequent
avalanche ionization to take place. Dense plasma is then formed and the laser energy
is transferred to the lattice (An et al., 2004). Moreover, the ablation occurred close to
the surface also leading to the avalanche ionization of ambient air due to the intense
femtosecond beam. As a result the ejected material was blocked by the plasma from
air ionization resulting in the saturation of the holes depth even when higher fluence is
used.

Figure 5.7: Fs laser ablation curve showing the drilled depth for fused silica
at various fluence level.
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5.3

Machining of microgrooves in fused silica

5.3.1 Effect of laser polarization
In surface machining, studies have shown that for long pulse laser, maximum
efficiency is achieved when the cutting direction is parallel to the oscillation plane of
the electric field vector (Olsen, 1982; Niziev and Nesterov, 1999). However, the beam
polarization effect on fs-laser machining is not clearly understood. It has been
reported that the laser beam polarization does not influence the cutting speed in the
linear cutting of silicon wafer (Ostendorf et al., 2003). In the same report, it was
reported that the beam polarization did have a major influence on the exit surface
quality of the cuts. Best results were achieved when cutting vertically to the
polarization direction (linearly-polarized beam) (Ostendorf et al., 2003). In another
report, circularly-polarized laser beam was preferred for uniform cutting of silicon
wafers (Tnshoff et al., 2001). It was also reported that ripple-like structures were
formed upon fs-laser irradiation on various materials. The orientation of the ripples
was influenced by the laser beam polarization. Ripples were oriented to be
perpendicular to the beam polarization for TiN and silicon (Hoche et al., 2003; Bonse
et al., 2000 & 2002), whereas to be parallel to the beam polarization for polyimide
(Baudach et al., 1999 & 2001). From the literature, it appears that the beam
polarization effect on fs-laser machining varied depending on the substrate materials
to be processed. To our knowledge, the beam polarization effect on fs-laser machining
of fused silica has not been reported.
Figure 5.8 shows optical micrograph of the microchannels successfully machined on
fused silica with a femtosecond laser using both p-polarized and circular polarized
beam. No difference in terms of the groove profile was observed when cutting using a
p-polarized and circular polarized. The average fluence was calculated to be 9 J/cm2
based on the cut width of 20 µm. After the laser irradiation, a significant amount of
material redeposition was observed on the surface of the micro channels. However,
after cleaning with diluted HF acid bath for 10 s, the redeposition was removed, as
shown Figure 5.9. This demonstrates the effectiveness of acid cleaning after fs laser
machining.
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(a)

(c)

(b)

(d)

Figure 5.8: Optical micrographs of fs-laser machined microchannels with
cutting direction parallel to p-polarization (y-direction), (a) P-polarized, (b)
Close up of image in (a), (c) Circular polarized, (d) Close up of image in
(c). Average fluence: 9 J/cm2, sample moving speed: 50 µm/s.
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(a)

(b)

Figure 5.9: Optical graphs of fs-laser machined microchannels with cutting
direction parallel to p-polarization (y-direction) after HF acid cleaning, (a)
P-polarized, (b) Close up of image. Average fluence: 9 J/cm2, sample
moving speed: 50 µm/s.

To study the effect of cutting orientation, grooves were machined at different
orientations. Figure 5.10(a) and (b) shows optical micrographs of microchannels
machined using the p-polarized beam, where Figure 5.10(a) shows cutting in the
direction parallel to polarization (y-direction) and Figure 5.10(b) shows cutting in the
direction perpendicular (x-direction) to polarization, respectively. It was observed that
the microgrooves were straight with consistent cut width for both cutting directions.
No difference in cut width was observed for cutting in the different directions.

The same microchannels were also analyzed with SEM showing the detailed surface
morphologies (Figure 5.11(a) and (b)) and with the stylus profiler showing depth and
3D profiles (Figure 5.12(a) and (b)). It is clearly shown that the microchannels are Vshaped with an average depth of about 6 µm. The centre portion of the microchannels
is deeper due to the higher power intensity in the centre of the beam. The lasermachined microchannels in both cutting directions are very similar in terms of depth,
profile and surface morphologies. The side surfaces have granular structures with no
indication of microcracks or melting. Some waviness along the cut edges was
observed which was the effect of the stage movement and beam overlaps.
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(a)

(b)

Figure 5.10: Optical graphs of fs-laser machined microchannels with cutting
direction in (a) parallel to p-polarization (y-direction), and (b) perpendicular
(x-direction) to polarization. Average fluence: 9 J/cm2, sample moving
speed: 50 µm/s.

(a)

(b)

Figure 5.11: SEM micrographs of fs-laser machined microchannels with
cutting direction in (a) parallel to p-polarization (y-direction), and (b)
perpendicular (x-direction) to polarization. Average fluence: 9 J/cm2,
sample moving speed: 50 µm/s.
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Figure 5.12: (a) 3D and depth profiles of the microchannels shown in Figure
4.3(a), cutting in the direction parallel to beam polarization. (b) 3D profile
of microchannels shown in Figure 5.3(b), in the direction perpendicular to
beam polarization.
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When the microchannels were observed at higher magnifications, it is very interesting
to observe regular sub-micron gratings on their side surfaces near the bottom, as
shown in Figure 5.13(a) and (b). These gratings have width and spacing of about 400
nm as shown in Figure 5.13(a) and (b), where the cutting directions are different. The
exact reason for the formation of the sub-micron gratings is not known. Judging from
the feature size that is roughly half of the laser wavelength, these gratings may be the
result of beam interference due to multiple reflections from the tapered side-walls and
bottom surface as fused silica is transparent to the 775 nm beam during the laser
processing.

It was further observed that the electron beams interfered to form interference patterns
when scanning over the microchannels though the samples are gold coated to prevent
charging effect, as shown in Figure 5.14(a) and 5.14(b). This indicates that the lasermachined microchannels are potentially useful for grating applications.

(a)

(b)
Figure 5.13: SEM micrographs showing sub-micron gratings in fs-laser
machined microchannels with cutting direction (a) parallel to polarization
(y-direction), and (b) perpendicular (x-direction) to polarization. Average
fluence: 9 J/cm2, sample moving speed: 50 µm/s.
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(a)

(b)

Figure 5.14: (a) Interference patterns observed during the electron beams
scanning over the microchannels, and (b) Interference patterns observed in
other microchannels.

5.3.2 Effect of laser fluence and cutting speed
In this section, the effect on the laser fluence and beam overlap in machining of
microchannels in fused silica is studied. Grooves were machined using various laser
fluences (3.75 J/cm2 to 125 J/cm2) and speed ranging from 10µm/sec to 500µm/sec.
To first study the effect of fluence, the machining speed is kept constant at 10µm/sec.
Cross-sectional profile of the channels was analyzed by cutting the samples using a
diamond saw.

Figure 5.15 shows the cross-sectional profile of the grooves machined using various
fluences. As expected, using a higher fluence would expect a deep depth of cut.
However, better machine quality was achieved when machining was carried out in
using a lower fluence. It is also observed that the profile of the grooves tends to get
more tapered when the laser fluence is increased. This is due to the higher intensity
Moreover using higher fluence can lead to undesirable subsurface damage which is
shown in Figure 5.16. The channels were machined using a fluence of 62.5 J/cm2. The
microchannels instead of having a clean cut have a filament at the end of the channels.
89

Chapter 5 Femtosecond Laser Micromachining of Fused Silica

The observed filament is a result of self-focusing which is one of the non-linear
effects that can occur during laser machining of transparent materials (Bercegol et al.,
2003; Shah et al., 2004). Shah et al (2004) reports that non-linear effect like self
focusing can dramatically affect the hole shape and penetration depth. For the selffocusing effect to develop, applied peak power should be greater than the critical
power. Several other nonlinear effects can occurs when a femtosecond laser pulses
interact with transparent material which include self-phase modulation (Shen, 1984),
white-light continuum generation (Corku, et al., 1986; Shen, 1984), and material
damage. At high laser intensity, the laser pulse first self focused to form a filament,
following which white light is emitted from all positions of the filament in the
forward direction. The white-light continuum generation is a universal phenomenon
in all transparent optical media and is mainly due to self-phase modulation (Yang and
Shen, 1984). With the development of very powerful femtosecond laser pulses,
generation the white light can occur even without using a focusing lens (Corku, et al.,
1986). Studies have shown that the generation of white light in noble gases using a
weakly focused femtosecond pulses have lead to the suggestion that self-focusing
plays a critical role in the process as well (Rothenberg, 1992). The generation of the
broad anti-Stokes part of the continuum generation is due to the self-phase modulation
of the self-focused pulse in the self-created plasma. The narrow stokes broadening is
due to self-phase modulation in the neutral Kerr medium, which also contributes to a
narrow part of the anti-Stokes side (See et al., 1999; Schaffer, 2001). Also a study has
shows that the threshold for continuum generation coincides with the threshold for
catastrophic self-focusing (See et al., 1999). The Continua generated just above this
threshold exhibit a very strong Stokes and anti- Stokes asymmetry (Brodeur and Chin,
1998).
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(a)

(b)

(c)

(d)

Figure 5.15: SEM micrograph showing cross-sectional profile of grooves
machined using various fluences. (a) 3.75 J/cm2, (b) 6.25 J/cm2, (c) 12.5
J/cm2 and (d) 25 J/cm2. The machining speed is 10µm/sec.

