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ABSTRACT

Vibration assisted femtosecond laser Invar36 hole drilling
processing and Ag nano-particle synthesis by laser ablation in
Liquid*®

Material and femtosecond pulsed laser interactions are of interest 1n practical
applications as well as material science interests. Advances 1n chirped pulse
amplification techniques using solid-state lasers and Ti:sapphire lasers have solved
problems that are difficult to achieve with high intensity. Applications 1nclude
high-intensity physics, femtosecond pulsed laser processing, and high-order harmonic
generation. Femtosecond laser processing 1s one of the most promising technologies in
femtosecond laser applications. This 1s because processing physics 1s significantly
different from conventional nanoseconds and long pulse laser machining.

In this dissertation, first, this paper introduces motivation, background, and previous
research. Second, theoretically describes matter-femtosecond pulse interaction and
processing. Machining of metals by femtosecond lasers is theoretically described using a
two-temperature model. Femtosecond laser ablation 1s expressed by a physics theory that
takes 1nto account the electron contribution calculated by the two-temperature model.
The processing rate and the thickness of the heat affected zone are theoretically
estimated. Third, the wvibration assisted femtosecond laser hole drilling process 1s
explained experimentally and theoretically. Experiments were conducted to investigate the
effects of vibration on the ablation profile when applied to the hole drilling process,
and cross-sectional profiles were obtained through FIB. Data were extracted and fitted
for numerical analysis, and the results were compared for vibration parameters.
Experiments were conducted to 1investigate the synchronization problem between the
vibrator and the laser which may occur when the wvibrator 1s actually applied in
industrial field. In this experimental condition, the deepest ablation depth was obtained
when the wvibrator and laser were synchronized. Theoretical and experimental studies

have confirmed that the ablation depth and taper angle can be adjusted by adjusting



only the maximum amplitude of the vibrator under the condition where synchronization
1s appropriate. For this purpose, the results of adjusting the taper angle by controlling
the vibration amplitude of Invar 36 material were shown as a demonstration. Lastly,
Laser ablation Silver in liquid results are described. Laser ablation in liquid (LAL) 1s a
simple technique for developing various high-purity nanomaterials without surfactants.
However, due to the difficulty of controlling the particle synthesis process, the
fabricated nanomaterials always have a large distribution with a high degree of
dispersion (o). The lack of surfactants can also cause problems 1in particle growth,
which makes adjusting colloid size more difficult. Therefore, for nanomaterials
synthesized through LAL to be widely used 1n biological, catalytic, and optical
applications 1n which particle size plays an important role, it 1s 1mportant to seek
strategies to control colloid size while also inhibiting particle growth. This raises a
series of questions concerning how particle growth occurs in colloid storage, how large
the particle grows, and how the shape of the particle changes. To answer these
questions, Ag particles synthesized through femtosecond (fs) laser processing of Ag 1n
acetone were used as starting materials, and the Ag particles (2-10 nm) generated
through LAL with no surfactants were stored for six months. Through
carbon-encapsulation they grew into large particles and polygonal particles (5-50 nm),
and the spontaneous size separation phenomenon was found to be induced by particle
precipitation. Very small particles (5 nm or less) comprised the highest ratio in the
supernatant. In addition, we propose a method to fabricate and gain the ability to apply
a three-dimensional structure or {film through ex-situ SU-8 functionalization using
polymerization, while at the same time controlling colloid size and inhibiting particle
growth. The Ag nanoparticles (NPs) synthesized through fs laser processing of Ag in
acetone were subject to ex-situ SU-8 functionalization and stored for six months, after
which most particles larger than 10 nm became aggregates and precipitates and the size
distribution of the supernatant narrowed to an average diameter of 4-5 nm with ¢ of
48-78%. Radical polymerization of SU-8 for Ag NP 1s presumed to be the cause of
spontaneous size separation and growth inhibition. The results of this study are expected

to provide a new method for better size control of colloids synthesized through LAL



using ex-situ SU-8 functionalization, even though halt of the colloild mass i1s wasted due

to the precipitation of colloids resulting from radical polymerization.

