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0.1 Abstract

Femtosecond laser interaction with dielectrics has unique characteristics for microma-
chining, notably non-thermal interaction with materials, precision and flexibility. The
nature of this interaction is highly nonlinear due to multiphoton ionization, so the laser
energy can be nonlinearly absorbed by the material, leading to permanent change in the
material properties in a localized region of um?. This dissertation demonstrated the po-
tential of these nonlinear interactions induced changes (index modification and ablation
for machining) in the dielectrics and explored several practical applications.

We studied femtosecond laser ablation of poly-methyl methacrylate (PMMA) un-
der single and multiple pulse irradiation regimes. We demonstrated that the onset of
surface ablation in dielectric surface is associated with surface swelling, followed by ma-
terial removal. Also, the shape of the ablation craters becomes polarization dependent
with increasing fluence, except for circular polarization. The morphology of the dam-
aged/ablated material was examined by optical and scanning electron microscopy. The
dynamics of laser ablation of PMMA was simulated using a 2 dimensional Molecular
Dynamics model and a 3 dimensional Finite Difference Time Domain model. The results
from numerical simulations agreed well with experimental results presented in this thesis.

We also demonstrated the formation of nano-pillar within the ablation crater when
the surface of bulk-PMMA was irradiated by two femtosecond pulses at a certain delay
with energies below single shot ablation threshold. With increasing fluence, the nano-
pillar vanished and the structure within the ablation crater resembled volcanic eruption.
At higher fluences we demonstrated nanoscale porosity in PMMA.

For application, a novel in-line fiber micro-cantilever was fabricated in bend insen-
sitive fiber, that provides details of in-line measurement of frequency and amplitude of
vibration, and can be further extended to be used as chemical /bio and temperature sen-
sors. By modifying the refractive index at random spacing within the single mode fiber
core, a unique quasi-random micro-cavities fiber laser was fabricated, which exhibits
comparable characteristics with a commercial fiber laser in terms of narrow linewidth

and frequency stability.
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0.2 Sommaire

L’interaction des lasers femtosecondes avec les dié¢lectriques démontre d uniques caractéristiques
pour la micromachinerie, notamment les interactions non thermiques avec les matériaux,

la précision et la flexibilité. La nature de cette interaction est grandement non linéaire

gréce a l'ionisationpar multiple photons, ce qui fait en sorte que 1’énergie du laser peut

étre absorbe non linéairement par le matériel, causant ainsi des changements permanents

aux propriétés du matériel dans une région localisée de ym?®. Cette dissertation démontre

le potentiel de ces changements induits d’interactions non linéaires dans les diélectriques
(modification d’index et ablation pour machinerie) et explore quelques applications pra-
tiques.

Nous avons étudié I’ablation laser du poly-méthyle methacrylate (PMMA) sous les
régimes d’irradiation d'une et de multiples impulsions. Nous avons démontré que l'initiation
d’ablation de surface diélectrique est associée au gonflement de la surface, suivi par
I’enlevement de matériel. Aussi, lorsque la fluence augmente, la forme du cratere d’ablation
devient dépendante de la polarisation et ce, excepté pour la polarisation circulaire. La
morphologie du matériel endommagé/ablaté a été examinée par microscopie optique et
électronique a balayage (SEM). La dynamique d’ablation par laser du PMMA a été
simulée a laide dun modele de dynamique moléculaire @ 2 dimensions et d’'un modéle
de différences finies dans le domaine temporel (FDTD) a 3 dimensions. Les résultats
des simulations numériques étaient en accord avec les résultats expérimentaux présentés
dans cette these.

Nous avons aussi démontré la formation de nano-piliers a l'intérieur des crateres
d’ablation lorsque la surface de la masse de PMMA était irradiée par deux impulsions
femtosecondes avec un certain espacement temporel et des énergies en dessous du seuil
d’ablation pour une seule impulsion. Alors que la fluence augmentait, les nano-piliers
disparaissaient et la structure interne des crateres rappelait une éruption volcanique. A
fluences élevées, nous avons démontré la porosité nanométrique dans le PMMA.

Pour les applications, une nouvelle fibre micro-cantilever a été fabriqueé dans une fibre
infléchissable. Elle peut fournir les mesures de fréquences et d’amplitude de vibrations et
peut aussi étre utilisée comme capteurs chimique/bio et thermique. En modifiant I'indice
de réfraction dans le coeur de la fibre a mode singuliere a des espacements aléatoires,
un laser a fibre a microcavités quasi aléatoires a été fabriqué. Celui-ci démontre des
stabilités de fréquences et largeurs spectrales comparables a celles d'un laser a fibre

commerciale.
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Chapter 1

Introduction

1.1 Overview

Interaction between intense femtosecond laser pulse and dielectric materials leads to mi-
cro/nano scale structuring of materials by altering it’s electronic, optical and physical
properties. The progress of fabrication technologies compatible with a high degree of
miniaturization and alteration of material properties has been followed for decades for
applications in intrinsic multidisciplinary interests intersecting physics, chemistry, biol-
ogy and fluid dynamics. The market of different micro/nano-manufacturing applications,
such as material nanostructuring, nanoelectronics, nanophotonics and nanobiotechnol-
ogy is estimated at several billion in 2020. The production of these nano-technologies
requires the development of 2 dimensional (2D) and 3 dimensional (3D) dedicated tools
that can lead to micro/nano-scale manipulation of material properties.

The current fabrication techniques to create micro or nanoscale patterns are pho-
tolithography [1}, 2l 3], soft lithography [4], stereolithography [5], and hot embossing im-
print lithography [6]. These techniques have multiple processing steps and are suitable
for 2-dimensional, microscale configurations. Laser processing of materials has advan-
tages over these fabrication techniques since it has a non-contact and flexible single step
setup that can operate in air, vacuum or liquid environment, making it very attractive
as manufacturing tool in many applications. The experimental evidence of light am-
plification by induced emission of light in a ruby crystal in 1960 [7] was preceded by
theoretical proposal of light amplification by stimulated emission of radiation by Albert
Einstein in 1917. Since then, the application of these radiation sources has been a key

for many micro/nano-fabrication processes, with particular interest in direct laser abla-



Introduction 2

tion and writing of devices. In laser-matter interactions, laser energy can be nonlinearly
absorbed by the material, leading to permanent damage. The nature of these nonlinear
interactions and the changes produced in the material has several practical applications.
There is a rapid evolution of laser sources with increasing number of possible applications
during the last four decades.

For the past few decades, effort was underway to produce shorter and shorter optical
pulses. In the context of laser science, the term ultrashort or, ultrafast refers to the subset
of pulsed lasers capable of producing light pulses with sub-picosecond pulse duration (1
ps = 107%s) and these ultrafast laser systems are capable of achieving sub-micrometer
resolutions. Ultrafast lasers became the ideal source of energy for many applications
such as, industrial material processing, scientific experiments in spectroscopy and in-
terferometry for different kinds of accurate measurements, medical applications such as
cancer treatment, eye and cosmetic surgery and as a cutting tool for general surgery
[8]. Moreover, ultrafast lasers have greatly impacted many aspects of human life by
being used as passive optical components, such as communication, optical data storage
[9, 10, 11] and sensor applications utilizing photonics technology. The advantages of
multiple passive optical components, such as optical sensing and optical processing tech-
nologies can be brought together in the form of integrated optical devices [12] 13|, [14],
providing the compactness and reliability of miniaturized integrated systems with the
aid of micro/nano-fabrication processes provided by ultrafast lasers. The fabrication of
devices for these applications requires very deep knowledge of light-matter interactions
and exploration of materials and micro/nano fabrication techniques to fully achieve the
possibilities of this technology.

The fleeting interaction between fs laser pulses and material has enabled fundamental
insight into the nature of matter. Femtosecond laser induced ablation and modification
of dielectrics has been an area of intensive applied and fundamental research for over
three decades. Research has been partially motivated by the possibility of femtosecond
laser induced micro/nano-scale processing of dielectrics. For the most of the available
commercial femtosecond laser systems, the intensity at the focus can reach 10* W/cm?
at relatively low pulse energies when the laser is tightly focused inside the transparent
material. As a result, nearly any material including wide band-gap dielectrics, such as
polymers and fused silica, can be easily ionized through nonlinear absorption, resulting
in optically induced breakdown. Moreover, during the laser material processing, the
absorbed pulse energy only can transfer to the lattice on the order of 10 picosecond

(ps), which suggests the thermal relaxation time for a tightly focused femtosecond laser
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pulse is even smaller than the timescale of laser-matter interaction. In contrast to the
material modification using nanosecond or longer laser pulses, for the femtosecond laser
interaction with the materials, an enhancement in the localization of energy deposition
leads to increase in lateral and vertical precision of the ablated features. As a result, a
very clean modified region with minimum collateral damage and heat affected zone can
be induced, making it a promising technique for high precision micro/nano-structuring.
Additionally, the nonlinear absorption process induces modification that can be confined
to a very small volume with tight focusing where the local intensity is higher than the
threshold for modification. Thus, by moving the transparent material relative to the focal
spot of the laser beam, the focal volume located inside the bulk material can be modified
without affecting the surrounding region, allowing three-dimensional microfabrication
with sub-micrometer precision at any depth. By producing three-dimensionally localized
refractive index changes in the bulk of a transparent material, femtosecond laser sources
are opening the door to the fabrication of a wide variety of optical devices. With constant
advances in ultrafast laser technology, femtosecond micro/nano-machining workstations
are beginning to enter the mainstream industrial market.

Experimental discoveries have stirred interest in the understanding of the physical
mechanisms behind laser-matter interactions, phase transformation, internal modifica-
tion of material (permanent, or temporary) and material removal after laser irradiation,
that ultimately leads to micro/nano structuring. Despite the promise of ultrashort laser
pulses in processing wide bandgap dielectric materials for a variety of applications includ-
ing laser surgery, integrated optics, optical data storage, and 3D micro/nano structuring,
the mechanisms of inducing different structural changes in transparent materials is still
not fully understood. For example, how does the crater evolve in bulk material? Does
the material ablation start with direct material removal or, with surface swelling followed
by the material ejection in bulk material? What is the role of polarization in the inter-
action of intense light pulses with solids? What could be the possible mechanism for the
formation of the specific morphology of the ablation crater on the bulk dielectric surface,
resulting from femtosecond laser-dielectric interaction? This thesis work addresses some
of these issues, and some questions remain still open.

With the knowledge of previously explored experimental and theoretical observations,
our investigations in the field of femtosecond laser interaction with transparent material
began. The main objective of this thesis is to explore novel applications and gain mech-
anistic insight resulting from femtosecond laser-dielectric interaction. Depending on the

focusing position of the laser beam, surface ablation/patterning, or bulk modification
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could be realized in transparent materials using focused femtosecond laser irradiation.
The work presented in this thesis deals with femtosecond laser ablation and micromachin-
ing of wide bandgap dielectric materials, such as poly-methyl methacrylate (for ablation
and index modification) and single mode fiber core made up with fused silica (for re-
fractive index modification). Poly-methyl methacrylate (PMMA) is a major polymer in
the series of acrylics with a variety of applications in the field of engineering, semicon-
ductor packaging, microelectronics and medical applications due to its biocompatibility.
For PMMA, I studied damage and ablation thresholds and morphologies ex-situ, while
the dynamics of ablation (initiation of ablation in bulk dielectrics with surface swelling,
evolution of ablation crater and its polarization dependence, porosity) are captured with
ultrafast microscopy and compared with numerical analysis. For SMF (made up with
fused silica), I explored parameters for refractive index modification inside fiber and
(combined with/or) efficient etching conditions. These studies demonstrate fundamental
aspects of this unique laser-dielectric interaction, while exposing novel applications of

femtosecond laser machining previously unexplored.

1.2 Contribution to the field

This thesis details the results of both the fundamental and the applied features of fem-
tosecond laser ablation and modification of poly-methyl methacrylate (both) and single
mode fiber (modification). In several cases our experimental results are supported by
the numerical simulations. Most of these results have been published as journal articles
and one manuscript is in process.

For convenience, the experiments are divided into two sets: Chapters 4 and 5 describe
the single and multiple pulse ablation experiments of poly-methyl methacrylate, and
Chapter 6 describes the applied part of this thesis, involving etching and/or, internal
modification of single mode fiber. The samples were irradiated by 70 fs laser pulses at the
center wavelength of 800 nm. The diagnostic tools used to analyse the single/multi-pulse
laser ablation craters on the surface of bulk dielectrics includes optical, scanning electron
and atomic force microscopy. The theoretical predictions of all these experimental results
are confirmed by numerical simulation of different relevant models.

I was the primary contributor to most of the experiments related to ultrashort pulse
ablation /modification, etching and writing of the majority of the manuscripts presented.
These experimental results provide better understanding of ultrashort laser-solid interac-

tion. Femtosecond laser ablation/modification of materials depends on different parame-
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ters to optimize the process for a specific application. Therefore, thorough investigations
have been made to identify the exact ablation mechanism. I executed all the laser abla-
tion and modification experiments, systematic etching procedure and scanning electron
microscopy, optical microscopy and the data analysis. Also purchasing and assembling
of the experimental apparatuses related to this thesis was my responsibility. All the
researchers who collaborated are co-authored in the publications presented in this thesis.
Each publication corresponding to a specific set of experiments includes acknowledge-
ments at the beginning of the section where each paper is presented.

While revealing the fundamental physics of underlying fs laser ablation mechanism,
this dissertation also offers noteworthy practical impact related to fs laser machining of
materials. The techniques and methods presented in this dissertation can be extended to
a broad range of materials, and the author is hoping that suggestions for future research

will yield equally worthwhile results.

1.3 Organization of the dissertation

Chapter 2 presents an overview of different micro/nano-structuring technologies and
highlights the differences and benefits of ablation mechanisms with femtosecond lasers
over other lasers with longer pulse durations. This chapter also provides a brief literature
review of the key experiments in the study of the dynamics and a discussion of physical
mechanisms of the interaction of such short laser pulses with the dielectric materials,
particularly relevant to experiments and results presented in this thesis.

Chapter 3 includes the details of the laser system, experimental setup and the analyt-
ical techniques used in sample fabrication and analysis for femtosecond laser structuring.
This chapter also gives a detailed description of various control parameters and their
impact in optimizing the micro/nano-scale modification by femtosecond laser pulses.

Chapter 4 presents a series of experimental investigations of a single femtosecond
laser pulse induced ablation of the poly-methyl methacrylate. These studies are the
first systematic investigation of the onset of laser damage/ablation and evolution of the
crater formation as a function of pulse energy and number of pulses on the surface
of bulk PMMA. Both the damage and ablation threshold measurement were done for
PMMA. The experimental analysis by scanning electron microscopy (SEM) and atomic
force microscopy (AFM) reveals that the single pulse laser ablation of PMMA starts
with surface swelling followed by material ejection at relatively low fluence regime. With

further increase in fluence, the dimension of the ablation crater becomes polarization
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dependent for single pulse ablation. This polarization dependence was also preserved
for line ablation (when the laser focus is moved with a specific speed) within the quasi-
periodic structures inside the ablated region. The theoretical predictions of all these
experimental findings were compared with numerical simulations based on a molecular
dynamics (MD) method for surface swelling experiments and with a finite difference time
domain (FDTD) simulation for polarization dependent studies. Excellent agreement
between experimental data and simulation was observed.