Figure 5.16: SEM micrograph showing cross-sectional profile of grooves
machined using a fluence of 62.5 J/cm2. Filament at the end of the each
channel was observed which is a result of self-focusing.
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In the next experiment, by varying both the fluence and scanning speed, the
dependency on the groove depth is studied. Figure 5.17 shows the mean depth of
grooves machined using various fluences and speeds (See Appendix B for raw data).
It is known that the ablated depth is governed by the intensity-dependent penetration
depth for a femtosecond pulse duration (Bonse et al., 2002) and the penetration depth
obtained for a pulse of higher energy is much greater than that obtained at lower pulse
energy. As observed, the machining depth increases more significantly as compared
to the increase observed at lower laser fluence This result is in good agreement with
earlier study reported (Borowiec and Haugen, 2004).

However, one undesirable effect of machining of fused silica at high fluence is that
cracking of the groove can occur. Similarly to surface drilling, the most probable
cause for cracking is likely to be a result of the laser induced breakdown and plasma
as well (Vanagas et al., 2004; Yoshida et al., 2006). A detailed parametric studied on
crack formation will be carried out in later chapter.

Figure 5.17: Influence of laser fluence on the depth of cut at speed ranging
from 10µm/sec to 500µm/sec.
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Figure 5.18: Optical micrograph showing cracking around the laser ablated
groove. The laser fluence used was 125 J/cm2.

5.3.3 Effect of multiple passes fabrication
The final experiments were to evaluate whether multiple femtosecond laser passes
would increase the aspect ratios of the channels if the same channels were machined
multiple times. The channels were cut repeatedly using 1, 2, 4, 8, 10, 25, 50 and 100
times with the machining speed varied, the change in the aspect ratios was studied as
well as the dependence on the groove depth. Machining was carried out using two
machining speed (50µm/sec and 250µm/sec) and two different polarization (circular
and p-polarized beam). The laser fluence was kept constant 12.5 J/cm2. A low
magnification of the channels as shown in Figure 5.19 and their respective close
surface profile is shown in Figure 5.20 and Figure 5.21.

For channels machined with a speed of 50µm/sec, it is observed that all the
microchannels were straight and the width of the grooves increased when the number
of machined passes increases. Similar observations were made for the channels
machined at higher speed of 250µm/sec except that for low machined passes, some
waviness along the cut edges was observed. However, after several passes, the
waviness along the edge was removed. As observed from the optical micrographs, by
increasing the number of laser passes over the same channel, there is an increase in
the amount of depositions induced on the machined surface. As shown in Figure 5.22,
it is observed the width increase with increasing passes and the depth is saturated at
25 passes. Moreover, the ablation rate was observed to decrease with increasing
93

Chapter 5 Femtosecond Laser Micromachining of Fused Silica

number of passes (See Figure 5.23 and Appendix C for raw data) and this departs
from the linear dependence on the number that was observed in femtosecond laser
ablation of other materials (Lenzner et al., 1998; Ameer et al., 1998, Campbell et al.,
1999).

In this study, the mechanism can be interpreted as follows: As the ablated depth
increases, the groove starts to act as a hollow waveguide. The initial pulse first
travels to the bottom of the groove, where majority of the ablation takes place. During
the pulse propagation through the groove the pulse energy decreases due to scattering
and absorption resulting in a diminished energy available for the ablation at the
bottom of the groove. At some final depth, the propagation losses are sufficiently high
to bring the pulse energy below the ablation threshold, leading to an unavoidable
taper. Furthermore, with the increasing depth, the ablated material at the bottom has a
greater probability of being redeposited on the walls. Similar behavior has been
observed by Campbell et al., (1999) in femtosecond processing of different glasses.
They reported three different phenomenons when ablating dielectric materials in the
different fluence regimes. In the first regime, where the laser fluence is less than the
ablation threshold, long channels with a high aspect ratio can be produced. In the
second regime, where the laser fluence is equal to the threshold, they observed two
distinct ablation phases, which they describe as the gentle and strong phases. In the
third regime where the fluence is less than the threshold, they observed self-focusing
of the laser light due to the Kerr effect.

Figure 5.19: Low magnification of Fs laser ablated grooves machined using
different number of cutting pass for a fluence of 12.5 J/cm2.
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Figure 5.20:

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Optical micrograph of grooves machined using different

number of cutting pass for a fluence of 12.5 J/cm2. The machining speed is
50µm/sec. (a) 1 pass, (b) 2passes, (c) 4 passes, (d) 8 passes, (e) 10 passes,
(f) 25 passes, (g) 50 passes and (h) 100 passes.
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Figure 5.21:

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Optical micrograph of grooves machined using different

number of cutting pass for a fluence of 12.5 J/cm2. The machining speed is
250µm/sec. (a) 1 pass, (b) 2passes, (c) 4 passes, (d) 8 passes, (e) 10 passes,
(f) 25 passes, (g) 50 passes and (h) 100 passes.
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Figure 5.22: Groove width as a function of the number of consecutive
passes.

Figure 5.23: Groove depths as a function of the number of consecutive
passes. The graph shows a linear portion up to an approximately 10
passes/groove.
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5.4

Summary

In summary, effect on machining of microholes and channels was studied by
varying a wide range of processing parameters such as polarization, fluence,
speed, cutting pass and pulse. In the drilling experiments, two ablation regimes
have been identified. It is observed that beam polarization does not have
significant influence on the hole profile and machined depth. Side effects such as
cracking were observed when drilling at high laser fluence.

In surface channels machining experiment, using lower fluence resulted in better
cutting quality as compared to high fluence cutting though high fluence cutting
have better machining efficiency. However, high fluence cutting can lead to
cracking and subsurface damages like self focusing. Similarly, the beam
polarization did not show significant effect on the machined quality in terms of
cut width, depth, profiles and surface morphologies. By machining with multiple
passes, straight microchannels were realized in fused silica substrates.
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Chapter 6

Fs Laser Irradiation Effects on Structures of

Crystalline and Amorphous materials
6.1

Introduction

Laser treatment of surfaces has been well known to induce crystallization of
amorphous materials. For instance, excimer laser with a pulse duration of about 20 ns
is used to crystallize amorphous Si film for thin film transistor (TFT) applications
(Loreti et al., 2000; Hatano et al., 2000). The crystallization is attributed to melting of
material and the spontaneous nucleation and crystal growth processes (Demchuk and
Labunov, 1995; Loreti et al., 2000; Hatano et al., 2000). In recent years femtosecond
laser-induced crystallization has been reported in a wide range of materials, including
Ge (Singh et al., 2003), Si (Choi et al., 2003; Bonse et al., 2004), Ge2Sb2Te5 film
(Zhang et al., 2005) and Fe:LiNbO3 crystal (Cheng et al., 2005). Furthermore, Kondo
et al. (1998 & 1999) reported selective crystallization in a glass containing special
ions such as Ag+ and Ce+ when irradiated with femtosecond laser (630 nm, 100 nJ,
500 shots at 1kHz).

In the previous chapter, successful machining of microgrooves has been demonstrated
using a femtosecond laser. These microgrooves can be use for fabricating optical
gratings (Zheng et al., 2004), however, complete or partial crystallization of glass
may affect the optical properties in real life application. For example, in glass fiber
fabrication, partial crystallization in glass during fiber drawn thermal process can lead
to optical scattering loss (Hu et al., 2010). Also the mechanical properties of glass
such as hardness and fracture strength can be improve by using partial crystallization
and phase transformation technique (Daguano et al., 2012). Therefore, in this chapter,
experiments were performed to understand whether or not femtosecond laser
irradiation will induce any chemical or structural change in amorphous UV grade
fused silica. To complement the study, crystalline materials like quartz and titanium
were also used to study femtosecond laser irradiation effects. The reason why
titanium is added into this chapter though it is not an opaque is because the author
wants to compare the laser irradiation effect between metal and ceramic having high
melting temperature.
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6.2

Effect of femtosecond laser irradiation on structure of UV

grade fused silica

6.2.1 Surface morphology and chemical composition analysis
Machining of microchannels on fused silica was carried out using the femtosecond
laser. The single pulse energy used was 31 mJ and laser fluence was calculated to be
20 J/cm2. After the laser irradiation, it was observed that the microchannels were
straight with consistent cut width of 20 µm, as shown in Figure 6.1. Characterization
of the microchannels using a stylus profiler indicates that they are of V-shape with an
average depth of about 5 µm, as shown in Figure 6.2. No cracking was detected for
the laser parameters used. Energy dispersive spectra (EDS) obtained for nonirradiated and irradiated surface are compared in Figure 6.3 (a) and (b). As expected,
there is no change in the chemical concentration due to the femtosecond laser
irradiation.