Keywords: Vibration assisted femtosecond laser processing, Theoretical
investigation, Invar36, Laser ablation in liquid, Ag
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Chapter 1. Introduction

1.1. General characteristics of lasers and femtosecond lasers

Since the invention of the laser in 1960, pulsed-laser machining has been extensively
studied. Lasers are used 1n a vast variety of industrial applications such as cutting, hole
drilling, surface treatment, and welding. However, nanoscale laser machining has not yet
found many application fields. Laser machining 1s generally wused to form
supra-nanostructures. For example, excimer lasers are primarily used for micromachining
of ceramics and polymers and crystallizing amorphous indium tin oxide (ITO), and
Neodymium-Doped Yttrium Aluminum Garnet (ND:YAG) lasers are typically used for
microscale hole drilling, cutting, and marking. Moreover, nanosecond or microsecond
lasers can cause thermal or mechanical damage (e.g. melting, formation of burr, and
thermal cracking, and morphological change). In various applications for fabricating
metallic microstructures, these limitations can be overcome by using ultrashort laser
pulses (in the order of picoseconds [107* s] or femtoseconds [10™"° s]), which leave no
or negligible heat-affected zone or microcracks on a surface that 1s being machined
owing to extremely short pulse durations, thus mimimizing the collateral damage and
thermal diffusion of the 1irradiated surface of the workpiece. For these advantages of
ultrashort laser pulses, a great deal of research 1s underway to apply them in the field
of micromachining.

Femtosecond lasers are excellent micromachining tools for fabricating microstructures
on practically any solid materials, such as metallic, non-metallic, semi-conductive,
transparent, and polymeric materials, with relatively low post-treatment requirements. In
particular, femtosecond laser machining offers great potential for applications sensitive to
collateral damage because i1t has extremely low thermal diffusion in the area around the
irradiated zone.

Femtosecond laser micromachining 1s a process of fabricating micro/sub-microscale

structures on the surface of an absorptive or transparent material or inside of a



The basic concept of mode-locking 1s i1n fact simpler than the explanation given
above. It basically ivolves a simple method of locking other modes competing for the
available gain. Prior to the advent of KLM, the following two methods were used as
mode-locking techniques: (a) Active mode-locking (using an acousto-optic modulator for
frequency modulation to maintain fixed modes) and (b) Passive mode-locking (using a
saturable absorber to induce time-dependent loss). The basic principle of mode-locking is
to induce the total laser power to be concentrated on a narrow time window within a
pulse by eliminating weak magnetic fields and strengthening strong magnetic fields. A
large number of lasers are still operating by this mechanism, mostly in the picosecond
regime. The main limitation of this approach 1s the reaction time i1n active or passive
mode-locking, 1.e., the time to trigger changes within the cavity.

KLM 1s a self-locking process. In most cases, all modes are locked automatically
without any external intervention such as installing active or passive modulators in the
laser cavity. KLM was first observed unexpectedly in a Ti:sapphire oscillator [Spence et
al., 1991; Keller et al., 1991]. KLM occurs by the nonlinear optical effect of
Ti:sapphire crystal, a process i1n which the refractive index of Ti:sapphire changes
according to the Ilaser intensity of a mode-locked laser, with the refractive index
increasing more at the center part than in the periphery due to laser intensity difference,
with the crystal acting like a Kerr lens, resulting in the so-called optical Kerr effect of
the gain crystal, i1.e., an i1ntensity-dependent refractive index variation. The operating
regime of a mode-locked short pulse laser can obtain the nonlinear effect more
efficiently compared with that of a continuous-wave (CW) or random-phase, multimode
laser, resulting 1n oscillation to generate even shorter beam radn. In this process,
ultrashort pulses can be generated by selectively reducing the loss using a variable
aperture placed i1n the cavity. This suggests that stable operation 1s possible only 1n the
mode-locked state. Spikes in an active or passive cavity transform the laser from CW
operation to mode-locking operation (for informative structural and functional diagrams
representing various operating regimes of mode-locked lasers, see [Keller, 2003]). Most

femtosecond oscillators are Kerr-lens mode-locked lasers. They have a simple cavity

because no additional medium 1s needed, and the effect 1s 1mmediate. A Kkerr-lens



mode-locked femtosecond laser oscillator can generate ~5 fs pulses [Pshenichnikov et al.,
1998]. Since all the optical eclements inside a laser cavity trigger nonlinear dispersion,
the phase relationship among various wavelength components should be maintained using
prisms or chirped mirrors to compensate for the cavity dispersion.

