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Abstract

Abstract

The need for miniaturisation in devices in todapgustries has led to a vast array of
micromachining processes. Yet, micromachining @fsglremains a great challenge
due to the extreme brittleness and hardness ahtterial. With the development of
the chirped pulse amplification (CPA) technique time mid-1980s, powerful
femtosecond (1&s) laser systems are now readily available in therket for

carrying out micromachining on various materials.

Femtosecond (fs) lasers have several advantages the& long pulse laser

counterparts. First, the high intensity of femtaset laser pulse will easily triggers
the multiphoton absorption process to occur in dpament material enabling bulk
modification within the transparent materials. Mwrer, the ultrashort pulse duration
(~100 fs) of a femtosecond laser enables energpgetalissipated before thermal
diffusion occurs (~10 ps), thus collateral damagesund the machined area is
minimized. These unique properties have opened ey apportunities in using

femtosecond lasers for carrying out micromachiramgl micro fabrication of glass

and other transparent materials.

Despite the ongoing work to study femtosecond fas&terial interaction, practical
use of femtosecond laser for industrial applicatcan be still considered at the
development stage as the beam interaction proces®ti well understood. New
physical mechanism and phenomenon can arise wheméthining is performed
using different materials and conditions. Thereforethis research, a femtosecond
laser was used to carry ablation of transparenemadtin air using fused silica as a
model optical material. The objective of this rashds to gain a better understanding
on the femtosecond laser irradiation effects oedusilica so that it can be applied to
practical micromachining processes. These effeciside ripple formation, change in

crystal structures and surface morphologies as wagllhow the laser irradiated
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machined profiles respond to various laser parame&pecial attention was paid to
characterize the laser irradiated morphologies sindctures as well as studying
phenomenon related to micromachining of fused asiliMajor results and new

findings are summarized as follows:

Femtosecond laser induced periodic structures sedfwsilica were systematically
studied by irradiating the surface using a widegeaof laser processing parameters. It
is found that two directional ripples having pesamaller than the laser wavelength
can be formed on the surface of fused silica. tteémonstrated that the the origin of
the coarse ripple is related to the ultrafast mgléind solidification of fused silica and
the fine ripple is a result of harmonica wave gatien. It is also found that
orientation and period of these ripple structuras be controlled experimentally by
varying the beam polarization. It is further obsehthat the influence of the surface
defect like scratches exert an even stronger inlee®n the ripple orientation than the
beam polarization. This results in ripple strucsurechanging from
polarization-controlled to defect-controlled oriaton. Effect of material
crystallographic orientation in ripple formation wh has never been compared
between crystalline and amorphous quartz is fountet independent of the ripple
orientation. Instead, it is found that ripple fotioa can be brought forward and
formed earlier on a certain crystallographic plavieich is due to the anisotropy

properties of the material.

In machining of microholes and channels on fusditasisubstrate, systematic
investigation on the effect of laser processingapaaters with regards to the profile
and surface morphology was carried out. For expantsmon drilling of microholes,
beam polarization was observed not to have anyfignt effect on the profile and
machined depth. Two ablation regimes have beentif®hin the drilling process
when ablation was carried out from low to high flue. The machined depths were
compared to the predicted depths and the resultshes well with the theory.
Material cracking that was rarely reported has b@®served when drilling in the high
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fluence regime. For channel machining, similarhatpepolarization was found to
have little effect on the machining results. Howevé was found that periodic
sub-micron gratings (400 nm in width) can be indliagthin the microchannels along
the cutting direction. The submicron gratings wékely to be a result of beam
interference. These microchannels and gratings Ineaysed for the manufacture of
optical and microfluidic devices. A dependency be groove depth was observed
when ablating with different powers rating and maitty speeds. By cutting the same
groove with multiple passes, the depths were fotmdncrease linearly up to
approximately 10 consecutive passes. Above 10 passeecrease in ablation rate

was observed until a depth limit was reached.

Study of femtosecond laser irradiation effects w@asducted on both transparent and
opaque materials having high melting temperaturesde study whether or not a
femtosecond laser would induce phase changes. targangineering materials like
fused silica, quartz and titanium were investigatsithg X-ray diffraction (XRD) and
transmission electron microscope (TEM). A spe@ahhique was used to protect the
laser irradiated surfaces in preparing cross-seatidEM samples. It is to note that
the studies conducted on fused silica and quart tva first direct cross-sectional
TEM examination on the silica groove structuresraft femtosecond laser beam
irradiation. XRD spectra and TEM results revealedt tthe structures of the fused
silica remain amorphous after the femtosecond lasadiation. For single crystal
quartz, TEM observation revealed that micromaclgnirsing femtosecond laser
induced a thin amorphous layer in the ablation zdnecharacterizing the laser
irradiated titanium structures, two different reasudan be observed depending on the
working parameters. It was concluded that by ingirepthe number of pulses, it can
lead to the amorphization of the irradiated zom¥sliminary studies on using in-situ
TEM heating technique was also performed to study drystallization process of

amorphous titanium structure after femtosecond liassdiation.
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Some of the below findings are new and thus may lgggat impact on femtosecond
laser research. Cracking of glass materials afi@tdsecond laser machining of fused
silica were observed but seldom reported and sdudi¢he literature. In addition, it is

widely believed that femtosecond laser ablatioa ison-thermal process and thus it
does not cause cracking. However, this researciptoaiced convincing evidence to

show that cracking can occur in fused silica.

By performing a series design of experiments (DQ@Bing the concept of full

factorial method, the cracking mechanism and camdtfor cracking to occur, which

has never been studied, has been systematicallgstigated. Also, the laser
processing parameters were studied for processization. It was hypothesized that
the mechanism for fused silica cracking is a resfilstress generated by the recoil
pressure and shock waves exceeding the materiahagrstrength. Calculation using
the Giriffith fracture theory based on the crackgténproved the hypothesis that the
induced stress exceeded the fused silica dynaneioggh. Lastly, a crack-free process
window together with a development of an empirifaimula to predict the crack

length based on the applied laser fluences andeguss proposed for femtosecond
laser machining of fused silica. The developed am@chining process has potential

application in fabricating optical and microelectiodevices on fused silica material.



Acknowledgements

Acknowledgements

I would like to express my sincere gratitude to my PhD supervisor, Associate
Professor Zhou Wei, and co-supervisor, Dr Zheng Hongyu (Group Manager,
Machining Technology Group, SIMTech), for their patience guidance and

encouragement throughout the research work.

Besides my advisors, i would also like to extend my sincere thanks to Associate
Professor David Lee Butler, Dr Zhu Sha and Dr Huang Zhigiang for the valuable

discussion and help in my PhD work.

My sincere thanks also go to Professor Wang Lumin for offering me the opportunity

to carry out an exchange research program in University of Michigan (USA).

| would further like to thank the technicians from Materials Lab A, Metrology Lab,
PEN Centre and all the lab mates and friends that has help me in the course of the

experimental work.

Lastly, specia thanks are given to my wife, parents and siblings for their continuous

support and encouragement throughout the entire course of my PhD studly.



Contents

Abstract

Acknowledgement

Table of Content

List of Abbreviation and Symbols
List of Figures

List of Tables

Chapter 1 Introduction
1.1 Background
1.2 Objectives and scope

1.3 Organization of thesis

Chapter 2 Literature Review
2.1 Introduction
2.2 Methods of machining glass
2.2.1 Mechanical scribing and breaking
2.2.2 Water jet cutting
2.2.3 Ultrasonic machining
2.2.4 Photolithography
2.2.5 Long pulse laser machining
2.2.6 Femtosecond laser machining
2.3 Ablation mechanism between long and femtosecond pulse lasers
2.3.1Long pulse laser ablation
2.3.2 Short pulse laser ablation
2.4 Femtosecond laser induced phenomenon and structure changes
2.4.1 Laser machining of glass
2.4.2 Laser induced ripple formation

2.4.3 Laser induced recrystallization and amorphization

Contents

Vi
Xi
XVi

XXV

o 01 B

(o¢]

10
10
10
12
13
14
17
21
21
23
25
26
27
29

Vi



2.4.4 Laser induced cracking
2.5 Summary

Chapter 3 Experimental Procedures
3.1 Introduction
3.2 Laser system and ablation setup
3.2.1 Femtosecond laser system
3.2.2 Single and multiple pulse ablation experiments
3.2.3 Scribing and groove cutting experiments
3.3 Laser diagnostic tool and alignment
3.3.1 Beam profile measurement
3.3.2 Pulse width measurement
3.3.3 Spectrum measurement
3.3.4 Power measurement
3.3.5 Spot size measurement
3.4 Sample and samples preparation techniques
3.4.1 Preparation of metallographic samples
3.4.2 Preparation of cross-sectional SEM samples
3.4.3 Preparation of plain view and cross-sectional TEM sample
3.5 Characterization techniques
3.5.1 Optical microscope (OM)
3.5.2 Scanning electron microscope (SEM)
3.5.3 Transmission electron microscope (TEM)
3.5.4 Atomic force microscope (AFM)
3.5.5 Talyscan stylus profiler
3.5.6 X-ray diffractometer (XRD)

Contents

30
31

32
32
32
32
35
35
36
36
37
38
38
39
42
42
42

45
45
45
46
46
46
47

Vii



Chapter 4 Pattern Formation upon Femtosecond L aser
Irradiation of Fused Silica
4.1 Introduction
4.2 Ablation threshold determination
4.3 Effect of laser fluence and pulses in ripple formation
4.3.1 Low fluence regime with increasing laser pulses
4.3.2 Intermediate fluence regime with increasing laser pulses
4.3.3 High fluence regime with increasing laser pulses
4.3.4 Discussion on ripple formation
4.4 Effect of laser polarization
4.5 Effect of surface defect in ripple formation
4.6 Effect of crystallographic orientation in ripple formation
4.7 Summary

Chapter 5 Femtosecond Laser Micromachining of Fused Silica
5.1 Introduction
5.2 Femtosecond laser drilling of fused silica
5.2.1 Best focus determination
5.2.2 Effect of laser polarization in drilling
5.2.3 Effect of laser fluence and pulsesin drilling
5.3 Machining of microgrooves in fused silica
5.3.1 Effect of laser polarization
5.3.2 Effect of laser fluence and cutting speed
5.3.3 Effect of repeat fabrication
5.4 Summary

Contents

48

48
49
50
50
55
57
59
64
68
69
72

73
73
73
73
75
78
83
83
89
93
98

viii



Contents

Chapter 6 FsLaser Irradiation Effectson Structures

of Crystalline and Amor phous materials 99
6.1 Introduction 99
6.2 Effect of femtosecond laser irradiation on structure of UV grade fused

silica 100
6.2.1 Surface morphology and chemical composition analysis 100
6.2.2 XRD characterization 102
6.2.3 TEM analysis of fslaser irradiated fused silica 103
6.3 Effect of femtosecond laser irradiation on structure of quartz 107
6.3.1 Surface morphology and chemical composition analysis 107
6.3.2 XRD characterization 109
6.3.3 TEM analysis of fslaser irradiated quartz 110
6.4 Effect of femtosecond laser irradiation on structure titanium 116
6.4.1 Surface morphology and chemical composition analysis 116
6.4.2 TEM analysis of fslaser irradiated titanium 119
6.4.3 In situ TEM analysis of fslaser irradiated titanium 124
6.5 Summary 128

Chapter 7 Crack Formation in FsLaser Micromachining

of Fused Silica 129
7.1 Introduction 129
7.2 Crack formation in fslaser drilling of fused silica 130
7.3 Crack formation in fslaser machining of fused silica 140

7.4 SUmmary 144



Contents

Chapter 8 Conclusion and Future Work 145
8.1 Summary 145
8.1.1 Pattern formation upon femtosecond laser irradiation of fused silica 145
8.1.2 Femtosecond laser micromachining of fused silica 146

8.1.3 Femtosecond laser irradiation effects on structures of crystalline

and amorphous material 147
8.1.4 Crack formation in Fs laser micromachining of fused silica 148
8.2 Future Work 148
List of Publications 150
References 151

Appendix 185



2D

AFM

AWJC

BS

CCD

CO2

CPA

DIC

DOE

EDS

EDX

F1

FROG

fs

FS

FWHM

HAZ

List of Abbreviations and Symbols

List of Abbreviationsand Symbols

Two dimensional

Atomic force microscopy

Abrasive water jet cutting
Beam-splitter

Charge-coupled device

Carbon dioxide

Chirped pulse amplification
Differential interference contrast mode
Design of experiments

Energy dispersive spectra

Energy dispersive X-ray spectroscopy
Neutral density filters
Frequency-resolved optical gating
Femtosecond

Fast mechanical shutter

Full width half max

Heat-affected zone

X1



List of Abbreviations and Symbols

HF Hydrofluoric acid
HR High resolution
HWP Zero order haf wave plate

LIBWE L aser-induced backside wet etching
LIPPS Laser induced periodic surface structures
M1-M3 Mirror

MEMS Microel ectronics and microel ectromechanical systems

MRR Material removal rate

N.A Numerical aperture

NPs Nucleated nanoparticles

oM Optica microscope

P1 Thin film polarizer

PD1 Photo-detector 1

PD2 Photo-detector 2

PIPS Precision ion polishing system
ps Picosecond

PSI Pounds per square inch

SADP Selected area diffraction patterns

SEM Scanning electron microscope

xil



SEW
TEM
TFT
Ti
USM

uv

XRD

YAG

(+)

)
©)

Ds

Surface electromagnetic waves
Transmission el ectron microscope
Thin film transistor

Titanium

Ultrasonic machining
Ultraviolet

Groove width

X-ray diffractometer

Y ttrium-al uminium-garnet
Stage position

Beam move above the surface
Beam move below the surface.
Stage reference point

Long high field axis

Short wesak field axis

Specific heat capacity
Ablation depth

Feature diameter

Thermal diffusivity

List of Abbreviations and Symbols

xiil



nm

Ripple period parallel to beam polarization

Ripple period perpendicular to beam polarization

Second harmonic wave
Bandgap

Excitation energy
Pulse energy

Peak fluence

Absorbed laser fluence
Applied fluence
Threshold pulse energy
Melt depth

Absorbed intensity of the laser beam
Heat diffusion depth
Beam quality factor
Number of photons
refractive index
Number of laser shots
Nanometer

Recoil pressure

List of Abbreviations and Symbols

Xiv



Pavr

Ta

Tm

pm

us

List of Abbreviations and Symbols

Average power

Average temperature

Working temperature

Micrometer

Microsecond

Beam spot size

Ellipticity

Absorption coefficient

Density

Wavelength

Pulse Width

Angle of incidence considered to the surface normal

Photon energy

Ratio between the thermal and the internal energy

Standard deviation of power

XV



Number

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 3.1

Figure 3.2

Figure 3.3

List of Figures

List of Figures

Caption

Schematic illustration of ultrasonic imang (USM) 13
principle with major elements. (Naéhal., 2012)

Long-pulse laser-matter interactions.highlights the 17
numerous physical phenomena that are present when

machining with a long laser pulse.
(http://www.cmxr.com)

Schematic diagram of an amplifier sysi@sed on 19
chirped-pulse amplification.

Ultrafast pulse laser-matter interaction 21
(https://www.imra.com)

Schematic diagram showing long pulserlablation. 22

(Chichkovet al., 1996)

Schematic diagram showing impact iolepatavalanche 23
ionization consist of a series of impact ionizasio@iang
and Tsai, 2011)

A schematic of a multiphoton ionizatimmocess. (Jiang 24
and Tsai, 2011)

A schematic of short pulse ablation.i¢Gkov et al., 25
1996)

Schematic of set-up for femtosecondrlpsecessing of 34
materials.

(a) Photographs of femtosecond laselARQDP1) with 34
optical components and (b) showing machining stage
with lens.

(a) Typical beam profile of the CPA2(G8Eam (775 nm 36
wavelength) taken with a CCD beam profiler. Theveur

in figures (b) and (c) represents a Gaussian fith®
intensity distribution along the horizontal and tregtical
direction.

Page

xvi



List of Figures

Figure 3.4 (&) SHG-FROG trace for a train of pul$esn the 37
775nm Ti: Sapphire fetosecond laser. (b) Spectrum
derived for the pulse who FROG trace is shown guFe
3.4 (a). (c) Measure intensity whose SHG FROG trace
shown in Figure 3.4 (a). (d) Fitted intensity wh&dG
FROG trace shown in Figure 3.4 (a).

Figure 3.5 Spectrum from the CPA2001 femtosecoserlat 150 fs 38
output.
Figure 3.6 Spot size measurements of beam focusédleosample 41

surface by a 25mm focal length lens.

Figure 3.7 Spot size measurements of beam focusdleosample 41
surface by a 25mm focal length lens using various
polarizations.

Figure 3.8 Cross-sectional view of the laser masthirsample 43
covered in wax on the glass substrate.

Figure 3.9 Steps in preparation of cross-sectidiidl sample. (a) 44
Cross-sectional slice of microchannels sectioneth wi
diamond saw; (b) Two slices of microchannels glizee
to face to protect irradiated surfaces; and (ch3ier of
sample onto TEM grid after grinding.

Figure 4.1 Squared diameter Dof the ablated area versus the 50
applied pulse energy gFon femtosecond laser ablation
of fused silica by single laser pulse irradiation.

Figure 4.2 SEM images of fused silica surface aftadiation at 4.7 52
Jlcnt for pulse number of (a) 1, (b) 2, (c) 4, (d) 8 16)
(f 13, (g) 17 and (h) 20.

Figure 4.3 AFM images of fused silica surface aifteadiating with 53
4 laser pulses using a fluence of 4.7 Jof@@) Overview
of surface morphology at low AFM magnification (b)
Close-up AFM profile of the ripples. (c) Cross-sewcal
profile of the ablated crater and (d) Cross-seetion
profile of the ripples.

Figure 4.4 AFM images of fused silica surface aiftexdiating with 54
15 laser pulses using a fluence of 4.7 3/d@) Overview
of surface morphology at low AFM magnification (c)
Cross-sectional profile of the fine ripple and (@hoss-
sectional profile of the ripples.

xvii



Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 5.1

Figure 5.2

List of Figures

SEM images of fused silica surface aiftexdiation at

15.9 J/crfor pulse number of (a) 1, (b) 2, (c) 4, (d) 8 56
and (e) Close-up image of surface irradiated wifulke
having ripples in 2 orientations.

SEM images of fused silica surface aiftediation at 58
31.3 J/icmfor pulse number of (a) 1, (b) 2, (c) 4, (d) 8,

(e) Close-up image of surface irradiated with 2spsl
having ripples and nano voids and (f) Close-up ienafy
surface irradiated with 8 pulses.

SEM images of fused silica surface aftadiation at 4.7 66
Jlent with 4 pulses using various polarization angle (a)
P-polarized - 0° (b) Elliptical polarized - 15°) (
Elliptical polarized - 35°, (d) Circular polarized45°,(e)
Elliptical polarized - 60°and (f) Elliptical polaed - 75°.

AFM images of fused silica surface aftemdiation at 67
4.7 Jlcn with 4 pulses using various polarization angles

(@) P-polarized - 0°, (b) Elliptical polarized -°15c)
Elliptical polarized - 35°, (d) Circular polarized45°,(e)
Elliptical polarized - 60° and (f) Elliptical polaed - 75°.

SEM images of fs laser irradiated s@fsizowing ripple 68
orientation high dependent on the scratch linentaigon.

The laser fluence was 4.7 Jfna) 2 pulses and (b) 10
pulses.

Scanning electron microscope imagewisigoLIPSS at 70
various sites on Quartz (100). The number of |abets
(N) is shown in each image. The laser fluence 4.7%/cm

Scanning electron microscope imagewisigoLIPSS at 71
various sites on Quartz (111). The number of |abets

(N) is shown in each image. The laser fluence is 4.7
Jlenf.

Plot of through focus as a functionwfwidth. 74
Optical micrographs of blind holes @dllusing (a) P- 76

polarized and (b) Circular Polarized beam. The iadpl
fluence is 5 J/cfm

xviil



Figure 5.3

Figure 5.4

Figure: 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

List of Figures

SEM images of blind holes drilled us(ag P-polarized 77
and (b) Circular Polarized beam. A morphology loé t

hole showing ripples (c) parallel and (d) perpeunfdicto

beam polarization. The applied fluence is 5 Jicm

Femtosecond laser drilling depth as rectfan of the 78
number of pulses at different polarization.

Optical micrographs of holes drilledngs200 pulses. 80
The laser fluence used is (a) 7.96 Jicth) 15.9 J/crh

(c) 31.8 J/crh (d) 63.65 J/ch (e) 95.48 J/chand (f)

127.3 Jlcrh

Femtosecond laser drilling depth asatfan of fluence. 81
The irradiated pulse is fixed at 200 pulses.

Fs laser ablation curve showing theledfildepth for 82
fused silica at various fluence level.

Optical micrographs of fs-laser machingdrochannels 84
with cutting direction parallel to p-polarisationy-(
direction), (a) P-polarised, (b) Close up of imagda),

(c) Circular polarised, (d) Close up of image in.(c
Average fluence: 9 J/cth sample moving speed: 50
pm/s.

Optical graphs of fs-laser machined agbannels with 85
cutting direction parallel to p-polarisation (y-glition)

after HF acid cleaning, (a) P-polarised, (b) Clageof
image. Average fluence: 9 J/&nsample moving speed:

50 um/s.

Optical graphs of Fs-laser machinedeultannels with 86
cutting direction in (a) parallel to p-polarisaticfy-
direction), and (b) perpendicular (x-direction) to
polarisation. Average fluence: 9 Jfnsample moving
speed: 50 pm/s.

SEM micrographs of Fs-laser machinedrauhannels 86
with cutting direction in (a) parallel to p-polaaison (y-
direction), and (b) perpendicular (x-direction) to
polarisation. Average fluence: 9 Jfnsample moving
speed: 50 pm/s.

XIX



Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

Figure 5.20

Figure 5.21

List of Figures

3D and depth profiles of the microcl@snshown in 87
Figure 4.3(a), cutting in the direction parallel heam
polarisation. (b) 3D profile of microchannels shown
Figure 5.3(b), in the direction perpendicular toate
polarisation.

SEM micrographs showing sub-micron iggst in fs- 88
laser machined microchannels with cutting directfah
parallel to polarisation (y-direction), and (b)
perpendicular (x-direction) to polarisation. Avegag
fluence: 9 J/crhy sample moving speed: 50 um/s.

(a) Interference patterns observednduthe electron 89
beams scanning over the microchannels, and (b)
Interference patterns observed in other microchanne

SEM micrograph showing cross-sectiopedfile of 91
grooves machined using various fluences. (a) 3/at5%)
(b) 6.25 J/crh, (c) 12.5 J/crhand (d) 25 J/cfa

SEM micrograph showing cross-sectiopedfile of 91
grooves machined using a fluence of 62.5 3/cm
Filament at the end of the each channel was obderve
which is a result of self-focusing.

Influence of laser fluences on the llegtcut at speed 92
ranging from 1Qm/sec to 500m/sec.

Optical micrograph showing crackingua the laser 93
ablated groove. The laser fluence used was 125.J/cm

Low magnification of Fs laser ablatedoges machined 94
using different number of cutting pass for a flueraf
12.5 J/crA.

Optical micrograph of grooves machiosthg different 95
number of cutting pass for a fluence of 12.5 J/chhe
machining speed is 50um/sec. (a) 1 pass, (b) 2pagye
4 passes, (d) 8 passes, (e) 10 passes, (f) 255p&gs80
passes and (h) 100 passes.

Optical micrograph of grooves machined using déffer 96
number of cutting pass for a fluence of 12.5 J/chhe
machining speed is 250um/sec. (a) 1 pass, (b) @pass

(c) 4 passes, (d) 8 passes, (e) 10 passes, (Aszeyp, (9)

50 passes and (h) 100 passes.

XX



List of Figures

Figure 5.22 Groove width as a function of the nunddeconsecutive 97
passes.
Figure 5.23 Groove depths as a function of the rermibf 99

consecutive passes. The graph shows a linear parpo
to an approximately 10 pasgg®ove.