(a)

(b)

Figure 6.1: Femtosecond laser machined microchannels with cutting
direction parallel to p-polarization. (a) Optical image and (b) SEM image of
microchannels.
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(a)

(b)

Figure 6.2: Surface profile of the microchannels machined on fused silica
substrate showing an average depth of 5 µm. (a) 3D image and (b) Depth
profile.

(a)

(b)

Figure 6.3: EDS showing no change of chemical concentration in the fused
silica. (a) Non-irradiated surface; and (b) Surface irradiated with
femtosecond laser.
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6.2.2 XRD characterization
XRD was carried out to obtain the spectra for the non-irradiated and femtosecond
laser irradiated surfaces, as shown in Figure 6.4 (a) and (b). The absence of any sharp
peaks in the broad band ranging from 0° angle to 100° angle indicates that the fused
silica structure was amorphous and remained amorphous after the femtosecond laser
irradiation.

However, it should be noted that the XRD results cannot completely exclude the
possibility of occurrence of a small amount of crystals due to the laser irradiation.
XRD technique may not detect crystalline diffractions if crystal size is small down to
nanoscale or its amount is less than a certain critical level. For example, Revesz et al.
(2001) reported that there is not much difference in XRD patterns between Zr57Ti5Cu20Al10Ni8 bulk metallic glass and the partially crystallized sample containing 15%
of crystalline phases within the amorphous matrix.
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(a)

(b)

Figure 6.4: X-Ray diffraction spectra of fused silica, (a) Un-irradiated
material and (b) After femtosecond laser irradiation.

6.2.3 TEM analysis of fs laser irradiated fused silica
To further examine whether femtosecond laser irradiation induces crystallization in
the fused silica, great effort was expended to prepare cross-sectional TEM samples
from the laser irradiated surfaces. It is to note that the samples were not pre-process
such as chemically etched or gold coated in order to preserve the original state of the
sample. During preparation of the TEM samples, a special technique which was
mentioned in Chapter 3, as illustrated in Figure 6.5, was used to protect the irradiated
surfaces. Two cross-sectional slices of the microchannels with thickness 1 mm were
first sectioned using diamond saw (Figure 6.5(a)) and then glued face-to-face using
M-bond adhesive (Figure 6.5(b)). Afterwards, the sample was ground using
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progressively finer diamond abrasive paper to reduce its thickness to around 20 µm.
Finally, the thin sample was transferred onto a TEM grid (Figure 6.5(c)) for ion
thinning to make it ready for TEM observation.

(a)

(b)

(c)
Figure 6.5: Steps in preparation of cross-sectional TEM sample. (a) Crosssectional slice of microchannels sectioned with diamond saw; (b) Two
slices of microchannels glued face to face to protect irradiated surfaces; and
(c) Transfer of sample onto TEM grid after grinding.
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Examination of the cross-sectional samples was carefully carried out under the TEM
to study the effect of femtosecond laser irradiation on the structure of fused silica.
Special attention was paid to the walls of the microchannels. The irradiated surfaces
were all observed to be amorphous, as shown in Figure 6.6 (a) and (b). Furthermore,
electron diffraction was carried out and the selected area diffraction patterns (SADP)
show that both non-irradiated and laser irradiated structures are amorphous, as shown
in Figure 6.7 (a) and (b).

Wall of
Microchannel

Fs-irradiated
structure

(a)

(b)

Figure 6.6: (a) Irradiated structure on the side wall of the microchannels. (b)
HRTEM image of the irradiated structure showing it is amorphous.

(a)

(b)

Figure 6.7: Selected diffraction patterns (SADP). (a) Non-irradiated sample;
and (b) Laser irradiated structure on surface of the microchannel.
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It should be noted that the study may represent the first direct TEM examination of
femtosecond laser irradiated surface of fused silica using cross-sectional TEM
samples and this can leads to a better understanding of fs-laser material interaction of
fused silica. Kasaai et al. (2001) and Koubassov et al. (2004) investigated surface
modifications of fused silica samples and analyzed through X-ray diffraction and
TEM the powder ejected during the femtosecond laser irradiation. Their results
indicated the presence of melting and crystallization of fused silica. However, it
should be noted that they examined the powder rather than the femtosecond laser
irradiated surface. Detection of crystallization in the powder ejected during
femtosecond laser irradiation does not necessarily mean that crystallization must also
occur on the laser irradiated surface. The results obtained by Kasaai et al. (2001) can
be used to support this argument. Kasaai et al. (2001) observed crystallization in the
ejected powder, but XRD spectrum of the femtosecond laser irradiated surface
indicates that the fused silica remained amorphous.

Silica has strong glass forming ability, so it must be cooled very slowly from liquid
state to produce crystalline phase. Rapid cooling favors noncrystalline formation since
time is not allowed for long-range ordered arrangements of atoms. Femtosecond laser
is known to produce very rapid heating and cooling rates, so it is not surprising to
observe in the present study that the fused silica remains amorphous after
femtosecond irradiation. However, femtosecond laser-induced crystallization and
amorphization are complex physical processes which warrant further study in the
future.
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6.3

Effect of femtosecond laser irradiation on structure of quartz

6.3.1 Surface morphology and chemical composition analysis
Gratings machined on Quartz (111) using the femtosecond laser are shown in Figure
6.8(a) and (b). The laser fluence used was 20 J/cm2. It is observed that the gratings
were straight with consistent width of 25 µm. Some waviness along the machined
edges was observed, which was due to the effect of the stage movement and beam
overlaps. The side surfaces have granular structures with no indication of microcracks
or melting. Characterizing of the gratings using a stylus profiler clearly shows that the
gratings are V-shaped with an average depth of about 4 µm, as shown in Figure 6.9.
The central portion of the microchannels is deeper due to the higher power intensity in
the centre of the beam (Figure 6.9(b)). No surface cracking was detected for the laser
parameters used. Energy dispersive spectra (EDS) were also obtained for nonirradiated and irradiated surface of quartz is shown in Figure 6.10 (a) and (b). As
observed, no significant change in the chemical composition was detected after
femtosecond laser irradiation.

(a)

(b)

Figure 6.8: Femtosecond laser machined gratings with cutting direction
parallel to p-polarization. (a) SEM image of gratings and (b) Close-up
image on the grating wall.
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(a)

(b)
Figure 6.9: Surface profiles of the gratings machined on crystalline quartz
substrate showing an average depth of 4 µm. (a) 3D image and (b) Depth
profile.

(a)

(b)

Figure 6.10: EDS showing no change of chemical composition in the quartz.
(a) Non-irradiated surface; and (b) Surface irradiated with femtosecond
laser.
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6.3.2 XRD characterization
To characterize if there is any structural changes on quartz gratings after femtosecond
laser machining, XRD was carried out to obtain spectra for the non-irradiated and
femtosecond laser irradiated surfaces, as shown in Figure

6.11 (a) and (b). No

significant difference can be observed from the two XRD plots after scanning range
of 0° angle to 100° angle. This indicates that no change in the quartz structure after
the femtosecond laser irradiation. However, as mentioned earlier, the XRD technique
may not be effective to detect crystalline diffractions if crystal size is small down to
nanoscale or its amount is less than a certain critical level. Thus we employ a more
detailed analysis by TEM.

(a)

(b)

Figure 6.11: X-Ray diffraction spectra of quartz, (a) Un-irradiated material
and (b) After Femtosecond irradiation.
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6.3.3 TEM analysis of fs laser irradiated quartz
To examine whether femtosecond laser irradiation induced changes in the structure of
quartz, preparation of cross-sectional TEM samples was carried out using the
technique demonstrated earlier. Figure 6.12 shows an optical micrograph of a crosssection of the gratings after thinning with broad ion beam. It is observed from the
figure that the laser machined grooves, which was thinned by the ion beam appeared
to be almost transparent in color. The thinned regions of the machined grooves were
then characterized using the transmission electron microscope (TEM).