However, a femtosecond oscillator typically operates 1n the order of a few
nanojoules (nJ) per pulse. Machining applications of such ultrashort pulses require
multi-stage amplifications to achieve the required intensities. However, early research
into ultrashort pulse amplification had some limitations (see, for example, [Koechner
1996]). Besides laser-induced optical loss, serious negative effects arose due to
intensity-dependent phase shifts [Perry & Mourou, 1994]. Furthermore, beam radius
expansion aiming to reduce the pulse intensity 1s cost-intensive because of larger system

size requirement. This limitation was overcome by an ingenious concept of chirped

pulse amplification (CPA) [Strickland & Mourou, 1985; Maine et al., 1988]. Figure

1.2.1 1illustrates the mechanism of CPA.

short Pulse
Stretcher

Amphfied Swmretched Pulse

s
1

Amplifier  Swretched Pulse

i

Amphfied Short Pulse

Compressor

N

Figure 1.2.1. Schematic diagram of a Chirped Pulse Amplifier system. [Mourou &
Umstadter, 2002]



The CPA technique uses a laser pulse stretcher (grating/mirror combination in the
system) to increase the low energy femtosecond pulse generated by the oscillator along
the time axis [Pessot et al., 1987]. The stretcher gives rise to a phase shift in all the
frequency components of a pulse. Chirp 1s defined as an instantaneous frequency with
time-dependent phase shift of a pulse caused by phase modulation in a femtosecond
pulse system. Given that a stretched pulse 1s associated with phase mismatch of
frequency elements, when selecting a stretcher, care should be taken to avoid a loss of
the pulse bandwidth. In general, a pulse 1s amplified by a regenerative-multipath
amplifier system. The intensity of a stretched pulse should be maintained at a level low
enough not to trigger nonlinear effect of the optical elements of the amplifier. Ideally,
an amplified pulse 1s recompressed to the original pulse width using a grating
compressor [Pessot et al.,, 1987; [Strickland & Mourou, 1985]. However, the pulse
compression 1s limited by the gain narrowing that occurs in the final amplifier stage
[Siegman, 1986; Perry et al., 1990] and the residual uncompensated dispersion of the
pulse added during the course of amplification. To overcome this limitation and ensure
efficient compression to the original pulse duration, two or more compressors are
needed. Despite these limitations, however, CPA 1s currently the standard technique for

high-power femtosecond laser systems.

1.3. Typical femtosecond laser machining tools, systems, and setup

Most femtosecond lasers for micromachining applications use Ti:sapphire as the gain
medium. In general, a Ti:sapphire laser oscillator has a megahertz repetition rate, pulse
width ranging from 50-100 fs, and pulse energy of several tens of nanojoules. Although
there are high-energy laser oscillators as well, 1t 1s essential to amplify the laser
oscillator output to obtain pulse energies greater than microjoules, whereby the repetition
rate 1s reduced to the order of kilohertz.

Micromachining of a transparent material required a femtosecond laser oscillator or
amplified femtosecond laser system. In both cases, the laser beam 1s focused on the

sample using an objective lens. When performing micromachining using a laser oscillator



with nanojoule pulse energy, a microscope objective with higher numerical aperture
(NA) 1s necessary to ensure intensities suitable for the intended machining. An amplified
laser system generates much higher energy than a laser oscillator. That 1s, an objective
with lower NA can be used to obtain the same intensities. In a typical micromachining
setup for a transparent material, the microscope objective 1s held fixed and the sample
1s placed on a movable 3-axis stage. The sample stage moves along the laser beam
emitted at the set pulse repetition rate and continuous structures are fabricated on the

sample surface or inside the material.

femtosecond laser beam

focusing lens

sample

/
I <)z stage

Figure 1.3.1. Schematic diagram of typical micromachining setup. A femtosecond
duration laser pulse 1s tightly focused by a microscope objective or lens onto the
surface of an absorbing or transparent material for ablation or into the inside of a
transparent sample for bulk micromachining. The sample 1s mounted on a three-axis
translation stage and 1its position 1s scanned relative to the laser focus to produce the

desired microstructure. [J.K. Park, 2012]



A typical micromachining setup for an absorptive material 1s similar to that for a
transparent material, whereby a microscope objective 1s used for focusing the laser beam
onto the sample surface. For applications requiring larger structures such as hole
drilling, long focal length lenses are often used. Although different aspects may come
into play 1n laser—material interaction, the basic mechanisms for micromachining
transparent and absorptive materials are essentially the same.