Figure 6.1 Femtosecond laser machined microchanvigiscutting 100
direction parallel to p-polarization. (a) Opticedage and
(b) SEM image of microchannels.

Figure 6.2 Surface profiles of the microchannelgmrged on fused 101
silica substrate showing an average depthah5(a) 3D
image and (b) Depth profile.

Figure 6.3 EDS showing no change of chemical coitipasin the 101
fused silica. (a) Non-irradiated surface; and (b)f&e
irradiated with femtosecond laser.

Figure 6.4 X-Ray diffraction spectra of fused silic(a) Un- 103
irradiated material and (b) After femtosecond laser
irradiation.

Figure 6.5 Steps in preparation of cross-sectid@¥l sample. (a) 104

Cross-sectional slice of microchannels sectioneth wi
diamond saw; (b) Two slices of microchannels glizee
to face to protect irradiated surfaces; and (ch3ier of
sample onto TEM grid after grinding.

Figure 6.6 (@) Irradiated structure on the side |waf the 105
microchannels. (b) HRTEM image of the irradiated
structure showing it is amorphous.

Figure 6.7 TEM diffraction patterns. (a) Non-irratiid sample; and 105
(b) Laser irradiated structure on surface of the
microchannel.

Figure 6.8 Femtosecond laser machined gratings wvatiting 107
direction parallel to p-polarization. (a) SEM imagé
gratings and (b) Close-up image on the grating.wall

Figure 6.9 Surface profiles of the gratings macthiioae crystalline 108
guartz substrate showing an average depth o4 (a)
3D image and (b) Depth profile.

xxi



Figure 6.10

Figure 6.11

Figure 6.12

Figure 6.13

Figure 6.14

Figure 6.15

Figure 6.16

Figure 6.17

Figure 6.18

Figure 6.19

List of Figures

EDS showing no change of chemical camipa in the 108
quartz. (a) Non-irradiated surface; and (b) Surface
irradiated with femtosecond laser.

X-Ray diffraction spectra of quartz) (dn-irradiated 109
material and (b) After Femtosecond irradiation.

Optical micrograph showing a crossigseat TEM 110
sample of the laser machined gratings. The almost
transparent regions were thinned by broad ion beam
milling process.

TEM image showing (a) Low magnificatiah the 111
irradiated structure on the side wall of the mitranels;

and (b) Close-up on the structures along the
microchannel wall.

TEM diffraction images showing (a) Nasger irradiated 112
structure on the side wall of the microchannelsegion
A in Fig. 4(b); and (b) Laser irradiated structuries

region B in Fig. 4(b).

TEM diffraction showing (a) Non lasamadiated quartz 113
structure and (b) TEM diffraction image obtained in
region X of the non irradiated sample.

TEM and EDS analysis of the nanoscalgighes on 115
quartz. (a) EDS spectra obtained from the nanapesti

region showing a high concentration of copper.TEM

image of the nanoparticles and (c) Diffraction gattof

the nanoparticles on the substrate.

SEM micrographs of titanium surfacemfemtoseocnd 118
laser irradiation. The numbers of pulses are dsvisl for
(a) 10 pulses, (b) 100 pulses, (c) 1000 pulses1@@p0O
pulses and (e) Close up of image 1la showing ripples

EDS showing no change of chemical caitipa in the 121
titanium foil. (a) Non-irradiated surface; and @yrface
irradiated with femtosecond laser.

Bright-field TEM images of the titanium structurafer 121
femtosecond laser irradiation. (a) 100 pulses dnd (
10000 pulses.

xxil



List of Figures

Figure 6.20 Bright field TEM and diffraction pattsrof femtosecond
laser irradiated and non irradiated titanium. (agl #b) 123
are the Bright field TEM and diffraction pattern of
titanium irradiated with 100 pulses, (c) and (d¢ &ne
Bright field TEM and diffraction pattern of titamu
irradiated with 10000 pulses, (e) and (f) are thigta
field TEM and diffraction pattern of a non laser
irradiated titanium having a Zone Axis of [2-1-10]

Figure 6.21 TEM diffraction patterns showing thenfiation of nano 126
crystals with time (a) Before annealing, (b) 15 utés,
(c) 80 minutes & (d) After 180minutes. [01-10]

Figure 6.22 Bright field TEM images showing the wtlo of the 127
crystal lattice when subjected to thermal annealizg
15minutes and (b) 180 minutes.

Figure 7.1 Optical micrographs of fs laser drilladles using a 131
fluence of 4.77 Jic The laser pulses are as follows (a)
1 pulse, (b) 10 pulses, (c) 50 pulses, (d) 100gsulée)
1000 pulses and (f) 10000 pulses.

Figure 7.2 Optical micrographs of fs laser drilladles using a 132
fluence of 23.87 J/ctnThe laser pulses are as follows (a)
1 pulse, (b) 10 pulses, (c) 50 pulses, (d) 100g3,l¢e)
1000 pulses and (f) 10000 pulses.

Figure 7.3 Optical micrographs of fs laser drilladles using a 133
fluence of 95.48 J/cmThe laser pulses are as follows (a)
1 pulse, (b) 10 pulses, (c) 50 pulses, (d) 100gsulée)
1000 pulses and (f) 10000 pulses.

Figure 7.4 AFM images showing (a) Top profile ofceack (b) 134
Sectional analysis of the crack profile. The |lahaence
and pulses used are 23.87 Jamd 10 pulses.

Figure 7.5 lllustrate 2 different zones in Fs lad@fing. 136
Figure 7.6 Crack Length as a function of pulsedifidrent fluence. 137
Figure 7.7 Schematic showing plasma induced réawk. 139
Figure 7.8 Optical micrographs of fs laser machigembves usinga 142

fluence of 7.96 J/icf The machining speed are as
follows (a) 10 um/sec (b) 50 um/sec (c) 100 pm(sgc
250 pm/sec and (e) 500 um/sec.

xxiii



Figure 7.9

Figure 7.10

Figure 7.11

Figure 7.12

List of Figures

Optical micrographs of fs laser machigembves usinga 142
fluence of 15.9 J/cfn The machining speed are as
follows (a) 10 um/sec (b) 50 pum/sec (c) 100 pm(sgc
250 pm/sec and (e) 500 um/sec.

Optical micrographs of fs laser macathigeooves usinga 143
fluence of 31.8 J/cfa The machining speed are as
follows (a) 10 um/sec (b) 50 pm/sec (c) 100 pm(sc
250 pm/sec and (e) 500 um/sec.

Summary of cracking Vs no cracking eagin fs laser 143
machining grooves using different fluence and fatker

Optical micrographs of fs laser macathigeooves usinga 144
speed of 500 um/sec. The laser fluence are aw®l{a)
7.96 J/cm (b) 15.9 J/crh(c) 31.8 J/crh (d) 79.57 Jicrh
and (e) 159.1 J/c

XX1V



Number

Table2.1

Table2.2

Table3.1

Table3.2

List of Tables

Caption

Type of glasses and its properties

List of machining techniques and its capabilities.

Performance parameters of a CPA-2001 system.

Parameters used for groove scribing.

List of Tables

Page

15

33

35

XXV



Chapter 1 Introduction

Chapter 1 Introduction

1.1 Background

The availability of femtosecond laser or ultrashmutse laser has opened up a wide
range of exciting new possibilities in the areanaéromachining and microfabrication
on various materials including metgBronko et al., 1995; Nikumbet al., 2006)
ceramics(Das and Pollock, 2009; Het al., 2011) semiconductor§Yokotani et al.,
2004; Kamet al., 2011) transparent materia(®/a et al., 2006; Liet al., 2007)and
tissueqAlekhin et al., 2010; lonita and Zamfirescu, 20Xadj different industries such
as automotive, telecommunication, medical, aeras@aw information technology.
Comparing to conventional machining techniquesntiaén advantage of femtosecond
laser is that it is able to produce pulse widthgagé@r shorter than the time scale of
lattice vibration. This enables the laser energhedaleposited into the material in the
time scale before any thermal diffusion can oc@n et al., 2004) resulting in
minimum collateral damages such as a reductioharheat-affected zone (HAZ) and

recast layer within the laser ablated region.

Moreover, by focusing a femtosecond laser beam \Wwith numerical aperture
objectives (N.A >1), the laser radiation is confinie a very small focal volume. This
can generate sufficient photon densitylazur et al., 2005) causing localized
multiphoton absorptiofKuriyama and Ito, 2003p occur at the laser wavelength. This
allows direct fabrication on wide bandgap materiite fused silica (7.5eV) and
sapphire (9eV) that are difficult to be processeth@ conventional tools. These
distinctive advantages achieved by ultrashort lgméses have stimulated not only
interest in understanding the physical mechanidrebart pulse laser ablation but also
fabrication of microstructures like waveguides tigpgs, holes and grooves in different

materialg(Crawfordet al., 2003; Qiuet al., 2004;Sohnet al., 2004)
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Glass especially fused silica has emerged as armagderial of interest for the
telecommunications industry and it is widely usedf&bricating optical devices due to
its excellent optical properties. Furthermore,aih de used as an insulator or barrier
layer, often in combination with silicon in othdrqionic devices. A significant amount
of research work has been carried out in the mastudy femtosecond laser beam
interaction with glass. Key areas of research studiclude using femtosecond laser
for surface(Lenzneret al., 1999)and subsurfacéHe et al., 2010; Costat al., 2011)
microstructuring, structural modification like raf@tive index change for waveguide
fabrication(Kamataet al., 2004; Zoubiet al., 2005) surface morphology investigation
after femtosecond irradiatidiiVu, et al., 2002) plasma interactio(Siegeet al., 2007)
and femtosecond laser induced mi@rao, et al., 2002)and nanostructurg®attathil,

et al., 2005)

In regard to micromachining of glass, single piSampbellet al, 2005)and multiple
pulses machiningYasui et al., 2003)with low laser fluence have been carried out.
Other studies include drilling of holes using a fesecond laser oscillat¢€ai and
Piestun, 2007pr applying a different techniqy¥anet al., 2001; Zimmeet al, 2007)

to machine glassThough the above have highlighted a list of magmearch studies
performed on glass with a femtosecond laser belaair, primary focus was to use a
femtoseond laser for micro-structuring and devataitation. Little is done to study
the effect of processing parameters and problersscaged to direct machining of
glass. An understanding of the laser processirgnpeters is essential for developing a
better control and better use of the microstrustdioe practical application purposes.
This is especially important as the interactioncess can be very complex when the
material is under intense femtosecond laser puladiation. The interaction between
the laser beam and material can become non-li(araffer, 2001Rayneret al.,
2005)due to the effect of a{iRosoet 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 understoothés formation ripples structures
after femtosecond laser irradiation. Laser indysexdodic surface structures (LIPSS)
or ripples have been observed in different kingnafterials(Kanemitsu.et al., 1984;
Anthony and Cline, 1997; Yet al., 1999;Gedvilaset al., 2008; Schadet al., 200§ for
the past few decades. These ripples usually hgweriadicity equal or close to the
wavelength of the laser radiation. In recent ye&i®SS are attracting increased
interest due to its promising potential in micromamg for microelectronics and
microelectromechanical systems (MEMS). Potentigdliagtions include using the
ripples to fabricate gratings and shallow junctionsexturing the surface of magnetic

recording medigHsuet al., 2011)

Earlier model assumed that these ripples might tesalt of (frozen) acoustic waves
where the ripples have a periodicity close to &set wavelengtfWillis and Emmony,
1975).Furthermore, it is observed that the ripples oa#an is strongly dependent on
the beam polarization and this leads to an evolwtimea ripple modelEmmonyet al.,
1973;Goushengt al., 1982) However, for ripples that are induced by a feratosd
beam, the ripples usually have a period smaller tha laser wavelength. Because of
the smaller period and the different ripple’s marolgy observed, many different
explanations have been considered such as selfineg@n (Gedvilaset al., 2008)
boson condensatiofVvan Vechten, 1981; Singet al., 2002) or even Coulomb
explosion Reif et al., 2002).For fused silica material, though there were sdvera
studies on ripples after laser irradiatilhlemannet al., 1992; Wager et al., 2006;
Bohmeet al., 2008) however, in-depth characterization and study hen ghysical
phenomena to explain ripple initiation, growth arahsitions toward other patterns

induced by a femtosecond laser beam is still bt éinderstood.

Phase transition induced by a femtosecond lasan lie@nother topic that has been
actively discussed and research on. As the thediffakion length is proportional to
the square root of the pulse duration, the femmsedaser-induced thermal effect is
expected to be negligibléShirk and Molian, 1998) However in recent years,

3
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femtosecond laser-induced crystallizatiffratapet al., 2003;Shieh et al., 2004;
Salihogluet al., 2011)and amorphrizatiofHirayama and Obara, 2003; Malshe and
Deshpande, 2004zawaet al., 2009;Konishiet al., 2010)have been reported in a wide
range of materials. Generally, a transition betwihencrystalline and the amorphous
phase following laser irradiation is related toegtrold behaviour in the solidification
velocity. If solidification proceeds with liquid-sdlinterface velocities higher than a
critical value, irradiation leads to the amorphiaatof the processed mater{@onseet
al., 2004) As femtosecond laser can be used for machiningapgrating(Zoubir et
al., 2003) a change in the crystal structural either coneptet partial crystallization
may affect its optical properties. Thus, an underding of the material structure after
femtosecond laser irradiation is of great imporearand studies on whether a
femtosecond laser pulse would induce phase changeth amorphous and crystalline

glass is rarely investigated.

Lastly, to be able to successfully use femtosedaser to carry out machining of fused
silica for practical industrial applications, theachining process still requires some
tuning and understanding of the processing comditio achieve excellent machining
results. This is not an easy task especially cenisig a large number of processing
parameters. Studies have shown that drilling witfh haser intensities (1®W/cntf)
can cause some of the advantages of using ulttgshises to be lost such as reduction
in the strength of the material at high temperatéiso phenomenon like cracking
(Kuriyama, and Ito, 2003; Chiwaat al., 2009)or melting(Bonseet al., 2004)can still
occur even though femtosecond laser micromachimsngidely considered to be
non-thermal and crack free process. As mentionegafs-laser has a characteristic
time scale far shorter than the thermal diffusiemgkh, generation of liquid phase and
heat transfer to the surrounding during machinggxpected to be minimum. Absent
of liquid phase allow better control of the machgiprocesgMommaet al., 1996)
with little or no collateral damage. However, basedthe above reports, machining
with a fs-laser may still induce cracking in maaéririll now, no studies have yet been
performed to understand the mechanism of femtosktaser induce cracking and

4
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obtaining an optimum window for micromachining afséd silica without crack

formation.

1.2 Objectivesand Scope

The nature of multiphoton absorption of femtosectas#r enables both surface and
subsurface modification of transparent materialowever, femtosecond beam
interaction with wide bandgap materials is a compgdeocess especially when the
interaction between the laser pulses becomes neatli Thus an understanding of the
mechanism between the laser and material is nepded to successfully using

femtosecond lasers for any practical applications.

Therefore the primary objective of this researabjgut is to study irradiation effects
and phenomenon related to femtosecond laser magrohfused silica. By performing
laser ablation experiments over a wide range oeemental parameters, irradiation
effects and phenomenon such as ripple formati@tkng, structure change and the
laser machined profiles are systematically studethat a better understanding of the

femtosecond laser machining process can be gaimdam be put into practical use.

The main scope of this study includes:

(1) Investigating the effects of experimental paransetiuence, number of pulses,
polarization) and the influence of material crystailentation and on ripple

formation.

(2) Performing micromachining of holes and channelsfused silica and
investigate the effects of different laser machgnparameters (fluence, speed,
polarization, cutting orientation, machining pass) the machining quality,

profile, morphology and chemical composition.



Chapter 1 Introduction

(3) Conducting high resolution TEM and in-situ TEM asé to study
femtosecond laser irradiation effects on the stmest of some of the

technological importance materials like fused ajliguartz and titanium.

(4) Designing experiments to understand phenomenon asiaracking that has
never been proven experimentally and proposingpanabing window in carry

out surface machining of microholes and channetlsout crack formation.

1.3 Organization of thesis

The thesis is organized as follows:

Chapter 2: Consists of the literature review for this resbaférst, properties of glass

and the current techniques used for machiningadsgare reviewed. The limitation of
each technique is discussed and the unique chasticte of using femtosecond laser
will be highlighted. Following which, the ablatiomechanism of long and femtosecond
pulse laser are discussed. Lastly, some surfaceatetial phenomena associated with

femtosecond laser beam interaction is highlighted.

Chapter 3: Describes the femtosecond laser setup and theugadharacterization

techniques used in this study.

Chapter 4: Reports the formation of ripple structures on fusiida and quartz after
femtosecond irradiation. The effects of processiparameters on the ripple
morphology, evolution and mechanism of ripple gfowtere investigated. The
influences of surface defects and crystallograph@ntations on ripple formation were

also discussed.
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Chapter 5: This chapter demonstrates the machining capabilitgmtosecond laser in
carryout micromachining of hole and channels ordusilica. A systematic study on
the effects of laser processing parameters on cuni@orphology, width, depth and

quality of machining are presented and discussed.

Chapter 6: Reports structural and compositional analysis omtdeecond laser
irradiated structures. UV grade fused silica, ®ngtystal quartz and titanium are

studied using TEM and the mechanism behind thetsirel evolution is discussed.

Chapter 7: Design of experiments to investigate the mechamisthconditions for a
femtosecond laser beam to induce cracking durimtas® machining of holes and

channels in fused silica.

Chapter 8: Summarizes the experimental results and makes reeowfations for

future research directions.
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2.1 Introduction

Glass is an important engineering material widegdiin many areas such as building,
electronics and automotive industries. In its raform, is consists of almost 100% of
crystalline silica in the form of alpha-quartz titommonly found in sand or rocks.
When heated above 573°C, alpha-quartz undergoeseasible change to become
beta-quartz. Natural quartz is difficult to procéssause it comes in random shapes
and sizes. Also a widespread of impurities carobed in natural quartz which makes
it impractical for direct application. In currentanket, quartz is artificially grown using
hydrothermal synthesis process to a specified déibenhaving controlled crystal
orientation, high purity and good uniformly. Becaus possesses good optical and
piezoelectric properties, quartz is extensivelyduses wave retardation medium,

electronic filters or resonators.

Glass on the contrary is produced by heating th&taltine silica to a high temperature
followed by rapidly cooling below its glass tramsit temperature. By performing rapid
cooling, there is insufficient time for a regulaystal lattice to form and this results in
glass having amorphous crystal structure. Todagssglproperties are altered by
adjusting the composition during development sd thay can meet the various
industry requirements. Generally, glass can besifiad into six main types according
to their methods of fabrication as well as minodiddns and variations in the
ingredients used. A summary on the major glass#s their ingredients, properties,
and applications are listed in tiable 2.1 For common glass, it consist of 70 ~ 72
weight % of silicon oxide (Si€) while ultra-pure glass such as fused silica mgkef
99.99 weight % of silicon oxide. Fabrication of édssilica can be either by an
electrically heated furnace (electrically fused)ogas/oxygen-fuelled furnace (flame

fused). The key advantage of fused silica over comiglass is that it hagery low
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thermal expansion coefficient with excellent opticgualities and exceptional
transmittance over a wide spectral range, espgdralihe ultraviolet Therefore, this

material is often used for fabricating high endager optics.

In current market, commercial available fused aimd quartz may come in different
dimensions in the form of sheets and rods. Howeligx,to the brittle nature of glass,
micromachining on glass-based materials using atioal techniques can be very
challenging. Advanced micromachining techniques likhography, water jet cutting
or laser cutting are needed. The use of laserceslyefemtosecond lasers, has opened

up new opportunities in the area of micromachirang microfabrication of glass.

Type of glass Ingredient Properties Application
Fused silica » Silica(SiO,) 99.99% * Low thermal expansion «  Optical fiber
coefficient ¢ Mask
e Good UV transmission e Lens
* High corrosion resistance
Soda-lime-silica | ¢ Silica(SiO,) 72% « High thermal expansion *  Windows
glass e Sodium oxide (NgD) 14.2% | <« Poor heat resistance ¢ Food containers
e Magnesia (MgO) 2.5% Chemically stable ¢ Tableware

Lime (Ca0O) 10.0%
Alumina (Al,Os) 0.6%.

Sodium
borosilicate glass

Silica(Si0,) 81%
Boric oxide (BOs) 12%
Soda (NaO) 4.5%
Alumina (Al,Os) 2.0%

Low thermal expansion
coefficient

Thermal shock resistance
High softening point

Laboratory glass ware
Flat panel display
Light source

Lead oxide glass

Silica (Si0,) 59%

Soda (NaO) 2.0%

Lead oxide (PbO) 25%
Potassium oxide (}O) 12%
Alumina (AO3) 0.4%

Zinc oxide (ZnO) 1.5%

High refractive index
High elasticity
Poor heat resistance

Food containers
Radiation shield

Aluminosilicate
glass

Silica(Si0,) 57%
Alumina (AlO3) 16%
Boric oxide (BOs) 4.0%
Barium oxide (BaO) 6.0%
Magnesia (MgO) 7.0%
Lime (Ca0)10%

Chemical resistance
God thermal resistance

Glass fiber
Halogen bulb glass

Oxide glass

Alumina (AlL,Os) 90%
Germanium oxide (Gef
10%.

Extreme clear

Fiber optics waveguide

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

221 M echanical scribing and breaking

For centuries, this traditional method has been oh¢he more commonly used

techniques for glass separation. The techniquelgimyolves scribing the surface of

the glass using a hard, sharp tool (typically andiad or carbide wheel) to create a
groove on the glass surface. This is followed bpgis mechanical snapping force to
propagate the crack completely through the glasthd modern automated factory, the
separation of the glass is usually carried out lbpms of a “chopper bar”. Though this
method is the fastest separation technique, how#ves several key drawbacks that

include not being able to machine complex shapdstan substrate.

In fact, it is almost impossible to use mechanscaibing at all when the glass substrate
is below 1mm in thickness. This is because mechamsicribing will induce higher
stresgMatthew, 2001; Venkatakrishnan and Tan, 206Thin substrate as compared to
a thick substrate and this results in the formadifomicro cracks on the edges. Another
reason in particular is that this cutting techniguk often require additional grinding,
polishing or even cleaning processes so that teegamcutting edges or debris will not

interfere with the subsequent operations and pdeezard.

222  Water jet cutting

Water jet cutting is one of the widely used teches| by various industries in a wide
range of materials. In this process, highly pragsdrwater (typically between 20,000
and 60,000 pounds per square inch (PSI)) is fatuedigh a fine orifice. This creates a
thin jet of water with very powerful forces travaty at high velocity (close to the speed
of sound) which enables machining to take placevéi@r, pure water jet cutting can

only cut soft material like thin wood and is noteetive for cutting hard materials like

1C
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glass or metals. This is because the water jesteméntrain into the atmospheric air
causing the cutting efficiency to be greatly redlicéery often, abrasive water jet

cutting (AWJC) is used to machine harder mateiredtead.

By adding abrasive particles such as garnets @sdlaads into the water, machining
efficiency can be greatly improved. The mechani$material removal by AWJC is
similar to a grinding wheel which the particlesglout small pieces of material upon
impact. In AWJC cutting of ductile materials, theterial removal is mainly by low
angle impact by the abrasive particles, leadingdaghing and micro cuttin@Engels,
1978) Further at higher angle of impact, the mategatoval involves plastic failure of
the material at the site of impact, which was stddnitially by Bitter (1953) Hashish
(1989) unified such models and applied it under AWJC Htter stage. In the case of
cutting of brittle materials, other than the abdwe models, material would be
removed due to crack initiation and propagationabee of brittle failure of the

material.

The key benefit of the water jet machining is ltdity to cut material without changing
their intrinsic properties as there is no hafiécted zon€Yanget al., 2008) However,
the disadvantages are high initial cost, frequeaintenance and replacement of the
nozzle due to erosion. Moreover, this techniquenoaamachine submicron features as
the feature size in water jet cutting is propordibto the diameter of the jet stream in
which the water droplets or abrasives are confified, 2010) Therefore, the key
challenge for the water jet technology is to redieediameter of the jet stream. Till
now the smallest features machined with commemg&er jet cutters are generally

larger than 20@um.