Figure 6.12: Optical micrograph showing a cross-sectional TEM sample of
the laser machined gratings. The almost transparent regions were thinned by
broad ion beam milling process.

Figure 6.13(a) shows a TEM micrograph of a femtosecond laser machined groove
at low magnification while Figure 6.13(b) shows a close-up TEM image of the
wall structures. It is observed in Figure 6.13(b) that the structures along the
groove have an irregular feature. To evaluate whether femtosecond laser induced
structural modification of the machined grooves, selected area diffraction patterns
(SADP) were carried out at various positions in the sample starting from the edge
of the machined groove and moving into the bulk. The diffraction pattern was
taken from the [001] direction. The SADP are shown in Figure 6.14(a) and Figure
6.14(b) which correspond to the regions marked as A and B in Figure 6.13 (b).
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From the selected area diffraction pattern, it is observed that the quartz structures
in region marked as B in Figure 6.13(b) were amorphized by femtosecond laser
irradiation. A dull ring instead of a series of concentrate rings was observed which
indicate that the material is amorphous instead of nano crystalline. This
amorphous layer was found to vary in width ranging from 200 nm to 300 nm on
both sides of the laser machined grooves. However, observation of the structure
about 200 nm away from the amorphous region shows a defective crystalline
layer indicated by the dotted line in Figure 6.13(b). Examination of the material
located 400 nm away from the amorphous zone (the region is marked as A in
Figure 6.13(b)) shows that the structure still remains crystalline.

(a)

(b)

Figure 6.13: TEM image showing (a) Low magnification of the irradiated
structure on the side wall of the microchannels; and (b) Close-up on the
structures along the microchannel wall.
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(a)

(b)

Figure 6.14: TEM diffraction images showing (a) Non laser irradiated
structure on the side wall of the microchannels in region A in Fig. 6.13(b);
and (b) Laser irradiated structures in region B in Fig. 6.13(b).

In order to verify that the amorphous region observed within the machined grooves
was induced by femtosecond laser, non laser irradiated quartz structures were
observed and compared. This comparison was carried out because of the concern that
thinning with a board ion beam during the sample preparation might induce
amorphization of the material. Figure 6.15(a) shows a TEM micrograph of a non laser
irradiated sample. The dotted line in the Figure 6.15(a) shows the boundary between
the amorphous and the crystalline zones.

It is observed in the figure that a thin amorphous layer, region marked X was formed
along the edge of the non laser irradiated sample after ion beam thinning. Figure
6.15(b) shows the SADP obtained from this region. Observation of the non laser
irradiated samples at various locations within the samples show that the amorphous
layers induced by ion beam thinning have an average width of about 50 nm. This
amorphous region is smaller than the laser irradiated region. Since the damaged
region induced by ion milling is smaller, it can be concluded that the amorphous
region in Figure 6.13(b) is a result of the femtosecond laser irradiation.
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(a)

(b)

Figure 6.15: TEM diffraction showing (a) Non laser irradiated quartz
structure and (b) TEM diffraction image obtained in region X of the nonirradiated sample.
Femtosecond laser induced crystallization (Cheng et al., 2003; Singh et al., 2003;
Bonse et al., 2002 & 2004; Zhang et al., 2005) and amorphization (Malshe and
Deshpande, 2004; Vazquez et al., 2005 Amer et al., 2005; Rodenas et al., 2006) of
materials have been reported for a wide range of materials. Amer et al. (2005) carried
out machining of silicon using femtosecond laser and estimated the width of
amorphous region to be around 150 nm using micro Raman spectroscopy technique.
Others such as Malshe and Deshpande (2004) carried out both surface and subsurface
machining in LiNbO3 crystal and found that surface machining would induce a
smaller amorphous layer having a width of 100 nm as compared to subsurface
machining, which has a width ranging from 1 µm to 3 µm. Similar observations were
also reported by Gorelik et al. (2003) and Matsuo et al. (2006) on subsurface structure
of quartz. In their reports, the amorphous layer was found to have a width of 1 µm.
The amorphous layer observed in this study has a width between 200 nm to 300 nm. It
is comparable with the width of amorphous layer in femtosecond laser irradiated
surface of LiNbO3 but roughly an order of magnitude less than those of subsurface
machined LiNbO3 or quartz. Therefore, it is worthwhile to note that surface
machining would induce a smaller amorphous thickness.
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Several reasons may be attributed to the amorphization phenomenon observed in
quartz. It is known that the high viscosity of pure SiO2 makes the recrystallization of
pure quartz very slow, and that the amorphous–crystalline epitaxial regrowth of quartz
is difficult to realize (Gorelik et al., 2003). Furthermore, it has been reported that the
high-pressure conditions, which occur around the fast-expanding plasma, lead to an
amorphization of the crystalline quartz matrix (Gorelik et al., 2003).

Another reason is that the thermal conductivity of quartz is ten times higher than that
of fused silica, thus the melted volume surrounded by crystalline quartz cools down
faster than that in fused silica. Since slower cooling favors crystallization, it is
conceivable that the melt in the quartz sample might have cooled down too fast and so
no re-crystallization occurred (Koubassov et al., 2004). Thus, an amorphous structure
rather than a crystalline structure was formed.

An interesting observation was made when carrying out TEM examination of the laser
irradiated structures. It was observed that some regions of the quartz surfaces
contained a large area of particles of around 10 nm in size. The TEM image and the
diffraction pattern of these nanoparticles are shown in Figure 6.16(a) and (b). EDS
analysis in this region indicates a high concentration of copper in the particles, as
illustrated in Figure 6.16(c). Indexing the diffraction pattern shows that the
polycrystalline ring matches the pattern of copper.

It is known that bombardment of solid targets using energetic ions can lead to the
production of atomic recoils and defects within the solid and the ejection or sputtering
of atoms from the surface with the consequent erosion of the solid (Carter et al.,
2001). In our experiment, the quartz substrate was attached onto a copper grid to carry
out ion thinning. It is believed that the formation of these copper nanoparticles were
the sputtered products from the copper grid which had redeposited onto the quartz
surface during the ion thinning process. Thus special precaution must be taken when
carrying out TEM observation as these nano-artifacts induced by ion milling would
lead to misinterpretation of the images.
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(a)

(b)

(c)

Figure 6.16: TEM and EDS analysis of the nanoscale particles on quartz. (a)
EDS spectra obtained from the nanoparticles region showing a high
concentration of copper. (b) TEM image of the nanoparticles and (c)
Diffraction pattern of the nanoparticles on the substrate.
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6.4

Effect of femtosecond laser irradiation on structure titanium

6.4.1 Surface morphology and chemical composition analysis
Commercially pure titanium foils (99% pure) having a thickness of 10µm was used
for the laser experiment. The foils underwent slight polishing with diamond
suspension paste from a grade of 6 µm to 1 µm progressively to remove any scratches
or particles on the surface. The foils were then washed with ethanol and followed by
rinsing with de-ionized water to remove organic contamination. 3 mm diameter discs
were punched out from the foil using a puncher for direct observation of the laser
irradiated structures under TEM. The discs were again washed with ethanol and deionized water to ensure the surface was free from any organic contamination prior to
the laser ablation experiment.

In this experiment, it is noted that thin foil was employed instead of a bulk sample in
order to preserve the original laser irradiated surface so that the sample could be
directly observed under TEM upon femtosecond ablation without undergoing any
sample preparation process. This is especially important when carrying out HR TEM
studies as the sample preparation process using ion thinning technique can alter the
microstructure if it is not done correctly (Mizeikis et al., 2005). Figure 6.17 shows the
SEM results of the titanium foil after irradiating with different number of laser pulses.
The fluence was calculated to be about 47.7J/cm2.