Chapter 5 deals with the multiple pulse ablation studies in PMMA. When two pulses
of a femtosecond laser are incident on the surface of bulk PMMA at a certain delay with
pulse energy lower than the single pulse ablation threshold, a nano-pillar is formed in the
middle of the ablation crater on the surface of the bulk PMMA surface. At higher fluence,
the nano-pillar disappears. The fs laser ablated craters were characterized as a function
of laser fluence. The MD simulation reveals the conditions required for the formation
of nano-pillar like structure. The following part of this chapter presents results from
investigations regarding fs laser induced porosity within the ablation crater of PMMA as
a function of laser fluence and number of laser shots. Analysis of SEM images revealed
the dependence of porous area fraction and the pore size distribution with pulse energy
when the laser focus was stationary. In the line ablation regime, the dependence of porous
area fraction as a function of scanning speed and laser pulse energy was investigated.

Chapter 6 initiates the more applied part of the thesis. A fiber-based microcantilever
vibration sensor was fabricated by chemical etching of a bend-insensitive fiber and fusing
it with a single mode fiber, and offered an in-line measurement of frequency and ampli-
tude of vibration. Experimental results were supported by theoretical analysis and detect
a wide range of continuous vibration frequency ( 5Hz-10 kHz) with a significant signal-
to-noise ratio (maximum of 68 dB). The following section demonstrates the potential
of a novel compact fiber laser, fabricated by femtosecond laser modification within the
fiber core with random spacing. The systematic experimental study of this quasi-random
fiber laser demonstrated the presence of quasi-random micro-cavities laser with both the
random and fixed cavity features, characterized by compact size, narrow-linewidth, low
relative intensity noise (RIN) and high frequency stability. These investigations are the
first detailed study of their respective fields. Brief investigations on microcantilever (in
SMF) and microfluidic channel (in bulk fused silica) fabricated by femto-etch technique
shows potential to be used as acoustic sensor and biomedical sensor, respectively.

Chapter 7 summarizes the key results obtained in this thesis and provides a broader

outlook by proposing future avenues of research to address several still unanswered ques-
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tions regarding femtosecond laser irradiation of dielectrics.



Chapter 2
Background

The goal of this chapter is to introduce the main mechanisms for energy absorption
and deposition (resulting in rapid build up of free carriers and coupling with the lat-
tice subsystem) in laser irradiated dielectric materials, when the photon energy is small
compared to the material band-gap. An overview of different micro/nano structuring
techniques along with a brief literature review of the key experiments in micro/nano-
structuring is presented. This chapter also provides answers to the questions related
to the advantage of femtosecond lasers as an indispensable tool for basic research in the
field of laser-material interactions and explores a wide range of laser induced effects, from
surface patterning/ablation to in-volume modifications in wide bandgap dielectrics. A
more thorough literature review, exclusive to each set of experiments, is included in each

of the papers presented in the following chapters.

2.1 Overview of Different Micro/Nano Structuring

Techniques

In recent years, micro-/nanoscale machining became increasingly important due to its
massive application in both research and industry for surface structuring, photonics
and biomedical applications. There are wide ranges of micro-/nano-scale fabrication
techniques, available in both clean room and non-clean room environments.

The contemporary fabrication techniques to create micro or nanoscale patterns are
photolithography [T}, 2, 3], soft lithography [4], stereolithography [5], and hot embossing
imprint lithography [6] and these techniques are very advantageous in mass production of

2-dimensional, microscale configurations. Photolithography is a powerful way to create a
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high resolution pattern, but multiple steps with chemical solvents are required. Besides,
residual chemical agents left on the surface could be harmful for bio applications [15].
Soft lithography techniques can rapidly produce a micro-contact printing at a low cost,
but this technique is still restricted by development of appropriate masters. Stereolithog-
raphy requires several steps to create three dimensional scaffolds. An advantage of hot
embossing is that it can print a micropattern into organic materials at low cost, but
it still needs a silicon master fabricated by standard micromachining techniques. More-
over, lithography based technologies struggle to achieve 3-dimensional configurations and
nanoscale geometries.

Reactive ion etching is (RIE) is another micro/nano fabrication method based on
etching technology. In this method chemically reactive plasma is used to remove un-
wanted material deposited on wafers [16]. But damages due to high energy ions and
defects because of unintentional residual deposition make this technique less attractive
for micro/nano fabrication. An alternative approach to RIE is ion milling, which is a
dry ion etching method. In this process, ions are accelerated and bombard the surface of
the target, which is mounted on a rotating table inside a vacuum chamber [I7]. Another
popular technique for micro-/nano-scale fabrication is using an atomic force microscope
(AFM). The AFM probe tip provides accuracy in machining as small as the size of the
tip, even to nanometer precision [I8, [19]. To construct sub-micron features by scratching
the surface of a soft material, the sharp tip of an AFM with silicon or diamond tip etching
or micromilling can be used. While this method offers flexibility to fabricate complex
geometry in non-clean room environment, it is not always a worthwhile choice due to the
AFM tip wear and this being a relatively slow process [15].

The next obvious choice for micro/nano fabrication process is using laser light. Laser
processing has become a very attractive manufacturing tool for various applications be-
cause of having a non-contact and single-step flexible set up that can operate in air,
vacuum or liquid environment. As a result, tool wear as in traditional mechanical ma-
chining is not a significant concern. For this reason, laser material processing by focused
laser energy has been used in industries for many years for many different applications
such as, welding, cutting, drilling, engraving, and other modification of the materials.

The choice of laser system depends on the required application. Laser radiation can
be produced in two different operating modes (for example: continuous and pulsed mode)
and in different media (for example: solid state, gas, dye). Based on pulse durations and
operating wavelength, laser can be divided in a wide range of choices from milliseconds to

femtoseconds. While nanosecond pulsed excimer gas lasers radiate in the deep ultraviolet



Background 10

(UV) (wavelength 157 to 351 nm), femtosecond or millisecond pulsed solid state lasers
radiate at 266 to 1070 nm. Example of continuous wave (cw) operated laser is COq
gas laser, which radiates in the IR (10.6 mm) and is generally used for macroscopic
processing.

Nd:YAG, CO,, Excimer, and copper vapor lasers are mostly used as a non-contact
and non-clean method [20, 21, 22| 23] 24, 25 26]. For wide bandgap dielectric mate-
rial, Ultra Violet (UV) laser and Excimer laser are generally used because of the high
absorption properties of the dielectric material. Pulse-widths of these laser systems usu-
ally range from continuous wave (CW) through milliseconds to hundreds of picoseconds.
The interaction of these lasers with dielectric material induce photochemical reaction
which enables micro/nano fabrication [22], 23, 25, 27]. The drawbacks that made these
nanosecond lasers a rather disadvantageous option for industrial applications are cor-
rosive gas handling and UV radiation damages [28]. Also, during conventional laser
material processing, the region surrounding the laser irradiated zone experiences ther-
mal effects due to the heat diffusion process and leads to a heat affected zone (HAZ) in
the material. The HAZ consists of microcracks and voids, and the material properties
can change permanently. This HAZ appears because the pulse-width of most conven-
tional laser systems are longer than the time required for thermal diffusion of the most
materials, resulting in significant penetration length of thermal diffusion in the material
, leading to a HAZ. Therefore, utilizing conventional laser system may lead to limitations

for micro/nano-scale laser-material processing.

2.2 Advantages of using femtosecond lasers

The advent of ultrashort pulsed lasers has initiated a whole new field of scientific in-
vestigations by overcoming some limitations of long pulse laser system for micro and/or
nanoscale fabrication. Pulse duration of laser systems with typically less than 1 picosec-
ond (107'% s) are generally referred to as femtosecond lasers or ultrashort pulsed lasers.
Typical laser-material interactions for the ultrashort pulse duration are quite different
from the long-pulsed laser case due to several unique characteristics of ultrashort laser
pulses. Very fast processes, such as, electron-phonon scattering, phonon vibration, chem-
ical bond breaking can be measured directly by time resolving with fs laser pulses. A
short pulse is also able to create extremely nonequilibrium conditions. For example, a
fs pulse can excite electrons to a very high temperature, while the ions are still cold

since valence electrons respond much promptly to the short pulse compared to the ionic
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core. Also, ultrashort pulsed lasers (femtosecond and picosecond lasers) are capable of
achieving very high peak laser intensity with low pulse energies. With pulsed lasers, the
intensity of peak instantaneous power can be drastically increased by decreasing the pulse
duration [29]. For example, a laser pulse with a pulse-duration of 100 fs and pulse energy
of 0.33 mJ when focused to a diameter of 20 um yields a peak intensity of 10’ W /cm?.
For a 10 nanosecond laser pulse to acquire the same intensity, pulse energy of 100 J would
be required [28]. Such enormous intensities can be achieved with a table-top fs laser sys-
tem, that may lead to nonlinear processes and evoke efficient absorption in wide bandgap
materials. The nonlinear nature of the laser energy deposition mechanisms confines any
subsequent material change to the focal volume with submicrometer precision. This
spatial confinement associated with laser-beam scanning or sample translation, makes it
possible to micromachine geometrically complex structures in three dimensions.

During the excitation of the electrons by a fs laser pulse, laser energy is deposited
to the substrate at a time scale much shorter than both the heat transport (micro- to
nanoseconds) and the electron-phonon coupling (nano- to picoseconds). The resulting
light-matter interaction process becomes essentially frozen in time, minimizing collateral
damage to the region around the focal spot and decoupling thermal effects from the
excitation [30]. The ultrashort pulse is completed earlier than hydrodynamic expansion
and material removal. As the ablation process can be temporally separated into energy
deposition and material removal, the ejected material does not interact with the laser
pulse. The combined effect of femtosecond laser ablation results in an improvement in
the localization of energy deposition with reduced shock and heat affected zone (limiting
the penetration depth of thermal diffusion in the material) leading to precise ablated
features. Furthermore, femtosecond laser processing is known to be a deterministic pro-
cess since it is independent of the defect electrons to be required to seed the absorption
process. On the other hand, a large quantity of seed electrons are generated through
nonlinear ionization from the first tens of femtoseconds of the pulse. The confinement
and repeatability of the nonlinear excitation make it possible to use the femtosecond

laser-induced damage for practical purposes.

2.3 Femtosecond versus nanosecond laser ablation

There are some qualitative differences in the damage mechanisms for long and short
laser pulses, which contributes to the final state of the ablated morphology. Optical

damage depends on laser fluence (or, on laser intensity) as well as on pulse duration.
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The fluence (energy per unit area) required to produce damage increases with pulse
duration whereas, the intensity required to produce laser damage decreases with pulse

duration. For comparatively longer pulses (pulse durations longer than a few tens of ps),
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Figure 2.1: Schematic diagram shows a comparison between nanosecond (left) and fem-
tosecond (right) laser pulses. This demonstrates the absence of thermal damage (such as,
melt, cracks and heat affected zone) (left) using sub-picosecond pulses which are shorter

than the thermal expansion time.

a substantial amount of energy is transferred by thermal diffusion from the laser excited
electrons to the lattice on the time scale of the pulse duration. Then the temperature
of the laser irradiated region becomes sufficiently high to melt or fracture, leading to
permanent damage of the material [31]. Since the damage threshold is determined by
the relative rate of energy deposition and thermal diffusion, the threshold fluence for
optical damage will scale as the square root of the pulse duration [32]. But this scaling
dependence deviates for pulses shorter than 10 ps [33].

As explained in section for nanosecond pulse duration, avalanche ionization
is assumed to be the dominant mechanism of laser induced breakdown; whereas mul-
tiphoton ionization is the key mechanism for ultrashort pulses. For ultrashort pulses,
the nonlinear absorption occurs on a time scale shorter than the time scale for energy
transfer to the lattice, resulting in negligible coupling between the absorption and lattice
heating processes [34]. Electrons in the conduction band are heated by the laser pulse

much faster than they can cool by phonon emission, diffuse out of the irradiated volume,
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or, recombine with their parent ion. The energy is transferred from the electrons to
the lattice only after the laser pulse is gone. This rapid deposition of energy into the
material on a time scale much shorter than the thermal diffusion time, leads to ablation

of material on the surface or permanent structural change in the bulk.

Figure 2.2: Ablation of stainless steel using nanosecond pulses (left) and femtosecond
pulses (right). This demonstrates the absence of thermal damage (left) using sub-
picosecond pulses which are shorter than the thermal expansion time. Image obtained

from [35], with permission from Springer.

Additionally, short pulses require less energy than longer pulses to reach the intensity
necessary to produce optical breakdown. As a result, they deposit less energy in the
material. Less energy deposition leads to an improvement in the localization of energy
deposition, which results in more precise ablation or bulk material modification with
reduced heat and shock affected zone. Furthermore, femtosecond pulse does not interact
with the ablated material while longer pulses result in sputtering of the target surface,
since considerable amount of laser energy can be absorbed in the ablated plasma plume.
Figure shows the difference between femtosecond and nanosecond laser pulses when
focused onto a small spot size of micrometer scale. For example, when a 10 fs laser pulse
with energy of 1 mJ is focused to a 20 um spot diameter, the resulting peak intensity is
on the order of 3.19x10* W /cm?. To generate the same amount of peak intensity with
the same spot size, the ns laser pulses require 10° times (1000 J) the energy required by
fs laser pulses.

Figure 2.2fa) shows a scanning electron micrograph (SEM) of a crater produced by
nanosecond laser pulses (pulse width ~33 ns) on stainless steel. A significant portion
of solidified droplets are ejected with the formation of high-rim crater. It is obvious

from the SEM image that the particles deposited on the sample surface are produced
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by the ejection of molten material which is a direct consequence of the thermal effects
characteristic of nanosecond laser ablation. The situation is different when femtosecond
laser pulses are used for ablation. Figure [2.2(b) shows an SEM image of femtosecond
laser (pulse width ~200 fs) ablation of the same stainless steel having different properties.
The ablation craters are clean and the effect of thermal melting is very much reduced
[35].

2.4 Ultrashort laser pulses in transparent materials

The work presented in this thesis deals with several aspects of the interaction of intense
femtosecond laser pulses with transparent materials. A femtosecond pulse with only
moderate energy can have an extremely high peak power and peak intensity, that can
lead to nonlinear response of the material. When a tightly-focused femtosecond pulse
is focused inside transparent material, it initiates laser-induced optical breakdown by
which optical energy is transferred to the material causing ionization of a large number
of electrons. As a result, the ionized electrons can cause permanent material modification
by transferring energy to the lattice. Together with the tight focusing and the nonlinear
nature of the absorption, the absorption becomes confined to the focal volume inside the
bulk of the material without causing any absorption at the surface, resulting in localized
deposition of energy in the interior of the sample. On a later time-scale, this leads to
a phase or structural modification, leaving behind a localized permanent change in the
index of refraction. Besides, the interaction of a high energy laser beam with a solid
surface can result in laser ablation; a process in which material are removed from the
sample surface [36].

The processes involved in laser-solid interactions are complicated and the mechanisms
of interactions are different depending on the type of the material (conductor, semicon-
ductor, or dielectric) and on the laser characteristics (wavelength, pulse duration, and
fluence). The majority of the results presented in this thesis are outcomes from laser
ablation and modification of poly-methyl methacrylate and single mode fiber made up
with fused silica, which are classified as wide bandgap dielectrics. This section will re-
view some of the basic physics that governs how femtosecond laser pulses behave in wide

bandgap dielectric materials.
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2.5 Laser induced breakdown

The dynamics of the ablation process can be divided roughly into two stages: the photon
energy absorption, primarily through free electron generation and heating, and the re-
distribution of the absorbed energy to the lattice, leading to material removal [37], which

will be discussed in the following subsections.

2.5.1 Energy absorption by nonlinear ionization

Laser-induced breakdown is initiated when a significant amount of laser energy is ab-
sorbed by the target material, which leads the material to transform into an absorbing
plasma by the intense laser pulse [28]. Such breakdown occurs when the density of elec-
trons (known as critical plasma density) reaches approximately 10'® cm™ for nanosecond
or longer laser pulses and 10! cm ™3 for femtosecond laser pulses of wavelengths in the vis-
ible and near IR [28, 38]. These high electron densities provide strong optical absorption
in the plasma that can cause strong heating and damage to the material [3§].