11
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2.2.3 Ultrasonic machining

Ultrasonic machining is a process in which abrasivery is used to perform material
removal from the workpiece. Quite similar to abvasivater jet machining, the slurry
consists of tiny granular particles having graesand hardness equal or greater than
the hardness of the workpiece. Materials like asilicarbide and boron carbide are
usually used because of their high hardness. Matemoval is achieved by directing
the slurry between the workpiece and a vibrating) 80 as to allow the abrasive
particles to hit against the workpiece surface icmusracks and finally material

removal from the work piece.

A schematic on ultrasonic machining (USM) principlgh major elements are shown
in Figure 2.1(Nathet al., 2012) The advantage of this process is basically nemtial
thus leaving the chemical and physical propertieth@ workpiece unchangd®eng
and Lee, 200R Furthermore, this technique is suitable for maicty brittle material
like glass and ceramics as the cut provides redsteds and a lower tendency of
fractures. A limitless number of feature shapesunliog odd-shaped thru-holes and
cavities of varying depths having high quality aocdnsistency features can be
fabricated on glass using this technique. Howetles, disadvantage of ultrasonic
machining is that this process has low materialosahrate (MRR) and the machining
time highly depends upon the viscosity of the §idilwid and frequency at which the
tool is vibrating. Also the slurry may wear the afl the machined hole as it passes
back towards the surface. This limits the accunpasticularly for milling of small

holes.

12
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Figure 2.1: Schematic illustration of ultrasonicaniaming (USM) principle

with major elementéNathet al., 2012).

2.2.4 Photolithography

The use of photolithography technique offers anmosiodution for processing of glass.
This method was borrowed from the semiconductausiny where mask lithography is
used to pattern the surface of silicon wafers fiamtpd circuit boards. Similarly, in
glass processing using photolithography technigueght sensitive photochemical or
photoresist is applied onto the glass substrate. ddsired pattern is then transferred
onto the photoresist by exposing ultraviolet (U¥ght through the mask. Usually
regions that are exposed by UV light will be haetkwhile non-exposed region will be
washed away after developing the photoresist. i@ pattern is then transferred to

the glass substrate by either wet or dry etchionggss.

In wet etching of glass, common chemical agenisibgdrofluoric acid (HF) while dry
etching uses reactive-ion etching which combineth lplasma and sputter etching
processes. The plasma systems are used to iordeévee gases and the ions are
accelerated to bombard the glass surface. Chesucal as Fluoroform + Oxygen gas
(CHF3 + O2) or Tetrafluoromethane + Hydrogen gas4 @& H2) are employed in dry

etching process.



Chapter 2 Literature Review

The key advantage of photolithography technigubas it offers very high resolution
(Nano scale) especially with the introduction ofersion lithographyRothschildet
al., 2005) However, cost is the main concern as commerbialgithography systems
are very costly and to fabricate the required nstk further adds to the capital cost.
Moreover, this technique has been well optimizelaodle standard silicon wafers but
not on glass. Thus there might be difficulties dintitations when used for direct
patterning of glass especially glass is an isotrapaterial and the etching can be
non-directiona(Maleket al., 2007)especially with wet etching process. This resuits i
structures with curved sidewalls and having re&dyivow aspect ratios to be produced.
Furthermore, material removal rate (MRR) is ragiew. For example, wet etching rate
ranges from 10-1000 nm/min while dry etching is ragpnately 20 nm/min. These

restrictions limit the use of photolithography faecision patterning of glass material.

2.2.5 L ong pulselaser machining

The use of laser has proven to be another fasteffedtive ablation technique for
processing of glass. This technique can correcyrofithe deficiencies associated with
other techniques. First, laser ablation is a namaxi process that can completely
eliminate the problem of additional cleaning steg@uced from mechanical methods.
Second, laser machining is one step cutting protesisdoes not require complex
set-up as compared to the lithography technique.la$er beam can be easily focused
to the micro scale using a simple lens and miretusto facilitate the micromachining

or micropatterning of glass surface

The idea of using laser to machine glass wasdiigtnate byLambertand his group in
1976 where they employed two separate laser beanmathine glass. The first beam
usually produced using a YAG laser (Yttrium-Alumim-Garnet Laserpr a diode
laser is used to melt a 0.2 mm deep groove-crack.enhsdecond laser beam is used to
generate thermal stress at the crack tip to makentterial separate controllably. This
method is an extension of the laser cutting of et fracture and the laser scribing

14
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method, previously proposed Iaribotti (1963)andLumley (1969) In Garibotti's
method, a laser is used to scribe the substrate dle desired separation line. The
scribed materials are then immersed in an ultrasoeli and broken along the scribed
lines by ultrasonic energy. Alternatively, the bed substrate is broken along the
scribed line by applying a mechanical force indué@en the cracking roller. This
fracture technique however is less controllableimley’s method on the contrary is
much simpler and has great potential in machinmigido material. In his invention, a
single beam is use to generate mechanical stresghigrcauses the material to separate
along the path of the laser beam. This separagchnique is similar to a crack
extension and the fracture growth is controllaBl&ing of brittle materials such as

alumina ceramic substrate and glass has been stdbeslemonstrated by Lumley

using the carbon dioxide (GDlaser.

M echanical Water Jet Ultrasonic Lithography Laser Cutting
Cutting Cutting Machining
Capabilities e Minimum |« Minimum *  Minimum e Minimum Minimum
Feature Feature Size: Feature Size: Feature Size: Feature Size:
Size: >1 300 pm 200 pm 0.1 pm 1-50 pm
mm ¢ Aspect Ratio: | = Aspect Ratio: | = Aspect Ratio: Aspect
30:1 25:1 3:1(glass) Ratio: 10-20:1
Advantages * Inexpensiv | « Cancutalmost ¢ High aspect « Highly Extreme
e all material ratios precision versatile.

e Minimum ¢ No heat * Able to drill e Minimum Able to machine
setup affected zone straight human complex shapes.
needed. sidewalls and intervention Can cut almost

produce very once setup all material
fine features done. No mask, tooling
* Able to print or tool wear
complex
shapes
Disadvantages | = Poor e Slow process | « Slow process | « Large capital Large capital
accuracy * Higher cost » Large capital investment investment cost

* Tool wear due to investment cost High power

* Require abrasive cost * Undercut consumption
post material use. | « Difficult to problem when Difficult to create
cleaning * Taper profile machine using wet blind holes
process when machine asymmetrical etching.

thick parts patterns ¢ Multi step
process
Capital $10k to $20k $60k to over $60k to over $200k to over $1M| $200k to over $1M
| nvestment $300k $300k

Table 2.2: List of machining techniques and its atdlties (http//:www.

memsjournel.com)
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Table 2.2 shows a summary of the various machiténgniques as compared to laser
micromachining. From the table, it can be obsethatithough the investment cost for
a laser system is higher than that of a mechasystém, generally it is cheaper when
compared to conventional lithography system. Theral investment cost of a laser
cutting system in the long run is still cheaper whempared to mechanical processing
techniques that require additional grinding or cleg (Finlay and Frank, 2009Most
importantly, laser cutting makes it easier to paaaurved cuts in glass. The demand
for curved cuts is increasing, especially in mopit®nes, where many manufacturers
would like to replace plastic covers with glassriorease scratch resistance and this

generally requires small radius rounded edgessantetimes even cut-outs.

In today industry, high power pulse lasers suctealson dioxide (Cg) laser operating

at a wavelength of 1046m are widely used for cutting of glass. These, Ger can
generate very high power ranging from 50W to 50Bwirradiating the glass surface,
tensile stress is generated with {@&ser heating. This is followed by injecting ddco
jet of air at the irradiated region causing craglkatong the direction of cutting to break
the material(Hermanns, 2000)Because of the high power output, these lasars ca
direct machine glass having a thickness of sevaitlimetres at very high federate
with micro-scale precision. However machining wahCGQ laser is essentially a
thermal process and can induce undesirable sidetefSuch as crackir{®olo et al.,
2005) Figure 2.2 shows the possible damages on thecsurdf material when

machining using a long pulse laser.
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LONG PULSE
KLASER BEAM
EJECTED MOLTEHN

MATERML DAMAGE CAUSED TO

SURFACE DEBRIS ADIACEHT STRUCTURES
RECAST LAYER — SURFACE RIPPLES DUE
TO SHOCK WAWE
——
3 ) R 3

"\ MELT ZONE S

HEAT TRANSFER
Y10 SURROUNDING
E—— MATERIAL
SHOCK WAVE

Figure 2.2: Long-pulse laser-matter interactiob$idhlights the numerous
physical phenomena that are present when machiithcga long laser pulse

(http://www.cmxr.com)

2.2.6 Femtosecond laser machining

Femtosecond lasers, also known as ultrafast @shlort pulse lasers emit a pulse width
in a time scale of femtosecond (£8). In some literature, it also refers to pulsas le
than 10 pgCraig, 1998)In order for a laser system to generate ultraghdses, three
essential elements are required. First, a gainunediust be present in a laser system.
This medium is usually made of an ion doped crystajlass having a wide emission
bandwidth. Moreover, to generate short pulses,gtia medium must be broad in
frequency and must be able to produce these freipenThe second mechanism is
used to compensate for the dispersion in the leaeity. This is because the group
velocity in the optics (and even in air) inside thser cavity is frequency dependent,
and the initial short pulses tend to spread in tibezause different frequency
components travel at different velocity. Typicalyrism pair is used to compensate for
this dispersion in the laser cavity, though re@svances in mirror coating technology
allow the dispersion in the laser cavity to be takare of in the optics themsel\g&i

et al., 1996)
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The last mechanism is needed to make the lasemranpulsed, as opposed to a
continuous wave mode. Essentially, all the diffefeequency components supported
by the laser cavity (in terms of gain and dispersmompensation) must add
constructively to produce a pulse, a process kremvymode-lockinglppen, 1994)For

long pulse laser, mode-locking can be achievedhbgriing an active modulator into
the laser cavity that makes the gain in the lageitg exceed the loss for only a short
time, ensuring that the laser produce a pulse. Mew@&o active modulator can switch
fast enough to produce a femtosecond pulse, tleugatim (or loss) of the cavity must be

modulated in some other ways.

In Ti:sapphire lasers, this modulation is accon@d by so called Kerr-lens
mechanisnm{Christovet al., 1995) Briefly, weak self-focusing of the pulse in the mai
crystal reduces the transverse size of the beathatothere is a better overlapped
optically pumped gain region. It is thus energdiycéavorable for the laser to run
pulsed as opposed to continuous wave (indeedyiellaaligned Ti:Sapphire laser the
average power will go up when the laser is mod&ddy. Typically, a Ti:Sapphire laser
oscillator will produce an output of 20 fs, 5 800 nm pulses at a repetition rate of
about 90 MHz. However, for many applications, higlser density is desirable which
requires amplification of the laser energy. Thispéfication of femtosecond laser
pulses requires care, however, as the laser egeogys, the non-linear optical effects
occur in the amplification chain, degrading thespulln extreme cases, non-linear
absorption of laser energy by the optics in the ldiwgtion chain could cause

permanent damage.

In order to avoid this non-linear effect and splimp more energy into the pulse,
Mourou and co-workers devised a clever strategshoped-pulse amplification (CPA)
(Strickland and Mourou, 1985The CPA scheme works as follows (see Figure 2.3).
Ultrashort light pulses are generated at low pudsergy through the use of an
ultrashort-pulse mode-locked laser “oscillatoiThis mode-locked laser typically
generates light pulses at a high repetition rat€¥(Hz) with pulse energies in the range
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of 10° J, and with pulse durations in the range 6t200* s.

These femtosecond pulses are then chirped usiigpardive delay line consisting of
either an optical fiber or a diffraction-gratingamgement. The pulse is stretched from
a duration under 100 fs to typically ~100 ps, dasmg its peak power by
approximately three orders of magnitude. One orensteiges of laser amplification are
used to increase the energy of the pulse by s orders of magnitude to achieve a
sufficient fluence to efficiently extract energyoin the laser amplifiers. This
amplification typically requires a total of betwednand 50 passes through an
amplification medium, with a gain of between 2 at@D per pass. After optical
amplification, when the pulse is very energetiseaond grating pair is then used to
“recompress” the pulse back to femtosecond doratiusing an optical pulse
compression techniqu@reacy, 1969; Forkt al., 1984) To achieve this recompression
back to near the original input pulse duration,perooptical design of the amplifier

system is required.

Amplified pulse
Stretched pulse Amplifier
S {
Short pulse
E \‘ Amplified short
pulse
Stretcher Compressor

Figure 2.3: Schematic diagram of an amplifier sysbased on chirped-pulse

amplification.
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The development of femtosecond laser or (fs-lawag) offer an alternative solution for
processing of glass. Despite the fact that the obsemtosecond laser system is
generally much higher as compared to conventiara pulse laser system. However,
in the recent years, reduction in the cost and ¢exity of the femtosecond laser
system has generated interest in using ultrashusedaser for micromachining and
micro-fabrication applications. The advantage aftiesecond laser is that it has a pulse
width shorter than or equal to the time scale tiicka vibration. As a result, the energy
deposited into the material is far shorter thamrita# phonon diffusion process. This
means that femtosecond laser-induced thermal e$fecinsidered to be negligilfeiu

etal., 1997; Banlet al., 1998)

An illustration on ultrafast pulse laser-matterenaiction as compared to long pulse
laser is shown in Figure 2.4. Moreover, femtosedasdr can also generate very high
peak power intensity resulting in non-linear mpltieton absorption to occur in glass.
This can result in an increase in the refractideinat the focal point inside the glass,
which is potentially effective to produce structuie nano-scaléTheppakuttai and
Chen, 2003)This unique property allows processing of materi&e glass(Fernaet

al., 2011) ceramic(Wanget al., 2010)and explosivdRoeskest al., 2003)cannot be
achieved in using conventional long pulse laseoufih femtosecond laser has many
advantages over long pulse laser but when compat@dh power C@laser in term of
high volume manufacturing, femtosecond laser hagitanachining rate. Moreover it

cannot direct cut thick glass having a thicknessiggr than 200um in one single pass.
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Femtosecond

Long Pulse
g FPulse
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\X \ \ I Minimal affected area
\ # for precise machining
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Heat Affected Zone: cracks and melting

Figure 2.4: Ultrafast pulse laser-matter inte@cthttps://www.imra.com).

2.3 Ablation mechanism between long and femtosecond pulseslasers

Understanding the physical process in laser maiatexaction is important as it allow
one to understand the capabilities and limitatioingser machining processes. Below

describe the ablation mechanism between a longiiradhort pulse laser.

231 Long pulselaser ablation

Lasers with pulse duration longer than a few tehgiooseconds (ps) are often
classified as long pulse lasers. For long pulser lasterial interaction, tHaser energy
is basically transferred from the laser-excitedtetes to the material lattice by thermal
diffusion process. Damage occurs when the temperatuthe laser irradiated region
become relatively high to cause melting or evercténe (Stuartet al., 1996) A

schematic showing long pulse laser ablation is shiowFigure 2.5.
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ablation laser

Figure 2.5: Schematic diagram showing long pulserlablatioChichkov

etal., 1996)

In long pulse laser interaction, free electronsidamnetic energy by the absorption of
photon energy through a series of inverse Brerhistigi proces§Gamalyet al., 2002)
Once the free electron gain sufficient kinetic gyera portion of the energy is
transferred to a bound electron by collisions teroeme the ionization potential to
form two free electron/Nonget al., 2003) This process is called impact ionization
(Quereet al., 2001) Consequently, this results in more free electraipsorbing the
photon energy to produce more free electrons flwerbbunded electrons. This results
in a series of impact ionization process whichaitet! avalanche ionizatigiPronkoet

al., 1998)as shown in Figure 2.6.

Avalanche ionization strongly depends on the fleeteon density and is sometimes
assumed to be linearly proportional to the laségnisity (Stuartet al., 1996) The
reason for avalanche ionization is very efficientlong pulse ablation is due to
availability for the exponential growth of the di@n density. For long pulse laser
ablation of wide bandgap materials, typical laseergy is below 1% Wi/cn? and

avalanche ionization is responsible for the abtatio
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Free B RN
/ ‘o ~N
Electrons Te 1! e,
o—> N S\,
~c TN Free
® Electrons

Figure 2.6: Schematic diagram showing impact idiopa avalanche

ionization consist of a series of impact ionizasi@fiang and Tsai, 2011)

2.3.2  Short pulselaser ablation

Energy transfer during femtosecond laser ablatan e separated into two different
stages: (1) the absorption of photon energy bytreles and (2) redistribution of the
absorbed energy to the surrounding lattice leatbhngaterial removalLadieuet al.,
2002; Jiang and Tsai, 2011Yhe absorption of photon energy can be further
categorized into either linear or non-linear. la timear photon absorption, the process
basically obeys the Beer-Lambert Lgwiang and Tsai, 2013hich states that the
absorption of a specific wavelength transmitteatigh a material is a function of

material path length and is independent of incidietensity.

However, ablation in the femtosecond regime resaltson-linear absorption rather
than linear absorption for all materials. Avalanabwization multi-photon ionization
and/or tunnel ionization are major competing medras for free electron generation.
For a femtosecond laser, the laser intensity iscafty greater than 16 Wicnt.
Therefore multi-photon ionizatiofGuy et al., 1993)becomes significantly stronger as

compared to avalanche ionization for material atat
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Multi-photon absorption occurile to the simultaneous absorption of multjtetons
by an electron in the valence band. The numbehotgnsm required to bridge the
bandgap must satisfyhu> E;, where Eis the bandgap, arib is the photon energy. A

schematic of a multiphoton ionization process mvwahin Figure 2.7.

- Electron

~ /,
_\I rr'\ !"
o’ Free \ @ ;\ \
- ~ o

1

\ ]

Figure 2.7:A schematic of a multiphoton ionization procédsng and Tsai,

2011)

Since the laser energy absorbed by the photonsuislly greater than the ionization
potential(Liu et al., 1997) a bound electron can be freed from the valenoce bdter
absorbing the energy from several photons. Thud sleetrons are not required to start
the ionization process in wide bandgap materialsredver, the presence of defects
and impurities play a negligible role due to higle high field ionization and impact
ionization procesgJasaparat al., 2001) Thus, for laser intensities greater than®10

W/cn?, tunnel ionization is to be considered as @tlartet al., 1996)

For femtosecond ablation of wide bandgap matete) multi-photon ionization and
tunnel ionization makeup of the photo-ionizatiomgess. Absorption of the energy
occurs on a time scale much shorter as compaitbe tame scale for energy transfer to
the lattice, this result in the decoupling of thearption and lattice heating processes as
shown in Figure 2.§Stuartet al., 1996) Furthermore, material damage induced by

ultrashort pulse laser is far more regular andioeaf as compared with longer pulse
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laser (Glezeret al., 1996)and the larger statistical variation for long mglgs not
present for short pulsgdlorou, 1997) This is because lesser energy is required to
produce optical breakdown within the material bgrspulse laser. This leads to a more
precise ablation or bulk material modification. Fhdeterministic breakdown and
damage near threshold and controllable materiaialbon make femtosecond lasers an

ideal tool for micromachinin@_iu et al., 1997)

ablation laser

Figure 2.8: A schematic of short pulse ablatiGhichkovet al., 1996)

2.4 Femtosecond laser induced phenomenon and structure changes

Laser interaction with matter can lead to variowsnpmnent surface micro/nano
structures in different material systems. The axtdon of femtosecond laser pulse with
material surface has attracted much interest amm@sgarchers because of its
capabilities of unique surface modification andogfiht material ablation. A literature
review on the past work performed on femtosecosdrlaachining of glass and also
laser-induced related phenomenon like both suri@moephological and structure

changes is reviewed in the following section.
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24.1 L aser machining of glass

The use of laser to process glass has been arofiatensive research due to its
technological importance. Much of the earlier waeérformed on glass using long
pulse laser like, COaser to study the ablation behaviour betweeraber beam and
glass(Kestenbaunet al., 1990; Dyeret al., 1997) The development of femtosecond
laser has stimulated research interest in the @gin of femtosecond laser for both
surface and subsurface machining of transparerdriatst (enzneret al., 1999; Heet
al., 2010; Costat al., 2011)). Initially, the research on femtosecond laseglarss was
mainly focused on studying ablation thresh{fdiger et al., 1997; Ashkenasit al.,
1999)and surface morpholodpchafferet al., 2001; Kawaharat al., 2002)

With the rapid advancement in femtosecond lasémiglogy, the use of femtosecond
laser as potential tool for material processing heen demonstrated by many groups
(Yuanet al., 2005; Zhengt al., 2006; Whiteet al., 2008; Bellourcet al., 2010) Now,
femtosecond laser technology has entered the imalustarket, there is a need for
systematic analysis and characterizing the lasdateab structure machined by
femtosecond laser. In practical application, sustdalling or scribbling, one must
understand the processing parameters so that siredieesults can be achieved. For
example, it has been reported that using shorteelagth would improve the drilling
rate due to better absorption in mefalinnaet la., 2006) In another report, using
different laser wavelength can affect the ablatedilp (Witte et al., 2007) Other laser
parameters include pulse energy, polarization,epdlgration, federate and repetition
rate. The work performed here is an extension@ettperimental work performed by a
few groups Yasui et al., 2003; Campbelkt al, 2005) on single and multi-pulse
machining of glass. No detailed study on the effeftprocessing parameters has been

carried out especially on beam polarization effieechachining.
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24.2 Laser induced ripple formation

Ever sinceBirnbaum (1965first reported the formation of periodic structi@n the
surface of germanium substrate using a ruby ldaser induced periodic surface
structures (LIPSS) have been intensively studied awide range of materials ranging
from metals(Regelskiset al., 2007; Kimet al., 2008) semiconductor§Sernaet al.,
1994; Tan and Venkatakrishnan, 2066 dielectric materiald®enget al., 2003; Liu

et al., 2011) In most cases, the ripples are found to haveiantation perpendicular to

the laser polarisation with a periodicity closdte wavelength of the laser radiation.

Moreover, these ripples were found to have a pesiodller or bigger than the laser
wavelength if the radiation was performed at afination to the surface normal. Early
model assumed that the ripples might be a resuftozen acoustic surface waves
(Willis and Emmony, 1975Yery often, however, ripples having a periodicitytlae
order of the wavelength were observed. Furthernmtbeeripples orientation strongly
depends on the polarization of the incident lagghnt| This evolves into a model
explaining the ripples are a result of interferebetwveen the incident laser radiation
and scattered or excited surface wallgsmonyet al., 1973;Goushengt al., 1982)
For more than ten over years, this interferencerthe/as able to successfully predict
the periodicity of the ripples which is highly deyent on the laser wavelength and the

angle of incidence.

Recently, these ripples have also shown to findq@l application in micromachining
MEMS structures(Brugger et al., 2000; Cheret al., 2002) Applications such as
fabricating of gratings, shallow junctions of mebtxide-silicon transistors,
liquid-crystal display to texturing of magnetic ceding medialfilsuet al., 2011) Also,
these ripples have shown to improve the adhesisurdfce(Vajpayeeset al., 2011) A
large diversity of patterns at the modified surfaegion was revealed with the use of

femtosecond laser irradiation. These include péarisbluctures with many bifurcations
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(Reif et al., 2002; Varlamovat al., 2007) uniformly distributed nanodo{§omita et

al., 2009; Yanget al., 2011)or even conical structuréghaoet al., 2003; Nayalet al.,
2010).Very often, ripples with spacing smaller than thedr wavelength was observed
after femtosecond laser irradiation and using therference theory could no longer
account for the formation of these subwavelenggples. Instead various mechanisms
have been proposed to explain the observation e$ethripples. These include
interaction between incident light and excited acef plasmor{Bonseet al., 2009;
Huanget al., 2009) self-organizatiorfVarlamovaet al., 2007; Weizmaret al., 2008)
second harmonic generatigBonseet al., 2005; Dufftet al., 2009) and Coulomb

explosion(Dong and Molian, 2004)

For ripple induced on fused silica after laserdration, some preliminary studies have
been carried outlhlemannet al (1992)carried out ablation of fused silica using both
nanosecond and femtosecond Excimer laser. Theytegpitnat the ripples maybe due
to melting and resolidification or even perhapsystallization process. In another
study, Wager et al (2006) observed subwavelength ripples when scanning
perpendicular to polarization. A preliminary exméon proposed by them is the
interaction of incident wave with the surface alectagnetic waves (SEW). They also
suggested that the ripples might be due to higaembnic generatiorBohmeet al
(2008)carried out laser-induced backside wet etchin@YUE) of fused silica using a
sub-picosecond UV laser and observed subwaveleipgies as well. However, as the
laser irradiation was performed at the solid/liginterface, they proposed that these
ripple maybe defect-mediated. Despite the fact ttiatmechanism of the femtoseond
laser-induced ripple formation is still under kekscussion, there are also other factors

that can affect ripple formation. One such facsathie effect of surface roughness.