From Figure 6.17(a), a melting or splattering pattern is clearly observed around the
femtosecond laser ablated crater after irradiating with 10 consecutive pulses. This
melting or splattering pattern which is commonly observed on surfaces ablated by
long pulse or nanosecond laser is a result of fast thermal melting and solidification
(Hoffman 1974; Zhigilei et al., 2009). For femtosecond laser machining, though it is
often considered to be a non thermal process (Mingareev et al., 2006; Watanabe et al.,
2007), similar melting has been observed and the dynamics for femtosecond laser
induced melting have been carried out (Bonse et al., 2004; Wai et al., 2008).
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By taking a closer examination of the splattering pattern around the peripheral of the
ablated crater at higher SEM magnification (See Figure 6.17(b)) periodic structures or
also commonly known as ripple in many literatures can be observed. By further
irradiating the surface with more laser pulses, no ripples can be observed around the
ablated crater (See SEM images in Figure 6.17 (c) and (d)). This indicates the ripples
formation is dependent on the total cumulative pulse and fluence (Yasumaru et al.,
2005; Wang et al., 2005; Groenendijk et al., 2006). Moreover it is observed that the
foil was drilled through with little redepositions around the ablated region after 1000
pulses. This indicates that femtosecond laser is an effective tool for micromachining
of aerospace materials like titanium.
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(a)

(b)

(c)

(d)

(e)
Figure 6.17: SEM micrographs of titanium surface after femtosecond laser
irradiation. The numbers of pulses are as follows for (a) 10 pulses, (b) 100
pulses, (c) 1000 pulses, (d) 10000 pulses and (e) Close up of image 1a
showing ripples.
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Next, to examine whether femtosecond laser irradiation would induce structural
changes, the structures around the laser ablated crater was carefully observed under
TEM. A comparison was carried out between the laser irradiated and non-laser
irradiated foil in term of the crystal structure and chemical compositions. Figure 6.18
shows the Energy dispersive spectra (EDS) results obtained for the non-irradiated and
laser irradiated surfaces. No significant change in chemical composition was detected
due to femtosecond laser irradiation.

(a)

(b)

Figure 6.18: EDS showing no change of chemical composition in the
titanium foil. (a) Non-irradiated surface; and (b) Surface irradiated with
femtosecond laser.

6.4.2 TEM analysis of fs laser irradiated titanium
Bright-field TEM results of the titanium structures irradiated with 100 and 10000
femtosecond laser pulses are presented in Figure 6.19(a) and (b). Under low TEM
magnification, the laser irradiated region for both the samples show many overlapping
granular patches with sizes ranging from 10nm to 30nm.

The use of low TEM

magnification could only give an overview of ablated sample but not the details of
their crystal structures. Therefore diffraction analysis of the two samples under high
resolution (HR) TEM mode was further carried out. The HR TEM results for 100 and
10,000 pulses are presented in Figure 6.20(a) and (c) while their diffraction patterns in
Figure 6.20(b) and (d).
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In Figure 6.20(a), the HR TEM image clearly shows that the titanium structure after
1000 pulses consists of both amorphous and crystalline phase as indicated by the
wave pattern superimposed on the background of the lattice fringes. Far away from
the ablated crater, the material still remains crystalline. Selected diffraction results
(See Figure 6.20(b)) show very weak circular rings which further prove the existence
of some nano crystals within a highly rich amorphous phase. For sample irradiated
with higher laser pulses (10000 pulses), the HR TEM image (See Figure 6.20(c)) only
shows a wave pattern which indicates only the presence of amorphous phase. The
corresponding diffraction pattern is shown in Figure 6.20(d). From the diffraction
pattern, a dull circular ring is observed which shows that the irradiated titanium
structure contains only of amorphous phase.

It is estimated that the laser amorphous region measured from the edge of the crater is
around 150 nm. This result is quite similar to HAZ length found for femtosecond laser
ablation of metals which is found to be a few hundreds of nanometers (Le et al.,
2002). A non-laser irradiated sample was also used as a comparison against the two
laser irradiated samples. TEM image and diffraction results of the non-irradiated
titanium are shown in Figure 6.20(e) and (f) respectively. For the non-laser irradiated
surface, the HR TEM image shows very clear lattice fringes which are only present
for crystalline materials. The diffraction pattern corresponds to a zone axis of [2-1-10]
as shown in Figure 6.20(f).
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(a)

(b)

Figure 6.19: Bright-field TEM images of the titanium structures after
femtosecond laser irradiation. (a) 100 pulses and (b) 10000 pulses.
In this study, it is observed that the distribution of the amorphous and crystalline
phase depends on the distribution of the laser intensity. The degree of crystallinity of
the ablated titanium increases from the unstructured region toward the center of the
irradiated zone. Furthermore an increase in the number of laser irradiated pulses leads
to a higher degree of the amorphization of the irradiated zones which is explained
according to the melt-quenching phenomena. A molecular dynamics simulation study
on the heat-affected zone of copper metal ablated with femtosecond laser shows that
using higher fluence, the thickness of the heat-affected zone is greater because the
laser energy is absorbed into the deep layer due to the high thermal diffusion length
compared to the skin depth (Hirayama and Obara, 2005). The residual energy left in
the metal, which is not used for ablation will induces a liquid phase thus leading to the
amorphous or polycrystalline phase of the metal during re-solidification.

For our case, since increasing melting and solidification is observed with increase
cumulative fluence base on the SEM results, it is also presumed that the remaining
laser energy did not further contribute to the ablation process. This excess or residual
laser energy induced heat and formed a very thin layer of melt around the laser
ablated crater (Hirayama and Obara, 2002; Guo, 2006). It is reasonable to assume that
femtosecond laser ablation often involves fast heating and cooling due to the very
short pulse duration. Therefore, heat from the melting region is quickly absorbed by
the large cold surrounding resulting in a rapid quench of the melt when the laser
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pulses terminate. This results in total amorphous phase around the laser irradiated
region. This mechanism is similar to the technique used for fabricating amorphous
metal by using melting and fast quenching. In summary, femtosecond laser irradiation
can induce amorphization in titanium. The transformation from crystalline to
amorphous phase is highly dependent on the number of laser pulses as observed from
the TEM results.
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(a)

(b)

Wavy Pattern
(Amorphous)
(c)

(d)

(e)

(f)

Figure 6.20: Bright field TEM and diffraction patterns of femtosecond laser
irradiated and non-irradiated titanium. (a) and (b) are the Bright field TEM
and diffraction pattern of titanium irradiated with 100 pulses, (c) and (d) are
the Bright field TEM and diffraction pattern of titanium irradiated with
10,000 pulses, (e) and (f) are the Bright field TEM and diffraction pattern of
a non-laser irradiated titanium having a Zone Axis of [2-1-10].
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6.4.3 In situ TEM analysis of fs laser irradiated titanium
Next, the use of in-situ TEM technique was also carried out to study the evolution of
amorphous titanium structures upon thermal annealing. It is to note that this may be
the first reported in-situ study to observe femtosecond laser irradiated titanium
structure evolution upon thermal treatment. Similar technique can also be applied to
study temperature effect on fs-laser irradiated glass on recrystallization and how it can
affect the optical properties. The laser irradiated amorphous sample was placed on a
Gatan 652 double-tilt TEM heating holder and subjected to heating. For commercial
pure titanium, typical recommended annealing temperature ranges from 650 ºC to 760
ºC while the annealing time can vary from 6 minutes to 2 hours (Harry, 1996). For
this experiment, the heating rate was set at 20 ºC per minute and the total heating time
was 3 hours. Heating of the sample was carried out from an initial temperature of
25ºC to a final temperature of 600 ºC which is slightly lower than the recommended
temperature due to the TEM tool limitation. However, a delta of 50 ºC is still high
enough to study the structural evolution.

In-situ characterization on the amorphous titanium structure was carried out
constantly by capturing both the bright field TEM images as well as its diffraction
patterns throughout the entire annealing process. The objective was to have a better
understanding on the recrystallization dynamic of amorphous structure as it often
involves complex processes such as crystal nucleation and grain growth.

Selected TEM diffraction results for the entire heat treatment process at different time
interval are shown in Figure 6.21 while the bright field TEM images of the pre and
post annealed titanium structures are shown in Figure 6.22 respectively. From Figure
6.21(a), the laser irradiated region prior to heating is of total amorphous phase as
illustrated by a dull circular ring. However, after the sample was annealed for
approximately 15 minutes, several weak concentrated rings are observed (See Figure
6.21(b)). This indicates that nucleation and growth of the nano crystals had occured
within the amorphous material. As expected, with a longer heating time (See Figure
6.21(c), the diffraction signal get stronger and this indicates an increase in crystal
growth.
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The diffraction pattern at the end of the annealing experiment is shown in Figure
6.21(d). The diffraction results correspond close to the zone axis [01-10] of pure
titanium though the angle between [0002] and [-2110] is not at 90º angle. This is
likely due to the sample not achieving full recrystallization and there is still some
distortion within the crystal lattice. The TEM images in Figure 6.22(b) confirm the
diffraction results. It is observed that the sample has not been fully recrystallized as
the regular lattice array has not completely developed.