The beginning of laser induced breakdown requires the presence of seed electrons,
whose mechanisms depend on the inherent material properties [38, 28]. In metals, free
conduction band electrons are able to directly absorb the incident laser energy through
single photon absorption (linear absorption) and rise to higher energy levels [28]. The
electron energy is then transferred to the lattice via electron-lattice collisions, which leads
to material breakdown. If sufficient energy is deposited into the surface of a material
through linear absorption, material ablation can occur. For materials which are transpar-
ent to the laser wavelength such as transparent dielectrics, there are no free conduction
band electrons available to absorb the incident laser photons. Moreover, the valence elec-
trons are so firmly bound to their nuclei that their ionization potential is greater than
the incident laser energy. Thus, the interband excitation in dielectrics can only occur if
the incident photon energy exceeds the bandgap energy of the dielectric material. As a
result, at lower laser intensity, the bound electrons do not absorb the laser light. So how
can laser-induced breakdown be initiated in such a transparent dielectric material? The
answer is, nonlinear processes such as multiphoton ionization and avalanche ionization
are necessary to promote the initial creation of the free-carriers [39, 40l 37, 41]. As re-
ported in the literature, these nonlinear processes are briefly discussed in the following

sections.
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Photoionization

Photoionization refers to direct excitation of the electron by the laser field. Depending
on the laser frequency and intensity, there are two different regimes of photoionization,
the multiphoton ionization (MPI) regime and the tunneling ionization (TI) regime. High
intensity, achieved by peak power in fs laser ablation, makes it possible to simultaneously
absorb multiple photons and to create high electron densities through photoionization as
well as localized plasma formation through avalanche ionization. All of these subsequent
processes lead to permanent damage and ablation.

At high laser field strength (>10° W/cm?) and high laser frequencies (but not high
enough that single photon absorption can occur) of femtosecond laser pulses, nonlinear
ionization is usually described in terms of the simultaneous absorption of several photons
by an electron, shown in Figure 2.3(a). A bound electron can be lifted from its bound
energy level, or valence band, to the free energy level, or conduction band, by simulta-
neously absorbing n photons. That is, the number of absorbed photons times photon
energy should be equal or greater than the ionization potential, or bandgap (nhw > E,
where Fj is the bandgap energy, w is the laser frequency, & is Planck’s constant, and n is
the minimum number of required photons to cross the bandgap) [42, 28]. For example, if
the wavelength of the laser is 800 nm, the laser photon energy is calculated to be 1.55 eV.
It requires at least 4 photons absorption for a material with 6 eV of ionization potential.
For this reason, it is called multiphoton absorption. Since multiphoton ionization is an
n-th order process, it is significant only at very high laser field strength.

For strong laser fields and comparatively low laser frequency, nonlinear photoioniza-
tion is governed by the tunneling process. In tunneling ionization, the electric field of the
laser suppresses the Coulomb well that binds a valence electron to its parent atom. If the
electric field is very strong, the Coulomb well can be suppressed enough that the bound
electron tunnels through the short barrier and becomes free, as shown schematically in
Figure [2.3(a).

The transition between multiphoton ionization and tunnelling ionization was ex-
pressed by Keldysh in terms of the adiabaticity parameter, also known as the Keldysh
parameter [43, [44] [45] 46]. This parameter is defined as,

w [mcegEy
= —\/— 2.1
T=A T (2.1)

where w is the laser frequency, [ is the laser intensity, m and e are the mass and charge

of an electron, c is the speed of light, F, is the bandgap of the material, and ¢, is the
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Figure 2.3: Schematic diagram of photoionization for different values of the Keldysh

parameter.

permittivity of the free space. Keldysh concluded that, multiphoton ionization prevails
over tunneling ionization when Keldysh number is v > > 1, and tunnel ionization prevails
over MPI when v < 1 [47]. In the intermediate regime, the photoionization is a mix
between tunneling and multiphoton ionization as depicted in Figure 2.3|(b).

The photoionization rate depends strongly on the laser intensity. The rate of mul-
tiphoton absorption is proportional to the intensity of the laser radiation [28]. In the
multiphoton ionization regime, the rate is P(I)ypr=0y I* where, oy, is the multiphoton
absorption coefficient for kphoton absorption [48].The number of photons required is
determined by the smallest & which satisfies the relation khw > E,;. Conversely, the
tunneling rate scales more weakly with the laser intensity than the multiphoton rate.

The photoionization rate and Keldysh parameter as a function of laser intensity has
been explored for 800 nm light in fused silica (7.5 eV band gap) [47]. Researchers have
successfully fit their data using rates from Keldysh’s theory [34],31]. Simulations for other
laser wavelengths and material band gaps consistently show the very abrupt transition
from a multiphoton to tunneling regime at a Keldysh parameter of about 1.5. Some
recent experiments have called Keldysh’s theory into question. Lenzner et al. found that
they could not account for the pulse duration dependence of the surface damage threshold
of fused silica with the ionization rates predicted by Keldysh, and that the multiphoton
ionization coefficients that best fit their data were several orders of magnitude smaller
than those predicted by Keldysh’s theory [49]. More experimental and theoretical work

is necessary to resolve this issue.
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Avalanche ionization

As mentioned earlier, at low intensities the bound electrons do not absorb the laser en-
ergy, and to initiate a laser-induced breakdown seed electrons are required. These seed
electrons can be supplied by thermal excitation from impurity states (naturally present
in any material) into the conduction band, but the intensities available with femtosecond
pulses are high enough that even in the absence of any free carriers, avalanche ionization
can be seeded by carriers that are directly photoexcited by multiphoton or tunneling ion-
ization [b0, 28]. An initially free electron linearly absorbs several laser photons through
free-carrier absorption, then impact ionizes another electron. The accelerated seed elec-
trons are excited by the high electromagnetic field of the incident laser radiation and
gain enough kinetic energy to release bound electrons by colliding with them (impact
ionization). During this collision nearly all of the free electron energy is transferred to
the bound electron. The newly freed electrons gain enough energy to free more electrons,
and repeating itself, creating an avalanche effect (Figure[2.4): the density of free-electron
increases exponentially. The longer the pulse is, the higher is the density of free elec-
trons as well as the probability of collisions, which grows into an avalanche process
with longer pulse durations [51], 28] 34]. Therefore, the avalanche ionization process can
be summarized by stating that, as the leading edge of the pulse approaches the focus,
photoionization processes begin to promote electrons from the valence band to the con-
duction band, and these free electrons act as the seed for avalanche ionization, which
exponentially increase the free carrier density as the most intense section of the pulse
arrives.

In contrast to damage produced by longer pulses, damage in transparent materials
caused by femtosecond lasers exhibits a sharp threshold, and is significantly more deter-
ministic in nature. The reason is that the intensities produced by femtosecond pulses are
high enough to allow multiphoton absorption early in the pulse. Therefore, MPI produces
a large number of free carriers that seed the avalanche, and so the onset of damage is
much less statistical, making it straightforward to identify a particular damage threshold.
For nanosecond and longer laser pulses, ionization occurs through avalanche ionization
alone, which relies on the presence of low concentration (i.e. about 108-10'® cm™3) of free
electrons due to metal impurities or, thermally excited carriers. The number of these
free carriers within the focal volume of tightly focused pulses is ~ 1. Moreover, the num-
ber of these free carriers can vary significantly from volume to volume within the same

sample, leading to statistical behavior in exhibiting threshold for damage, which explains



Background 19

free carrier impact
absorption ionization

provy

¥ F ¥ OF ¥

-
"o

R

Figure 2.4: Schematic diagram of avalanche ionization. Several laser photons are linearly
absorbed by an initially free electron through free-carrier absorption, then impact ionizes
another electron. The electrons are promoted from the valence to the conduction band
in a solid, as shown in Figure [2.3] rather than ionized.

the large fluctuations in the threshold fluence required to produce laser-induced break-
down with nanosecond laser pulses [51) [52]. But the nonlinear processes (avalanche and
multiphoton ionization) occur simultaneously during the laser-material interaction; for
fs pulses, photoionization takes place during the leading edge of the pulse and avalanche
ionization during the trailing edge of the pulse [53]. Hence it is difficult to assess the
contribution of each channel and more experiments are needed to quantitatively clarify
the relative role of different ionization mechanisms.

A model of avalanche ionization was developed by Stuart et al., where the avalanche
rate depends linearly on the laser intensity such that, naw = I. Here « is the avalanche
ionization coefficient and 7 is the avalanche ionization rate [34]. According to the Drude
model, the heating of the electrons in the conduction band is taken into account. Stuart’s
model also makes the flux doubling approximation, which states that an electron in
the conduction band impact ionizes an electron from the valence band as soon as it
has enough energy to do so. This model also assumes that the energy distribution of
electrons in the conduction band does not change shape as the electron density grows.
Recently, some researchers have raised questions regarding this model [54, 52]. For
example, Thornber predicts an avalanche rate that depends on the square root of the
laser intensity [55]. More experimental and theoretical work is necessary to resolve and
accurately model the dependence of avalanche ionization on laser intensity.

During femtosecond laser irradiation, it takes some time to build up avalanche ion-
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ization. When the pulse duration is extremely short (< 100 fs), the contribution from
avalanche may be insignificant because only few cycles of avalanche can be involved, de-
pending on the collision time of the specific material. As the multiphoton and avalanche
processes further ionize the bound electrons, plasma with a critical density is created,
and this initiates the breakdown of transparent material. The critical plasma density
refers to the electron density that is grown through avalanche ionization until the plasma
frequency of the electrons in the conduction band equals the frequency of the incident
laser radiation. Subsequently, the dielectric material becomes more absorbing (the ab-
sorption, initially is negligible due to the very low free-electron density). Close to the
ablation threshold, the free-electron density in the conduction band of the dielectrics is
in the order of 10** em™ [56]. At this stage it is expected that a large fraction of the
laser pulse energy will be reflected while the rest of the pulse energy will be absorbed in

the focal volume which leads to permanent damage in the material [57, 58].

2.5.2 Plasma defocussing

Beside strong absorbing effect at high intensity, the complications associated with self-
focusing comes into effect. Self-focusing results from the intensity dependence of the
refractive index, given by the total refractive index n=mng+nyl, where ng is the ordinary
(low I) refractive index and ny is the nonlinear index. In other words, the spatial variation
of the intensity profile of the laser pulse leads to a variation in the spatial refractive index
profile in dielectrics. Since ny is positive in most materials, the refractive index is higher
at the centre of the beam compared to the wings. This variation in refractive index
acts as a lens and tends to focus the laser beam inside dielectric. With increasing pulse
power, the self-focusing becomes stronger until the critical power of the self-focusing is

achieved, which can be expressed by the following equation [51],

)\2
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At the peak power of the laser pulse P,.., it balances diffraction and a filament is
formed. If the peak power of the laser pulse exceeds further this critical power for
self-focusing, the laser beam will collapse catastrophically within the material causing
damage.

In practice, other mechanisms (such as, plasma defocusing) stop the collapse of the
beam inside the dielectric due to self-focusing. In particular, as the laser beam self-

focuses, the intensity rises and eventually becomes sufficient to nonlinearly ionize elec-



Background 21

trons and generates electron-hole plasma inside the material. Due to nonlinear ionization,
the plasma can have a defocusing effect on the laser pulse. This defocusing effect results
from the negative contribution of the free electrons to the refractive index. Because of
the typical Gaussian spatial intensity profile of the beam, the spatial distribution of the
electron density is the highest at the center of the beam and decreases radially outward.
The real part of the refractive index (n) is modified by the generation of the electron-hole
plasma, satisfying the following condition, w,/w < ng, where w, is plasma frequency and

w is laser field frequency), and can be expressed by the following expression [59],

N
2Ny N,

where N, is the characteristic plasma density for which the plasma frequency is equal

(2.3)

n=mng—

to the laser frequency, ¢ is the electric permittivity and m* is the effective mass of
electron. The plasma density can be expressed by the following equation,
_ wlem*

N, = (2.4)
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When the plasma density reaches 1017-10'® cm ™3, it leads to a decrease in refractive
index. Accordingly, the refractive index is the smallest on the beam axis and this spatial
distribution of the refractive index (i.e. electron plasma) forms a negative lens. As a
result, the beam is defocused by the plasma which acts as a diverging lens. The negative
contribution to the refractive index due to the plasma balances the nonlinear index ny,
which in turn balances self-focusing [60]. Moreover, the unique mechanism of plasma

defocusing limits the intensity achieved in self-focusing phenomena.

2.5.3 Energy transfer

Following the material breakdown process, launched by raising the free electron density
to a critical value, the free electrons thermalize within the electron subsystem via carrier-
carrier scattering in several tens of femtoseconds. The energy is transferred from electrons
to the lattice by electron-phonon relaxation on a timescale ranging from a few 100 fs to
a few picoseconds, depending on the material [61], [62].

Despite numerous experimental and theoretical investigations, there exist a few dis-
putes in predicting the dissipation of the absorbed energy into the lattice and the sub-
sequent material removal mechanisms during ultrashort laser ablation in dielectrics [63].

The precise phase change mechanism relies on the absorption characteristics of specific
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classes of materials and the strength of the electron-lattice interaction [63]. The primary
phase change mechanisms are thermal processes (non-equilibrium thermal vaporization
and melting) and non-thermal processes (the Coulomb explosion and electrostatic abla-
tion). While nonlinear effects and short timescales associated with femtosecond lasers are
expected to lead ablation through nonthermal material removal, complex morphologies
perceived on the ablated dielectric surface imply the opposite [64], 65].

After a thermal equilibrium is attained between atoms and electrons, the lattice will
eventually attain a specific temperature that will lead the lattice to go through a vol-
umetric phase change along with material decomposition. Since extreme temperature
of the material induces the material disintegration, this mechanism is known as ther-
mal ablation. An alternative to the thermal ablation method is a non-thermal ablation
process, also termed as Coulomb explosion. Due to the generation of free electrons,
there exists Coulomb forces among the atoms. In the Coulomb explosion process, the
decomposition of material is triggered between electron cloud and atoms by the repulsive
forces, resulting from Coulomb forces between the two subsystems [66]. Both thermal
and non-thermal ablations contribute to the formation and expansion of plasma during
femtosecond laser irradiation.

For femtosecond laser ablation of dielectrics, the Coulomb explosion (non-equilibrium
thermal ablation) is widely accepted to be the prevailing mechanism when the laser
fluence is above the threshold fluence. At that fluence for ultrashort pulses, as opposed
to long pulses (>10 ps), melting is considerably reduced and insignificant, since the
hydrodynamic (liquid phase) motion of dielectrics is generally negligible. When the
temperature reaches higher than the vaporization temperature, material will be removed.
But if this negligible amount of melting is taken under consideration, the phase change
will occur when the lattice attains the temperature higher than the melting temperature
(specific temperature at which any specific material softens) for dielectrics. Besides, since
this melted area of the dielectric surface is strongly ionized, this molten region can be

ablated by the pressure and strong electric field generated by the femtosecond pulse [67].

2.5.4 Subsequent processes

Once the energy is transferred to the lattice, several processes occur at nanosecond
timescale. For example, a pressure or a shock wave separates from the dense, hot focal
volume within a couple of nanoseconds [68, [69], followed by the thermal energy diffusion

out of the focal volume on the microsecond timescale. When the energy becomes high
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enough, these combined processes lead to melting or, non-thermal ionic motion and leave
behind permanent structural changes [70].

The high density plasma generated by intense illumination of dielectrics at high inten-
sities becomes very energetic due to efficient absorption of light, as discussed in previous
sections. The laser heated plasmas are expanded, followed by a hydrodynamic expan-
sion of the ablated material, resulting in the ejection of fast ions within a few ps after
the initial excitation [71, [72]. Numerous theoretical investigations have attempted to
explain the fundamental mechanisms leading to material removal including: spallation,
explosive boiling, vaporization and melt expulsion [73], 74} [75]. The initiation of a precise
expansion mode depends on the amount of energy absorbed and material composition.