Yang et al (2010) reported that the ripple periodicity tends to éese with larger
surface roughness but increase with higher lasentle. For the increased roughness,
the change in ripple periodicity becomes more siessio the incident laser fluence.
Tomitaet al (2007)also carried out femtosecond irradiation of snglystal 4-SiC
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wafer and observed that the fine ripples were r&atdy reduced on the surface
roughened by intentional rubbing, while the thrédHor the formation of the coarse
ripple were not affected. They suggest that then&dion of fine ripples may be
explained by non-uniform free electron density doighe initial surface roughness.
Though the above experiments and theories on iadaced ripples have been studied,
however, in-depth characterization and study onptimgsical phenomena to explain
ripple initiation, growth and transitions towardhet patterns induced by a femtosecond
laser beam on fused silica is still not fully uretend. Therefore, further research is still

needed in understanding ripple formation.

2.4.3 Laser induced recrystallization and amor phization

In addition to the laser induced periodic structui@mation, laser irradiation effects
on materials have been studied extensively in st due to its great technological
importance. For example, the use of long pulsest lsisch as Excimer laser can be used
to induce crystallization in amorphous thin filmrfohin-film transistor (TFT)
application (Staudtet al., 1998) By irradiating the film with the long pulse laser
energyis basically transferred from the laser-excited&éns to the material lattice by
thermal diffusion process. Once sufficient enesggmployed, melting of the material
occurs. Once the pulse is over, nucleation andifohtion of the material took place

leading to the resultant microstructures.

Another irradiation effect is the transformationcoystalline to amorphous phase after
laser irradiation. Generally, the transition betwegystalline and the amorphous phase
is highly dependent on the solidification velocitlf.the velocity of the solidification

front is greater than a critical value, amorphizatof the laser-irradiated structure can
occur (Cerny et al., 1999) Femtosecond laser is well known to be a non-taérm
process since the laser pulse wide is shorterttfealectron-phonon energy relaxation

time. Energy is deposited into the material betbezmal diffusion occurs. However, in
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recent years, femtosecond laser-induced amorpbig@odenagt al., 2006; Budiman
et al., 2010; Konishet al., 2010)and crystallizatior{Shieket al., 2004; Valettet al.,
2005)have been reportddr a wide range of materials. As femtosecond laserbea
used to make optical gratingide et al., 2009)and waveguidefAms et al., 2010)in
glass, a change in the material crystal structarealter the optical properties. Thus

characterizing the irradiated structure is impdrtandevice fabrication.

24.4 Laser induced cracking

Cracking is a common phenomenon especially whetyingrout machining of brittle
material like glass. Laser machining of glass hasys been very challenging due to
the transmissive nature of glass in the visibleoregThe use of a nanosecond laser in
machining glass usually requires the use of highepanergies since linear absorption
is not efficient. However, this would often leadttermal induced damages such as
chipping and micro-crackin@an et al., 2003) Carbon dioxide lasers are often used to
machine glass since glass has better absorptiteifar infrared rangfd_ane, 1990)
However, the long pulse durationss) of the CQ laser can result in crack formation

(Ozkan and Migliore, 2003)

Femtosecond laser machining has proven to be atte# tool for carrying out
micromachining of glass and other transparent nadsewithout any crack formation.
However, in recent years, material cracking induogé femtosecond laser beam has
been reportedLai et al., 2007; Qiuet al., 2008; Chengt al., 2010) Though some
preliminarily investigations have been carried (B¢ydouxal., 2010) the cracking
mechanism and conditions for cracks to form id st well understood and this

warrants further studies.
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2.5 Summary

Various techniques on machining of glass have bexew in this chapter. The use of
a femtosecond laser has shown to be a promisindaiocarrying out micromachining
of glass as compared to long pulse lasers. Thougtystudies have been carried out to
study femtosecond laser beam interaction with wa&rimaterials, femtosecond laser
beam interaction process with glass is still vesgnplex and the laser irradiation can
induce various phenomenon such as cracking, rigptésstructure change which till

now is still not very clear and need to be invextig.
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Chapter 3 Experimental Procedures

3.1 Introduction

This chapter describes the femtosecond laser systsmr ablation set-up, sample
preparation techniques and the different diagnaetits 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 regeneratisapphire amplifier using
chirped pulse amplification technique (Clark-MXRPA& 2001) to provide high-
intensity fs laser pulses. A schematic of the lad#ation set-up is shown in Figure
3.1 while photographs of the femtosecond lasergyswith optical setup are shown
in Figure 3.2. The output beam from the CPA systemas directed onto the
mechanical stage using 3 highly reflective mirr@vkl-M3). A beam-splitter (BS)
was used to divert a portion of the output beana tphoto-detector (PD1), which
monitors the beam quality during the laser expenisieA second photo-detector
(PD2) was placed just before the objective lensnfie@asuring pulse energy used in
ablation experiments. Various pulse energies fer rimachining experiments were
obtained by adjusting using a zero order half wplage (HWP) and a thin film
polarizer (P1). The maximum pulse energy outpunftbe femtosecond laser system
is 0.8mJ. However for ablation threshold studiescWwhrequire much lower beam
energies, different neutral density filters (F1}hwdifferent attenuation values were

used.

The pulse duration of the output beam from amplifieas 150 fs with nominal
wavelength at 775 nm. The repetition rate was set kHz and the beam profile
emitted from the regenerative amplifier was apprately Gaussian with a Mactor

<1.2 base on the specification from vendor. Thedity P-polarized laser beam was
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focused on the sample at normal incidence by adfgdi&a focusing lens having a
focal length of 25mm. Circular and elliptical pozd light was obtained using a half
and quarter-wave plate. The focused beam spotgiseestimated to begm at 1e?.

The number of pulses delivered to the sample whgwaed via adjusting the open

time of a fast mechanical shutter (FS) synchronized the laser operation at 1 kHz.

A summary on the laser specification provided bgricIMXR, Inc have been listed in

table 3.1.

Maximum Pulse energy

0.8 mJ at repetition ratésEz.

Pulsewidth (FWHM)

<150 fs

Wavelength

775 nm

Transverse mode

TEY

Repetition Ratt

User adjustable up to 1 kt

Polarization

Linear, horizontal

Energy stability

<1% rms all versions

Prepulse extinction ratio

>500:1 all versions

Postpulse extinction ratio

>100:1 all versions

M? factol

<12

4-6mm
<100 microradians

Beam Diameter (FWHM)
Beam divergence

Table 3.1: Performance parameters of a CPA-200&sys

The substrate is mounted on an x-y-z variable speetr driven stage with a step
resolution of 0.1 pum. A CCD camera arrangement aligsied through the dielectric
mirror (M3) which has high reflector at a laser wkangth but transparent in the
visible region, was used to monitor the samplenatignt and the machining process
during the course of the experiments. All experiteenere performed in ambient

conditions.
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ceD M3 M2
HWP
Fl oo Tl LN I
L4 I U |
PD2 M1 FS P1 MXR
=

CPA 2001

Figure 3.1: Schematic of set-up for femtoseconcerlagrocessing of

materials.

Figure 3.2: (a) Photographs of femtosecond las&A@D01) with optical

components and (b) showing machining stage witb.len
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3.2.2 Singleand multiple pulse ablation experiments

In experiments dealing with single and multiplegaubblations, it was necessary to
select a known number of pulses from the 1 kHzeptdgin. The number of pulses
delivered to the sample was achieved via adjustiegopen time of a fast mechanical
shutter synchronized with the laser operation latiZ. 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 iundual pulse energy
measurements were not required. Instead, the avgrager was measured with the
power meter prior to the experiments. Three bagieg of experiments were routinely
performed involving characterization of the groaepth as a function of the pulse
energy, the feed rate and the number of consecypiasses over the same area
(multiple pass cutting). The sequence of theseraxpats was as follows: After one
of the routines was initiated, a groove of spedifiength was cut by translating the
sample relative to the stationary beam in bothdkyaxis at a specified feed rate (10
um/s to 500um/s). The sample was then moved to a new posititin asnew set of
parameters and the process was repeated unticdisgenumber of grooves were cut.

A summary of the parameters is described in Talde 3

Description Parameters

Scribing Orientation| XorY

Power (mW) 15,25,50,100,250 and 500
Polarization P-Polarized or C-Polarized
Feed-rate(m/s) 10,50,100,250 and 500

No of Cutting Passey 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 toab&tion study is of great importance
to ensure the stability of the laser system in teahbeam energy distribution. The
spatial profile of the beam from CPA 2001 was ctimidzed using a CCD-based
laser beam profiler (SPIRICON, LBA-PC Series). THeam quality factor () for

the laser system is approximately 1.5. Under mb#he experimental conditions the
beam profile and the far field profile after thecnoiscope objective closely followed a

Gaussian intensity distribution as shown in FigRi

Figure 3.3: (a) Typical beam profile of the CPA20B&am (775 nm
wavelength) taken with a CCD beam profiler. Theveun figures (b) and
(c) represents a Gaussian fit to the intensityrilistion along the horizontal

and the vertical direction.
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3.3.2 Pulsewidth measur ement

Important information about the temporal behavibthe phase of the pulsed field

may be obtained by spectrally analyzing the sed@rdionic or sum frequency signal
produced by the two pulses as a function of deilae.t This technique was first

introduced byTrebino and Kane (1993nd is called FROG (frequency-resolved
optical gating). A typical SH-FROG trace and theiexed pulse shape are shown in
Figure 3.4 with FWHM of 210 fs,
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Figure 3.4: (a) SHG-FROG trace for a train of psil§®m the 775nm Ti:
Sapphire femtosecond laser. (b) Spectrum defivethe pulse who FROG
trace is shown in Figure 3.4 (a). (c) Measure isitgnwhose SHG FROG
trace shown in Figure 3.4 (a). (d) Fitted intensityose SHG FROG trace
shown in Figure 3.4 (a).
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3.3.3 Spectrum measur ement

Spectral measurement in the visible wavelength ean@gs performed using a
spectrometer E201 LSAO03A (IST). A typical spectrtrom the CPA 2001 is shown

in Figure 3.5. It can be observed that the measweatlength of the laser system is
approximately centered at 775 nm which is closthéospecification specified by the

manufacturer.

Intensity (counts)

200

200

750 TEO 770 T80 790
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Figure 3.5: Spectrum from the CPA2001 femtosecasdrlat 150 fs output.

3.3.4 Power measurement

Accurate power measurements were very importantesithe goal of many
investigations was to determine the ablation tloktsh and characterizing the
dependence of various machining parameters witherdgo the laser pulse energy or
fluence. The power measurement was carried ouguwsidual channel energy meter
(Ultima LabMaster, Coherent) and an absorbing detdead (LM-3, Coherent) with
an accuracy of 2% and resolution 0.01W base ooifsgation from Coherent. All
power (pulse energies) measurements were alwaye jnatlbefore the microscope
objective to account for all throughput losses niyrihe beam delivery to the lens.

Typically, energy loss through mirror is approxielgt3 percent of the output power.
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Before the start of every experiment, the requibeém energy was adjusted by
inserting different neutral density filters withffédrent attenuation values. Following
which, the pulse energy was measured and monitesedy a computer based strip

chart program for a period of 10 minutes and theraye power F(aw) and the
standard deviationsp were calculated. To further account for powectilations or

drifts, during the course of experiments, the sdaoy output power from the beam
splitter (Refer to earlier Figure 3.2) was monitban the other channel of the power
meter. Any differences in the secondary output pomeuld indicate an energy drift
which occurs but in the course of most experimembssignificant energy drift was

observed.

3.3.5 Spot size measur ement

Determination of the laser fluence is essential dbaracterization of the ablation
process and the accuracy of fluence determinatamgely depends on the
measurements of the spot size on the sample sufacea Gaussian beam, the peak

fluence is given byTranset al., 2005)

F, =2 (3.1)

2
where, Eis the pulse energy aram(l)is the spot size, i.e., beam radius measured at 1/e

of the intensity profile.

Several methods have be used for carrying out siget measurement like using a
CCD profiler (Roundy,1999knife edge techniqué-iresteret al., 1977; Bilger, and

Habib, 1985)r measuring the laser spot size of tightly foduseams and analysis of
the lateral dimensions of the ablation crat@nsi, 1982) The last method has been
widely adapted by many groups in studying laseatadsh and micromachining as it

also allows one to determine the modification thodd of the target material.
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Using this technique, a set of single pulse almatoaters were produced on the
sample with decreasing pulse energy. The cratenetixs (D) were measured as a

function of the pulse energ?yo, thenFth andcoO were determined by fitting the data to

Equation. (3.2) where the diamet®) (of the ablation crater is related to the enerigy o
the incident pulse b§Bonseet al., 2001; Borowiec and Haugen, 2004)

2 _ 2 I:O
D° =2w, In(F—] (3.2)

th

Fth is the threshold pulse energy, that is the minimpumise energy required to

produce permanent material modification. With thistacmed fit parameters the

threshold fluence was calculated with Equatiorl)(3.

A typical set of experimental dais shown in (Figure. 3.6), obtained for fused ailic
irradiated by 150 fs, 775 nm pulses, focused wigtbimm focal length lens. The solid
line represents the fit to Equation. (3.2). In @mperiment, the least square fit yielded
a spot size of 10.5am. To verify the consistency of the measured sp and

polarization effect, another set of single pulséatn experiment was carried out
using various laser polarizations as shown in 7. For this set of experiments,
the least square fit yielded a spot size of 1in?2 and comparing the two sets of
measurement data, the error difference is less @& indicating a good consistency

in the results.
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Figure 3.6: Spot size measurements of beam foomsdbe sample surface

by a 25mm focal length lens.
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Figure 3.7: Spot size measurements of beam foouseée sample surface

by a 25mm focal length lens using various polaizes.
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3.4 Sample and sample preparation techniques

UV grade fused silica having a dimension of 10mniBynm with thickness of 1 mm
was used throughout the experiment. This materad thermal coefficient of
expansion of 0.55-0:57 x P0°C® which makes it an ideal candidate for high
repetition rate laser processing. For crystallimartg (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 sasmplaving a dimension of (10mm x
10mm x 1mm) were pre-cleaned in an ultrasonic leatitaining acetone to remove
any grease or surface contaminants on the surfdoe.samples were dried using

nitrogen gas.

3.4.2 Preparation of cross-sectional SEM samples

Preparing cross-sectional samples of the laser imagtigrooves and holes require
great attention and skill as the laser machinedygs and holes tend to fracture
during the sectioning and grinding process. To cedthe fracturing tendency, a
special technique was applied. First a glass sateswas preheated to a temperature
of 70 °C on a hot plate. Next, a small portion of wax vegplied on the heated
substrate surface followed by placing the laserinimed sample on the surface. More
wax was further applied on the sample surface Fagpare 3.8) until the entire sample
surface was covered in wax. The sample was théndefool in air for the wax to
solidify. Once the sample was firmly held in plagewas then sectioned using a
diamond saw. The cut sample was then ground wititosi carbide paper
progressively from a grits of 1000 to 4000. Carefldaning of the samples was
performed between each step to prevent cross corddon of coarse abrasive
particles in the finer steps. To avoid the formatiof directional grinding, these
operations were performed with a rotation of thecamen 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 pesgively polished using diamond
particle suspension solutions with sizes fromuri, 3 pum and 1pm at a constant

rotating speed of 250 revolutions per minute. Palig lubricants were applied

constantly to prevent embedding of diamond pasiaito the sample surface. Visual
inspections were also frequently carried out uraleroptical microscope to ensure
that the final surfaces were free from scratcheseanbedded particles from previous
polishing process. The samples were cleaned irtteasanic bath containing acetone
to dissolve the wax and also to remove any greasguidace contaminates on the

surface.

Wax

ﬂ/ Sample Microgroves

Glass Substrate

Figure 3.8: Cross-sectional view of the laser maethisample 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 omenitry out TEM observation of
the laser-irradiated materials. In this researadysttwo types of TEM samples were
prepared, namely, plane view and cross sectiomapkes. The sample preparation

techniques are described in greater detail aswstlo

Plane view samples were prepared by cutting lasadiated region to a dimension
around 2 mm x 2 mm using a diamond saw. The samateground using diamond
abrasive papers from grit of 3dn progressive down to 04m using an in-house
built tripod jig fixture. Constant monitoring of éhsample thickness was carried out
under an optical microscope operating in transmissnode between each grinding
steps. The ground sample was thinned to perfordiipran Ar-miller from the
substrate side towards the laser-irradiated swsfacgng a Gatan Precision lon
Polishing System (PIPS 691) operating at 5 keV. fhivening parameters used were
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as follows: rotation speed was at 3.5 rpm and ngllangle was set at 7° and 4°
respectively. In order to reduce the ion-inducepling effect, specimen rotation and
shocking were adopted in the thinning proq€sarter, 1997; Mongeet al., 2000)
Cross-sectional TEM specimens were prepared eltgeusing FIB or a special
technique that was able to protect the top layetheflaser-irradiated surface. The
samples were cut into slices using a diamond salsahsequently glued face to face
using M-bond 610 adhesive joining the laser irrstissurface as shown in Figure 3.9.
These sandwiches were then ground and introductxitbe TEM copper tube and

then thinned down as for the plane views.

Hon Irradiated
Laser Irradiated Surface

1 mm
Non Irradiated Laser Irradiated Surface
1 I Non Irradiated
I 1
2mm
(a) (b)

(€)

Figure 3.9: Steps in preparation of cross-sectidiid¥ sample. (a) Cross-

sectional slice of microchannels sectioned withmdiad saw; (b) Two slices
of microchannels glued face to face to protectdiated 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 preliminary assessment of the
material surface after femtosecond irradiation. thié optical measurements were
performed using an Axioplan 2 (Zeiss) microscopkictv operates in the differential
interference contrast mode (DIC). Optical imageghef laser-ablated surfaces were
captured with a digital camera using various maggiion objective lenses (5% to
50x). Image Pro Plus software was used for imagegssing and carrying out
quantitative measurement of the laser ablated sesfén terms of length and area.
Using the OM is a convenient and easy tool to aaptibe surface morphology and it
is especially sensitive to changes in surface et¥ligy induced by laser irradiation.
However, the resolution of the OM is relatively loapproximately 0.5um and since
most of the ablation features were less than py@®, SEM was the primary

measurement instrument.

3.5.2 Scanning electron microscope (SEM)

In this project, the scanning electron microscdpEN) was used as the primary tool
for characterizing the surface morphology, lateliaiensions of ablated features and
the depth of the grooves viewed in cross-sectidre EM images present in this
thesis are mostly captured using JEOL LV5600 SEN EBICA S360 (Cambridge,
UK) SEM. All the SEM systems are equipped with EjyeDispersive X-ray Analysis
(EDX) for carrying out fast detection of the chealicompositions of materials. A
thin layer of gold was sputtered on the laser iatadl sample to prevent charging of
the glass sample. However, sputtering the sampfacgiwith gold was performed
after completing the chemical composition analydikis is to ensure that the
accuracy of the EDX results so that the originamltal composition was not altered.
The beam energy can be in the range of 5-20 keY,rbmost cases it was kept

constant at 20keV for both imaging and chemical position detection purposes
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3.5.3 Transmission electron microscopy (TEM)

JEOL 2012F and JEOL JEM-2012 transmission eleatrmmoscope operating at 200
kV were used to study material damage and structumege induced by femtosecond
laser beam irradiation. Both TEMs were also equippith EDX facilities (energy
dispersive X-ray analytical system) for carrying ehemical analysis. Selected area
diffraction technique was used to determine thestafiographic structures of the
regions investigated. Preparation of the TEM samples been described in detail in
Section 3.5.3.

3.5.4 Atomic force microscopy (AFM)

A multimode AFM (Digital Nanoscope Ill) operating tapping mode was used to
characterize the three dimensional topography sérlaradiated surface. Due to its
high lateral and vertical accuracy, the AFM is waliited for characterizing very
shallow features and allows measurement of smaltecrdepths and volumes.
Furthermore, measurement can be directly perfonmedt rather than vacuum and it
does not require the sample surface to be conduciihis greatly improves the
operational convenience; however, several disadgast of AFM include low

dynamic range, typically less thanun, and a scanning area limited to 150 x 150

2
um . If the sample has large topology variation, fpentould 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 TalyscHs0) was used to characterize the
laser machined grooves profiles. The stylus profilas two modes of operation,

which are contact, and non-contact mode.

In contact mode, a sharp diamond tip with a diameteés um is in contact with the
surface. The height difference during scanning eswudeflection to the tip and is
picked up by an inductive transducer. A changén@electrical inductance due to the

movement of the stylus was converted to heightrinfdion with the help a signal
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processor. Measurements carried out in contact mogl®ften very damaging, as it

will cause scratches on the material surfaces.

In non-contact scanning mode, a laser beam was Uibednon-contact scanning was
carried out using a pulse laser operating at a wagéh of 670 nm. The beam was
focus onto the surface to a diameter of @@ The stylus operating in non-contact
mode made used of laser triangulation principlaletermine the surface topology.
During scanning, the beam is projected on to thgetaand a portion of the beam is
reflected through focusing optics onto a detedsrthe target moves, the laser beam
proportionally moves on the detector. A changehe tletector signal is used to
determine the height data with the aid of a sigmatessor. For both contact and non
contact measurements, the samples sit on a higisjme x-y motorized stage and the
lateral resolution for contact scanning is @6while non-contact scanning igurh.
Vertical accuracy resolution for laser gauge mesment on diffusing surfaces with

homogeneous properties igr.

3.5.6 X-ray diffractometer (XRD)

X-ray diffraction patterns for the non-laser irraidid and femtosecond laser irradiated
surfaces were obtained using a XRD (Philips Modai1830). A copper target was
used for producing a X-ray source having a wavetenfi=1.5404 A (Cu K1). All

the samples were scanned at a speed of 0.02 tfsttivei scanned angle from 10° to
120°.
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Chapter 4 Ripple Formation upon Femtosecond L aser
Irradiation of Fused Silica

4.1 Introduction

Ripple formation after femtosecond laser irradiatieas been observed over a wide
range of materials and the possible mechanisms haga reviewed in Chapter 2.
Though the literature have provided some in-depitiesstanding on the mechanism
on ripples formation on various materials usinghbtiing and short pulse lasers,
ripple induced on fused silica after femtoseconskdairradiation is still not well
understood even though there are already somerpnaliy ripple studies performed
on fused silica material during the course of mipRasearch. For examplélemann

et al (1992)carried out ablation of fused silica and they régubrthat the ripples
maybe due to melting and resolidification or evemhpps recrystallization process.
Wageret al (2006)observed subwavelength ripples when scanning pdipdar to
polarization and they explained the ripple formatio term of the interaction of
incident wave with the surface electromagnetic waf&EW). Bohmeet al (2008)
performed laser-induced backside wet etching (LIBWEfused and since the laser
irradiation was performed at the solid/liquid ifiéee, they proposed that these ripple
maybe defect-mediatedottmannet al., 2009 proposed a different reason on the

ripple formation which was a result of interference

This chapter reports a detailed study on the faomatf periodic structures on fused
silica after femtosecond laser irradiation. By eoyplg a wide range of laser
parameters such as varying the laser fluence, nuwibpulses, beam polarization
orientation and material crystallographic oriematithe growth and evolution of the
ripples on fused silica is studied using SEM andvAtechniques. Two directional

ripples were observed after femtosecond laseriatad. The ripple mechanism is
discussed based on the framework of the conventitreory and in terms of

irradiated surface morphology. Calculation on thedtrdepth tallies with the depth of
the coarse ripples measured using AFM. It is preddbat the coarse ripple is likely a

result of freezing capillary waves while fine ripplare induced by the harmonic wave
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generation during femtosecond laser irradiation.e Tinfluence of the beam
polarization, crystallographic orientation and aud defects in the ripple orientation

is also discussed.
4.2 Ablation threshold deter mination

Determining the ablation threshold of a materialingortant prior to any laser
machining studies as it enables the end user tw ithe minimum amount of fluence
required to ablate the material of interest as aglto control the machining process
effectively. In this study, the threshold fluena@nde obtained using the following
equations. For a Gaussian shape beam, the chantipe ifeature diameter can be
related to the laser fluence by the following rielaship (Qi et al., 2010)

F
D? = 2w02|n(F—°j (4.1)

th

where, D is the feature diametay, is the I/é beam radius, fis the fluence at the
centre of the focused beam, angltkis the threshold fluence for creating the featur

Fo is related to the laser pulse energy by:

_2E,

©omy

F

(4.2)

where, E is the laser pulse energy. From equations (1) (@hduwy and F, can be
determined from the slope and intercept of theridyaic dependence ofibn B. In
this experiment, the feature diameter (D) is olgdilbhy measuring the laser-ablated
profile using the optical microscope. The maximimreshold fluence can be obtained
by extrapolating B=0. The threshold represents the lowest level ofteris
modification detectable using the optical microsceyhich is 3.5 J/cth The result

for single pulse laser ablation of fused silicah®wn in Figure 4.1.
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Figure 4.1: Squared diameter’j@f the ablated area versus the applied
pulse energy (§ on femtosecond laser ablation of fused silicaibgle

laser pulse irradiation.