Laser parameters and material properties greatly influence the laser—material
interaction and micromachining performance. Pulse energy, repetition rate, wavelength,
and pulse width are some of the laser parameters essential for the laser pulse absorption
by solid materials. Material properties, such as band gap and thermal properties,
determine the feasibility and performance of micromachining with femtosecond pulses.
The process of laser energy absorption by target material and the mechanism of

laser—material interaction are the key to understanding the micromachining process.



Reference

11].

[2].

13].

[4].

5].

6].

17].
[8].

19].

[10].

r11].

r12].

[13].

[14].

P. P. Pronko, S. K. Dutta, J. Squier, J. V. Rudd, D. Du, and G. Mourou,
Optics Communications 114 (1), 106-110 (1995).

G. Kamlage, T. Bauer, A. Ostendorf, and B. N. Chichkov, Applied Physics A
77 (2), 307-310 (2003).

R. Haight, D. Hayden, P. Longo, T. Neary, and A. Wagner, Journal of
Vacuum Science & Technology B: Microelectronics and Nanometer Structures
Processing, Measurement, and Phenomena 17 (6), 3137-3143 (1999).

R. Haight, A. Wagner, P. Longo, and D. Lim, Journal of Modern Optics 51
(16-18), 2781-2796 (2004).

K. M. Davis, K. Miura, N. Sugimoto, and K. Hirao, Optics letters 21 (21),
1729-1731 (1996).

Y. Sikorski, A. A. Said, P. Bado, R. Maynard, C. Florea, and K. A. Winick,
Electronics Letters 36 (3), 226-227 (2000).

N. F. Streltsov Am Fau - Borrelli and N. F. Borrelli, Optics letters 26 (2001).
K. Minoshima, A. M. Kowalevicz, E. P. Ippen, and J. G. Fujimoto, Optics
Express 10 (15), 645-652 (2002).

C. Florea and K. A. Winick, Journal of Lightwave Technology 21 (1),
246-253 (2003).

S. Taccheo, G. Della Valle, R. Osellame, G. Cerullo, N. Chiodo, P. Laporta, O.
Svelto, A. Killi, U. Morgner, M. Lederer, and D. Kopf, Optics letters 29 (22),
2626-8 (2004).

M. Kamata, M. Obara, R. R. Gattass, L. R. Cerami, and E. Mazur, Applied
Physics Letters 87 (5), 051106 (2005).

A. Marcinkevi¢ius, S. Juodkazis, M. Watanabe, M. Miwa, S. Matsuo, H.
Misawa, and J. Nishu, Optics letters 26 (5), 277-279 (2001).

Y. Cheng, K. Sugioka, K. Midorikawa, M. Masuda, K. Toyoda, M. Kawachi,
and K. Shihoyama, Optics letters 28 (1), 55-57 (2003).

M. Masuda, K. Sugioka, Y. Cheng, N. Aoki, M. Kawachi, K. Shihoyama, K.
Toyoda, H. Helvajian, and K. Midorikawa, Applied Physics A 76 (5), 857-860
(2003).



[15].

[16].

[17].

[18].

[19].

Y. Bellouard, A. Said, M. Dugan, and P. Bado, Optics Express 12 (10),
2120-2129 (2004).

I. Yasunobu, I. Tomohiko, W. Wataru, I. Kazuyoshi, L. Yan, and N. Junj,
Japanese Journal of Applied Physics 43 (7R), 4207 (2004).

K. Ke, E. F Hasselbrink, and A. J Hunt, Analytical chemistry 77, 5083-8
(2005).

C. Hnatovsky, R. S. Taylor, E. Sitmova, V. R. Bhardwaj, D. M. Rayner, and P.
B. Corkum, Optics letters 30 (14), 1867-1869 (2005).

T. N. Kim, K. Campbell, A. Groisman, D. Kleinfeld, and C. B. Schaffer,

Applied Physics Letters 86 (20), 201106 (2005).

_10_