When the incident laser fluence is slightly increased beyond the damage threshold
(minimum fluence at which damage to the target is induced) of any particular material,
the fast energy deposition of a short-pulse laser leads to an abrupt temperature rise in the
focused area. As a result spallation occurs, causing mechanical fracture of brittle material
or, promoting cavitation and fragmentation in a metastable liquid, due to accumulation
of high tensile stresses at the laser irradiated spot [76].

As the fluence is further increased, the irradiated surface can overheat beyond the
limit of its thermodynamic stability, leading to phase explosion or, explosive boiling [76].
The phase explosion is a process where a system is pushed into a metastable region as
a result of rapid heating and the superheated metastable liquid undergoes an explosive
liquid-vapor phase transition into a stable two-phase state because of a massive homoge-
neous nucleation of vapor bubbles. This process is followed by an explosive decomposition
of the overheated material into a mixture of vapor and liquid droplets. Eventually, the
ultrashort pulse irradiated surface becomes melted and the molten material is heated
beyond its thermodynamic boiling temperature, leading to bubble formation followed by
ejection of material. Below the threshold fluence for plasma formation, phase explosion
is known to be the key mechanism in femtosecond ablation [77].

On the other hand, at a fluence above the threshold of plasma formation, a layer of
material surface can be atomized and removed through vaporization. Here, vaporization
is not indicated by evaporation from the surface layer; instead vaporization illustrates
complete dissociation of the material as the absorbed energy exceeds the cohesive energy
of the lattice 78, [79].
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2.5.5 Final state of the ablated material

In the femtosecond pulse ablation regime, the timescale for the overall ablation process
is on the order of several 10 ns. The timescale associated with the transfer of absorbed
optical energy by the electrons to the lattice is over a picosecond, followed by separation
of a pressure or a shock wave from the dense hot focal volume within a few nanoseconds.
The thermal energy diffuses out of the focal volume on a microsecond timescale [80].
This shock-like deposition of energy into the material, on a time scale much faster than
the thermal diffusion time, leads to ablation of material on the surface or, permanent
structural change in the bulk. The final state of the material relies on the amount of
absorbed energy, material removal mechanism and successive cooling rates. This final
state of the ablated material can be characterized by its morphology, crystal structure and
chemical composition. The work presented in this thesis is carried out with laser beams
that have a near Gaussian spatial profile. Therefore, the energy deposition is not uniform
across sample surface which affects the morphology of the ablated region by varying the
associated density and temperature gradients. By carrying out a postmortem analysis on
the ablated /modified region, analysis of fluence dependent features (i.e. crater profiles,
crater depth, crater diameter, local changes in crystallography and chemistry) can be
correlated to different dynamic mechanisms.

For example, the analysis of the depth of the ablated craters can offer an approx-
imation of the energy deposition profiles. Other than fundamental investigations, the
postmortem analysis can provide a huge variety of information relevant for practical ap-
plications of ultrashort laser pulse in material processing and micro/nanomachining. For
instance, analysis of the final state and fluence dependence of ablated volume or, crater
depth can estimate the ablation threshold and ablation rates. Also, the interaction of
intense femtosecond lasers with material surface induces locally modifying the physical
state, mechanical, optical, and chemical properties, that might have potential application

in mesoscopic research.

2.5.6 Dielectric modification

In a wide band-gap material, several common processes including stress-induced changes,
densification, changes in effective temperature, color center formation and ion diffusion,
are responsible for the observed change in refractive index. The relative importance
of each mechanism varies significantly according to the material properties and laser

exposure parameters [80]. For example, SiOs a 5 membered ring structure is also known
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as fused silica. The exposure of appropriate laser parameters inside SiOy will change the
chemical affinity of the sample along the laser illuminated path. The resultant laser-silica
interaction leads to bond breaking, and the 5-membered ring is reduced to 3, resulting
in densification and refractive index modification [81].

In transparent materials, the threshold for producing permanent structural change
coincides with the threshold for optical breakdown and plasma formation [31]. When
the laser intensity exceeds the threshold intensity due to the high atomic density of the
medium, a critical plasma is formed, which is restricted to expand and is confined to
the interaction region, as the temporal peak of the pulse passes through the laser focus.
Therefore, unlike surface ablation, the plasma is confined to the interaction region and
is not free to expand. This plasma strongly absorbs energy from the second half of the
laser pulse, depositing enough energy to produce permanent structural change.

For femtosecond laser pulses, breakdown occurs even with less energetic laser pulses,
leading to less energy deposition and smaller structural changes. Therefore, there is no
ablation and removal of material. Instead, with suitable laser exposure conditions, a
permanent and localized increase in the refractive index is possible [82]. Because the
absorption in a transparent material is nonlinear, it can be confined within a micrometer

sized volume, or even smaller than the focal volume [83] 81, [84].

P —p 100 fs

l objective

Figure 2.5: Schematic diagram of the focusing setup used to produce structures in bulk
dielectric using femtosecond laser pulses. The beam was focused at a depth d pm from

the surface.



Background 26

The extent of modification to the refractive index within the focal volume is dependent
on the change in the density induced within that region, in accordance with the energy
delivered to the interaction region [83]. There are three major phenomena reported in
the literature when focused intense fs pulses interact with transparent dielectrics with
increasing intensity: such as, smooth refractive index changes, birefringent zones and
microvoid disruptions. When the fs laser pulses have energy close to the threshold,
it results in uniform refractive index change of the material, which is called isotropic
refractive index change (An) for a very short range of pulse width and fluence. This
uniform modification, achieved by scanning the laser focus through the material, has
been associated with uniform positive refractive index changes (of the order of 5x103
for fused silica) and is suitable for writing a three-dimensional object, which is widely
known as a low loss optical waveguide [85]. Waveguides, the basic building block of any
photonic device, have a higher refractive index in the laser modified region compared to
the surrounding regions as shown in Figure 2.6, This makes them ideal to guide optical
waves by total internal reflection. Conversely, this smooth modification range is not

suitable for fabrication of microchannels since the etching selectivity is very weak.

Figure 2.6: Results obtained from experiments done with a single mode fiber. The
laser beam focused inside the core of single mode fiber, created plasma in a confined
region causing a chemical re-structuration within the interaction region which leads to
permanent refractive index changes within the core. This picture was taken by a CCD

camera mounted to an optical microscope using a 40x objective.
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At moderate energies and under some specific conditions, the modifications within the
focal volume would transform into self-ordered multiple periodic regions with the modi-
fication confined to nanometer dimensions. Such modification leads to the formation of
nanostructures; commonly known as the birefringent refractive index change mechanism.
The nano-planes, as shown in Figure[2.7], are oriented perpendicular to the electric vector
of the laser beam and created as an outcome of localized ionization and linearly polarized
laser-plasma interaction. This leads to interference phenomena between the incident light
field and the electric field of a bulk electron plasma wave and results in periodic modu-
lations in the electron plasma density. Consequently the non-uniform nano-plasmas will
randomly grow into nano-planes due to local field enhancements. These nanostructures
inside a material have a wide field of applications from building of gratings to 3D optical
data storage devices [80]. Figure shows periodic nanostructures inside fused silica at

a separation of ~250 nm using a central wavelength of 800 nm and 50 fs pulses [81].

chemically over-etched
toreveal structures

Figure 2.7: Atomic force micrograph of the periodic array of nanoplanes obtained by
scanning (S) the focus along the polarization direction (E). The periodicity is ~250 nm
for 800 nm light inside fused silica. Image obtained from [81], with permission from the
Institute of Physics (IOP).

An interesting outcome of the polarization-selective etching experiment of the gener-
ated nanogratings is that, it exhibits dramatic differences in the etch rate for different
orientations of the electric field vector with respect to the writing direction [87]. When the
modification is induced by linearly polarized light perpendicular to the writing direction,

the generated nanogratings will be aligned with the writing direction and the resulting
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cumulative etch rate will be very high as the acid flow will be virtually unobstructed
and proceeds along large distances in a parallel fashion. Therefore, this particular mod-
ification range is very suitable for fabrication of microchannels due to the strong etching
selectivity.

With further increase in energy, the modification leads to void formation. At such
high laser energy, hot electrons and ions may explosively expand out of the focal volume
into the surrounding material [88]. This explosive expansion leaves a void or, a less dense
central region surrounded by a denser halo. During the laser processing of polymers,
cross-linking and depolymerization are two further mechanisms which can influence the
resulting morphology [89]. Their contribution to the refractive index varies, particularly
as a function of repetition rate [90]. Depolymerization has been observed in PMMA;
when intense laser pulses are focused inside bulk PMMA they cause photoionization and
breaks in the PMMA chains. Later, these detached PMMA chains tend to cross-link
with each other, which leads to permanent chemical re-organization. The cross-linking
increases the density, which in turn increases the refractive index within the interaction
region inside PMMA [91].



Chapter 3

Experimental Set Up and Procedure

This chapter includes the details of the experimental set up consisting of femtosecond
laser and machining systems, the experimental methods used in sample preparation and

analysis and theoretical models.

3.1 Short Description of Femtosecond Laser System

This work reports all experiments that were performed with a commercial amplified
Ti:sapphire laser system. The laser system includes a femtosecond oscillator, a regen-
erative amplifier and an optical parametric amplifier pumped by another femtosecond
amplifier.

The light source used in this dielectric study is a Kerr lens mode-locked Ti:sapphire
oscillator (Tsunami, Spectra-Physics) capable of producing pulses of less than 30 fs with
a maximum pulse energy of 8 nJ at a central wavelength of 800 nm and repetition rate of
76 MHz. The oscillator is pumped by a 5 W Nd:YVO, diode solid-state laser (Millenia,
Spectra-Physics, 532 nm). The pulses from the femtosecond oscillator are then sent
into the regenerative amplifier (Spitfirepro, Spectra-Physics) for energy amplification.
The regenerative amplifier is composed of a special cavity design enabling the passage
of a single seed pulse, from the oscillator, to pass through the Pockels cell and into
the cavity. At the entrance of the amplifier, the pulse is first temporally stretched in
order to prevent the catastrophic self-focusing of the light onto the Ti:sapphire crystal.
The pulse is amplified and recompressed by a grating compressor. The output power
of the amplifier is 2.5 W and produces pulses of 46 fs in duration at a repetition rate
of 5 kHz. The amplifier is pumped by a 30 W frequency-doubled Nd:YLF (Empower,

29
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Spectra-physics, 527 nm) laser.

3.2 Laser Ablation/Modification Set Up

The beam delivery schematic and the ablation/modification setup is shown in the Fig.
[B.1] The dielectric setup is mounted on an optical breadboard in an upright position
and bolted to the optical table. A small percentage of the beam from the output of the
laser is reflected by a beam sampler (BSF10-B1, Thorlabs, 650-1050 nm) and directed
into an autocorrolator for monitoring the pulse duration. The laser beam is directed into
the dielectric setup by three dielectric mirrors (MI-M3) and passes through a gradient
neutral density filter (Thorlabs, NDC-100C-4M) to control the power delivered to the
focal plane. For further attenuation of the power, an additional range of neutral density
filters were used.

A series of mirrors (silver coated, PF10-03-P01, Thorlabs) directed the laser beam into
the back aperture of the microscope objective (10x with 0.25 NA, f = 16.5 mm, Newport).
The back aperture of the microscope objective (8mm) was slightly overfilled to minimize
alignment errors. The light travelling through the microscope objective is focused onto
the sample. A glass slide is placed at 45° before the BA (setupl), to reflect back a small
percentage of the incident light to monitor power using a fast photodiode (PDA100A,
Thorlabs, 400-1100 nm). A series of ND filters, placed in front of the photodiode, ensures
a linear response.

A small percentage of the light is reflected from the sample surface in the backward
direction and travels through the microscope objective and exits the BA where it is
reflected by the glass plate at 45° and focused (Thorlabs, f = 100 mm, plano-convex
lens) onto a CCD camera (MCE-B013-US, Mightex) in order to accurately determine
the position of the laser focus relative to the sample’s surface. The pulse energy used for
determining the sample surface is very low compared to damage threshold of the material.
For a parallel beam, this arrangement gives a pair of spots with smallest features. The
reason for observing 2 spots on the CCD camera is that, each focused spot on the sample
surface (top or bottom) is reflected back from both top and bottom surface of the glass
plate at 45° and focused on the CCD camera, resulting in 2 spots. When the microscope
objective perfectly collimates the reflected light from the surface, focused by the lens, the
spot size will be the smallest. With the light reflected above or below the surface, the
spot size varies drastically. As a result, the light reflected above or below the surface will

not be properly collimated at the back aperture of the objective with the light coming
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Figure 3.1: In the dielectric ablation/modification setup, the optical elements placed in

the beam path on top of optics table. Plane mirrors (M, r = 97.5%), beam sampler
(BSS),beam splitters (BS), filter wheel (FW), neutral density filters (ND), glass slide
(GS), fast photodiode (PD), plano-convex lens (L) with f = 100 mm, a CCD camera
(CCD) and a microscope objective (OB). In setup two, a quarter-wave plate (QWP) and

a cube beam polarizer (CP) are added to control the power.
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out either convergent or divergent when focused by the lens and the dots appear on the
CCD camera becomes larger. To avoid any distortion of the incident polarization, the
glass plate at 45° used for directing the back reflected light, was removed after locating
the surface of PMMA.

The above setup in Figure was used to carry out most of the ablation/internal
modification experiments presented in this thesis. But some experiments required a
modified setup. For example, when the light polarization required to be changed or, the
electric field of the linearly polarized light needed to be reduced (setup 2). In order to
change the polarization (or, the electric field) of the light delivered to the focal plane,
a quarter-wave plate (WPQO05M-780, 780 nm, Thorlabs) and a cube polarizer (CM1-
PBS252, 620-1000 nm, Thorlabs) were introduced in the beam path, as depicted in Figure
. A quarter waveplate was used to produce elliptical or, circular polarizations. To
select s or p polarizations, a polarizer was placed after the quarter waveplate. Switching
the relative position of the two optics ensured that the pulse duration remained the same
while changing the polarization.

In most of the work reported in this thesis, the sample was mounted on three-axis
translation stages (UTM 150PE.l, Newport) with a resolution of 50 nm along the lateral
dimensions (X, Y) and 100 nm along the axial direction (7). The stages were controlled by
XPS-C8 controller (Newport) via LabVIEW interface. The timing, synchronization and
data acquisition were performed by a computer through general purpose data acquisition
card (USB-6251, National Instrument). The control software was custom written in
LabVIEW to allow full automation of most of the experiments. The laser system and
the micro-machining setup are located on separate optical tables. Since distance between
the lasers and the micro-machining set up is relatively large, care was taken to minimize

all sources of mechanical or, environmental instabilities.

3.3 Characterization of the Laser Beam

It is absolutely crucial to control and optimize different parameters to perform the ab-
lation and modification (micro-machining) experiments of different materials presented
in this thesis. Laser processing of materials requires precise knowledge of laser spot
size, fluence, pulse duration and beam profile which will be discussed in the following

subsections.
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3.3.1 Spot Size Determination

The minimum diameter of a focused laser beam, and hence the maximum fluence, occurs
at the focus waist. For the laser beam, assuming no aberrations, the diffraction-limited

minimum focus spot size may be estimated by [92],
1.22)\
NA

where VA is the numerical aperture of the objective and \ is the wavelength of

D(z,y) = (3.1)

the laser radiation. For the laser beam and focusing optics used in this work, with a
central wavelength of 800 nm and with the use of a 10x objective with a N A of 0.25, the
calculated minimum focus spot diameter is 3.904 pm.