4.3 Effect of laser fluence and pulsesin ripple formation

4.3.1 Low fluenceregimewith increasing laser pulses

To study the evolution of ripples, the fused silitdstrate was first irradiated using a
low fluence of 4.7 Jichwhich is slight above the ablation threshold & &cnd. In
this study, low fluence regime refers to laser fiicee close to the threshold value
while high fluence regime refers to using a fluetere times the threshold value. The
evolvement of the ripples with the increasing numbk laser pulses in the low
fluence regime is shown in Figure 4Fxom Figure 4.2(a) and (b), no ripples can be
observed on the surface after irradiating with onéwo laser pulses. This indicates
that a feedback mechanism is likely to be involirethe formation of surface patterns
when carrying out single-pulse ablatigBonse et al., 2003. However, after
irradiating with 4 consecutive laser pulses, firnpples having an orientation
perpendicular to laser polarization were formedrenfused silica surface (See Figure
4.2 (c)).
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By further increasing the number of irradiated pal$o 8 and 10 laser pulses, the
ripples become broader and more regular (See F#a(d) and (e)) but these ripples
tend to become rougher when more pulses were applies also observed that the
width and the height of the ripples decrease mamoadly from the center to the
edge, which is consistent with the Gaussian distioln of the focused laser energy.
Judging from the SEM results, the fine ripples eedl from an initial period of

100nm to a final period of 320nm.

After 13 laser shots, the center of the irradiatpdt broke open and a second ripple
structure was observed to superimpose onto thenalidine ripples as shown in
Figure 4.2(f). This second structure, also knowrcearse ripple in this chapter is
observed to have a larger period as compared téirteeipples. The orientation of
the coarse ripple is opposite of the fine rippleBiolw is parallel to the beam
polarization. Based on the SEM images, the coaigples have a period of
approximately 580 nm. It should be noted that egpparallel to polarization are
seldom observed, however, this does not imply that results are necessarily
contradictory to others as ripples parallel to igselarization have been previously
observed and reporté8unget al., 2001; Qiaret al., 2005; Haret al., 2011)

By further increasing the number of consecutiveldgailses to 17 shots (See Figure
4.2(9)), it is observed that the region of the seaipples gets larger but at the edges
of the laser irradiated spot the primary fine rgitructure can still be observed.
Slight traces of melting can be observed withindab&ated crater. This melting could
be a result of a liquid layer that has undergoresplexplosion due to superheating by
the high intensity bear(Bonseet al., 2003. Figures 4.2(f) and 4.1(g) clearly show
evidence for a rapid expulsion of liquid dropldtattwas cooled almost instantly and
solidified.

Upon irradiating with 20 consecutive pulses, thempry ripples disappeared
completely leaving behind only the coarse rippletha bottom of the ablated crater
as shown in Figure 4.2 (h). Massive ablation legdmrapid deepening of the ablated
crater is observed when the applied laser pulse¥(pulses). At the bottom of the
crater the regular ripple structures can be stilesved until the total pulses reaches

70 pulses.
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H15. BEE

Figure 4.2: SEM images of fused silica surfaceraftadiation at 4.7 J/ctm
for pulse number of (a) 1, (b) 2, (c) 4, (d) 816) (f) 13, (g) 17 and (h) 20.
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AFM was used to characterize the period and deptthe ripples. The 2D AFM
surface morphology and cross sectional profile e tipples after 4 and 15 laser
pulses are shown in Figure 4.3 and Figure 4.4 otsiedy. From the AFM cross-
sectional profile in Figure 4.3 (c), the fine ripphfter 4 consecutive pulses has a
period of 120nm and the measured depth is 40nms. iteresting to note that the
topology of fine ripples when observed at high AFRhgnification resemble many
short linear strings arrays having a length of appnately 500nm (See Figure 4.3(b)
and (d) on an enlarged view of 4.3 (a)). Theseyarseem to be made up of many

nanospheres arranged in an orderly manner.
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Figure 4.3: AFM images of fused silica surface raifteadiating with 4 laser
pulses using a fluence of 4.7 Jfcrta) Overview of surface morphology at
low AFM magnification (b) Close-up AFM profile oh¢ ripples. (c) Cross-
sectional profile of the ablated crater and (d)SSfsectional profile of the

ripples.
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For ripples irradiated with 15 laser pulses, AFMulés in Figure 4.4 shows that the
fine ripples have a depth and period of 100nm a#@r8n respectively. It is observed
that both the modulation depth and ripple perioctéases with an increase in the
pulse numbertor the coarse ripple, it has a larger period asotidas compared to
the fine ripples. AFM results show that the coarpple period is approximately
550nm with a depth of 300 nm. The increase in thiatmn depth is due to the

increase total cumulative pulses applied.
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Figure 4.4: AFM images of fused silica surface rafteadiating with 15
laser pulses using a fluence of 4.7 Jcrta) Overview of surface
morphology at low AFM magnification (c) Cross-seatl profile of the
fine ripple and (d) Cross-sectional profile of tipples.
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4.3.2 Intermediate fluence regime with increasing laser pulses

By irradiating with a laser fluence (15.9 J®mvhich corresponds to three times
higher than that of the first applied fluence sibbserved from Figure 4.5 (a) and (b)
that ripples have already formed on the surfacer aftadiating with only 1 and 2
laser pulses. A close-up examination at higher SmEbnification (See Figure
4.5(e)) shows that these ripples have orientatiooth parallel and perpendicular
polarization. Comparing to the earlier resultsha tow fluence regime, ripples with
only two orientations can be observed at highesgsil This shows that by irradiating
with higher laser fluence brings forward the forimatof two directions ripple. It
should be noted that the two direction ripples caty be observed in a certain

fluence and pulse conditions based on our expetahegsults.

By irradiating with 4 or 8 consecutive pulses instimtermediate fluence regime
(Figure 4.5(c) and (d)), no ripples can be obsemwidin or along the peripheral of
the laser ablated crater except sign of materigpiing. Some chaotic structures can
also be observed within the laser ablated craiénis strongly suggests that ablating
the fused silica surface at higher fluence do mwebir ripple formation. Instead it
promotes surface defects formation like chippingween cracking when higher laser

fluence is used.
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Parallel

Figure 4.5: SEM images of fused silica surface raifteadiation at 15.9
Jlcnt for pulse number of (a) 1, (b) 2, (c) 4, (d) 8 eyiClose-up image of

surface irradiated with 1 pulse having ripples iori2ntations.
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4.3.3 High fluenceregime with increasing laser pulses

Results of fused silica irradiated at even higheerfce of 31.3 J/cfrare presented

Figure 4.6. As expected, ripples could only be olese for the first few pulses when
irradiating the surface at even higher fluence (Sgare 4.6 (a) and (b)). By taking a
closerexamination of the fused silica surface irradiatétth 2 pulses (See Figure 4.6
(e), it is surprising to see that the surface iasdf both ripples as well as nano-
voids. Slight traces of melting can also be obs#mwhich is indicated by the strands
of white lines in the SEM image. The formation bé thano-voids is a result of the
inhomogeneous nucleation of the bubble in the mddiised silica layer after slight

ablation by phase explosid@Bonseet al., 2003. It is known from the earlier results
that by irradiating with even higher fluences wouldéd to massive ablation and
defects formation. As shown in Figure 4.6 (c), &mag was observed with a dramatic

increase in the ablated depth when 4 or more catiseulses were applied.

Similarly, no periodic ripples could be observedhivi the crater except for a chaotic
structure which was observed earlier that resembigtily disorientated ripples.
Judging from the feature size which is close to lser wavelength, these chaotic
structures may be the result of beam interferemeetd multiple reflections from the
side-walls and bottom surface. This is becausedfisdeca is transparent to the 775
nm beam during the laser processing and by irradiatith higher laser intensity; it
will lead to stronger beam reflectighanet al., 2009.
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(e) ()
Figure 4.6: SEM images of fused silica surface raifteadiation at 31.3
Jlcnt for pulse number of (a) 1, (b) 2, (c) 4, (d) 8, @pse-up image of
surface irradiated with 2 pulses having ripples aado voids and (f) Close-

up image of surface irradiated with 8 pulses.
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434 Discussion on ripple formation

Next, the mechanism for ripple formation on fuséa will be discussed based on
the earlier experimental results obtained. Fordsslirfaces subjected to multiple
linear polarized laser pulses irradiation, it isdely accepted by many that ripple
formation is a result of interference between tiedent laser radiation and scattered
or excited surface wavggEmmonyet al., 1973) Very often, two distinct types of
ripples have been observed after laser irradiatiamsh are the low and high spatial
frequency ripplegCouillardet al., 2007) For low spatial frequency ripples or (coarse
ripple), they are generally observed to have aoperlose to the irradiation
wavelength and with an orientation perpendiculath®laser polarization. The ripple

period using the interference model can be deatwise

P 1+sing

(4.3)

Where A =laser wavelength; §) refers to angle of incidence considered to the

surface normalCostacheet al., 2003) A third pattern, (rarely observed mainly
induced by p-polarized beam, was described to bntated parallel to the beam

polarization having a period of:

*  Cosf

(4.4)

In contrast, the high spatial frequency ripplesgfripples) have a period significantly
smaller than the laser wavelength and their oiigistill under much discussion in the
literature. Since the classical interference thexay be used to describe most of the

ripple phenomenon, this theory cannot be ignoretirmed to be considered.
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By comparing our results with the literature, iiedohg the fused silica at normal
incident would produce both low and spatial frequeripples and indeed the fused
silica results tallies with those reported by oshddowever, when comparing the
ripple period against the interference model, libéhfine and coarse ripples cannot be
described by the simplified classical model as ripples period are significantly
smaller than the wavelength of the laser radiatisad. To satisfy the interference

criteria, the ripple period has to be somewhersarito the laser wavelength.

Since, the classical interference theory cannatdez to explain the subwavelength
ripples on fused silica, another theory needs tadmesidered. Self-organization is
another popular theory that is widely used to explaub wavelength ripples
formation after femtosecond laser processing afisparent dielectric§Reif et al.,
2008; Schadet al., 2010) It is to note that the formation of these sub-wanugth
ripples is well known to occur only by femtosecdader irradiationTomita et al.,
2007)

For ripples induced by self organization, they hageeral particularly strong distinct
indications. One of which is the obvious presentéifurcations along the ripples
while another indication for ripple structure arise freelf-organization ighat the
ripple structure will riseabove the initial surface, whereas the valleys etwien
appears depressg@échadeet al., 2010) Based on the above two features and
comparing against the SEM and AFM results, nonehef above features can be
observed. It is very likely that ripples arisingorin self-organization are highly
material dependent as different ripple morphologgies on different materials when

irritated using the same laser parame@&/agner and Gottmann, 2007)

A study byLevchenko et al (201Teported that two key factors are needed for self-
organizing behavior of the nanoarrays which ardeaion and the growth kinetics.
They reported that surface diffusion was the mdigspral process responsible for
self-organization in nanoarrays. They also repotied the probability of nucleation
depends mainly on the density of adsorbed atonetdats) on the surface, whereas
the growth kinetics of nucleated nanoparticles (Ndpends mainly on the material
flux to the (NPs). To control the self-organizationnanoarrays, proper adsorbed

atoms /adradical density and electric field pattsinsuld be created by sophisticated
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tailoring of the process parameters. Meanwhileewttiriving forces such as the
surface free energy and surface diffusion duedbeamical potential gradient can play

a leading role in specific cases.

In femtosecond irradiation of fused silica, sint@sg has good glass former ability in
nature, it is very difficult to initiate nucleaticgspecially for ultrapure material like
fused silica which makeup of only single compongunth as silicon dioxide (SEp
Furthermore, femtosecond laser ultrashort pulsethwibes not favor nucleation
process. For nucleation and recrystallization pgecéhermodynamic driving forces
must be present. Thus the theory of self-organinas unlikely to be the reason for
the subwavelength ripple observed in fused silisacampared to other glass
containing impuritiegSerfretet al. 2005)

Since the both the classical and self-organizateory could not be used to explain
the ripple observed and it seems hard to carrylmaett measurement to determine the
exact physical mechanisms and dynamics that oatwniag the ablation process as
the material properties would keep changing dutimgirradiation process. However,

to some extent, we can make use of the surface hology characteristics after

irradiating with different laser parameters to deliuhe ultrafast process of ripple
formation in fused silica. One key observationis splashed like effect together with
the fine droplets and strands of nano- threaddtkectures that grow outwards and on
top of the coarse ripples (See Figure 4.2(g) ad(4)). These images suggest that
during the femtosecond ablation process, the ceegien undergoes material melting
and resolidification and the formation of the ceargpples is very likely to relate to

the melted material dynamics. Phase explosion mray eccur due to superheating

by the high intensity beam (Bonse et al., 2002)

Base on the above observations, the following masha is proposed for the
formation of fused silica ripples after femtosecdaser irradiation. For the coarse
ripples, it is likely to be resulting from the fi@eg interference capillary waves due
to surface plasma at the air-liquid interface. Toldlowing explanation supports the
coarse ripple formation mechanism. During ultrafieger ablation of dielectric
material, the interaction between the femtosecasdrl beam and the material often

involves a number of different processes which udek, non-linear absorption,
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plasma generation, shock propagation, melting watan and resolidification
(Brodeur and Chin, 1998However, during energy deposition into dielecinaterial,

not all energy is used for the ablation.

Ladieu, et al. (2002)eported that that about 8% of the laser energy tvarmalized
and transmitted to the undamaged part of the quasizg a 100 fs pulse during
plasma expansion. In another rep&ry et al., (19993hows that a large portion of
the energy is reflected back to the sample. Asarlarradiance of 6 W/mn?, they
calculated the reflectance of a fused silica surfadee around 70%. This result in the
formation of a transient shallow molten zone betbw plasmgYakaret al., 2003)
and if the melt lifetime is long enough, the foreesing on the fluid can drive molten
material from the center to the edges of the cr&tamerical stimulationgAggoune

et al., 2010)performed on aluminum irradiated with 100-ps Igsalises have shown
that for the few microseconds after irradiationpatb70% of the absorbed energy is
used by the expanding plasma to move the ambientAgeother 20% of the absorbed

energy is lost in radiation and only 10% of it remsain the target as thermal energy.

To estimate the thickness and the lifetime of theltem layer, an analysis is
performed on the absorption of the laser energy igdlissipation using a one-
dimensional heat conduction calculation base onaheve assumption from the
numerical stimulation. Here it is assumed that s 3% of the incident laser
energy (i.e., 10% of the absorbed energy) is avigilto heat the undamaged material.
Therefore, at an incident laser fuence of 4.7 3/dess than 0.001 J/éngoes into
heating of the material. Because glass does n& adatent heat of melting, all of this

energy goes into meltingyakaret al., 2003)

The average melt depth,{ can be calculated using

h ~_'s (4.5)

" T,

whereF, = 0.001 J/crhis the portion of the absorbed laser fluence tasgnto
heating,p = 2.23x16 kg/m® (Doremus, 1994)s the density,C, = 1250 J/kgK
(McLellan and Shand, 19843 the specific heat at an average temperature ®f T
900K, and T, = 1500K(Doremus, 1994js the working point of glass, defined as the
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temperature at which the glass can be easily foraretl sealed. This calculation
yields a molten layer of thickness, k 250nm at the irradiated surface below the
expanding plasma. This value tally with the deptlthe crater measured using AFM
which is shown in Figure 4.4(d). Also, the lifetim&the molten region is calculated
using one dimensional heat equation, given that heat diffusion depth is
approximately given by

=/Dt (4.6)

where D :% is the thermal diffusivity. Using an average tenaperearound 900 K

andD = 1.6x 10°m?/s (McLellan and Shand, 1984)e estimate that the 250nm thick
layer remains molten for about a tinig /D =0.04 psafter which resolidification

begins. During the melt lifetime, capillary wavese agenerated. Upon ultrafast
solidification the excitation of capillary waves #ite liquid-air interface freeze to
become the coarse ripple. This mechanism descilyedoung e al. (1984may
provide a plausible explanation to the femtoseclaseér induced periodical surface
structures observed on femtosecond irradiated faied. Young studied LIPSS with
a nanosecond laser and characterized the developphédPSS into four regimes
based on the irradiation fluence. At the lowest t@emegime A, the material melts
locally and forms periodic concave meniscus andraftadiation, these meniscuses

resolidify, leaving steady-state morphology onmheterial surface.
Furthermore, when dielectric materials are subgkdte intense femtosecond laser
pulse irradiation, the plasma interaction alsolitates harmonic wave’s generation

during dielectric breakdow(Von et al., 1995;Carret al., 2005. A second harmonic
wave is given byWanget al., 2005:

d,=— (4.7)
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Where £ =775 nm, the fundamental laser wavelengtks1.45 for 775nm light, the
refractive index of fused silica. By substitutingthe laser wavelength and refractive
index, this gives a value of 267nm. The resultamshow close to the fine ripples
period (~300nm) obtained and this may give a goalication 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 rippledaser polarization, the linear
polarized femtosecond laser beam was transformed dircular or elliptical
polarization by means of a rotatable half and guasave plate. In this experiment,
by rotating the optical axis of the quarter wavéfedent ellipticity (5) can be
achieved to gives the different laser polarizatitate. The E-field ellipticity is given

as.

(4.8)

o3}

where,a is the long (high field) axis ank the short (weak field) axis of the laser
electric field ellipsgReifet al., 2008)

Figure 4.7 shows the SEM images of the laser iatadi surface using various
polarizations. The angle of rotation is indicatedtiee upper right corners of the SEM
micrographs. It is evident from the SEM images that orientation of the ripples is
always perpendicular to the long axis, a, of thiagization ellipse. By comparing the
ripples irradiated with different polarization hagi different ellipticity such as a p-
polarized beamg=1), elliptical beam § =0.5) and circularly polarized beara£0),

no significant difference can be observed in terinthe ripple period except the
orientation. This result indicates that the rippkriod is not dependent on the laser

polarization. Close up AFM images of the ripples sinown in Figure 4.8.
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From the AFM results, no significant difference ¢@nobserved in terms of the ripple
depth and period after irradiating with differeasér polarization. The average ripple
depths measured after irradiating with 4 lasergautanges from 40nm to 50nm while
the average period ranges from 150 to 200nm reispgctFor circularly polarized

beam € =0), it is interesting to see that these rippledtires could still be observed
as irradiating with a circular polarized beam wouliten produce dots instead of
ripples. However, this again does not mean thatesults are different from others as
ripples or pillars have been observed after irféaiais carried out using a circular
polarized beam as well. Also the ripple morpholagy be highly dependent on the

material and the gas environment.

Varlamova et al. (2008eported the formations of orderly dots array wheadiating
with a circular polarized beam. However, it is wienthat these nano-dots array are
actually ripples arranged in a well-defined lina. dnother report bjNayak et al.
(2010) they also observed the formation of ripples oa slrface of silicon after
irradiating with a circular polarized femtosecoaddr beam. The ripples could evolve
to form pillars if the laser irradiation is carriedt under reactive gases environment.
For example, the presence of an ambient gas cawtdfie laser ablation, plume
dynamics and surface structure formati@eohegan, 1994; Zhigilei, 2003; Henlay
al., 2005) In the presence of different gas pressure andposition, the thermal
conductivity can be affected. Also, the presenca ghs confines the plasma plume
and can lead to shockwave formation. This directlyirns the material back to the

surface in the form of re-deposition.
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Figure 4.7: SEM images of fused silica surfaceraftadiation at 4.7 J/cfn

with 4 pulses using various polarization angle Rapolarized - 0°, (b)
Elliptical polarized - 15°, (c) Elliptical polaride- 35°, (d) Circular polarized
- 45° (e) Elliptical polarized - 60°and (f) Ellipél polarized - 75°.
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Figure 4.8: AFM images of fused silica surface mifteadiation at 4.7 J/cfn

with 4 pulses using various polarization angles Rg)olarized - 0°, (b)
Elliptical polarized - 15°, (c) Elliptical polaride- 35°, (d) Circular polarized
- 450 (e) Elliptical polarized - 60° and (f) Elligal polarized - 75°.
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4.5 Effect of surface defect in rippleformation

As demonstrated, the ripple orientation is highiypendent on the laser polarization.
Here we demonstrate another important parametérhtie significant influence on
the ripple orientation. It has been known from s@revious studiesQostacheet al.,
2003; Theppakuttai and Chen, 20@4at macroscopic surface defects can have an

important influence on ripple orientation.

Shown in Figure 4.9(a) and (b) are two SEM imagedgry pre-existing defects like
scratches on the fused silica surface. EspecialBigure 4.9(b), it clearly shows that
the ripple is formed along the same orientatiora agicratch with an angle of 30°. It
can be observed that the surface scratches notaohbs seed for ripple formation but
also intensified the ripples where as comparedotmtions that is smooth. This
obviously indicates that the influence of surfaegedts on the ripple orientation is
significantly stronger than that of the polarizatioThough the roughness of the
scratch is unknown, the effect of surface scratkirty different surface roughness in

ripple formation can be further explored in futwerk.

ZakU 2kl X1e, 8eg

(b)

Figure 4.9: SEM images of fs laser irradiated st@fahowing ripple
orientation high dependent on the scratch linenteigon. The laser fluence
was 4.7 Jich, (a) 2 pulses and (b) 10 pulses.
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4.6 Effect of crystallographic orientation in ripple for mation

It has been reported that the material crystalntaigon may influence the ripple
orientation when subjected to laser irradiation:. &mample Blamires and Totterdell
(1983) reported that laser irradiation of cadmium telleridwith different
crystallographic orientations would produce ripplegh different orientations. In
another report howeveBorowiec and Haugen (2008port that ripples orientation is
independent of crystallographic orientation. Thiuseems that the ripple orientation
might be highly material dependent. We also corefligtreliminary experiments on
the crystal orientation dependence of ripple foramaton commercial available
cultured quartz (100) and quartz (111). The qusamples were irradiated using a
fluence of 4.7 J/cfsimilar to the laser fluence use in the earlieretusilica
experiment in the low fluence regime. Figure 4.10@ &igure 4.11 shows selected

SEM images of the two quartz samples irradiatedliiberent numbers of pulses.