One interesting observation made is that the crystal growth seems to initiate from the
edge of the sample rather than the centre region clearly as indicated in Figure 6.22(a)
and (b) by the arrow. From some literature, this phenomenon where crystal growth is
initiated from the sample edge is likely attributed to the free surface energy. Jung et
al. (2001) reported that the both the grain boundaries and surface energy also play a
very important role in determining grain growth. In the same report, they commented
that the free surface energy will only play an active role in driving grain growth when
the grain size is comparable to the film thickness. In another report by Schumacher
and Wahi (1998), they observed that the nucleation of the crystals in amorphous
Pd81Si19 initiated faster from the thinner part of the sample. They related their
observation to both the surface and interfacial free energies. In this study, since our
observation is similar to Schumacher and Wahi (1998) where the nucleation is
initiated from the edge. It is speculated that the driving force for the recrystallization
process of amorphous titanium upon heat treatment is most likely due to the free
surface energy as well.

Since the fs laser irradiated sample can be directly observed under TEM, the thickness
should be around one hundred nanometre or lesser. This thickness is much smaller
than the original grain size in several micron scale. As such, the effect of free surface
energy is likely to be very prominent as commented by Schumacher and Wahi (1998).
However, recrystallization from amorphous structure is often a complex process and
crystal structures evolution may varies with different processing parameters and this
warrant further studies. It is hope that the above results can simulate research interest
in studying microstructure evolution on laser irradiated material.
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(a)

(b)

(c)

(d)

Figure 6.21: TEM diffraction patterns showing the formation of nano
crystals with time (a) Before annealing, (b) 15 minutes, (c) 80 minutes & (d)
After 180 minutes. [01-10].
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(a)

(b)

Figure 6.22: Bright field TEM images showing the growth of the crystal
lattice when subjected to thermal annealing (a) 15minutes and (b) 180
minutes.
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6.5.

Summary

A study on femtosecond laser irradiation effects on the structures of crystalline and
amorphous materials has been carried out. For amorphous material like fused silica,
the XRD spectra and TEM observation reveal that structure remain amorphous after
femtosecond laser irradiation. For irradiation effects on crystalline quartz, the
structures of microchannels walls revealed that the femtosecond laser pulses induced
an amorphous zone layer ranging from 200 to 300 nm in width, which is about an
order of magnitude less than the width of amorphous layer in the case of subsurface
machining. In titanium metal, it was demonstrated that the formation of amorphous
and crystalline carbon depends on the distribution of the laser intensity and that the
use of high number of pulses lead to higher degree of amorphization of the irradiated
zones according to the melt-quenching phenomena. Lastly, in situ TEM
characterization on the laser irradiated titanium structure during thermal annealing
process revealed the recrystallization dynamics of amorphous metal. This technique
can be also applied to study temperature effect on fs-laser recrystallization of glass.
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Chapter 7 Crack Formation in Fs Laser Micromachining of
Fused Silica
7.1

Introduction

Precision machining of micro holes and channels in transparent materials has attracted
great interest due to its high potential for the development of integrated micro-optics
and biochip devices in the MEMS industries (Lee et al., 2001; Giannone et al., 2010).
The femtosecond laser ablation technique is has been widely use for fabricating
microstructures on many materials with minimal collateral damage (Stuart et al.,
1997; Yang et al., 2010).

However in recent years, there is an increase in reports on detrimental defects (cracks)
induced by femtosecond laser in machining of transparent materials like ruby
(Chiwon et al., 2009) glass (Kuriyama and Ito, 2003; Wang et al., 2004), diamond
(Kononenko et al., 2008), ruby (Moon et al., 2009) and quartz (Budiman et al., 2010).
For practical engineering applications, material cracking must not be allowed as it will
cause failure to the product. Although some studies have suggested that using high
laser fluence (Qi et al., 2010) and higher machining speed (Ito et al., 2003; Low et al.,
2005) can induce cracking and should be avoided. However, there are no systematic
studies carried out in understanding the cracking mechanisms as well as the
conditions for cracking to occur during femtosecond laser machining of fused silica.

In this chapter, the laser parameters and their effects on crack formation in drilling
and surface machining of fused silica is reported. Through a series of systematic and
detailed design of experiments (DOE), a safe process window (without cracking) is
also proposed for drilling and surface machining of fused silica. Lastly, the
mechanism for femtosecond laser induced cracking of fused silica is discussed.
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7.2

Crack formation in fs laser drilling of fused silica

The relationship between the applied fluence and pulses and its influence on cracking
during fs laser drilling is important. A simple DOE which is based on the concept of
full factorial method was setup using 3 different laser fluences ranging from slightly
above to many times above the threshold fluence of fused silica. It is to note that base
on the full factorial method, 4 different combinations of fluence and pulses are needed
when irradiated with 2 different parameters. However, for this case we use more than
4 combinations is used to improve the accuracy of the experiment. The laser fluence
used correspond to 4.77 J/cm2, 23.87 J/cm2 and 95.48 J/cm2 respectively. The fluence
was calculated based on single pulse energy divided by the featured diameter (D).
These fluence values correspond to 1.5, 7, and 27 times above the threshold fluence of
fused silica for a 1mm thick substrate. Drilling of microholes was carried out at
different pulses ranging from 1 to 10000.

Figure 7.1 to Figure 7.3 illustrates the optical micrographs of the top profiles of the fs
laser drilled holes using the above conditions. As observed from the optical
micrographs in Figure 7.1, drilling using a fluence of 4.77 J/cm2 did not induce any
surface cracks for the range of pulses applied. However when the drilling was
performed using the next higher fluence at 23.87 J/cm2, some micro cracks were
observed around the peripheral of the hole only after 10 consecutive applied pulses.
The length of the crack is approximately 10 µm and the crack length continues to
increase with more laser pulses until it saturates to a length almost or equal to the
diameter of the laser ablated crater. The last set of fluence (23.87J/cm2) observed
severe cracking at a low number of applied pulses (See figure 7.3). A crack profile
measured by AFM is shown in Figure 7.4(a) and a sectional analysis of the crack in
Figure 7.4(b). It can be observed that the crack induced a step height about 100 nm
above the surface as measured by AFM.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 7.1: Optical micrographs of fs laser drilled holes using a fluence
of 4.77 J/cm2. The laser pulses are as follows (a) 1 pulse, (b) 10 pulses,
(c) 50 pulses, (d) 100 pulses, (e) 1000 pulses and (f) 10000 pulses.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 7.2: Optical micrographs of fs laser drilled holes using a fluence
of 23.87 J/cm2. The laser pulses are as follows (a) 1 pulse, (b) 10 pulses,
(c) 50 pulses, (d) 100 pulses, (e) 1000 pulses and (f) 10000 pulses.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 7.3: Optical micrographs of fs laser drilled holes using a fluence
of 95.48 J/cm2. The laser pulses are as follows (a) 1 pulse, (b) 10 pulses,
(c) 50 pulses, (d) 100 pulses, (e) 1000 pulses and (f) 10000 pulses.
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(a)

(b)

Figure 7.4: AFM images showing (a) Top profile of a crack (b) Sectional
analysis of the crack profile. The laser fluence and pulses used are 23.87
J/cm2 and 10 pulses.
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From the above results, it can be concluded that cracking of fused silica during
femtosecond laser drilling process is highly dependent on the applied laser fluence
and pulses. Therefore it would be useful to find a safe process window where the
drilling can be safely carried out without any cracking. To find the optimum
processing window, a second set of laser drilling experiments was conducted. It
should be noted that this second drilling experiment was carried out using the full
factorial design method but in a more detailed manner as compared to the first
experiment. A wider fluence range but with a smaller step size between the pulse
ranges is used so as to find the cracking boundary.
The laser fluence for the second experiments was 3.18 J/cm2 to 190.6 J/cm2 and pulse
ranging from 1 to 50,000. The laser drilled holes for each set of parameters were
observed under the optical microscope for any sign of cracks. A pictorial model based
on the optical observations is summarized and shown in Figure 7.5. From this figure,
it can be observed that femtosecond laser drilling of fused silica can be classified into
2 different zones: (i) No cracking and (ii) Cracking zone. The crack boundary occurs
around a fluence of 15.9 J/cm2. This fluence corresponds to about 4.5 times the
threshold fluence of fused silica. Exceeding this value would result in a direct
cracking scenario during the drilling process. It is worth noting that the above results
may represent the first parametric study of the effect of laser influence and pulses on
crack formation of femtosecond laser drilling of fused silica.
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Figure 7.5: Illustrate 2 different zones in Fs laser drilling.