However, it is more precise to estimate the focus spot diameter from the experimen-
tal data when performing experiments to measure the material ablation threshold. To
characterize the ablation/ internal modification process, determining the laser fluence is

crucial. The peak fluence of a Gaussian beam is given by

do = 220 (32)

2
Wy

where Ej is the pulse energy and wy is the spot size, i.e., beam radius measured at 1/¢?
of the intensity profile. The accuracy of fluence determination largely depends on the
measurements of the spot size on the sample surface. One way for direct measurement
of the spot size is with a CCD beam profiler. But for tightly focused beam this method
is not applicable since it is limited to relatively large beams and the typical CCD pixel
size is in the range of 20um .

Another technique to measure the spot size of a tightly focused laser beam is by knife-
edge technique. In this technique a knife-edge is scanned through the focus of the beam.
Then the total transmitted signal is measured as a function of the lateral coordinate of
the knife-edge [93, 94, [95]. However, to ensure good result the plane of the knife-edge
scan has to coincide with the sample surface. The principle of this technique is to let
a knife blade initially block the beam, and then move the knife with constant velocity
to unblock the beam. The optical power that slips past the knife blade is measured by
a detector connected to an oscilloscope. As the knife blade is completely removed from
the beam path, the detected signal will rise and the rise time will be an indirect measure
of spot size w. If we assume the knife blade moves in the x-direction and has position

xo, then the fraction of the optical power that slips past and hits the detector is given
by equation
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There is another method [96] for measuring spot size of a tightly focused beam through
the dimensions of the ablation crater. This technique also aids to determine the threshold
for ablation/modification of the sample. When short pulses of light interacts at a sample
surface, it may result in ablation when the laser fluence, ¢q, exceeds a certain fluence
threshold, ¢;,. The ablation will occur with the ejection of material from the surface
[97, 98]. The ¢y, value is characteristic to the material and on the number of laser shots
delivered to the region. The diameter (D) of the modified region, assuming a Gaussian
profile of the laser beam is related to the energy of the incident pulse by the following
equation [99, O7]),

D* = 2w§ln@ (3.4)

(bth

where D? is the squared diameter of the modified region.

Experimentally to find out the true spot size at the target surface, single pulse ablation
spots were produced by scanning the focus spot at a certain separation over the flat
surface. Pulse energy was varied over a range of values while the focus spot radius was
maintained at a known, fixed value. Since there is a linear relationship between F,,.
and ¢, a semi-logarithmic plot of D? versus In(E,,s.) was plotted. The approximate
1/e? radius value for a Gaussian beam (wp) of the laser focus spot needed for subsequent
calculations, and can be computed from the slope m of a semi-logarithmic plot of D? vs.
laser pulse energy (provided that, a linear fit was extrapolated from the graph) by the

following relationship [97) 98],

m
Wy = Z (35)

Damage threshold fluence ¢4 is the minimum fluence at which any visible damage (but
not removal) of the target surface appears. As long as the experimental damage diameters
can be measured within the range ¢4 < ¢g < @, ¢q can be found by a similar procedure
as for ¢y,.

To determine the spot size at the target surface, the dimensions of all the ablation
holes were measured with the aid of software imageJ in the SEM images for both 2-
shots and 5-shots experiments. From these measurements, D? versus In(Epuse) graphs
were plotted for both the 2-shots and the 5-shots measurements. The spot size for 1-
shot was not plotted due to the fact that, for higher fluence the shape of the ablation

crater becomes elongated along the direction of polarization for linearly and elliptically
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polarized light. Therefore, there were less data points available for the graph. As seen
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Figure 3.2: Graphs of D? versus In(Epys.); (left) for 2-shots and (right) 5-shots. From
the slope, the beam radius is obtained: 2.46 pm from the 2-shots and 2.87 pym from the
5-shots graph.

from the graphs in Figure , the slope of 2-shots graph and 5-shots graph is slightly
different; the beam radius is close to 2.46 pm and 2.87 um respectively. An average was
taken to provide an estimated beam radius of 2.67 ym. Therefore, the estimated spot size
is 5.34 pm for the light focused at the surface of the PMMA sample. As the size of the
ablation crater is dependent on laser fluence, the measurement of the spot size from the
dimension of the crater will vary accordingly. The spot size was also obtained from knife-
edge measurement for continuous pulses, and the beam radius is 1.64 um, comparable
to the value obtained from D? versus In(E,us.) graphs for 2 shots and 5 shots. But the
magnification of the microscope objective used for the knife-edge measurement was 16x
(NA 0.25) as opposed to the 10x (NA 0.25) objective used for the other method.

It is evident from here that the experimental results of D? are nearly twice the value
of theoretically achieved value of the limit of diffraction. The theoretical estimation is
very much dependent on the beam and objective quality and is provided assuming an
ideal illumination. If a Gaussian beam two times larger than the aperture diameter of
the objective, there are around 60% of losses. But for efficient machining of materials,
it is necessary to have enough energy. To deal with this issue, the objective aperture

should be illuminated with a beam comparable or, quite smaller than the aperture. In
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our experiment, we slightly overfill the back aperture of the objective to avoid alignment

error, giving the beam a flat top-like profile.

3.3.2 Average Power Measurement

For most of the experiments presented in this thesis, it is crucial to determine the thresh-
old fluence/energy density for ablation/modification/damage. Also the analysis of the
dependence of different machining parameters on pulse energy reveals important insights
on laser-solid interaction. All these characterization requires precise measurements of
power.

The power measurements at the wavelength of 800 nm were performed with a con-
tinuous wave power meter (407 A, Spectra-Physics), capable of measuring within the
power range from a few mW upto 20W. The accuracies of the power meter was quoted
in between 1% to 3% respectively in the wavelength ranges of interest. The power me-
ter used to measure the average power and have a response time of ~(0.5 second and,
hence, cannot directly measure the energy of individual pulses. The pulse energy can be
calculated by dividing the average power measured by the repetition rate of the laser (5
kHz).

Initially, with the power meter, the available power was measured at different loca-
tions of the set up to find out losses from various optics within the set up. In all the
experiments presented in this thesis, the incident pulse energies were measured after the
microscope objective, taking into account the transmission and reflection losses of all the
optics. To account for the power fluctuations or drifts, a fast photodiode (PDA100A,
Thorlabs, 400-1100 nm) was used for calibration of power. The photodiode is calibrated
by associating the voltage of the photodiode with the average laser power measured by
the power meter. A series of ND filters was placed in front of the photodiode to ensure
a linear response. To confirm the accuracy of the neutral density filters provided by the
manufacturer, several measurements were taken in the lab. The photodiode is calibrated
at the start of each experiment to obtain a linear relation between power and voltage
that will be used throughout the experiments to determine the energy delivered to the

focal plane.

3.3.3 Determination of Fluence and Focus Properties

To determine the laser fluence with great accuracy is vital for analysis of ablation /modification

process. The minimum diameter of a focused laser beam and the maximum fluence oc-
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Figure 3.3: Calibration graphs of the photodiode using different combination of the ND
filters in the beam path and in front of the photodiode. Both calibrations were taken
with the same gain of 10 dB. Multiple points were taken to extrapolate linear relation
and verify the linear response of the photodiode. The R? value of each graph are nearly

1; indicating a good linear response and accuracy of the measurements.

curs at the focus waist which has a Gaussian shaped intensity profile. The fluence is
defined as a quantity of energy per pulse applied on all the surface of the beam (J/cm?)

such as,
E PCL’U(‘Z

A~ 74
where E is the energy per pulse (J), A the surface area of the beam(cm?), P, is the

F

(3.6)

average laser output power (W) of the beam and f is the repetition rate (Hz) of the
amplifier. P,,. is measured by the power meter and can be given by the expression
P,.. = Ef, as a function of laser source characteristics. Now it is now possible to calculate
the value of the fluence with the value of the size of the beam by equation |3.6]

It is vital to find out laser peak power Ppq; to calculate peak intensity at the focal
spot during ablation or, modification of the target material. Peak intensity delivered
to the focal plane determines the dominant regimes of the photoionization that occurs
during the ablation/modification process.

To calculate peak intensity, we have to calculate peak power at first. The laser peak

power Py, is related to average laser power Py, by the following expression,

E_Pave
T_fT

Ppeak = (37)
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where 7 is the pulse duration. In terms of fluence, this expression will be

FA
Peak = — (3.8)
T
Intensity of the focal spot is can be given in terms of laser peak power, which in turn

can be correlated to laser fluence as,

Poea F
J — ~peak )
A T (8:9)

As mentioned in previous section, the spot size is calculated to be 3.904 pm, assuming
no aberrations and the objective’s spot size is diffraction limited.

Since the process of photoionization depends on the intensity delivered to the focal
plane. In this work, for the energy range of 1 nJ to 10 pJ used in different experiment and
pulse duration of 70 fs at the back aperture of the microscope objective, the approximate
value for the intensity is ~10' W/cm?.

As discussed in Chapter [2| with intensity nearly 10 W /em?, multiphoton ionization
is the only possible dominant mechanism (MPI depends on the bandgap of the material
as well), more than a factor of 5 higher than avalanche ionization. At high intensities
multiphoton ionization (MPI) dominates avalanche because MPI scales nonlinearly with
intensity while avalanche ionization scales linearly [100].

The intensity mentioned above is a rough estimate as the pulses are bandwidth limited
at the entrance of the lens where the duration is measured to be 70 fs. The pulse
duration was not measured after the objective. Throughout the experiments, an aspheric
microscope objective was used. As a result, the pulse duration is expected to be no
more than 80-90 fs, resulting in an uncertainty in the laser intensity by about 15-20%.
Also, the spot size plays a significant role for uncertainty in the intensity calculation
since experimentally measured spot size was found to be slightly larger than that of the
diffraction limited spot size. However, these should not affect the fluence. In fact, the
single shot ablation threshold (experimental results from Chapter [4)) agrees well with the
published data.

3.3.4 Confocal Parameter

Confocal parameter, b, is another variable that can affect the modified region during the

ablation process, which can be expressed by the following expression

A
b= 2.74# (3.10)
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where n is the refractive index of the medium, A is the central wavelength of the laser
and N A is the numerical aperture of the objective.

The ablation/modification process significantly depends on the extent of the length
of the confocal parameter [51], [T01]. The value of the confocal parameter gives the scope
of error where the surface of the sample must be located during the ablation experiment
in order to have precise data. If the sample surface is outside the range of the confocal
parameter, it would affect the measurement of threshold energies. Since threshold en-
ergy/fluence is correlated with intensity, photoionization rate would vary considerably
due to its n-th order dependence on intensity. Therefore, for precise measurements of
the threshold values, all the samples should be located within that range of the confocal
parameter.

For the work presented in this thesis, the confocal parameter is ~35 pm (equatio
considering a 10x objective with a NA of 0.25 and taking n = 1 (air) for a laser with a

central wavelength of 800 nm.

3.3.5 Pulse Width Measurement

The pulse width measurement and characterization of ultrashort laser pulses is criti-
cal. There are different autocorrelation techniques, for example frequency-resolved opti-
cal gating (FROG) and grating-eliminated no-nonsense observation of ultrafast incident
laser light e-fields (GRENOUILLE) [101, 102]. The complexity stems from stretching the
femtosecond laser pulses as they pass through an optical microscope for laser modifica-
tion/ablation. Even a few tens of femtosecond increment in the pulse duration can give
rise to a rapid decrease in intensity measurement (as discussed in the previous section).
For femtosecond laser source with a very low average power, this reduced intensity issue
becomes more challenging since transient TW /cm? laser intensities are needed to induce
multiphoton ionization.

In experiments presented in this thesis, the pulse duration of the laser at the en-
trance of the dielectric setup has been measured by a single shot autocorrelator. This
autocorrelator is sensitive within the range of 30-150 fs. Experimental autocorrelation
profiles measured at the laser output and after the objective are given in the Fig.
The basis of a single shot autocorrelator relies on the splitting of the output beam into
two separate beams which are focused into a nonlinear medium (BBO crystal) after a
time delay. A second harmonic (SH) signal is generated in the forward direction because

of momentum conservation resulting from the non-collinearly frequency-doubling in the
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Figure 3.4: Experimental autocorrelator profile of the pulse at the output laser, after a

small percentage of the beam from the output of the laser is reflected by a beam sampler

and directed into the autocorrolator for measuring the pulse duration.
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BBO crystal. The intensity of the SH signal changes depending on the variation of the
time delay between the pulses. Signal is maximum when there is a temporal overlap
and in opposite cases drops off gradually. In the femtosecond configuration the relative
wavefront tilt produces a spatial time delay in the frequency-doubled signal, which re-
sults in an autocorrelation of the temporal intensity profile. On the basis of intensity
autocorrelation, an autocorrelation in time is being transformed into a spatial intensity
distribution. Therefore, the SH signal intensity A can be expressed by the following

expression

Ar) = /_oo L)L (t — 7)dt (3.11)

o0
where [ is the intensity of one of the beams, and I.(t — 7) is the intensity of the
delayed pulse.

A CCD camera is used to image the SH signal and spatial intensity distribution to
convert the resultant signal into an autocorrelation trace of the pulse. Thus the detected
autocorrelation signal is available for display as a measurement by a computer. The
pulse duration measurement of the Gaussian shape beam profile is achieved by using the
following expression,

Awsin(0)

T=— (3.12)

where Aw is the vertical width of the trace, 7 is the pulse duration, and 6 is the inter-
secting angle between the two beams. Using the above equation, the pulse duration from
the regenerative amplifier was found to be 46 fs. A small percentage of the beam from
the output of the laser is reflected by a beam sampler (BSF10-B1, Thorlabs, 650-1050
nm) and directed into an autocorrelator for measuring the pulse duration.

For ablation/modification studies, it is crucial to evaluate the pulse duration deliv-
ered to the focal plane to calculate intensity, or fluence, which helps to understand the
femtosecond laser ablation/modification dynamics. The first step is to take into account
all the optics in the beam path through which the pulse propagates before entering the
back aperture of the objective and place them (except for beam splitter) in the beam
path of the autocorrelator to recreate the original experimental condition. Under that
circumstances, the pulse duration at the back aperture is measured to be 52 fs.

To take into account the pulse broadening through the two beam splitters (BK7)
within the beam path, Sellmeier’s equation was used to determine the dispersive effect
[T01]. The group velocity dispersion (GVD) of BK7 was calculated to be of 50.6 fs?/mm
provided that the refractive index of BK7 is 1.51 for the central wavelength of 800 nm.

The pulse duration along with all the optics including two beam splitters was calculated
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using the dispersive pulse broadening equation [103, [10T].

7o

. TO\/1 + (Y08 oy (3.13)

where 7 is the pulse duration before entering the dispersive medium. The beamsplitters
gives rise to a total group delay dispersion (GDD) of 303.6 fs? considering to have a
collective thickness of 6 mm. Using the above expression the pulse duration is found to
be 55 fs at the back aperture of the objective.

To change the laser polarization, a quarter-wave plate or a half-wave plate was intro-
duced in the beam path along with a cube polarizer. This resulted in further broadening
of the pulse which was finally calculated to have a duration of 72 fs at the back aperture
of the objective.

Throughout the experiments, an aspheric objective was used instead of a standard
microscope objective (that typically have 5-7 optical elements of different materials) to

minimize dispersion. As a result, the pulse duration is expected to be no more than

80-90 fs.