Within the set of parameters investigated, it isevled that the ripple orientation was
found to be independent of the crystal orientatielative to the polarization of the
incident beam. However, one interesting observaisothat the 2D ripples tend to
form earlier in quartz (100) when few pulses areduas compared to quartz (111).
This may be related to the anisotropy propertiegjuadrtz such as having different
optical and thermal properties when cut in différerystal axis.Wachtman (1969)
reported that the thermal conductivity for singhgstal quartz is higher (~10WH<™)
when the cutting orientation is parallel to theicglt axis as compared to cutting
perpendicular to the optical axis (~6WHi%). Also maximum birefringence occurs
when the light passes perpendicular to the optgé. For the two quartz samples,
quartz (100) cutting orientation is perpendicularthe optical axis (c-axis) while
quartz (111) is cut at 54.7 degree with respectht® (100) plane. The thermal
conductivity for quartz (100) and quartz (111) &4Wni'K* and 8.5 Writk™
respectively. Lower thermal conductivity favorsnuulative effect(Schille, 2010)
Thus, a considerable temperature rise around thdiated area enhances the laser
beam absorption and this results in lowered abiatimeshold and higher ablation

rate. That why ripple form earlier on quartz (1@an quartz (111). This result is
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consistent with the data observed on fused silieaing even lower thermal
conductivity value of 1.38 WK™

Figure 4.10: Scanning electron microscope imagesvisty LIPSS at

various sites on Quartz (100). The number of latats N) is shown in

each image. The laser fluence 4.7 Jlcm
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Figure 4.11: Scanning electron microscope imagesvisty LIPSS at

various sites on Quartz (111). The number of latats N) is shown in

each image. The laser fluence is 4.7 3/cm
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4.7 Summary

Formation of subwavelength ripples was observedused silica after irradiating
with a femtosecond laser beam. By varying the lgsmmameters such as using
different fluence, pulses and polarization to iradel the fused silica surface, ripple
evolution and mechanism was systematically studiédwas shown that two
directional ripples could only developed under aiartirradiations conditions.
Moreover these ripples were observed to be highdpeddent on the beam
polarization orientation but the presence of swfdefects was found to have even
greater influence on the ripple orientation as carag@ to the laser polarization.
Finally no dependency in the ripple orientation wasserved when comparing
crystalline quartz having different crystallographorientation to fused silica.
However, it is found that the materials having lovileermal conductivity would

enhance the laser beam absorption, resulting pespto form earlier.
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Chapter 5 Femtosecond Laser Micromachining of Fused

Silica
5.1 Introduction

Machining of transparent materials using femtosddasers has become one of the
most popular subjects as femtosecond laser pulage Bhown to have distinct
advantages against long pulse laser. However,rémtipal applications, femtosecond
laser processing of materials still requires sooreéng and an understanding of the
processing conditions to achieve optimal machimegplts. This is not an easy task
especially when working with transparent matergsghe process can be complicated
due to the nonlinear effects in the air which canse distortion to the beam profile.
This chapter investigates the use of a stationagdyaamoving femtosecond laser beam
to carry out micromachining of holes and channelsUV grade fused silica. A
systematic study on the influence of laser proogssparameters on surface

morphology, width, depth and quality of machining presented and discussed.

5.2 Femtosecond laser drilling of fused silica

5.2.1 Best focus deter mination

It is well known that the focal position of the beavill directly affect the beam spot
size as well as the amount of power delivered & strface(Duan et al., 2001)
Moving the focus position from the surface of thatemial somewhere above it will
result in a larger entrance diameter, smaller @igitneter and a poor roundness of the
exit. In the opposite direction the opening ateki will be larger, while the entrance
will develop a taper profile. This behavior is digethe beam propagation and is a
function of the Rayleigh lengtfWVitte et la., 2007) In both cases, since off focus
position will induce a larger beam diameter, thtaltiuence delivered to the machine
surface will be smaller as compared to a beam atsfdvaving a smaller beam spot
size when the same amount of power is used. Thereitois very important to find

the optimum focus position before any the laseatart experiment takes place as
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incorrect focal position would greatly reduce thdlidg and machining efficiency
due to reduction in the power distribution at af€dis position. By adjusting the stage
height at a step of 20 um, a series of grooves waaehined on the fused silica

substrate using a fixed laser power of 25 mW. Thehming speed was kept constant

at 50 um/sec.

Figure. 5.1 illustrates a through focus plot of theer machined groove width with
respect to the various stage positions. Here dip®sialue (+) defines as the beam
move above the surface, while a negative valum@irate the beam move below the
surface. (0) is defined as the stage referencet.pibinan be clearly observed from
Figure 5.1 is that as the laser beam tends to apbrthe optimum focal position; the
groove width tends to get smaller until a minimuot width is achieved. Moving

away from the focal position would results in adyral increase in the groove width.

For this case, the optimum focal position is arotth@5 pm.

---+-- Measured Data
140

—+— Fitted Data

120

100

Cut Width (um)

0
=]

60

Figure 5.1: Plot of through focus as a functiorwatf width.
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5.2.2 Effect of laser polarization in drilling

It has been reported that the influence in lasdargation can affect the profile
(Nolte et al., 1999; Venkatakrishnaet al., 2002) as well as the cutting efficiency
(Niziev and Nesterov, 1999T.0 study the polarization effect, a series of blimales
were machined using a P-polarized and circularrppagld beam. Figure 5.2 shows two
optical micrographs on the hole machined on fuskchsusing a p-polarized and a
circular polarized beam. The laser fluence is axiprately 5 J/cri It can be seen
from the micrographs that the shape of machined helindependence on the
polarization of the femtosecond laser beam. No kingc except slight chipping
around the circumference of the ablated cratebse/ed. By examining the crater at
higher SEM magnification (See Figure 5.3), two alffince types of surface

morphologies was observed at the bottom of thecrat

For a p-polarized beam, it is observed that petiaiiuctures have an orientation
parallel to the laser polarization while circulavlgrized beam have an orientation
perpendicular to the laser polarization. To furtineestigate whether polarization has
any effect on drilled depth, a series of holes wartked with increasing number of
pulses using a p-polarized and circular polarize@gnb. The drilling depth was
measured using a white light optical imaging pesfi{Sensofar PLu 2300). Figure
5.4 shows the mean depth profile obtained for alpfized and c-polarized beam
(See Appendix A for raw data). As observed fromdhagph, no significant difference

in term of the drilled depth when drilling with @fent laser polarizations.

Tao et al. 201Pperformed a modeling on fs-laser beam propagatiamicro holes.
They reported that drilling microholes having amdeter larger than the incoming
beam diameter will not have significant effect dre tprofile regardless of beam
polarization. However, when the incoming diameterobviously smaller than the
laser beam intensity profile, the cross sectiordaghe hole will be different from the
incoming beam at the hole entrance. For a cirqufaslarized beam, the profile inside
the hole will still be axis-symmetric but with highpeak intensity at the beam center,
and the intensity drops faster as it goes away fifercenter. For a linearly polarized

incoming beam, the laser intensity inside the niiote will have an elliptical profile.
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Similar observation was observedWgnkatakrishnan et al (20085ing femtosecond
laser to ablated sub-micron holes on thin metah.filn our experiment, since the
drilled diameter is larger than the incoming spiae ghus no polarization effect is

observed.

Figure 5.2: Optical micrographs of blind holes lddl using (a) P-polarized
and (b) Circular Polarized beam. The applied fleeisc J/crh
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Figure 5.3: SEM images of blind holes drilled us(ay P-polarized and (b)
Circular Polarized beam. A morphology of the hslowing ripples (c)
parallel and (d) perpendicular to beam polarizatidme applied fluence is 5

Jlenf
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Figure 5.4. Femtosecond laser drilling depth agretion of the number of

pulses at different polarization.
5.2.3 Effect of laser fluence and pulsesin drilling

Experiments on varying the fluence and number odfgqsuwere carried out to
understand how the material responds in terms ef l#ser irradiated surface
morphology as well as the depth information. Bystfikeeping other process
parameters constant, a series of holes were dwiigddifferent laser fluences using a
polarized beam of 200 pulses. The ablation deptheis compared with the predicted
the ablation depth using Beer’'s law with constaptical properties. The predict

ablation depth as a function of applied fluence bancalculated usin@Jiang and
Tsai, 2006)

d =(1j|ni (5.1)

Where a is the absorption coefficient of the fused siliadjch is estimated to be 4 x
10* cm™ (Hiroaki and Saulius, 2006Figure 5.5 shows surface morphologies of fused
silica irradiated at different fluence level whilegure 5.6 shows a comparison
between the calculated ablated depths versus thkineal depths. From Figure 5.6, it

is observed that the depth calculated matches withl the machined depth at low
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fluence. However, with increasing fluence, theraideviation from the calculated
and measured depth value. This deviation is a treduthange in the absorption
coefficient of the material as the absorption doaffit changes significantly with
time and the laser intensity during the femtoseclasér irradiation(Adreevet al.,
2003) In equation 5.1, the mean absorption coefficisnised for the calculation,
thus resulting in the measured. Also from the SEge and depth profile using low
fluences, it is observed that the diameter of thle s smaller and the machined depth
is shallow. This is because the ablated materidll e@isily cool down and cannot
escape through the small opening. As expected, witeeasing laser fluence, ablated
depth increases as well due to higher energy sgppdiading to deeper carter. It is
further observed that at very high fluence rangjes,ablation rate is reduced. The
reduction in machining efficiency at high fluence attributed to plasma shielding
effect(Vadillo et al., 1999).

One significant effect observed when drilling agthifluence is the formation of
surface cracks around laser drilled holes. Matematking when machined with a
femtosecond laser is quite surprising as femtoséms®r machining is well known to
be a non-thermal machining process that produdds br no collateral damage
(Bankset al., 1998; lonita and Zamfirescu, 2010 & 201[) this study, cracking is
observed when carrying out drilling of holes inddssilica at higher fluence and the
cracking becomes more severe with increasing fleielids known that femtosecond
laser machining of transparent material in air generate plasm@/anagaset al.,
2004; Hanadat al., 2004)and the intensity of the plasma emission increasea
function of the laser flueno@emoset al., 2001) Therefore the most probable cause
for this damage is the laser induced breakdownpdasina which is also recognized
by other authoréVanagast al., 1999; Yoshidat al., 2006)

At lower fluences, although plasma is formed, thergy deposited is not sufficient to
cause cracking of the material. However, in thenewd higher fluence like in this
case using a fluence ranging from 63.6 3/ 27.3 J/crhat 200 shots, the material
is heated to even higher temperature and the emepgysited can be large enough to
create a shockwave that is sufficient to cause ar@chl failure of the surrounding

material (Bernathet al., 2006) A detailed study and analysis on the mechanism on
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femtosecond laser induce cracking and how fusedasdan be safely machined
without cracking will be reported in the chapter 7.

(@) (b)

(€) (f)

Figure: 5.5. Optical micrographs of holes drillesing 200 pulses. The laser
fluence used is (a) 7.96 J/&nib) 15.9 J/crh(c) 31.8 J/crh(d) 63.65 J/cth
(e) 95.48 J/crhand (f) 127.3 J/cf
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Figure 5.6: Femtosecond laser drilling depth asirection of fluence at
200 pulses.

Next a series of holes were machined by varyind boé laser fluence and pulses.
The objective is to examine the irradiation effentthe ablated depth when varying
both parameters. Figure 5.7 shows the measured déepifferent fluence and pulses.
From this figure, two regimes can be identified wiiilling fused silica in air with

progressive laser pulses. In the first regime,ehigra steep increase in the ablation
rate until the drilling enters into the second negi(Pulses >100) where the ablation
begins to slow down. This curve pointed out a lindgpendence of the applied pulses
at the beginning of the ablation process; subsetyes the hole is becomes deeper,
the increasing rate diminishes. Similar behavioesexfound for all the laser fluences
used. This decrease in ablation rate at the ral goint can be explained using the
observations made b$hah et al., (2004 By performing in-situ monitoring of the

plasma distribution within the crater, they obsena the roll of point, the laser

plasma within the ablated crater become non unifand the ablating tip is much

narrower. The plasma cools before it can complstage from the hole. This results

in the decrease in ablation rate.
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By doubling the laser fluence, it is observed ttiet drilling depth will nominally
increase. However, it is interesting to observe wiaen the machining is carried in
the high fluence range, the ablated depth seent® t;mdependent of the applied
fluence. This phenomenon is a result of plasmaldihig effect. By irradiating the
sample with highly intense femtosecond laser beaactrons from the fused silica
surface are easily excited causing nonlinear nphititon absorption and subsequent
avalanche ionization to take place. Dense plasrizeis formed and the laser energy
is transferred to the lattigé\n et al., 2004) Moreover, the ablation occurred close to
the surface also leading to the avalanche ionimasfoambient air due to the intense
femtosecond beam. As a result the ejected matedalblocked by the plasma from
air ionization resulting in the saturation of thedds depth even when higher fluence is

used.
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Figure 5.7: Fs laser ablation curve showing thiéedrdepth for fused silica

at various fluence level.
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5.3 Machining of microgroovesin fused silica

5.3.1 Effect of laser polarization

In surface machining, studies have shown that &gl pulse laser, maximum
efficiency is achieved when the cutting directisrparallel to the oscillation plane of
the electric field vectofOlsen, 1982; Niziev and Nesterov, 1999pwever, the beam
polarization effect on fs-laser machining is noeatly understood. It has been
reported that the laser beam polarization doednilence the cutting speed in the
linear cutting of silicon wafef(Ostendorfet al., 2003) In the same report, it was
reported that the beam polarization did have a miajtuence on the exit surface
quality of the cuts. Best results were achieved nwicgtting vertically to the
polarization direction (linearly-polarized beaif@stendorfet al., 2003) In another
report, circularly-polarized laser beam was pref@érfor uniform cutting of silicon
wafers (Tnshoff et al., 2001) It was also reported that ripple-like structumesre
formed upon fs-laser irradiation on various materidhe orientation of the ripples
was influenced by the laser beam polarization. Rppwere oriented to be
perpendicular to the beam polarization for TiN ailidon (Hocheet al., 2003; Bonse
et al., 2000 & 2002) whereas to be parallel to the beam polarizat@wmblyimide
(Baudachet al., 1999 & 2001) From the literature, it appears that the beam
polarization effect on fs-laser machining variegheleding on the substrate materials
to be processed. To our knowledge, the beam patariz effect on fs-laser machining

of fused silica has not been reported

Figure 5.8 shows optical micrograph of the micraotteds successfully machined on
fused silica with a femtosecond laser using botolarized and circular polarized
beam. No difference in terms of the groove profiks observed when cutting using a
p-polarized and circular polarized. The averagerfae was calculated to be 9 Jcm
based on the cut width of 20 pum. After the lasexdiation, a significant amount of
material redeposition was observed on the surfaidbeomicro channels. However,
after cleaning with diluted HF acid bath for 10tlse redeposition was removed, as
shown Figure 5.9. This demonstrates the effectisemd acid cleaning after fs laser

machining.
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() (d)

Figure 5.8: Optical micrographs of fs-laser mactimeicrochannels with
cutting direction parallel to p-polarization (y-eation), (a) P-polarized, (b)
Close up of image in (a), (c) Circular polarized) Close up of image in

(c). Average fluence: 9 J/dysample moving speed: 50 pm/s.
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Figure 5.9: Optical graphs of fs-laser machinedragbannels with cutting
direction parallel to p-polarization (y-directioajter HF acid cleaning, (a)
P-polarized, (b) Close up of image. Average fluengeJ/cnf, sample

moving speed: 50 pm/s.

To study the effect of cutting orientation, groove®re machined at different
orientations. Figure 5.10(a) and (b) shows optitétrographs of microchannels
machined using the p-polarized beam, where Figut®(&) shows cutting in the
direction parallel to polarization (y-direction)@figure 5.10(b) shows cutting in the
direction perpendicular (x-direction) to polarizatj respectively. It was observed that
the microgrooves were straight with consistentwialth for both cutting directions.

No difference in cut width was observed for cuttinghe different directions.

The same microchannels were also analyzed with SEddving the detailed surface
morphologies (Figure 5.11(a) and (b)) and withghgus profiler showing depth and

3D profiles (Figure 5.12(a) and (b)). It is cleaslyown that the microchannels are V-
shaped with an average depth of about 6 um. Thieecpartion of the microchannels
is deeper due to the higher power intensity in ¢eatre of the beam. The laser-
machined microchannels in both cutting directiores\aery similar in terms of depth,

profile and surface morphologies. The side surféd@e&e granular structures with no
indication of microcracks or melting. Some wavinedsng the cut edges was
observed which was the effect of the stage moveahtbeam overlaps.
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(a) (b)

Figure 5.10: Optical graphs of fs-laser machinedraghannels with cutting
direction in (a) parallel to p-polarization (y-diteon), and (b) perpendicular

(x-direction) to polarization. Average fluence: &n¥, sample moving

speed: 50 um/s.

Figure 5.11: SEM micrographs of fs-laser machinedrachannels with
cutting direction in (a) parallel to p-polarizatigfy-direction), and (b)
perpendicular (x-direction) to polarization. Aveeadluence: 9 J/cf

sample moving speed: 50 pum/s.
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Figure 5.12: (a) 3D and depth profiles of the mitx@nnels shown in Figure

4.3(a), cutting in the direction parallel to beaoigpization. (b) 3D profile

of microchannels shown in Figure 5.3(b), in theediion perpendicular to

beam polarization.
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When the microchannels were observed at higher iineggfions, it is very interesting
to observe regular sub-micron gratings on theie sdrfaces near the bottom, as
shown in Figure 5.13(a) and (b). These gratinge lveidth and spacing of about 400
nm as shown in Figure 5.13(a) and (b), where thiéngudirections are different. The
exact reason for the formation of the sub-micraatiggs is not known. Judging from
the feature size that is roughly half of the lagarelength, these gratings may be the
result of beam interference due to multiple reftetd from the tapered side-walls and
bottom surface as fused silica is transparent €0 A5 nm beam during the laser
processing.

It was further observed that the electron beangsferted to form interference patterns
when scanning over the microchannels though thelesnare gold coated to prevent
charging effect, as shown in Figure 5.14(a) and(®)L This indicates that the laser-

machined microchannels are potentially useful fatigg applications.

(b)

Figure 5.13: SEM micrographs showing sub-microntiggs in fs-laser

machined microchannels with cutting direction (aygtlel to polarization
(y-direction), and (b) perpendicular (x-directiaim) polarization. Average
fluence: 9 J/crh sample moving speed: 50 pm/s.
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Figure 5.14: (a) Interference patterns observedhduhe electron beams

scanning over the microchannels, and (b) Interfe¥gratterns observed in
other microchannels.

5.3.2 Effect of laser fluence and cutting speed

In this section, the effect on the laser fluencd &eam overlap in machining of
microchannels in fused silica is studied. Grooveseamachined using various laser
fluences (3.75 J/chto 125 J/crf) and speed ranging from [fi/sec to 50Am/sec.
To first study the effect of fluence, the machinspeed is kept constant atubd/sec.
Cross-sectional profile of the channels was analyze cutting the samples using a

diamond saw.

Figure 5.15 shows the cross-sectional profile ef ghooves machined using various
fluences. As expected, using a higher fluence waxddect a deep depth of cut.
However, better machine quality was achieved wheahiming was carried out in

using a lower fluence. It is also observed thatgfadile of the grooves tends to get
more tapered when the laser fluence is increadeid. i$ due to the higher intensity
Moreover using higher fluence can lead to undelgrabbsurface damage which is
shown in Figure 5.16. The channels were machinid)asfluence of 62.5 J/émThe

microchannels instead of having a clean cut hdiaraent at the end of the channels.
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The observed filament is a result of self-focusimigich is one of the non-linear
effects that can occur during laser machining afigparent materia(8ercegolet al .,
2003; Shaket al., 2004) Shah et al (2004j)eports that non-linear effect like self
focusing can dramatically affect the hole shape jp@detration depthror the self-
focusing effect to develop, applied peak power &hdie greater than the critical
power. Several other nonlinear effects can occurenna femtosecond laser pulses
interact with transparent material which includ#-pbase modulatioriShen, 1984)
white-light continuum generatiofCorku, et al., 1986; Shen, 1984hand material
damage. At high laser intensity, the laser pulsst felf focused to form a filament,
following which white light is emitted from all pa®ns of the filament in the
forward direction. The white-light continuum genesa is a universal phenomenon
in all transparent optical media and is mainly tluself-phase modulatiofyang and
Shen, 1984) With the development of very powerful femtosecond laser gajls
generation the white light can occur even withasihg a focusing leng&orku,et al.,
1986) Studies have shown that the generation of whitet lig noble gases using a
weakly focused femtosecond pulses have lead tostiggestion that self-focusing
plays a critical role in the process as W&lbthenberg, 1992)The generation of the
broad anti-Stokes part of the continuum generasiatue to the self-phase modulation
of the self-focused pulse in the self-created ptasiie narrow stokes broadening is
due to self-phase modulation in the neutral Kerdio®, which also contributes to a
narrow part of the anti-Stokes siffeeeet al., 1999; Schaffer, 2001). Alsostudy has
shows that the threshold for continuum generatioimaides with the threshold for
catastrophic self-focusingseeet al., 1999) The Continua generated just above this
threshold exhibit a very strong Stokes and antk& asymmetry (Brodeur and Chin,
1998).
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(@) (b)

(©) (d)

Figure 5.15: SEM micrograph showing cross-sectiqgrafile of grooves
machined using various fluences. (a) 3.75 3/dim) 6.25 J/crh (c) 12.5
Jicnt and (d) 25 J/ch The machining speed is [iif/sec.

Figure 5.16: SEM micrograph showing cross-sectiqmafile of grooves
machined using a fluence of 62.5 Jfcrilament at the end of the each

channel was observed which is a result of self$oa
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In the next experiment, by varying both the fluereved scanning speed, the
dependency on the groove depth is studied. Figuré shows the mean depth of
grooves machined using various fluences and sp&sds Appendix B for raw data).

It is known that the ablated depth is governedhgyihtensity-dependent penetration
depth for a femtosecond pulse durat{Bonseet al., 2002)and the penetration depth
obtained for a pulse of higher energy is much grefian that obtained at lower pulse
energy. As observed, the machining depth increas®e significantly as compared

to the increase observed at lower laser fluence figsult is in good agreement with

earlier study reporte(Borowiec and Haugen, 2004)

However, one undesirable effect of machining oktusilica at high fluence is that
cracking of the groove can occur. Similarly to agd drilling, the most probable
cause for cracking is likely to be a result of thger induced breakdown and plasma
as well(Vanagast al., 2004; Yoshidat al., 2006) A detailed parametric studied on

crack formation will be carried out in later chapte
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Figure 5.17: Influence of laser fluence on the deaytcut at speed ranging

from 1Qum/sec to 500m/sec.
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Figure 5.18: Optical micrograph showing crackinguerd the laser ablated

groove. The laser fluence used was 125 4/cm

5.3.3 Effect of multiple passes fabrication

The final experiments were to evaluate whether iplaltfemtosecond laser passes
would increase the aspect ratios of the channgleisame channels were machined
multiple times. The channels were cut repeatediyqus$, 2, 4, 8, 10, 25, 50 and 100
times with the machining speed varied, the changbe aspect ratios was studied as
well as the dependence on the groove depth. Maghwas carried out using two
machining speed (50pm/sec and 250pm/sec) and tieredlit polarization (circular
and p-polarized beam). The laser fluence was kepstant 12.5 Jictm A low
magnification of the channels as shown in FigurE95and their respective close
surface profile is shown in Figure 5.20 and Figbul.