Next by plotting the crack length as a function pulses at different fluence, it is
observed that the crack length exhibit a logarithmic dependence on the applied
fluence and pulses which is shown in Figure 7.6. A relationship between the crack
length and the applied fluence and pulse can be derived from the graph and can be
fitted into a simple empirical expression as follows:
lc = 0.1Fap In( Pa )

(7.1)

where (lc) is the crack length, (Pa) is the applied pulses and (Fap) is the applied
fluence. It is to note that the empirical expression is only valid if the applied fluence is
greater than 4.5 times the threshold fluence of fused silica.
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Figure 7.6: Crack Length as a function of pulses at different fluence.

However, one question still remains why cracking would still occur even though fslaser machining is widely considered to be a non-thermal machining process. In this
study, the hypothesis adopt for the crack formation of fused silica is a result of fs-laser
induced shock pressure cracking. When transparent dielectric like fused silica is
subjected to intense fs-laser irradiation, the electrons near the surface will be excited
via nonlinear multi-photon absorption and subsequent avalanche ionization process
(Momma et al., 1996; Glezer et al., 1997; Lenzner et al., 1998; Perry et al., 1999).
The laser energy is then transferred to the lattice upon reaching critical pulse energy
and a strong plasma is generated at the material interface. As the plasma expands, it
induced a violent recoil pressure that causes material removal (Chen et al., 2006; Mak
et al., 2011). At the same instance, the recoil pressure develops an impact force at the
vapor to solid interface generating a high magnitude of plastic wave (shock wave) that
propagates towards the surrounding and into the bulk. A schematic of plasma induced
recoil force is shown in Figure 7.7.

During shock wave loading of solid materials, the material is subjected to high strain
rates. The most widely studied of these processes is probably spall fracture (Antoun et
al., 2002) which arises from tensile stresses generated by the interaction of release
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waves within the material upon reflection of a compressive pulse from a free surface
or from an interface with a layer of lower acoustic impedance. If such tensile stresses
exceed the dynamic strength of the material, they cause the nucleation and growth of
micro-voids or micro-cracks which may eventually coalesce to form a macroscopic
fracture and lead to the ejection of one or several fragments (spalled layers) from the
sample (Thibuat et al., 2010).

Griffith proposes that all brittle material contain a population of small cracks and
flaws that varies in sizes, geometries and orientation. Facture occurs when the tensile
stress exceed the theoretical cohesive strength of the material at the tip of one of these
flaws (Callister, 2000). To verified that the fs-laser induced tensile stresses has exceed
the dynamic strength of fused silica ~ (104 MPa) that resulted in material fracture, the
critical stress ( σ c ) is calculated based on a crack length of 10 µm shown in Figure
7.2 using
l
Kc = Y  c
W


σ c πlc


(7.2)

Where (Kc)is the fracture toughness, (Y) is a dimension parameters or function that
depend on both the crack and specimen sizes and geometries, as well as the manner of
loading, ( lc ) is the crack length and (W) is the sample width. For fused silica, the

l 
fracture toughness is given as 0.79 x 106m0.5 and Y  c  is approximately equal to 1.1
W 
for a very wide plane and short crack. The critical stress is calculated to be 128 MPa
which is greater than the theoretical strength of fused silica at 104 MPa, thus cracking
occur.
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Figure 7.7: Schematic showing plasma induced recoil force.
Lee et al. (2004) reported that the recoil pressure can reach a range of 40 x 109 to 200
x 109 Pa when irradiating the surface of silicon using a nanosecond laser with a peak
power at 1011 W/cm2. Bernath et al. (2006) also reported that pressure of aluminum
irradiated with high intensity fs-laser beam can induce pressures of tens of GPa with
electron temperatures approaching 30eV. In the same report, they also reported that
that the pressure inside the plasma can increase to >100 GPa, with electron
temperatures of tens of thousands of keV at irradiances greater than 1014 W/cm and
have demonstrated that fracture of silicon dioxide could occur due to shockwave. For
our experiment, the recoil pressure P (kbar) in the ambient air can be estimated using
the following equation by treating air as an ideal gas (Fabbro et al., 1990):

 ξ 
P = 32.2

 2ξ + 3 

2

3

(4 ρ ) 3 I a 3
1

2

(7.3)

Here, ξ is the ratio between the thermal and the internal energy, which is equal to 1 in
the case of an ideal gas. ρ is the density of air . (0.0011 g/cm3) and Ia is the absorbed
intensity of the laser beam in GW/cm2. For our laser drilling experiments, the recoil
pressure is calculated to be in the range of 1.3 x 1011 to 9 x 1012 Pa. Such enormous
pressure generation could easily induce cracking for material like fused silica as the
material has small value of thermal conductivity (1.38 Wm-1K-1), thermal expansion
(0.55 x 10-6K-1) and defect accumulation (Tsai et al., 2003).
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7.3

Crack formation in Fs laser machining of fused silica

Next, evaluation on defect formation in scribing grooves on the fused silica using a
moving femtosecond laser beam was carried out. The key objective is to understand
the dynamics of defect formation when a moving femtosecond beam is applied in
machining as compared to a stationary beam. Moreover, it is hoped that through a
series of DOE, a set of optimum cutting parameters can be introduced for machining
of grooves on the fused silica is so that defects like cracking or chipping can be
avoided.

By varying two of the most used machining parameters such as the laser fluence and
feed rate, a simple DOE using full factorial design method was first set up to evaluate
if defects could occur under three different machining conditions. Scribing of grooves
using a single pass was carried out using a speed ranging from 10µm/sec to 500
µm/sec for three different sets of laser fluence which are 7.96 J/cm2, 15.9 J/cm2 and
31.8 J/cm2. Figures 7.8 to 7.10 shows the optical results of the microgrooves
machined using the three different sets of laser fluence at different feed rates.
For the grooves machined with a fluence of 7.96 J/cm2, it is observed from the optical
micrographs in Figure 7.8(a) that machining with a low feedrate of 10 µm/sec
produced clean edges without any material cracks or chipping observed. Similarly,
scanning at the next two higher speeds of 50 and 100 µm/sec produced clean edges as
well. However, it is observed that as the machining speed progressively became
higher, some waviness along the edge of the grooves can be observed as shown in
Figure 7.8 (d). At a speed of 500 µm/sec (See Figure 7.8 (e)), slight chipping can be
observed on the edge. For grooves machined with a fluence of 15.9 J/cm2, similar
observations are made except that the chipping gets more severe when higher fluence
is applied. For the third set of applied fluence (31.8 J/cm2), highest among the three, it
is observed that the chipping signature tend to occurs earlier at even lower machining
speed which is at 250 µm/sec. At speeds ranging from 10 µm/sec to 100 µm/sec, no
chipping or cracking is observed.

140

Chapter 7 Crack Formation in Fs Laser Micromachining of Fused Silica

To obtain a safe process window for machining of grooves in fused silica, more
grooves were machined using a wider fluence range as compared to the first DOE.
Figure 7.11 shows a summary of the results obtained for a wider fluence range. From
the graph, it is observed that machining in both the high and low fluence regime can
induce defects formation when the fused silica sample is translated at a highest
feedrate of 500 µm/sec. These defects can be in the form of only material chipping
when machining in the low fluence regime, or consist of both chipping and cracking
when machining in the high fluence regime. Thus it is recommended that machining
of fused silica using high federate should be avoided and the feedrates should be kept
below 100 µm/sec to avoid material cracking based on the results obtained.

In summary, it can be concluded that the fs laser machined grooves on fused silica is
highly dependent on the applied laser fluence and machining speed. Moreover, it is
also observed that higher machining speeds seems to promote even more chipping or
even cracking. This observation is in contrast with dielectric material machined using
long pulse lasers (Tsai et al., 2003). For machining with long pulse lasers, using a
higher machining speed would reduce the tendency of cracking due to a reduction of
thermal stress.

For femtosecond laser machining of fused silica, material cracking or chipping is
more likely to be a result of thermal shock rather than recoil pressure force created by
the expanding plasma (Kongsuwan et al., 2012). By translating the sample with
higher peak power and higher scanning speed results in a higher peak temperature and
greater thermal gradient surrounding the absorption volume, respectively. Once the
thermal stress overcomes the fracture stress of the material, cracks are initiated in the
material as clearly observed from the results in Figure 7.12.
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(a)

(b)

(d)

(c)

(e)

Figure 7.8: Optical micrographs of fs laser machined grooves using a
fluence of 7.96 J/cm2. The machining speed are as follows (a) 10
µm/sec (b) 50 µm/sec (c) 100 µm/sec (d) 250 µm/sec and (e) 500
µm/sec.