3.4 Characterization Methods

The laser-ablated morphology of femtosecond laser induced breakdown was studied with
scanning electron microscopy (SEM), atomic force microscopy (AFM), and optical mi-
croscopy (OM). In most cases for preliminary characterization images were taken by OM
such as, for characterization of surface morphology (qualitative investigation) and for etch
length/diameter measurement (quantitative investigation). For more precise analysis,
SEM was used. For example, to find out the lowest energy at which ablation/permanent
index modification features that were visible under the scanning electron microscope
(SEM) gives the accurate threshold value. Quantitative analysis such as the dimension
of the modified region as small as nanometer resolution was very accurately measured
by SEM. AFM was used for quantitative analysis of the laser-ablated regions such as the
height and depth of the ablated region.

3.4.1 Scanning Electron Microscopy

The laser-ablated regions were characterized by scanning electron microscope (SEM)

using lab facilities in both Dr. Arnaud Weck’s lab in Mechanical Engineering department
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and Centre for Catalysis Research and Innovation (CCRI) (JSM-7500F FESEM (JOEL))
at University of Ottawa. To assist imaging, all samples such as PMMA and fiber surface
required gold coating with a thin layer (few nanometers) to make them conductive.
Special care was taken to maintain steady electron beam conditions such as beam spot
size and accelerating voltage during SEM image collection so that proper comparisons
could be made between samples. All SEM images were taken with the electron beam

perpendicular to the sample (zero tilt).

3.4.2 Atomic Force Microscopy

Laser induced surface topology was investigated at Pelling Lab, University of Ottawa
by an AFM (Nanowizard II, JPK Instruments, Germany) to characterize the ablation
morphology including the ablation depth and protrusion height as a function of laser pulse
energy. Contact mode was employed, where 10 ym x 10 pum of images were initially
obtained and then zoomed relatively to 5 umx5 pm. This particular AFM used a
pyramidal PNP-TR-50 cantilever (Nanoworld) having a half-cone angle of 35°, tip height
of 3.5 um and a spring constant of 691 pN/nm tracing the sample with < 10nN in radius
of curvature. Images were captured with a relative tip speed of 1 pum/sec. The typical

lateral and vertical resolutions were 30 nm and 0.1 nm, respectively.

3.4.3 Optical Microscope

An optical microscope was used for detecting and imaging fs laser induced permanent
internal modification and ablation for multiple purposes, such as for measuring damage
and ablation threshold, etch depth/diameter and ablation morphology studies of different
samples including PMMA, cubed fused silica and fiber samples. Optical microscope
images were taken at the Ultrafast Photonics Lab, University of Ottawa using Olympus
BX51 microscopes of different magnification (20x, 40x, 60x, 100x) with a CCD camera
(Thorlabs-DC210).

3.5 Theoretical Models for Numerical Simulations

High precision material processing resulting from femtosecond laser pulse interaction with
solids is greatly dependent on optimization of experimental parameters, as mentioned in
last few sections of this chapter. Understanding the fundamental mechanism and corre-

lation between the subsequent processes during the ultrashort laser-material interaction
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aids to choose the optimal laser and target parameter. These parameters facilitate to
achieve simple scaling relations to predict the ablation/modification condition for any
target material, which directly influence the progress of the cutting edge ultrashort laser
technologies and its applications.

That is why besides experimental studies, femtosecond laser-material interaction have
been studied through analytical and numerical approach. At present, different successful
models have been applied by various groups to unravel distinct mechanisms and dynamics
involving femtosecond laser ablation/modification phenomena.

The underlying mechanisms of laser-solid interaction in femtosecond timescale gives
rise to various physical processes, such as, excitation of free carriers, thermalization of
the deposited laser energy, formation of a highly energetic high-temperature and high-
pressure region, explosive disintegration and prompt forward ejection of a volume of
material, intensive processes in the ejected plume, recondensation or deposition of the
ejected particles in pulsed laser deposition, and propagation of a pressure wave into the
bulk of the target away from the ablation region [79]. To take into account the com-
plex nature of all these subsequent processes with appropriate resolution is numerically
daunting for any single model. Therefore, scientists around the world tend to combine
and extend different theoretical and computational approaches.

Based on the work presented in this thesis, a Molecular Dynamics (MD) in 2D ap-
proach is used for understanding the general mechanics of thermal processes leading to
formation of the dome-like structures, features of ablation craters and nano-pillar like
structure on bulk sample surface. For single shot experiments, polarization dependence of
the ablation features was numerically simulated by finite difference time domain (FDTD)
method and explained the underlying physics. Application of both MD and FDTD meth-
ods for the respective experiments agrees well with the experimental data presented in
this thesis.

3.5.1 Molecular Dynamics Simulation

The reason for choosing a molecular dynamics (MD) approach over other numerical
processes is that it describes the evolution of the irradiated material from the energy
deposition to the final state of the material and is naturally capable of describing the
non-equilibrium phase transition processes at the atomic level. In other words, it is able
to provide a complete microscopic description of the dynamical processes involved in laser

ablation. Other models are typically used to describe thermal processes in bulk samples
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and shown to encounter serious challenges when extended to ultrafast laser ablation [104],
due to fundamental difficulties in describing highly non-equilibrium phase transition pro-
cesses along with the necessity to resolve microscopic processes. Hydrodynamic models
are the example.

MD models can be explained as a n-number of spheres, interacting in a 2 or 3 dimen-
sional lattice with translational and internal degrees of freedom. All atoms interact with
each other via a predefined potential function. At every time step the positions, velocities
and forces of all atoms are tracked. Afterwards the motions of the interacting atoms are
used to evaluate macroscopic parameters such as temperature, pressure and density from
statistical data processing [L05]. In this thesis, the experimental results show adequate
agreement with the predictions achieved from MD simulation. For example, formation of
the dome-like structures by single pulse ablation, creation of nano-pillar structure within
the ablation crater by two-pulse ablation, and the evolution of the ablation crater on the
bulk PMMA surface. The details of the treatment of the MD model appropriate for the
surface ablation of PMMA is described in chapter [4]

Unfortunately, MD method has severe limitations in computing the laser ablation on
time and length scales such as small cell sizes and full microscopic description of the
ablation process. Some specific features of laser ablation are not possible to address
with present computation capabilities (e.g., long-term expansion of the ablation plume).
Recent advances in computer technology and possibilities for integration of the MD
method into a multiscale computational model is soon going to address the underlying

physical and chemical processes involved in the laser ablation phenomena.

3.5.2 Finite Difference Time Domain Simulation

Finite difference time domain (FDTD) is a well known numerical analysis method for
modelling computational electrodynamics [106] 107]. This method finds approximate
solutions to the associated system of differential equations. FDTD is able to cover a
wide frequency range with a single simulation run as it is a time domain method which
can take into account the nonlinear properties of material. The finite difference time
domain method is based on partial differential equations and direct approximation of
the differential operators in the Maxwell curl equations, on a grid staggered in time and
space. The time dependent Maxwells equations are discretized using central difference
approximations to the space and time partial derivatives. This permits a scheme which

uses first-order numerical differentiation to provide second-order accuracy. The resulting
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finite difference equations are solved in either software or hardware repeatedly until
the desired transient or steady-state electromagnetic field behaviour is fully evolved. A
detailed description of FDTD simulation tools is given in [106), 107].

In polarization dependent femtosecond laser ablation studies, FDTD code solves the
3D Maxwell equations in a non-magnetic material [108]. Using this method would pos-
sibly explain the resulting ablation/modification phenomena by determining energy de-
position patterns and assuming that all of the absorbed energy is eventually transferred
to the lattice and show that the elongation of ablation craters arises from the local field
enhancement during light-plasma interaction.

However, few approximations are made during computation of this FDTD code, such
as the effect of avalanche ionization; higher order nonlinearities incase of intense laser
interactions are neglected. Therefore, the results from numerical simulations presented
in the polarization dependent study of fs laser ablation Chapter [] only offer qualitative

agreement with the experiments.



Chapter 4

Surface Swelling and Polarization

Dependence

4.1 Introduction

This chapter is based on two previously published papers, and both manuscripts are
accepted for publication. The papers describe the experimental and theoretical results
of single pulse ablation of PMMA to gain insights into the fundamental aspects of ablation
process. In section we investigate whether single pulse ablation in PMMA results
in direct material removal (ablation), or surface swelling followed by material removal.
We studied single pulse ablation of PMMA as a function of pulse energy. Prior to this
investigation, the detailed analysis of the onset of surface ablation and the evolution of
the ablation craters with fluence, including comparison between experimental results and
numerical simulations were missing. For the first time, we demonstrated that the onset
of single pulse ablation on bulk dielectric surface is accompanied by surface swelling. We
identified 2 regimes corresponding to the dominance of swelling or ablation. For pulse
energies upto 1.5x damage threshold, swelling dominates. Ablation dominates for energy
greater than 1.5x damage threshold. To study evolution of swelling and ablation, we used
a 2 dimensional (2D) Molecular Dynamics (MD) model to predict ablation characteristics.
This model (MD) provided physical insight into swelling dynamics by showing that void
formation and material swelling are important mechanisms for temperature equilibration
at the surface of the laser-heated sample.

In section [4.3]we studied the role of polarization for single pulse ablation in dielectrics.

We found when the laser fluence was increased beyond twice the damage threshold, the

47



Surface swelling and polarization dependence 48

shape of the ablation craters became polarization dependent in the form of elongated
craters for linear and elliptical polarization. The polarization dependence was preserved
for line ablation within the quasi-periodic structures inside the ablated region. The im-
pact of polarization-dependent ablation can be minimized by using either pulse energies
close to ablation threshold, or circularly polarized light. Using optical and scanning
electron microscope, we examined the morphology of the material changes induced by
tightly-focused femtosecond laser pulses in bulk transparent materials, and identified
several mechanisms by which material alterations are produced. Besides, 3 dimensional
(3D) Finite Difference Time Domain (FDTD) simulations were performed to predict and
understand the polarization dependence of the fs laser-polymer interaction. The simula-
tions revealed that elongation of ablation crater arises from the local field enhancement
during light-plasma interaction. The results from numerical simulations agreed well with
the experimental results presented in this thesis. The overall results suggest there is a

narrow range of fluences that produce clear holes and cuts in dielectrics.

4.2 Femtosecond laser induced surface swelling in

poly-methyl methacrylate (Publication (1)

F. Baset, K. Popov, A. B. Villafranca, J-M Guay, Z. Al-Rekabi, A. E. Pelling,
L. Ramunno and V. R. Bhardwaj

Femtosecond laser induced surface swelling in poly-methyl methacrylate

Optics Express 21, 12527 (2013)

4.2.1 Author contribution

The published results come from experiments performed by F. Baset, A. B. Villafranca,
J-M Guay and V. R. Bhardwaj at Ultrafast Photonics lab, University of Ottawa, ON. F.
Baset and J-M Guay performed preliminary (unpublished data) and final experiments
under supervision of V. R. Bhardwaj. F. Baset and A. B. Villafranca conducted the
analysis of the results and F. Baset created the figures. AFM was conducted under
supervision of Z. Al-Rekabi. Theoretical simulation had been performed by K. Popov and
L. Ramunno. F. Baset wrote the first draft of the manuscript. All authors contributed

to the final manuscript.



Femtosecond laser induced surface
swelling in poly-methyl methacrylate

Farhana Baset, Konstantin Popov, Ana Villafranca, Jean-Michel Guay,
Zeinab Al-Rekabi, Andrew E. Pelling, L ora Ramunno and Ravi
Bhardwaj *

Department of Physics, University of Ottawa, 150 Louis Pasteur, Ottawa, ON, K1N 6N5,
Canada

| @ uottawa.ca

Abstract: We show that surface swelling isthe first step in the interaction
of a single femtosecond laser pulse with PMMA. This is followed by
perforation of the swollen structure and material eection. The size of
the swelling and the perforated hole increases with pulse energy. After
certain energy the swelling disappears and the interaction is dominated by
the ablated hole. This behaviour is independent of laser polarization. The
threshold energy at which the hole size coincides with size of swelling is
1.5 times that of the threshold for surface swelling. 2D molecular dynamics
simulations show surface swelling at low pulse energies along with void
formation below the surface within the interaction region. Simulations show
that at higher energies, the voids coalesce and grow, and the interaction is
dominated by material gection.

© 2013 Optical Society of America

OCIS codes: (140.3390) Laser material processing; (220.4241) Nanostructure fabrication;
(320.2250) Femtosecond phenomena.
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1. Introduction

Laser ablation is often associated with removal of material and is widely used for surface pat-
terning and thin film fabrication. The former is used to dramatically alter wetting [1], mechani-
cal, electrical and optical properties of materials [2]. Laser ablation has been studied in diverse
materials using arange of wavelengths (ultraviol et to infrared), pulse durations (nanoseconds to
femtoseconds) and repetition rates (kHz to MHz) for micro-fabrication to produce surface fea-
tures with suitable texture and less contamination compared to other methods. More recently,
femtosecond lasers have evolved as an advanced machining tool for material processing with
nanometer precision [3,4] enabled by localized energy deposition due to highly nonlinear mul-
tiphoton interaction of light with matter. As a result, they provide high intensities needed to
ablate material from surface quickly and cleanly, without damaging the surrounding regions.
To-date, they have been employed to induce refractive index modification in 3D [5], voids [6],
phase transitions and periodic nanostructures on the surface and in the bulk [7, 8].

Several studies, both experimental and theoretical, have focused on the underlying physics of
femtosecond |aser-matter interaction to optimize and devel op various applications of laser abla-
tion. Measurement of ablation depth/etch rates, surface swelling, melting and thermal damage
combined with investigation of ablation dynamics using pump-probe techniques provided some
mechanistic insightsinto the process. The highly non-equilibrium character of the laser-induced
processes are often described by a two-temperature model that couples electron temperature
with the lattice temperature [9, 10]. Subsequent expansion of evaporated material plume and
the formation of plasmawithin the plume are studied using hydrodynamic models[11,12] and
Monte Carlo smulations [13, 14].

In spite of these advances, the mechanisms responsible for material removal by ultrashort
laser pulses still remain controversial [15]. In addition, the question of whether ablation starts
with direct material removal or with surface swelling followed by material g ection has never
been clearly addressed in bulk materials. Surface swelling has mostly been observed in thin
metal [16, 17] and polymer films and has been attributed to spallation - strong mechanical ef-
fects that play a role during laser excitation resulting in physical separation of a thin layer
from the substrate. Polyimide foils under nanosecond UV-laser induced surface irradiation [18]
have shown three different regimes with increasing fluence such as, (a) real material removal
(ablation), (b) swelling of the irradiated area above the level of the untreated surface (hump for-
mation) and (c) lowering of theirradiated areabelow thelevel of the untreated surface (dent for-
mation). Polycarbonate and PMMA (both doped and undoped) foils have also been investigated
under femtosecond laser irradiation and surface swelling always accompanied ablation [19, 20].
Recently, surface swelling has been reported as thefirst step in ablation of bulk metals[21] and
has also been observed in ablation of fused silica glass[22].

Microscopic models based on molecular dynamics (MD) approach [23] were employed to
investigate fast dynamic material response to short pulse laser irradiation in metal films[24,25],
semiconductors [26, 27] and dielectrics [28]. The MD approach is also an important method in
polymer studies [29]. In MD simulation, the atoms interact with each other via a predefined
potential, and their motion is tracked at every time step. MD simulations in metals suggested
spallation is initiated by void nucleation and growth, both in size and numbers, followed by
void coarsening and coalescence [25]. Long after the interaction of the incident laser pulse, a
thick layer of material re-solidifiesin afoamy state with holes and voids, leaving abump, which
extends above the original surface level [21]. However, acomplete and coherent picture of how
ablation is established in bulk materials especially in polymersisyet to emerge.