For channels machined with a speed of 50um/seds ibbserved that all the
microchannels were straight and the width of thapges increased when the number
of machined passes increases. Similar observati@re made for the channels
machined at higher speed of 250um/sec except éhdofw machined passes, some
waviness along the cut edges was observed. Howetn, several passes, the
waviness along the edge was removed. As obseroettfre optical micrographs, by
increasing the number of laser passes over the shamnel, there is an increase in
the amount of depositions induced on the machine@dse. As shown in Figure 5.22,

it is observed the width increase with increasiagses and the depth is saturated at

25 passes. Moreover, the ablation rate was obsexveadecrease with increasing
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number of passes (See Figure 5.23 and Appendixr Cafe data) and this departs
from the linear dependence on the number that viiaereed in femtosecond laser
ablation of other materiald.enzneret al., 1998; Ameeet al., 1998, Campbelt al.,
1999)

In this study, the mechanism can be interpretedobgws: As the ablated depth
increases, the groove starts to act as a holloweguade. The initial pulse first
travels to the bottom of the groove, where majarityhe ablation takes place. During
the pulse propagation through the groove the perneggy decreases due to scattering
and absorption resulting in a diminished energyilabke for the ablation at the
bottom of the groove. At some final depth, the jagmttion losses are sufficiently high
to bring the pulse energy below the ablation tho&shleading to an unavoidable
taper. Furthermore, with the increasing depth athlated material at the bottom has a
greater probability of being redeposited on thelsvaBimilar behavior has been
observed byCampbell et al., (19990 femtosecond processing of different glasses.
They reported three different phenomenons whertiagldielectric materials in the
different fluence regimes. In the first regime, whéhe laser fluence is less than the
ablation threshold, long channels with a high aspatto can be produced. In the
second regime, where the laser fluence is equdigdhreshold, they observed two
distinct ablation phases, which they describe asgéntle and strong phases. In the
third regime where the fluence is less than thestmold, they observed self-focusing

of the laser light due to the Kerr effect.

=

Figure 5.19: Low magnification of Fs laser ablafgdoves machined using

different number of cutting pass for a fluence ®f51)/cm.
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(9) (h)

Figure 5.20: Optical micrograph of grooves mactinesing different
number of cutting pass for a fluence of 12.5 Jicfine machining speed is
50um/sec. (a) 1 pass, (b) 2passes, (c) 4 pas3e’ p@sses, (e) 10 passes,
(f) 25 passes, (g) 50 passes and (h) 100 passes.
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Figure 5.21: Optical micrograph of grooves mactineing different
number of cutting pass for a fluence of 12.5 3/chine machining speed is
250um/sec. (a) 1 pass, (b) 2passes, (c) 4 pas§espasses, (e) 10 passes,
(f) 25 passes, (g) 50 passes and (h) 100 passes.
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passefgroove.

97



Chapter 5 Femtosecond Laser Micromachining of Fused Slica

54 Summary

In summary, effect on machining of microholes amérmels was studied by
varying a wide range of processing parameters sgclpolarization, fluence,
speed, cutting pass and pulse. In the drilling erpents, two ablation regimes
have been identified. It is observed that beam rigaaon does not have
significant influence on the hole profile and maed depth. Side effects such as

cracking were observed when drilling at high lg&eznce.

In surface channels machining experiment, usingetofluence resulted in better
cutting quality as compared to high fluence cuttihgugh high fluence cutting
have better machining efficiency. However, highefiage cutting can lead to
cracking and subsurface damages like self focustigilarly, the beam
polarization did not show significant effect on tmachined quality in terms of
cut width, depth, profiles and surface morpholog®s machining with multiple

passes, straight microchannels were realized edfggica substrates.
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Chapter 6 FsLaser Irradiation Effects on Structures of

Crystalline and Amor phous materials

6.1 Introduction

Laser treatment of surfaces has been well knownntluce crystallization of
amorphous materials. For instance, excimer lag@ravpulse duration of about 20 ns
is used to crystallize amorphous Si film for thitlmf transistor (TFT) applications
(Loreti et al., 2000;Hatanoet al., 2000) The crystallization is attributed to melting of
material and the spontaneous nucleation and crgstaith processeemchuk and
Labunov, 1995; Loretgt al., 2000;Hatanoet al., 2000) In recent years femtosecond
laser-induced crystallization has been reportea wide range of materials, including
Ge (Singhet al., 2003) Si (Choi et al., 2003; Bonseet al., 2004) GeShTes film
(Zhanget al., 2005)and Fe:LiNbQ crystal(Chenget al., 2005) FurthermoreKondo

et al. (1998 & 1999Yeported selective crystallization in a glass aonbg special
ions such as Agand Cé when irradiated with femtosecond laser (630 nnf) 40,
500 shots at 1kHz).

In the previous chapter, successful machining afogrooves has been demonstrated
using a femtosecond laser. These microgrooves eansk for fabricating optical
gratings(Zhenget al., 2004) however, complete or partial crystallization da<p
may affect the optical properties in real life apgiion. For example, in glass fiber
fabrication, partial crystallization in glass duifiber drawn thermal process can lead
to optical scattering los@Hu et al., 2010) Also the mechanical properties of glass
such as hardness and fracture strength can bevmpsousing partial crystallization
and phase transformation technig@aguancet al., 2012) Therefore, in this chapter,
experiments were performed to understand whethemair femtosecond laser
irradiation will induce any chemical or structurghange in amorphous UV grade
fused silica. To complement the study, crystallinaterials like quartz and titanium
were also used to study femtosecond laser irradia&ffects. The reason why
titanium is added into this chapter though it i4 an opaque is because the author
wants to compare the laser irradiation effect betwmetal 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 iedrout using the femtosecond
laser. The single pulse energy used was 31 mJaesed fluence was calculated to be
20 J/cm. After the laser irradiation, it was observed thia microchannels were
straight with consistent cut width of 20n, as shown in Figure 6.1. Characterization
of the microchannels using a stylus profiler intesathat they are of V-shape with an
average depth of aboutn, as shown in Figure 6.2. No cracking was detefded
the laser parameters used. Energy dispersive spdEIDS) obtained for non-
irradiated and irradiated surface are comparedgarg 6.3 (a) and (b). As expected,
there is no change in the chemical concentratioa tituthe femtosecond laser

irradiation.

EERE g
(@)

Figure 6.1: Femtosecond laser machined microchanméth cutting

direction parallel to p-polarization. (a) Opticalage and (b) SEM image of

microchannels.
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Figure 6.2: Surface profile of the microchannelshiiaed on fused silica

substrate showing an average depth pi5 (a) 3D image and (b) Depth

profile.
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Figure 6.3: EDS showing no change of chemical cotmatgon in the fused
silica. (a) Non-irradiated surface; and (b) Surfageadiated with

femtosecond laser.
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6.2.2 XRD characterization

XRD was carried out to obtain the spectra for loa-irradiated and femtosecond
laser irradiated surfaces, as shown in Figure &.4id (b). The absence of any sharp
peaks in the broad band ranging from 0° angle @ Hnhgle indicates that the fused
silica structure was amorphous and remained amagphtier the femtosecond laser

irradiation.

However, it should be noted that the XRD resultanca completely exclude the
possibility of occurrence of a small amount of tays due to the laser irradiation.
XRD technique may not detect crystalline diffran8af crystal size is small down to
nanoscale or its amount is less than a certailcarievel. For exampleRevesz et al.
(2001) reported that there is not much difference in Xpd&terns between & is-
CuwoAl 10Nig bulk metallic glass and the partially crystallizemimple containing 15%

of crystalline phases within the amorphous matrix.
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Figure 6.4: X-Ray diffraction spectra of fused cali (a) Un-irradiated
material and (b) After femtosecond laser irradiatio

6.2.3 TEM analysisof fslaser irradiated fused silica

To further examine whether femtosecond laser iatawh induces crystallization in
the fused silica, great effort was expended to ameross-sectional TEM samples
from the laser irradiated surfaces. It is to nbi&t the samples were not pre-process
such as chemically etched or gold coated in omlgréserve the original state of the
sample. During preparation of the TEM samples, ecisp technique which was
mentioned in Chapter 3, as illustrated in Figuie @as used to protect the irradiated
surfaces. Two cross-sectional slices of the miaoakls with thickness 1 mm were
first sectioned using diamond saw (Figure 6.5(ag then glued face-to-face using
M-bond adhesive (Figure 6.5(b)). Afterwards, themgke was ground using
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progressively finer diamond abrasive paper to redtgthickness to around 20n.
Finally, the thin sample was transferred onto a TEMI (Figure 6.5(c)) for ion

thinning to make it ready for TEM observation.

Microchannels

(b)

(©

Figure 6.5: Steps in preparation of cross-sectidiie¥l sample. (a) Cross-

sectional slice of microchannels sectioned withmiad saw; (b) Two
slices of microchannels glued face to face to ptdteadiated surfaces; and

(c) Transfer of sample onto TEM grid after grinding
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Examination of the cross-sectional samples wadugrearried out under the TEM
to study the effect of femtosecond laser irradrmtom the structure of fused silica.
Special attention was paid to the walls of the otbannels. The irradiated surfaces
were all observed to be amorphous, as shown inr&i§u6 (a) and (b). Furthermore,
electron diffraction was carried out and the seléarea diffraction patterns (SADP)
show that both non-irradiated and laser irradiatedictures are amorphous, as shown
in Figure 6.7 (a) and (b).

(b)

Figure 6.6: (a) Irradiated structure on the sidé wfahe microchannels. (b)

HRTEM image of the irradiated structure showinig i@morphous.

(@) (b)

Figure 6.7: Selected diffraction patterns (SADR).Non-irradiated sample;
and (b) Laser irradiated structure on surface @fircrochannel.
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It should be noted that the study may represenfitsedirect TEM examination of
femtosecond laser irradiated surface of fused asilising cross-sectional TEM
samples and this can leads to a better understaodifs-laser material interaction of
fused silica.Kasaai et al. (2001and Koubassov et al. (2004hvestigated surface
modifications of fused silica samples and analy#@dugh X-ray diffraction and
TEM the powder ejected during the femtosecond lagediation. Their results
indicated the presence of melting and crystallaratof fused silica. However, it
should be noted that they examined the powder ratien the femtosecond laser
irradiated surface. Detection of crystallization the powder ejected during
femtosecond laser irradiation does not necessauélgn that crystallization must also
occur on the laser irradiated surface. The resilitained byKasaai et al. (2001gan
be used to support this argumelasaai et al. (20019bserved crystallization in the
ejected powder, but XRD spectrum of the femtosectas#r irradiated surface

indicates that the fused silica remained amorphous.

Silica has strong glass forming ability, so it mbst cooled very slowly from liquid
state to produce crystalline phase. Rapid cookvgifs noncrystalline formation since
time is not allowed for long-range ordered arrangets of atoms. Femtosecond laser
is known to produce very rapid heating and cooliages, so it is not surprising to
observe in the present study that the fused siliemains amorphous after
femtosecond irradiation. However, femtosecond tasduced crystallization and
amorphization are complex physical processes whialrant further study in the

future.

106



Chapter 6 FsLaser Irradiation Effects on Sructures of Crystalline & Amorphous Materials

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 fenctwse laser are shown in Figure
6.8(a) and (b). The laser fluence used was 20%J/tris observed that the gratings
were straight with consistent width of 2én. Some waviness along the machined
edges was observed, which was due to the effetiieotage movement and beam
overlaps. The side surfaces have granular strigtuitd no indication of microcracks
or melting. Characterizing of the gratings usingdus profiler clearly shows that the
gratings are V-shaped with an average depth oftabam, as shown in Figure 6.9.
The central portion of the microchannels is degjperto the higher power intensity in
the centre of the beam (Figure 6.9(b)). No surfaeeking was detected for the laser
parameters used. Energy dispersive spectra (ED$¢ akso obtained for non-
irradiated and irradiated surface of quartz is show Figure 6.10 (a) and (b). As
observed, no significant change in the chemical pmsition was detected after

femtosecond laser irradiation.

Figure 6.8: Femtosecond laser machined gratingh wiiiting direction
parallel to p-polarization. (a) SEM image of grgsnand (b) Close-up

image on the grating wall.
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Figure 6.9: Surface profiles of the gratings maetion crystalline quartz
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Figure 6.10: EDS showing no change of chemical azsition in the quartz.

(a) Non-irradiated surface; and (b) Surface irradiavith femtosecond

laser.
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6.3.2 XRD characterization

To characterize if there is any structural chararegquartz gratings after femtosecond
laser machining, XRD was carried out to obtain #jetor the non-irradiated and
femtosecond laser irradiated surfaces, as showhigare 6.11 (a)and (b). No
significant difference can be observed from the XRD plots after scanning range
of 0° angle to 100° angle. This indicates that hange in the quartz structure after
the femtosecond laser irradiation. However, as oeeatl earlier, the XRD technique
may not be effective to detect crystalline diffians if crystal size is small down to
nanoscale or its amount is less than a certaiicalrievel. Thus we employ a more

detailed analysis by TEM.
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Figure 6.11: X-Ray diffraction spectra of quarta) Un-irradiated material

and (b) After Femtosecond irradiation.
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6.3.3TEM analysisof fslaser irradiated quartz

To examine whether femtosecond laser irradiationged changes in the structure of
quartz, preparation of cross-sectional TEM sampkes carried out using the
technique demonstrated earlier. Figure 6.12 showspéical micrograph of a cross-
section of the gratings after thinning with broaxh ibeam. It is observed from the
figure that the laser machined grooves, which vaamed by the ion beam appeared
to be almost transparent in color. The thinnedargjiof the machined grooves were

then characterized using the transmission electrigroscope (TEM).

Figure 6.12: Optical micrograph showing a crossigeal TEM sample of
the laser machined gratings. The almost transpaggitns were thinned by

broad ion beam milling process.

Figure 6.13(a) shows a TEM micrograph of a femtoeddaser machined groove
at low magnification while Figure 6.13(b) showslase-up TEM image of the

wall structures. It is observed in Figure 6.13(battthe structures along the
groove have an irregular feature. To evaluate wdrefitmtosecond laser induced
structural modification of the machined groovesested area diffraction patterns
(SADP) were carried out at various positions inghenple starting from the edge
of the machined groove and moving into the bulke Thffraction pattern was

taken from the [001] direction. The SADP are shawfigure 6.14(a) and Figure

6.14(b) which correspond to the regions marked asd\B in Figure 6.13 (b).
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From the selected area diffraction pattern, ithsesved that the quartz structures
in region marked as B in Figure 6.13(b) were amizgzh by femtosecond laser
irradiation. A dull ring instead of a series of centrate rings was observed which
indicate that the material is amorphous insteadnaho crystalline. This
amorphous layer was found to vary in width rangdirmgn 200 nm to 300 nm on
both sides of the laser machined grooves. Howeleservation of the structure
about 200 nm away from the amorphous region showgfactive crystalline
layer indicated by the dotted line in Figure 6.)3@xamination of the material
located 400 nm away from the amorphous zone (tg@mmeis marked as A in
Figure 6.13(b)) shows that the structure still revearystalline.

Figure 6.13: TEM image showing (a) Low magnificatiof the irradiated
structure on the side wall of the microchannels] @ Close-up on the

structures along the microchannel wall.
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(b)

Figure 6.14: TEM diffraction images showing (a) N&ser irradiated
structure on the side wall of the microchannelsemion A in Fig. 6.13(b);

and (b) Laser irradiated structures in region Bim 6.13(b).

In order to verify that the amorphous region obsdrwithin the machined grooves
was induced by femtosecond laser, non laser inedliajuartz structures were
observed and compared. This comparison was castietiecause of the concern that
thinning with a board ion beam during the sampleppration might induce

amorphization of the material. Figure 6.15(a) shawdEM micrograph of a non laser
irradiated sample. The dotted line in the Figurk5@) shows the boundary between

the amorphous and the crystalline zones.

It is observed in the figure that a thin amorphtayr, region marked X was formed
along the edge of the non laser irradiated samfiée @on beam thinning. Figure

6.15(b) shows the SADP obtained from this regiobsévation of the non laser
irradiated samples at various locations within shenples show that the amorphous
layers induced by ion beam thinning have an avewigéh of about 50 nm. This

amorphous region is smaller than the laser irradiaegion. Since the damaged
region induced by ion milling is smaller, it can bencluded that the amorphous

region in Figure 6.13(b) is a result of the femtas® laser irradiation.
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(a) (b)

Figure 6.15: TEM diffraction showing (a) Non laseradiated quartz
structure and (b) TEM diffraction image obtainedrégion X of the non-

irradiated sample.

Femtosecond laser induced crystallizat{@henget al., 2003; Singhet al., 2003;
Bonseet al., 2002 & 2004; Zhangt al., 2005) and amorphizatior{(Malshe and
Deshpande, 2004; Vazquetizal., 2005 Ameret al., 2005; Rodenast al., 2006) of
materials have been reported for a wide range ¢émads.Amer et al. (2005)carried
out machining of silicon using femtosecond lased astimated the width of
amorphous region to be around 150 nm using micmadaspectroscopy technique.
Others such allalshe and Deshpande (20@&rried out both surface and subsurface
machining in LINbQ crystal and found that surface machining woulduoe a
smaller amorphous layer having a width of 100 nmcampared to subsurface
machining, which has a width ranging fronuh to 3um. Similar observations were
also reported bgorelik et al. (2003)andMatsuoet al. (2006)on subsurface structure
of quartz. In their reports, the amorphous layes Waund to have a width of gm.
The amorphous layer observed in this study hasléhvietween 200 nm to 300 nm. It
is comparable with the width of amorphous layerfamtosecond laser irradiated
surface of LiINbQ but roughly an order of magnitude less than thafssubsurface
machined LiINbQ@ or quartz. Therefore, it is worthwhile to note tthsurface

machining would induce a smaller amorphous thicknes
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Several reasons may be attributed to the amorphizgghenomenon observed in
quartz. It is known that the high viscosity of pi8&), makes the recrystallization of
pure quartz very slow, and that the amorphous-aitirst 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 tlet-éxpanding plasma, lead to an
amorphization of the crystalline quartz mati@orelik et al., 2003)

Another reason is that the thermal conductivityjoértz is ten times higher than that
of fused silica, thus the melted volume surroundecrystalline quartz cools down
faster than that in fused silica. Since slower icgplfavors crystallization, it is
conceivable that the melt in the quartz sample tiiglve cooled down too fast and so
no re-crystallization occurretKoubassowet al., 2004) Thus, an amorphous structure

rather than a crystalline structure was formed.

An interesting observation was made when carryungl&M examination of the laser
irradiated structures. It was observed that sonwoms of the quartz surfaces
contained a large area of particles of around 10msize. The TEM image and the
diffraction pattern of these nanoparticles are shinvFigure 6.16(a) and (b). EDS
analysis in this region indicates a high conceiumabf copper in the particles, as
illustrated in Figure 6.16(c). Indexing the difftmn pattern shows that the
polycrystalline ring matches the pattern of copper.

It is known that bombardment of solid targets usemgrgetic ions can lead to the
production of atomic recoils and defects within siadid and the ejection or sputtering
of atoms from the surface with the consequent erosif the solid(Carteret al.,
2001) In our experiment, the quartz substrate was lathonto a copper grid to carry
out ion thinning. It is believed that the formatiohthese copper nanoparticles were
the sputtered products from the copper grid whiadd hedeposited onto the quartz
surface during the ion thinning process. Thus speriecaution must be taken when
carrying out TEM observation as these nano-arsfactiuced by ion milling would

lead to misinterpretation of the images.
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Figure 6.16: TEM and EDS analysis of the nanospatécles on quartz. (a)

EDS spectra obtained from the nanoparticles regibowing a high

concentration of copper. (b) TEM image of the nawtples and (c)

Diffraction pattern of the nanoparticles on thestdte.
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6.4 Effect of femtosecond laser irradiation on structuretitanium

6.4.1 Surface morphology and chemical composition analysis

Commercially pure titanium foils (99% pure) haviaghickness of 10pm was used
for the laser experiment. The foils underwent gligiolishing with diamond

suspension paste from a grade of 6 pm to 1 pum gssiyely to remove any scratches
or particles on the surface. The foils were theshea with ethanol and followed by
rinsing with de-ionized water to remove organic teomination. 3 mm diameter discs
were punched out from the foil using a puncherdwect observation of the laser
irradiated structures under TEM. The discs weramnagashed with ethanol and de-
ionized water to ensure the surface was free froyncaiganic contamination prior to

the laser ablation experiment.

In this experiment, it is noted that thin foil wasiployed instead of a bulk sample in
order to preserve the original laser irradiatedas@ so that the sample could be
directly observed under TEM upon femtosecond atmatvithout undergoing any
sample preparation process. This is especially itapbwhen carrying out HR TEM
studies as the sample preparation process usinthioning technique can alter the
microstructure if it is not done correcilMizeikis et al., 2005) Figure 6.17 shows the
SEM results of the titanium foil after irradiatimgth different number of laser pulses.

The fluence was calculated to be about 47.73/cm

From Figure 6.17(a), a melting or splattering pattis clearly observed around the
femtosecond laser ablated crater after irradiatuitn 10 consecutive pulses. This
melting or splattering pattern which is commonlysetved on surfaces ablated by
long pulse or nanosecond laser is a result oftfesimal melting and solidification
(Hoffman 1974; Zhigileiet al., 2009) For femtosecond laser machining, though it is
often considered to be a non thermal pro¢ktsgareevet al., 2006; Watanabet al .,
2007) similar melting has been observed and the dymarfac femtosecond laser
induced melting have been carried (Bbnseet al., 2004; Waiet al., 2008)
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By taking a closer examination of the splatteriragtgrn around the peripheral of the
ablated crater at higher SEM magnification (Seeifeéd.17(b)) periodic structures or
also commonly known as ripple in many literatures de observed. By further
irradiating the surface with more laser pulsesripples can be observed around the
ablated crater (See SEM images in Figure 6.17r(d)(d)). This indicates the ripples
formation is dependent on the total cumulative @uwsd fluencgYasumaruet al.,
2005; Wangget al., 2005; Groenendijkt al., 2006) Moreover it is observed that the
foil was drilled through with little redepositiomsound the ablated region after 1000
pulses.This indicates that femtosecond laser is an effedibol for micromachining

of aerospace materials like titanium.
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(€) (d)

(e)

Figure 6.17: SEM micrographs of titanium surfacerafemtosecond laser

irradiation. The numbers of pulses are as folloars(&) 10 pulses, (b) 100
pulses, (c) 1000 pulses, (d) 10000 pulses and I@eCup of image la

showing ripples.
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Next, to examine whether femtosecond laser irramiatvould induce structural

changes, the structures around the laser ablasteravas carefully observed under
TEM. A comparison was carried out between the lasadiated and non-laser
irradiated foil in term of the crystal structuredarhemical compositions. Figure 6.18
shows the Energy dispersive spectra (EDS) reshttmed for the non-irradiated and
laser irradiated surfaces. No significant changehiemical composition was detected

due to femtosecond laser irradiation.
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Figure 6.18: EDS showing no change of chemical asition in the
titanium foil. (a) Non-irradiated surface; and ®urface irradiated with

femtosecond laser.

6.4.2 TEM analysisof fslaser irradiated titanium

Bright-field TEM results of the titanium structur@sadiated with 100 and 10000
femtosecond laser pulses are presented in Figd®&&j.and (b). Under low TEM
magnification, the laser irradiated region for btite samples show many overlapping
granular patches with sizes ranging from 10nm @omn3. The use of low TEM
magnification could only give an overview of abttsample but not the details of
their crystal structures. Therefore diffraction lgees of the two samples under high
resolution (HR) TEM mode was further carried otteTHR TEM results for 100 and
10,000 pulses are presented in Figure 6.20(a)@nah(le their diffraction patterns in
Figure 6.20(b) and (d).
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In Figure 6.20(a), the HR TEM image clearly showatithe titanium structure after
1000 pulses consists of both amorphous and crystafihase as indicated by the
wave pattern superimposed on the background ofattiee fringes. Far away from

the ablated crater, the material still remains telise. Selected diffraction results
(See Figure 6.20(b)) show very weak circular rindgpich further prove the existence
of some nano crystals within a highly rich amorphghase. For sample irradiated
with higher laser pulses (10000 pulses), the HR Tillsige (See Figure 6.20(c)) only
shows a wave pattern which indicates only the meseof amorphous phase. The
corresponding diffraction pattern is shown in Feyd.20(d). From the diffraction

pattern, a dull circular ring is observed which whothat the irradiated titanium

structure contains only of amorphous phase.