(a)

(b)

(d)

(c)

(e)

Figure 7.9: Optical micrographs of fs laser machined grooves using a
fluence of 15.9 J/cm2. The machining speed are as follows (a) 10
µm/sec (b) 50 µm/sec (c) 100 µm/sec (d) 250 µm/sec and (e) 500
µm/sec.
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(a)

(b)

(d)

(c)

(e)

Figure 7.10: Optical micrographs of fs laser machined grooves using a
fluence of 31.8 J/cm2. The machining speed are as follows (a) 10
µm/sec (b) 50 µm/sec (c) 100 µm/sec (d) 250 µm/sec and (e) 500
µm/sec.

Figure 7.11: Summary of cracking Vs no cracking region in fs laser
machining grooves using different fluence and federate.
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(a)

(b)

(d)

(c)

(e)

Figure 7.12: Optical micrographs of fs laser machined grooves using a
speed of 500 µm/sec. The laser fluence are as follows (a) 7.96 J/cm2
(b) 15.9 J/cm2 (c) 31.8 J/cm2 (d) 79.57 J/cm2 and (e) 159.1 J/cm2.

7.4

Summary

A systematic investigation on the effect of laser fluence, pulse and feedrate in crack
formation during fs laser drilling and machining of fused silica is carried out. For
drilling of contact holes in fused silica, an optimum process window has been
identified which is to use a fluence level not more than 4.5 times the threshold value
so that cracking can be prevented. A simple empirical expression to predict the crack
length base on applied fluence and pulse has been developed. For machining of
surface channels, it is recommended that high federate should be avoided to reduce
the tendency of defect formation and the federate should be kept below 100 µm/s. The
developed micromachining process has potential application in manufacturing blind
contact holes and channels on fused silica substrate based bio and optical devices.
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8.1 Summary

Femtosecond laser beam interaction with fused silica has been investigated and the aim
of this research is to understand irradiation effects, phenomenon and machining
parameters affecting the quality of fused silica. Starting from low fluence irradiation,
the thesis begins by reporting results of ripple formation. Using higher fluence,
femtosecond laser micromachining of holes and channels was demonstrated and the
effects of process parameters were studied and discussed. Following which, in-depth
characterizations on the laser irradiated structures were performed since femtosecond
laser irradiation can induce structural change. Lastly, an investigation on an
engineering problem was carried out which is the cracking of fused silica during
femtosecond laser machining. The overall experimental conclusions and research
contributions is summarized in the below sections:

8.1.1 Pattern formation upon femtosecond laser irradiation of fused
silica

The formation of laser induced periodic surface structures in fused silica upon
irradiating with a linearly polarized fs-laser beam (τ~<150fs, λ=775nm) in air was
studied theoretically and experimentally. It was found that ripples having two different
orientations, one parallel (coarse ripple) and the other perpendicular (fine ripple) to
beam polarization can be formed on the surface of fused silica. Both the ripples periods
were observed to be smaller than the wavelength of the femtosecond laser and the
mechanism on the ripple formation cannot be explained using both the classical
interference model or by using the self-organization theory. Instead the origin of the
coarse ripple is proposed to be a result of frozen capillary waves upon the ultrafast
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melting and solidification of fused glass, while the fine ripples is a result of harmonica
wave generation. By varying the experimental parameters such as fluence, pulses and
beam polarization, it is found that orientation and period of these ripples structures can
be controlled experimentally. Also it is found that the ripple is highly dependent on the
defect orientation but not on material crystallographic orientation when irradiated using
crystalline quartz having different crystallographic orientations. The above results have
shed new lights on the role of beam polarization, defect density and crystal structure of
silica glass on the ripple formation. This will play a key role in the development of new
optical devices such as gratings or similar.

8.1.2 Femtosecond laser micromachining of fused silica

The feasibility of using femtosecond laser in carrying out micromachining of holes
and channels were studied using a wide range of experimental parameters. The
result presented is the first detailed parametric study in machining of fused silica.
In drilling of microholes, two ablation regimes have been identified and discussed.
In the first regime (Pulses <100), a steep increase in the ablation rate was observed
until the drilling enters into the second regime (Pulses >100), where the ablation
rate began to slow down. The decrease in ablation rate was attributed to the plasma
shielding effect. Effect of beam polarization in drilling of holes that has never been
investigated on fused silica has been studied. It was observed that the beam
polarization not have any significant effect in terms of the hole profile and
machined depth. Cracking phenomenon that was rarely observed is found to occur
in the high fluence regime when drilling micro holes with a fs-laser beam.

In machining of surface grooves, lower machining power results in better cutting
quality but a decrease in machining efficiency. Though using high power and high
machining speed can result in a faster and deeper cut but it can also lead to cracking
and subsurface damages. Similar, beam polarization effect which has never been
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investigated was observed to not have any significant effects on the machined
quality in terms of cut width, depth, profiles and surface morphologies. By
machining the same groove multiple times, straight microchannels can be
achieved.

8.1.3 Femtosecond laser irradiation effects on structures of
crystalline and amorphous material

To study femtosecond laser irradiation effects, several key engineering materials were
chosen ranging from single crystal quartz to poly crystalline titanium and amorphous
material like fused silica. On the study of fused silica, the result presented is the first
direct cross-sectional TEM examination on the silica grooves structures irradiated with
a femtosecond laser beam. The fused silica structure is observed to remain amorphous
after the femtosecond laser irradiation. In the studying of fs-laser irradiated single
crystal quartz, amorphization of the quartz sample was observed after femtosecond
laser irradiation. The amorphous region was found to be in a range of 200 to 300 nm in
width.

For titanium thin foil, the structure around the laser irradiated region can be partially or
fully amorphized depending on the number of applied laser pulses. Using thin foil to
study the laser irradiated structure has advantage over bulk sample as the sample can be
directly observed under TEM without further sample preparation. The use of in-situ
TEM heating technique can be used to reveal the recrystallization dynamics of
amorphous metal. The above study has led to a better understanding on fs-laser
material interaction.
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8.1.4 Crack formation in Fs laser micromachining of fused silica

Cracking of fused silica during femtosecond machining has been systematic studied.
The laser parameters were studied for process optimization. A crack-free process
window for micromachining of fused silica has been proposed together with an
empirical expression to predict the crack length base on the applied fluences and pulses
has been developed. In drilling of contact holes in fused silica, it is found that the
applied fluence must not greater than 4.5 times the ablation threshold of fused silica in
order to avoid a cracking scenario. The mechanism for the fs-laser induced crack is
proposed to be a result of the recoil pressure and shock, generating stresses greater than
strength of fused silica material. For machining of microchannels, the use of high
feedrate should be avoided and should be kept below 100 µm/s as it can increase the
defect formation. The developed micromachining process has potential application in
fabricating lab-on-chip biomedical, optical and microelectronic devices.

8.2

Future Work

As summarized above, the results reported in this research study has help to advance
the field of femtosecond laser material interaction and microfabrication in several
aspects; however several questions and challenges still remain which warrant further
investigation.

(1) Ripples can be used for a wide range of applications. However, controlling ripples
growth especially producing very regular ripples over a large region can be very
difficult. Thus further research work can be undertaken to explore fabricating ripples
with very regular feature size over a large area such as using diffraction technique.
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(2) In-depth studies on surface machining of fused silica have been performed using a
wide range of parameters. However, femtosecond laser can also be used to carryout
subsurface machining as well. Similarly, further in-depth studies for process
optimization can be carried out to study subsurface machining of fused silica for
practical applications like waveguides and microfludic channels.
(3) Femtosecond irradiation effect has been carried out using TEM. However, a clear
relationship on how experimental various parameters can affect structure change is still
not yet fully understood. This is especially important as the material properties vary
with different crystal structures. By understand these effects; one can alter laser
irradiated structures to the suit a specific design or application. Thus further
experiments can be carried out using a wide range of parameters to study the
recrystallization and amorphization dynamic of various materials. Also the use of
modelling software may be explore to model the femtosecond laser irradiation effects
of material to gain a better understanding of phase change in material.

(4) Though cracking of fused silica can be avoided using appropriate process
parameters and the mechanism of crack formation is discussed. However, the use
modelling or simulation work may help to develop a better understanding on
femtosecond cracking mechanism on various materials. This area of study can be
further explored.
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Appendix
Appendix A

Femtosecond laser drilling depth as a function of the number of pulses at
different polarization.
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Appendix B

(a)

(b)

(d)

(c)

(e)

Influence of laser fluence on the depth of cut at speed ranging from 10µm/sec to
500µm/sec. (a) 6.25 J/cm2, (b) 12.5 J/cm2, (c) 25 J/cm2, (d) 62.55 J/cm2 and (e)
125 J/cm2.
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Appendix C

Groove depths as a function of the number of consecutive passes for a fluence of
12.5 J/cm2.
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