In this paper, we report ablation of bulk PMMA with a single femtosecond laser pulse and
show that swelling of the material surface always precedes any large scale material gjection. We
show that ablation evolves from surface swelling as higher pulse energies puncture ahole at the
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centre of the swollen structure that gradually increases in size. Concurrently, the height of the
swollen structure decreases while the depth of the ablated hole increases. We demonstrate that
the pulse energy at which the ablated hole size coincides with size of swelling is ~ 1.5 times
that of the threshold for surface swelling and isindependent of laser polarization suggesting ex-
istence of two energy thresholds corresponding to surface swelling and material removal being
dominant. MD simulation of interaction of femtosecond pulseswith PMMA in 2D using acom-
putational cell consisting of 40 million particles with dimensions of ~2umx2um demonstrate
void formation and material swelling are important mechanisms of temperature equilibration at
the surface of the laser-heated sample.

2. Experiment

800nm light from a Ti:Sapphire laser system operating at arepetition rate of 5 kHz and produc-
ing 45 fs pulses with a peak energy of 0.5 mJ, was focused on the surface of optically polished
PMMA samples (12.5x12.5x 1.7 mm) by a 0.25NA (10x) microscope objective. The back
aperture of the microscope objective (8 mm) was dlightly overfilled to minimize alignment er-
rors. The position of the laser focus relative to the sample surface was accurately determined by
imaging the back reflected light with a CCD camera at very low pulse energies below the ab-
lation threshold. After locating the surface of PMMA, the glass plate at 45°, used for directing
the back reflected light, was removed in order to avoid distortion of the incident polarization.
A thin broadband beam sampler at the output of the laser directed a small fraction of the beam
into a single-shot autocorrelator to monitor the pulse duration continuously. The pulse duration
at the back aperture of the objective was measured to be 70fs after propagating through al the
optics. The pulses were not pre-chirped.

Single femtosecond pulses were selected by operating the laser in an external trigger mode.
A gradient neutral density filter was used to vary the pulse energy from 200nJ to 5uJ. The
pulse energy was varied in steps of 50nJ up to 1uJand in steps of 100nJ thereafter. A calibrated
fast photodiode operating in the linear regime monitored the incident power. The incident pulse
energies were measured after the microscope objective taking into account the transmission
and reflection losses of al the optics. The polarization of the incident light was varied by a
half-waveplate (quarter- waveplate) to obtain linearly (circularly) polarized light. The PMMA
sample was mounted on three-axis transl ation stages with a resolution of 50nm along the lateral
dimensions (X, Y) and 100 nm along the axial direction (Z).

The laser-ablated regions were characterized by a scanning electron microscope (SEM) after
gold coating the PMMA surface with a thin layer (few nanometers) to make them conductive.
All SEM images were taken with the electron beam perpendicular to the sample (zero tilt). The
spot size was obtained from the slope of semi-logarithmic plot of the squared diameter of the
modified region measured with the SEM as a function of pulse energy. We obtained a Gaus-
sian beam radius of 2.7+0.2um for the 0.25NA microscope objective (close to the diffraction-
limited beam radius of ~2um) and used it to calculate the laser fluence values. The lowest en-
ergy at which ablation features were visible under SEM was defined as the threshold value. The
single shot ablation threshold of PMMA was determined to be 0.6utJ corresponding to a laser
fluence of 2.6 Jem?, in good agreement with the published data [19].

Laser induced surface topology was investigated by an Atomic Force Microscope operating
in contact mode with apyramidal cantilever having ahalf-cone angle of 35°, tip height of 3.5um
and a spring constant of 69+1pN/nm tracing the sample with <10nN in radius of curvature.
Images were captured with a relative tip speed of 1um/sec. The typica lateral and vertical
resolutions were 30nm and 0.1nm respectively.
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Fig. 1. Surface topography induced by a single femtosecond laser pulse in bulk PMMA.
SEM images of material swelling produced by (a) circularly polarized light with a pulse
energy of 640 nJand (b) linearly polarized light with a pulse energy of 650 nJ. Respective
AFM cross-sections are shown in (c) and (d) with the dashed line representing the surface
before laser-irradiation.

2.1. Results

Figure 1(a) shows SEM image of PMMA surface irradiated by a single, circularly polarized
femtosecond pulse of energy 640nJ. This pulse energy is slightly above the damage threshold
in PMMA below which no observable surface effects could be discerned in SEM. A smooth,
near circular dome like structure is formed that extends to ~1.8um with atiny nanopore at the
bottom of the dome to the right. The dome height is ~600nm as shown in Fig. 1(c), measured
by an AFM. When pulse energy is dlightly increased the dome like structure collapses after a
holeisformed at the centre as shown in Fig. 1(b). Although the laser polarizationislinear in this
case similar results are obtained with circular polarization as shown below. AFM measurements
(shownin Fig. 1(d)) indicate a height of 75nm with a hole size of ~110nm.

These results suggest that surface swelling is the first step in the ablation of materials with
femtosecond lasers and that ablation proceeds with perforation of the dome like swollen sur-
face structure. Figure 1(b) aso suggests the region underneath the swollen structure is hollow
resulting in the collapse of the dome when punctured at higher pulse energy. Presence of radial
gjection patterns at the edges of the dome like structure in both images along with nanodropl ets
in the adjacent regions indicate that surface swelling arises from molten state of the material
that is re-solidified possibly due to rapid cooling during expansion.

Figure 2 shows the evolution of the laser damaged surface of PMMA from surface swelling
to ablation crater with increasing pulse energy for a single laser pulse of circular polarization.
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Fig. 2. SEM images showing evolution of the ablated hole within the swollen surface in
PMMA induced by asingle, circularly polarized femtosecond laser pulse with pulse ener-
gies of (a) 725 nJ, (b) 800 nJ, (c) 940 nJ and (d) 1 uJ corresponding to laser fluences of
3.2, 35, 4.1 and 4.4 Jcm? respectively. (e) Corresponding AFM cross-sections showing
dependence of swelling and ablation hole dimensions for same incident pulse energies.

At pulse energies higher than 640 nJ, a pore formed at the centre of the dome like swollen
structure renders it a doughnut shape (Fig. 2(a)). As pulse energy increases, the extent of the
laser modified region and the overall pore size increases but the width of the doughnut rim
decreases (Fig. 2(b) and 2(c)). When pulse energy is one half of the damage threshold the
rim like structure surrounding the ablated hole vanishes as the hole size coincides with the
size of swelling. Figure 2(e) shows the corresponding AFM cross-sections. Material removal
commences at a pulse energy of ~650 nJ (Fig. 1(b)) and at 725 nJ, the depth of the ablated hole
is ~225 nm with an annular protrusion of ~225nm and awidth of ~ 640 nm. With rising pulse
energy, the ablated hole diameter and depth increases while the height of the annular protrusion
decreases.

The dependence of ablated hole and swelling width on incident pulse energies is shown
in Fig. 3(a) for linear and circular polarizations. For both polarizations, the ablated hole and
swelling size increases almost linearly with applied pulse energy up to 1.1 uJ. However, the
hole size increases at a much faster rate of ~6.5nm/nJ compared to ~3nm/nJ rate at which the
swelling increases. Beyond 1.1uJ, both ablated hole and swelling size grow at a slower rate of
~0.8nm/nJ. Figure 3(b) shows the comparison between AFM cross-sections for circularly and
linearly polarized light at similar pulse energies (725 nJ and 690 nJ respectively) suggesting no
polarization dependence of surface swelling and subsequent material gjection at higher pulse
energies.

3. Numerical smulations

The femtosecond laser ablation process can be characterized by at least three distinct stages
separated by their time-scales. (1) Laser-matter interaction stage where plasma is formed and
heated due to the collisional absorption processes on a time-scale on the order of several tens
of femtosecond, determined primarily by the laser pulse duration. (2) Collisional transfer of
energy from the laser-produced electron gas to the molecular structure with a characteristic
time on the order of several hundred femtoseconds [30]. This is somewhat longer than the
characteristic electron recombination time scal e (~one hundred femtoseconds [31]), which thus
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Fig. 3. (8) Dependence of diameter of the ablated hole (open symbols) and swelling (closed
symbols) on incident pulse energies for linear (up-triangles) and circular (circles) polariza-
tions. (b) Comparison of AFM cross-sections for circularly and linearly polarized light at
pulse energies of 725 nJ and 690 nJ, respectively.

appears to be the dominant mechanism of energy transfer from the laser-produced plasma to
the molecular structure. (3) Temperature equilibration process with a characteristic time-scale
of picosecond to nanoseconds determined by the speed of sound in PMMA (~ 2.7 x 103 m/s =
2.7um/ns) that can lead to surface swelling, material ablation and formation of mechanical
defects.

Below we present phenomenological simulations aimed at understanding the general me-
chanics of thermal processes leading to formation of the dome-like structures and ablation
craters in bulk samples. We consider only the third stage of the interaction, assuming that the
first two stages have produced a certain temperature profile in the sample that is taken asinitia
condition in the simulations. We also assume that the particle density profile is minimally per-
turbed during the first two fast processes. As aresult, the initial particle density distribution is
considered to be uniform within the sample.

3.1. Methods

We use molecular dynamics (MD) approach to model interaction of femtosecond laser pulses
with PMMA as it is naturally capable of describing the non-equilibrium phase transition pro-
cesses at atomic level. In contrast, hydrodynamic models that are typically used to describe
thermal processes in bulk samples have been shown to encounter serious challenges when
extended to ultrafast laser ablation [32] due to fundamental difficulties in describing highly
non-equilibrium phase transition processes along with the necessity to resolve microscopic
processes.

Several MD models, differing in accuracy and computational requirements, have been de-
veloped for microscopic description of polymers and their properties under a wide range of
conditions[29]. In principle, MD models can also support polymer chain-break processes with
alittle overhead. However, amore-or-lessrealistic description of polymer chains necessarily re-
quires an actual 3D representation. MD simulationsin bulk in 3D isacomputationally daunting
task even for largest supercomputers employing the coarse-gain MD model. To reduce compu-
tational requirements, cell dimensions on the order of few 10’s to 100's of nm (much smaller
than the laser spot size) are typically used in 3D with approximately few hundred thousand par-
ticles. As aresult plane wave approximation is used for the incident light ignoring the gaussian
spatial profile of the laser.
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In this paper, we use a 2D phenomenological model with computational cell dimensions on
the order of the laser spot size that enables us to consider the spatial profile of the laser. The
interaction between individual atomic entitiesis described by the L ennard-Jones potential

o\6 o\ 12
v —as](2)°~(2)"] g
where o isthe characteristic length and ey the characteristic depth of the potential. In this way,
we only expect to learn about the qualitative dynamics of ablation process, while the particular
details such as elastic properties of polymers due to their chain structure at microscopic level
and formation of volatile compounds due to chain breaking will beinevitably lost. Coarse grain
techniques are often used where few atoms, monomers or even the whole molecular chain are
grouped together to reduce computational requirements. The impact of reduced chemical detail
on structural and dynamical properties of PMMA has recently been investigated where different
approximations used in the MD simulations have been shown to provide adequate agreement
with experimental data [29]. With the use of atomic picture in our simulations we anticipate the
loss of details not to be detrimental in extracting qualitatively the thermo-mechanical properties
of polymers.

Since simulations are phenomenological, the particular values of & and ¢ can vary. For
different molecules, £y/kg can be on the order of 102 — 103K, where kg is Boltzmann constant,
and o can be on the order of 0.25— 0.6nm [33]. The actual simulations were performed using
dimensionless units. The dimensionless coordinate, time and temperature are, corrsepondingly,
F=r/ro,f=t/toand T =T /To, whererg = o, to = /mo?/eo and Ty = £/ ks. For example, if
oneuses o = 0.3nm, gy/ks = 103K and m= 18mjy, where my, is the proton mass, that is close
to parameters of water, one obtains Xp = 0.3nm, to = 0.4ps and Tp = 1000K.

In our simulations, we use the freely available LAMMPS code (http://lammps.sandia.gov
[34]). We use ~ 4 x 107 particles on a 2D hexagonal lattice occupying ~ 6000 x 600002 area
(~2x2umfor o =0.3nm). A single simulation run consists of two stages. Initially, the atomic
entities are motionless and located at the nodes of the lattice in the equilibrium state. During the
first stage of simulations, the sample is annealed in the Nose-Hoover thermostat with a slowly
increasing temperature, until the room temperature T, is reached (T, ~ 0.75Ty, where Ty, is
the melting temperature, equal to ~ 0.41T, for the hexagonal 2D lattice [35]). Thus, an initia
unperturbed equilibrium state is created.

At the beginning of the second stage of simulation, particle velocities are scaled up by a
factor proportional to the square root of temperature profile T (F,0) corresponding to the non-
equilibrium configuration created by the laser pulse (Fig. 4 at t = 0). The particles are then
propagated self-consistently by the LAMMPS NVE solver, while a thin layer near y = yin
and Y = ymax iS kept at constant temperature to mimic a bulk thermal reservoir. In a typical
simulation, the second stage takes ~ 107 time steps to reach a stable equilibrium (completely
frozen state) for asingle time step 6t = tp/400.

The temperature profile T (7, 0) is determined by the spatial distribution of the energy trans-
ferred from the laser beam to the molecular structure:

T(T,0) = Ty + & + dé¢a, (2

where §&; is the laser pulse energy transferred to the electrons in the ionization process and
06eq 1S the pulse energy absorbed by electrons in the collisional absorption process. T; is the
room temperature.

Assuming that multi-photon ionization is the dominant ionization process in the near-
threshold interaction and perturbation of the laser propagation by the resultant plasmais negli-
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gible, one can write
(1O N

56 (7my) ®
where I (T) is the spatial profile of the unperturbed laser pulse, T's is the position of the laser
best focus and N the order of multi-photon absorption process, N = 3 in the case of PMMA.
In Eq. (3), asimple rate equation for multi-photon ionization rate is used. In order to estimate
the extent of the laser profile perturbation by the plasma that is formed during the interaction
one can calculate the energy density required to generate plasma of critical electron density
(Ner = 1.75 x 10%* cm~2 for the laser wavelength A = 0.8 um in vacuum):

WonNer A= 46V x 1.75 x 10?2 em =3 = 7 x 102 eV/em®, (4)

where Wy, is the ionization potential. The heat capacity of PMMA at room temperature is
~ 1J(cm3K) ~ 6 x 108eV/(cm®K). Thus, the energy required to produce plasma of critical
density can be sufficient to locally heat the sample by more than 1000 K. Our simulations
below indicate that significant thermal processes can take place in the sample heated by (1 —
1.5) T, above the unperturbed temperature, i.e., by ~300-400 K. Since a part of this energy is
produced in the collisional plasma heating process, we conclude that the plasma density in the
near-threshold regime is well below critical density that justifies our assumption of negligible
perturbation of the laser propagation by the generated plasma.

The collisional absorption of laser energy by plasmaisanonlinear process that is dependent
on the distribution function of electrons at each time moment. Thus, &, is dependent not only
on the produced plasma density n, but aso directly on the laser intensity. However, since the
inverse Bremmstrahlung absorption is only one of the energy transfer mechanisms from the
laser pulse and nonlinearity in n(1) is very strong, the extra dependence on the laser intensity
dueto the details of the collisional absorption processis expected to result only in perturbation
of the overall laser energy deposition profile in the sample. In this way, to keep our parameter
space small, we assume, similar to Eq. (3),

86y o (%)N @)

The overall temperature profile in the sample assumed at the beginning of the thermal stage
isthus

T(F0) ~T- [1+a~(%)N], 6)

where o is a parameter of simulations. The particle velocities used at the second stage of sim-
ulation are therefore scaled up by factor \/1+ a-(1(M)/1 (f'f))N.