It is estimated that the laser amorphous regionsorea from the edge of the crater is
around 150 nm. This result is quite similar to HHAgth found for femtosecond laser
ablation of metals which is found to be a few headr of nanometeré_e et al.,
2002) A non-laser irradiated sample was also used @mgarison against the two
laser irradiated samples. TEM image and diffractiesults of the non-irradiated
titanium are shown in Figure 6.20(e) and (f) resipely. For the non-laser irradiated
surface, the HR TEM image shows very clear latligeges which are only present
for crystalline materials. The diffraction pattewrresponds to a zone axis of [2-1-10]

as shown in Figure 6.20(f).
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Figure 6.19: Bright-field TEM images of the titamustructures after

femtosecond laser irradiation. (a) 100 pulses ahd @000 pulses.

In this study, it is observed that the distributiohthe amorphous and crystalline
phase depends on the distribution of the lasensitte The degree of crystallinity of
the ablated titanium increases from the unstrudtuegion toward the center of the
irradiated zone. Furthermore an increase in thebeurof laser irradiated pulses leads
to a higher degree of the amorphization of thedieed zones which is explained
according to the melt-quenching phenomena. A médeaynamics simulation study
on the heat-affected zone of copper metal ablaidd femtosecond laser shows that
using higher fluence, the thickness of the heateadd zone is greater because the
laser energy is absorbed into the deep layer ddleetdigh thermal diffusion length
compared to the skin depfhlirayama and Obara, 2009)he residual energy left in
the metal, which is not used for ablation will icés a liquid phase thus leading to the

amorphous or polycrystalline phase of the metahdure-solidification.

For our case, since increasing melting and sotigiion is observed with increase
cumulative fluence base on the SEM results, itls® @aresumed that the remaining
laser energy did not further contribute to the tiaaprocess. This excess or residual
laser energy induced heat and formed a very thyerlaf melt around the laser
ablated cratefHirayama and Obara, 2002; Guo, 2Q06)s reasonable to assume that
femtosecond laser ablation often involves fastihgatand cooling due to the very
short pulse duration. Therefore, heat from the imgltegion is quickly absorbed by

the large cold surrounding resulting in a rapid rgpie of the melt when the laser

121



Chapter 6 FsLaser Irradiation Effects on Sructures of Crystalline & Amorphous Materials

pulses terminate. This results in total amorpholasp around the laser irradiated
region. This mechanism is similar to the technigsed for fabricating amorphous
metal by using melting and fast quenching. In summfamtosecond laser irradiation
can induce amorphization in titanium. The transfation from crystalline to

amorphous phase is highly dependent on the nunibaser pulses as observed from

the TEM results.
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Figure 6.20: Bright field TEM and diffraction pattes of femtosecond laser
irradiated and non-irradiated titanium. (a) anddl® the Bright field TEM
and diffraction pattern of titanium irradiated witBO0 pulses, (c) and (d) are
the Bright field TEM and diffraction pattern of aitium irradiated with
10,000 pulses, (e) and (f) are the Bright field TEM diffraction pattern of
a non-laser irradiated titanium having a Zone Afig2-1-10].
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6.4.31n situ TEM analysis of fslaser irradiated titanium

Next, the use oifn-situ TEM technique was also carried out to study thalwgion of
amorphous titanium structures upon thermal anngalins to note that this may be
the first reportedin-situ study to observe femtosecond laser irradiateditita
structure evolution upon thermal treatment. Simiéarhnique can also be applied to
study temperature effect on fs-laser irradiate@dgtan recrystallization and how it can
affect the optical properties. The laser irradiagenorphous sample was placed on a
Gatan 652 double-tilt TEM heating holder and sulg§gdo heating. For commercial
pure titanium, typical recommended annealing teatpee ranges from 650 °C to 760
°C while the annealing time can vary from 6 minue<® hours(Harry, 1996) For
this experiment, the heating rate was set at 20e¥CGninute and the total heating time
was 3 hours. Heating of the sample was carriedfromt an initial temperature of
25°C to a final temperature of 600 °C which ishliglower than the recommended
temperature due to the TEM tool limitation. Howewe delta of 50 °C is still high

enough to study the structural evolution.

In-situ characterization on the amorphous titanium strectwas carried out

constantly by capturing both the bright field TEMages as well as its diffraction
patterns throughout the entire annealing procelss. dbjective was to have a better
understanding on the recrystallization dynamic ofogphous structure as it often

involves complex processes such as crystal nuoteatid grain growth.

Selected TEM diffraction results for the entire tie@atment process at different time
interval are shown in Figure 6.21 while the brifjetd TEM images of the pre and

post annealed titanium structures are shown inreigu22 respectively. From Figure

6.21(a), the laser irradiated region prior to hegtis of total amorphous phase as
illustrated by a dull circular ring. However, afténe sample was annealed for
approximately 15 minutes, several weak concentratey are observed (See Figure
6.21(b)). This indicates that nucleation and growttihe nano crystals had occured
within the amorphous material. As expected, witlorager heating time (See Figure
6.21(c), the diffraction signal get stronger ant tindicates an increase in crystal
growth.
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The diffraction pattern at the end of the annepkxperiment is shown in Figure
6.21(d). The diffraction results correspond clogetite zone axis [01-10] of pure
titanium though the angle between [0002] and [-21i&0not at 90° angle. This is
likely due to the sample not achieving full recaftation and there is still some
distortion within the crystal lattice. The TEM imegyin Figure 6.22(b) confirm the
diffraction results. It is observed that the samms not been fully recrystallized as

the regular lattice array has not completely dgwedtb

One interesting observation made is that the drgstavth seems to initiate from the
edge of the sample rather than the centre regemarlglas indicated in Figure 6.22(a)
and (b) by the arrow. From some literature, thisr@menon where crystal growth is
initiated from the sample edge is likely attributedthe free surface energjunget

al. (2001)reported that the both the grain boundaries anide energy also play a
very important role in determining grain growth.the same report, they commented
that the free surface energy will only play an\atiole in driving grain growth when
the grain size is comparable to the film thickndssanother report byschumacher
and Wahi (1998)they observed that the nucleation of the crystaleamorphous
Pds;Siyg initiated faster from the thinner part of the s&mprhey related their
observation to both the surface and interfaciad ®eaergies. In this study, since our
observation is similar td&Schumacher and Wahi (1998Jhere the nucleation is
initiated from the edge. It is speculated thatdhging force for the recrystallization
process of amorphous titanium upon heat treatmemnost likely due to the free

surface energy as well.

Since the fs laser irradiated sample can be dyretiterved under TEM, the thickness
should be around one hundred nanometre or leskés.tiickness is much smaller
than the original grain size in several micron ecéls such, the effect of free surface
energy is likely to be very prominent as commentg&chumacher and Wahi (1998)
However, recrystallization from amorphous structisreften a complex process and
crystal structures evolution may varies with difetr processing parameters and this
warrant further studies. It is hope that the ab@geilts can simulate research interest

in studying microstructure evolution on laser ifedeld material.
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Figure 6.21: TEM diffraction patterns showing thernhation of nano
crystals with time (a) Before annealing, (b) 15 utés, (c) 80 minutes & (d)
After 180 minutes. [01-10].
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(@)

Figure 6.22: Bright field TEM images showing theogth of the crystal
lattice when subjected to thermal annealing (a) ihGtes and (b) 180

minutes.
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6.5. Summary

A study on femtosecond laser irradiation effectstlom structures of crystalline and
amorphous materials has been carried out. For@roas material like fused silica,
the XRD spectra and TEM observation reveal thatcstire remain amorphous after
femtosecond laser irradiation. For irradiation effe on crystalline quartz, the
structures of microchannels walls revealed thatféinetosecond laser pulses induced
an amorphous zone layer ranging from 200 to 300imnvidth, which is about an
order of magnitude less than the width of amorpHayer in the case of subsurface
machining. In titanium metal, it was demonstratedt tthe formation of amorphous
and crystalline carbon depends on the distributibthe laser intensity and that the
use of high number of pulses lead to higher degfeamorphization of the irradiated
zones according to the melt-quenching phenomenastiyl.ain situ TEM
characterization on the laser irradiated titaniunucsure during thermal annealing
process revealed the recrystallization dynamicambérphous metal. This technique

can be also applied to study temperature effeés-daser 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 channetsansparent materials has attracted
great interest due to its high potential for theedepment of integrated micro-optics
and biochip devices in the MEMS industrigseet al., 2001;Giannoneet al., 2010)
The femtosecond laser ablation technique is ha®s badely use for fabricating
microstructures on many materials with minimal at@lal damagéStuartet al.,
1997; Yanget al., 2010)

However in recent years, there is an increasegartg on detrimental defects (cracks)
induced by femtosecond laser in machining of trarespt materials like ruby
(Chiwon et al., 2009)glass(Kuriyama and Ito, 2003; Wang al., 2004) diamond
(Kononenkoeet al., 2008),ruby (Moonet al., 2009)and quartdBudimanet al., 2010)
For practical engineering applications, materiac&mg must not be allowed as it will
cause failure to the product. Although some stutiege suggested that using high
laser fluencéQi et al., 2010)and higher machining speétb et al., 2003; Lowet al .,
2005) can induce cracking and should be avoided. Howeliere are no systematic
studies carried out in understanding the crackingclmnisms as well as the

conditions for cracking to occur during femtosectagkr machining of fused silica.

In this chapter, the laser parameters and theactffon crack formation in drilling
and surface machining of fused silica is reporigdough a series of systematic and
detailed design of experiments (DOE), a safe pedadow (without cracking) is
also proposed for driling and surface machining faked silica. Lastly, the

mechanism for femtosecond laser induced crackirfgsad silica is discussed.
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7.2 Crack formation in fslaser drilling of fused silica

The relationship between the applied fluence anseguand its influence on cracking
during fs laser drilling is important. A simple DQ#hich is based on the concept of
full factorial method was setup using 3 differeasgdr fluences ranging from slightly
above to many times above the threshold fluendasad silica. It is to note that base
on the full factorial method, 4 different combirmats of fluence and pulses are needed
when irradiated with 2 different parameters. Howef@r this case we use more than
4 combinations is used to improve the accuracyhefaxperiment. The laser fluence
used correspond to 4.77 Jfcra3.87 Jicrhand 95.48 J/cArespectively. The fluence
was calculated based on single pulse energy divijethe featured diameter (D).
These fluence values correspond to 1.5, 7, andri&stabove the threshold fluence of
fused silica for a 1mm thick substrate. Drilling wficroholes was carried out at

different pulses ranging from 1 to 10000.

Figure 7.1 to Figure 7.3 illustrates the opticatmgraphs of the top profiles of the fs
laser drilled holes using the above conditions. @ésserved from the optical
micrographs in Figure 7.1, drilling using a fluerme4.77 J/crhdid not induce any
surface cracks for the range of pulses applied. é¥&w when the drilling was
performed using the next higher fluence at 23.&Tf)/some micro cracks were
observed around the peripheral of the hole onlgraf® consecutive applied pulses
The length of the crack is approximately @th and the crack length continues to
increase with more laser pulses until it saturébea length almost or equal to the
diameter of the laser ablated crater. The lastosdtuence (23.87J/C?D1 observed
severe cracking at a low number of applied pul§=e (figure 7.3). A crack profile
measured by AFM is shown in Figure 7.4(a) and dicead analysis of the crack in
Figure 7.4(b). It can be observed that the cradkiged a step height about 100 nm

above the surface as measured by AFM.
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(@) (b)

(e) (f)

Figure 7.1: Optical micrographs of fs laser ddlleoles using a fluence
of 4.77 Jicri The laser pulses are as follows (a) 1 pulsel(bpulses,
(c) 50 pulses, (d) 100 pulses, (e) 1000 pulsegfrid000 pulses.
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@) B B

Figure 7.2: Optical micrographs of fs laser ddlleoles using a fluence
of 23.87 J/crh The laser pulses are as follows (a) 1 pulselQbulses,
(c) 50 pulses, (d) 100 pulses, (e) 1000 pulsegfdd000 pulses.
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(f)

Figure 7.3: Optical micrographs of fs laser ddlleoles using a fluence
of 95.48 J/crh The laser pulses are as follows (a) 1 pulselbpulses,
(c) 50 pulses, (d) 100 pulses, (e) 1000 pulsegfrid000 pulses.
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Figure 7.4: AFM images showing (a) Top profile ofrack (b) Sectional
analysis of the crack profile. The laser fluencd polses used are 23.87
Jlenfand 10 pulses.
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From the above results, it can be concluded thatkang of fused silica during

femtosecond laser drilling process is highly degendn the applied laser fluence
and pulses. Therefore it would be useful to findafe process window where the
drilling can be safely carried out without any ddag. To find the optimum

processing window, a second set of laser drillixgegiments was conducted. It
should be noted that this second drilling experimeas carried out using the full
factorial design method but in a more detailed neanms compared to the first
experiment. A wider fluence range but with a smadieep size between the pulse

ranges is used so as to find the cracking boundary.

The laser fluence for the second experiments wi Bcnito 190.6 J/crhand pulse
ranging from 1 to 50,000. The laser drilled holes éach set of parameters were
observed under the optical microscope for any efggracks. A pictorial model based
on the optical observations is summarized and showigure 7.5. From this figure,

it can be observed that femtosecond laser drihfyised silica can be classified into
2 different zones: (i) No cracking and (ii) Craakimone. The crack boundary occurs
around a fluence of 15.9 J/énThis fluence corresponds to about 4.5 times the
threshold fluence of fused silica. Exceeding thaue would result in a direct
cracking scenario during the drilling processsliiorth noting that the above results
may represent the first parametric study of theatfbf laser influence and pulses on

crack formation of femtosecond laser drilling o$édl silica.
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Figure 7.5: lllustrate 2 different zones in Fselagrilling.

Next by plotting the crack length as a functionsesl at different fluence, it is
observed that the crack length exhibit a logarithrdependence on the applied
fluence and pulses which is shown in Figure 7.@ektionship between the crack
length and the applied fluence and pulse can beeatkfrom the graph and can be

fitted into a simple empirical expression as folkow
I, =01F,In(R,) (7.1)

where () is the crack length(P,) is the applied pulseand (F4) is the applied
fluence. It is to note that the empirical expressgonly valid if the applied fluence is

greater than 4.5 times the threshold fluence @ddusilica.
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Figure 7.6: Crack Length as a function of puldedifferent fluence.

However, one question still remains why crackingulgostill occur even though fs-
laser machining is widely considered to be a namrtfal machining process. In this
study, the hypothesis adopt for the crack formatibfused silica is a result of fs-laser
induced shock pressure cracking. When transparetécttic like fused silica is
subjected to intense fs-laser irradiation, theted®s near the surface will be excited
via nonlinear multi-photon absorption and subset@malanche ionization process
(Mommaet al., 1996; Glezekgt al., 1997; Lenzneet al., 1998; Perret al., 1999).
The laser energy is then transferred to the latiwen reaching critical pulse energy
and a strong plasma is generated at the matetaface. As the plasma expands, it
induced a violent recoil pressure that causes matemoval(Chenet al., 2006; Mak

et al., 2011).At the same instance, the recoil pressure developmpact force at the
vapor to solid interface generating a high magmtafiplastic wave (shock wave) that
propagates towards the surrounding and into thie Buschematic of plasma induced
recoil force is shown in Figure 7.7.

During shock wave loading of solid materials, thatenial is subjected to high strain
rates. The most widely studied of these processpsobably spall fractur@ntounet

al., 2002)which arises from tensile stresses generated &yinteraction of release
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waves within the material upon reflection of a coegsive pulse from a free surface
or from an interface with a layer of lower acoustipedance. If such tensile stresses
exceed the dynamic strength of the material, tlase the nucleation and growth of
micro-voids or micro-cracks which may eventuallyalesce to form a macroscopic

fracture and lead to the ejection of one or sevieagiments (spalled layers) from the

sample(Thibuatet al., 2010)

Griffith proposes that all brittle material contaanpopulation of small cracks and
flaws that varies in sizes, geometries and ori@rtaFacture occurs when the tensile
stress exceed the theoretical cohesive strendtieahaterial at the tip of one of these
flaws (Callister, 2000) To verified that the fs-laser induced tensilesses has exceed
the dynamic strength of fused silica ~ (104 MPa} tesulted in material fracture, the

critical stress §,) is calculated based on a crack length of 10 paws in Figure

7.2 using

K, = Y(\',—Cjac\/ﬁc (7.2)

Where K)is the fracture toughnessy)(is a dimension parameters or function that
depend on both the crack and specimen sizes amdegees, as well as the manner of

loading, () is the crack length andM is the sample width. For fused silica, the
fracture toughness is given as 0.79 MﬁandY(\L—;j is approximately equal to 1.1

for a very wide plane and short crack. The critetadss is calculated to be 128 MPa
which is greater than the theoretical strengthusedl silica at 104 MPa, thus cracking

ocCcur.
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Figure 7.7: Schematic showing plasma induced réowe.

Lee et al. (2004jeported that the recoil pressure can reach arahd0 x 18 to 200

x 10° Pa when irradiating the surface of silicon usingaaosecond laser with a peak
power at 18" W/cn?. Bernath et al. (2006lso reported that pressure of aluminum
irradiated with high intensity fs-laser beam caduice pressures of tens of GPa with
electron temperatures approaching 30eV. In the sampert, they also reported that
that the pressure inside the plasma can increasel@® GPa, with electron
temperatures of tens of thousands of keV at irraxia greater than ¥Ow/cm and
have demonstrated that fracture of silicon dioxidald occur due to shockwave. For
our experiment, the recoil pressirdkbar) in the ambient air can be estimated using

the following equation by treating air as an idgas(Fabbroet al., 1990)

4
—32d ¢ A%
P_322(25+3J (4p)31] (7.3)

Here, £ is the ratio between the thermal and the inteenakgy, which is equal to 1 in

the case of an ideal ggs.is the density of air . (0.0011 g/éandl, is the absorbed
intensity of the laser beam in GW/&nfror our laser drilling experiments, the recoil
pressure is calculated to be in the range of 118'kto 9 x 16?Pa. Such enormous
pressure generation could easily induce crackimgriaterial like fused silica as the
material has small value of thermal conductivity3gLWni'K™), thermal expansion

(0.55 x 10°K™) and defect accumulatidiisaiet al., 2003)
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7.3 Crack formation in Fslaser machining of fused silica

Next, evaluation on defect formation in scribingaves on the fused silica using a
moving femtosecond laser beam was carried out.KElyeobjective is to understand
the dynamics of defect formation when a moving fesatond beam is applied in
machining as compared to a stationary beam. Moreaves hoped that through a
series of DOE, a set of optimum cutting parametars be introduced for machining
of grooves on the fused silica is so that defeis tracking or chipping can be

avoided.

By varying two of the most used machining paranseserch as the laser fluence and
feed rate, a simple DOE using full factorial desmgethod was first set up to evaluate
if defects could occur under three different mairtgrconditions. Scribing of grooves
using a single pass was carried out using a spaeging from 1Qm/sec to 500
pm/sec for three different sets of laser fluencechhare 7.96 Jlct 15.9 J/crfiand
31.8 J/cmh. Figures 7.8 to 7.10 shows the optical resultstt@f microgrooves

machined using the three different sets of lasmmite at different feed rates.

For the grooves machined with a fluence of 7.96%/it is observed from the optical
micrographs in Figure 7.8(a) that machining withloav feedrate of 10um/sec
produced clean edges without any material cracksh@ping observed. Similarly,
scanning at the next two higher speeds of 50 afdufidsec produced clean edges as
well. However, it is observed that as the machingpged progressively became
higher, some waviness along the edge of the grooaashbe observed as shown in
Figure 7.8 (d). At a speed of 5@n/sec (See Figure 7.8 (e)), slight chipping can be
observed on the edge. For grooves machined willnemde of 15.9 J/cfn similar
observations are made except that the chippingrgete severe when higher fluence
is applied. For the third set of applied fluenc#.83J/c), highest among the three, it
is observed that the chipping signature tend taiscearlier at even lower machining
speed which is at 250m/sec. At speeds ranging from fih/sec to 10Qum/sec, no

chipping or cracking is observed.
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To obtain a safe process window for machining ajoges in fused silica, more
grooves were machined using a wider fluence rasgeoapared to the first DOE.
Figure 7.11shows a summary of the results obtained for amfidence range. From
the graph, it is observed that machining in both high and low fluence regime can
induce defects formation when the fused silica damg translated at a highest
feedrate of 50Qum/sec. These defects can be in the form of onlyen@tchipping
when machining in the low fluence regime, or cansfsboth chipping and cracking
when machining in the high fluence regime. Thus tecommended that machining
of fused silica using high federate should be aatidnd the feedrates should be kept

below 100um/sec to avoid material cracking based on the tesbkained.

In summary, it can be concluded that the fs lasachimed grooves on fused silica is
highly dependent on the applied laser fluence aadhining speed. Moreover, it is
also observed that higher machining speeds seepr®ntaote even more chipping or
even cracking. This observation is in contrast witlectric material machined using
long pulse lasergTsai et al., 2003) For machining with long pulse lasers, using a
higher machining speed would reduce the tendenayawfking due to a reduction of

thermal stress.

For femtosecond laser machining of fused silicatem cracking or chipping is
more likely to be a result of thermal shock rattiemn recoil pressure force created by
the expanding plasmé&ongsuwanet al., 2012) By translating the sample with
higher peak power and higher scanning speed rasutfiigher peak temperature and
greater thermal gradient surrounding the absorptmome, respectively. Once the
thermal stress overcomes the fracture stress ah#terial, cracks are initiated in the

material as clearly observed from the resultSigure 7.12
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--

Figure 7.8: Optlcal micrographs of fs laser maetingrooves using a

fluence of 7.96 J/cfn The machining speed are as follows (a) 10
pum/sec (b) 50 um/sec (c) 100 pm/sec (d) 250 undsec(e) 500
pm/sec.

(d)
Figure 7.9: Optical micrographs of fs laser maeHigrooves using a
fluence of 15.9 J/cfn The machining speed are as follows (a) 10
pum/sec (b) 50 um/sec (c) 100 pm/sec (d) 250 pnesec(e) 500

um/sec.
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(@)

(d)

Figure 7.10: Optical micrographs of fs laser maetigrooves using a
fluence of 31.8 J/cf The machining speed are as follows (a) 10
pum/sec (b) 50 um/sec (c) 100 pm/sec (d) 250 undsec(e) 500

pm/sec.
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Figure 7.11: Summary of cracking Vs no crackingioa in fs laser

machining grooves using different fluence and fatier
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Figure 7.12: Optical micrographs of fs laser maeHigrooves using a
speed of 500 um/sec. The laser fluence are asml(@) 7.96 J/ch
(b) 15.9 J/crfi(c) 31.8 J/crh(d) 79.57 Jicrhand (e) 159.1 J/ch

74 Summary

A systematic investigation on the effect of ladaefice, pulse and feedrate in crack
formation during fs laser drilling and machining folsed silica is carried out. For
drilling of contact holes in fused silica, an optim process window has been
identified which is to use a fluence level not mtran 4.5 times the threshold value
so that cracking can be prevented. A simple engliggpression to predict the crack
length base on applied fluence and pulse has bewelaped. For machining of
surface channels, it is recommended that high &eeshould be avoided to reduce
the tendency of defect formation and the federdateilsl be kept below 100m/s. The
developed micromachining process has potentialieg@n in manufacturing blind

contact holes and channels on fused silica subdteted bio and optical devices.
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Chapter 8 Conclusionsand Futurework

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 (1~<150fs, A=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 ripplesisaresult of harmonica

wave generation. By varying the experimental parameters such as fluence, pulses and

beam polarization, it isfound that orientation and period of these ripples structures can

be controlled experimentally. Also it isfound 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

silicaglass on theripple formation. Thiswill play akey 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 afs-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 afaster 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 amor phous 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
afemtosecond 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 arange of 200 to 300 nmin

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 revea 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 Fslaser 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 pul ses
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 silicain
order to avoid a cracking scenario. The mechanism for the fs-laser induced crack is
proposed to be aresult 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 pm/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 FutureWork

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

investigation.

(1) Ripplescan be used for awide 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 alarge 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 changeis still
not yet fully understood. This is especialy 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 usng 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 B

= Variability Gauge Fluence=6.25 Jicm2

= Variability Gauge Fluence=12.5 Jicm2

Appendix

“ariahility Gauge Fluence=23 J/cm2
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| wariability Chart for Depth
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