3.2. Smulationsresults

Dynamics of atypical bump formation process is illustrated in Fig. 4 for o = 1.45. The laser
isincident on the sample surface at x/c = 0. The temperature distribution follows the energy
deposition and spatial profile of the laser and is highest at y/o = 0 and penetrates deeper into
the sample. In afew tens of to, corresponding to few picoseconds after the start of simulation
(represented by t,, obtained for a particular choice of parameters) , the initial non-equilibrium
process gives rise to a strong pressure shock that propagates with a supersonic velocity out-
wards from the hot area and eventually decays, after several subsequent reflections from the
boundaries of the simulation sample. The shockwave traverses the simulation domain in about
150 ps.
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Fig. 4. (Characteristic dynamics of thermal processes and bump formation in the laser-
heated sample. Density weighted temperature profiles are shown at different time steps for
o = 1.45. Thelaser isincident from the right on the sample surface located at x/c = 0 and
centred at y/o = 0. Simulation domain size of x/c = y/c = 6000 corresponds to sample
dimension of ~2umx2um. Time ty, is obtained from dimensionless unit for a particular
choice of parameters specified in the text.

The next state of equilibration, that can correspond to few tens of picoseconds, is charac-
terized by formation of gaseous nanopores inside the overheated area and its rapid cooling
(Fig. 4,t = 3.2 x 10%tg). The temperature profile in Fig. 4 at t = 3.2 x 10°ty shows formation
of nanopores in aregion that is initialy the hottest with corresponding temperatures that are
cooler than the surrounding material. Thus, the nanopores formation is an important mecha-
nism of temperature equilibration. Near the boundary of the sample, pressure gradient leads
to expansion of the porous material outwards that leads to formation of a bump at the sample
surface (Fig. 4, t = 1.2 x 103tp). This process is accompanied by the growth of the nanopores,
that eventually coalesce to form larger pores (Fig. 4, t = 4.0 x 10%tg). The surface bump at
this stage devel ops large mechanical defects that, depending on the deposited energy, either in-
creases further at later time and result in an open crater or freeze and form the swollen structure
with aperforated hole that is seen in the experimental images described in the previous section.
The height of the bump/swelling increases at arate of ~13 nm for every 100 ps up to few nsin
time. Beyond 10 ns simulations do not show any changes in the surface topography although
thermal processes continue for longer times.

Figure 5 shows the density profiles of the interaction region after 2.5 x 10*tg (corresponding
to ten to few tens of ns after theinteraction that islong enough for re-solidification to occur) for
different values of the simulation parameter oc. For oz = 1.1, only nanopores and irregularities
appear to be present under the sample surface that appear as brighter regions in the figure. A
small crack visible near the surface can be attributed to the dimensionality of the computation
cell (relatively small size of our samplethat is comparable to the laser spot size) and the stiffness
of the sample surface. The shock produced by the initial temperature gradient could not be
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Fig. 5. Particle density profiles 2.5 x 10*, (~ 10ns) after the interaction of light with
the sample for different values of o corresponding to different pulse energies.The laser is
incident from the right on the sample surface located at x/c = 0 and centred at y/c = 0.
Dimensions of sample used in the simulation are ~2umx2um corresponding to x/c =y/c
= 6000.

completely overcome by the Lennard-Jones walls of the simulation domain. At higher o when
the material becomes softer the crack does not appear.

For oo = 1.3 some of the irregularities in the density coalesce to form sub-surface voids that
leads to the formation of a small bump at the sample surface. Mechanical stretching of the
thermally softened sample surface leads to formation of micropores on the swollen surface.
As o isincreased to oo = 1.4, the sub-surface voids and the surface bump grow in size. A
deeper and larger hole is formed on the surface bump that can be interpreted as a central pore
observed in the experiment. As the « is increased to oo = 1.5, the internal pressure in the
sample becomes sufficiently large to detach large chunks of material from the sample creating
an ablation crater with a porous structure at its bottom that has previously been observed in
experiments on PMMA [36].

4, Discussion

Surface swelling induced by ultrashort laser pulses that we observed in bulk PMMA is not
the same as that has previously been observed in metal films [16, 17]. There the mechanism is
attributed to spallation — a photomechanical process where a reflected pressure wave leads to
material gjection typicaly at the back surface of the sample. MD simulations of small mate-
rial slabs provided insights into the thermo-mechanical dynamics of irradiated films including
coupling-decoupling of ablation and spallation processes [24]. However, the bulk nature of our
sample excludes the influence of a substantial reflected pressure wave.

Our simulations demonstrate formation of nanopores in the subsurface region of highly ex-
cited material due to the interaction of intense short pulses with the sample. Pressure gradients
near the sample boundary causes the porous material to expand outwards forming abump at the
sample surface. This is accompanied by growth and coalescence of voids in the subsurface re-
gion. The evolution of voids determined by the competition between the laser-induced stresses
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and thermal softening of the irradiated surface can lead to spallation, fragmentation and ejec-
tion of material. Thisissimilar to front-surface laser spallation predicted by hydrodynamic [37]
and MD modelling [25, 38, 39].

Simulations also suggest surface swelling to increase with o (pulse energies) up to a certain
value beyond which mechanical stretching of the sample surface leads to formation of a central
pore (Fig. 5(c)) as observed in experiments. Further increase in o (not shown) leads to an
increase in the hole size. At high o/, material removal becomes dominant and surface swelling
can no longer be observed. The o at which hole and swelling sizes coincide is 1.3 times the
threshold o at which only swelling is observed. Experimentally, this ratio was found to be
1.5. Time-resolved measurements of femtosecond laser induced surface swelling in metal foils
have observed a similar threshold fluence that separates the regime where adome like structure
(unbroken shell) is formed from the regime with the dome (shell) having an aperture [40].

Our simulations in bulk material, abeit in 2D, indicate that a two phase expanding liquid-
vapour mixture fills the volume between the shell and bottom of the crater consistent with other
simulations [25, 40] and experiments [21] carried out in metal foils. However, the collapse
of dome like structure in Fig. 1(b) at slightly higher fluence suggests the inside is hollow.
This could be specific to PMMA and other polymers. In addition to the laser-induced sub-
surface liquid-vapour mixture that expands, another potential source of gaseous products can
be polymer fractionation by CO-O bond breaking [19]. I rrespective of the relative contributions,
localized bursting of the expanding surface results in collapse of the dome structure.

5. Conclusion

We demonstrate that surface swelling is the first step in interaction of intense femtosecond
pulses with bulk dielectrics. Thisisfollowed by materia gjection and ablation only when laser
fluence/pulse energy is increased. The threshold fluence at which ablation becomes dominant
with no reminiscents of surface swelling is approximately one and half times the threshold for
surface swelling and is independent of laser polarization. These results have implications in
ultrafast micro-machining applications when combined with previous observations of polariza-
tion dependent elongation of ablated holes at fluences greater than twice the ablation thresh-
old [36]. There appears to be a small range of laser fluences where clean holes and cuts are
feasible. At low fluences, surface swelling dominates and at high fluences ablation dominates
but polarization effects can become prominent. Detailed time-resolved experiments extending
to longer times will shed more light on swelling dynamics. Our molecular dynamics simula-
tions provide physical insight into swelling dynamics showing that (a) bump formation is not
connected to laser induced shock but to the formation of porous structure below the sample
surface, and (b) no significant evaporation occurs from the surface at threshold fluences. Large
scale simulations that take into account the molecular structure of PMMA and involves sample
sizes comparable to the laser spot size are essentia to gain further insight into the nonlinear
interaction of light with matter.
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Abstract. We show that ablation features in poly-methyl methacrylate
(PMMA) induced by a single femtosecond laser pulse are imposed by light
polarization. The ablation craters are elongated along the major axis of the
polarization vector and become increasingly prominent as the pulse energy is
increased above the threshold energy. We demonstrate ~40% elongation for
linearly and elliptically polarized light in the fluence range of 4-20J cm~2, while
circularly polarized light produced near circular ablation craters irrespective
of pulse energies. We also show that irradiation with multiple pulses erases
the polarization-dependent elongation of the ablation craters. However, for line
ablation the orientation of the electric field vector is imprinted in the form
of quasi-periodic structures inside the ablated region. Theoretically, we show
that the polarization dependence of the ablation features arises from a local
field enhancement during light—plasma interaction. Simulations also show that
in materials with high nonlinearities such as doped PMMA, in addition to
conventional explosive boiling, sub-surface multiple filamentation can also give
rise to porosity.
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1. Introduction

Light-matter interactions are often governed by the intensity, wavelength and polarization
of light. When ultrafast lasers are used, pulse duration also affects the energy coupling and
dissipation in the system. The role of polarization of light in the interaction of atoms and
molecules with intense femtosecond light pulses is well understood and is often exploited to
align molecules [1-3] and to control electron dynamics in the laser field with a high degree of
spatial and temporal precision [4, 5]. The latter is crucial in attosecond science [6, 7]. However,
the role of polarization in the interaction of intense light pulses with solids is subtle and not
clear.

The interaction of tightly focused intense femtosecond light pulses with solids often leads
to ablation of the material surface or refractive index modification in transparent materials
[8, 9]. Several mechanisms are involved in the interaction, some of which depend on the
laser polarization that can potentially leave an imprint on the modification/ablation process.
For example, both processes (ablation/modification) are initiated by multi-photon ionization
that depends on light polarization. In crystalline dielectrics, multi-photon ionization depends
on sample orientation due to direction dependence of the effective mass of the electron [10].
This is similar to multi-photon ionization in molecules where the rates differ by more than
50% depending on the alignment of the molecular axis with respect to linearly polarized light
[11,12].

In addition to multi-photon ionization, impact ionization can also occur, rapidly increasing
the carrier density and forming a plasma that either expands (as in ablation) or is confined
in the bulk (as in internal modification). Subsequent interaction of the incident light with the
plasma can lead to polarization-dependent absorption. Experiments on laser-produced plasmas
have demonstrated sharp differences (up to 50-60%) in absorption of p- and s-polarized light
due to resonance absorption [13, 14]. In addition, the interaction of linearly polarized light
with dense plasma can also lead to local field enhancements akin to that observed in metal
nanoparticles [15].

To date, signatures of polarization-dependent phenomena have been observed mostly in
the multiple pulse regime both on surfaces and inside bulk materials. Polarization-dependent
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self-organized three-dimensional (3D) periodic nanostructures have been observed inside fused
silica [16, 17] under irradiation with multiple light pulses. For linearly polarized light, bulk
grating-like structures were formed orthogonal to the laser polarization and their origin
was attributed to local field enhancement arising from light—plasma interaction [17-19].
Such polarization-dependent nanostructures have found applications in rewritable 3D data
storage [20], embedded microarray optics and microfluidics [21, 22]. For circularly polarized
light, the handedness of the light was imprinted in the form of ordered sub-micron chiral
structures [23]. The ability to imprint the electric field in the form of oriented nanostructures
has recently been exploited to develop a sub-wavelength resolution diagnostic tool to visualize
the complex polarization state of the light in the focal volume [24].

Laser-induced polarization-dependent periodic structures (or surface ripples) have also
been observed on surfaces in the ablation crater of a variety of materials including dielectrics,
semiconductors and metals under widely different illumination conditions [25-28]. Ripple
spacing of the order of wavelength to sub-wavelength [29-34] has been observed and varies
with the fluence and the number of laser pulses. Moreover, the structures have been found to
be predominantly perpendicular to the laser polarization. The ripple formation is described
in terms of interference between the incident light and the surface scattering wave [35] or
surface plasmon polaritons [36]. Ripple structures parallel to the laser polarization have also
been observed in the ablation crater [37, 38].

Apart from surface ripples within the interaction region the overall features of the ablation
region were found to be polarization dependent. Experiments on multiple pulse ablation of thin
metal films exhibited elongation of the ablation craters along the major axis of the polarization
vector when the pulse energy was close to the ablation threshold [39]. The elongation of ablation
features gradually disappeared when the pulse energy was increased beyond the threshold value
by ~50%.

In this paper, we present a complete experimental and numerical study of polarization-
dependent ablation of poly-methyl methacrylate (PMMA). In section 2, we describe the
experimental setup and present the evolution of ablation features as a function of the pulse
energy and the number of laser shots. We show that the ablation craters in PMMA are
elongated along the major axis of the polarization vector whenever pulse energies exceeded
the threshold value. Only circularly polarized light produces near circular ablation craters
irrespective of pulse energies. We also show that the polarization-dependent elongation of the
ablation craters vanishes for multiple laser pulses. However, for line ablation the polarization
dependence is preserved in the form of quasi-periodic structures which are oriented along the
laser polarization.

In section 3, we describe the 3D finite-difference time domain (FDTD) simulation of the
interaction of intense light pulses with PMMA and compare it with the experimental results.
This approach determines energy deposition patterns and assumes that all of the absorbed
energy is eventually transferred to the lattice, resulting in ablation/modification. We show
that elongation of ablation craters arises from the local field enhancement during light—plasma
interaction. When the initial plasma density is above the critical density (where the light
frequency is equal to the plasma frequency), field enhancement occurs parallel to the laser
polarization. Faster plasma growth in the regions with enhanced fields results in an asymmetric
plasma density profile, which when transferred to the lattice leads to elongation of the ablation
crater. We conclude by showing that in doped PMMA with very high third-order susceptibility
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sub-surface multiple filamentation can give rise to induced porosity in addition to conventional
explosive boiling.

2. Polarization dependence of ablation

2.1. Experimental methods

In our experiments, 800 nm light from a Ti:sapphire laser system operating at a repetition rate
of 5kHz and producing 45 fs pulses with a peak energy of 0.5 mJ was focused on the surface
of PMMA by a 0.25NA (10x) microscope objective. The back aperture of the microscope
objective (8 mm) was slightly overfilled to minimize alignment errors. The position of the laser
focus relative to the surface of optically polished bulk PMMA samples (12.5 x 12.5 x 1.7 mm?)
was accurately determined by imaging the back reflected light with a CCD camera at very low
pulse energies below the ablation threshold. After locating the surface of PMMA, the glass plate
at 45° used for directing the back reflected light was removed in order to avoid distortion of the
incident polarization.

A gradient neutral density filter was used to vary the pulse energy from 50nJ to 5 ulJ.
The step size of 100 nJ was used to determine the single and multiple shot ablation thresholds.
For this the laser was operated either in a single shot or in continuous mode. In the latter, the
sample speed was selected such that a specific number of pulses was incident within the focal
region. The PMMA sample was mounted on three-axis translation stages with a resolution of
50 nm along the lateral dimensions (X, Y) and 100 nm along the axial direction (Z). The lowest
energy at which ablation features were visible under the scanning electron microscope (SEM)
was defined as the threshold value. A calibrated fast photodiode operating in the linear regime
monitored the incident power. The spot size was obtained from the slope of a semi-logarithmic
plot of the squared diameter of the modified region measured with an SEM image as a function
of pulse energy [40]. We obtained a Gaussian beam radius of 2.6 0.2 um for the 0.25 NA
microscope objective (close to the diffraction-limited beam radius of ~2 um) and used it to
calculate the laser fluence values.

To study the polarization dependence, the pulse energy was varied from the threshold value
in steps of 0.5 uJ. A quarter waveplate was used to produce elliptical or circular polarizations.
To select s or p polarizations a polarizer was placed after the quarter waveplate. Switching the
relative position of the two optics ensured that the pulse duration remained the same while
changing the polarization. A thin broadband beam sampler at the output of the laser directed
a small fraction of the beam into a single-shot autocorrelator to monitor the pulse duration
continuously. The pulse duration at the back aperture of the objective was measured to be 70 fs
after propagating through all the optics. The pulses were not pre-chirped. The incident pulse
energies were measured after the microscope objective taking into account the transmission and
reflection losses of all the optics.

2.2. Single-shot ablation of poly-methyl methacrylate (PMMA)

Figure 1 shows the polarization dependence of single-shot laser ablation of PMMA obtained
with a pulse energy of 3.2 uJ that is ~5 times higher than the threshold value. The SEM images
reveal two interesting aspects of the interaction. Firstly, the ablation craters are elongated along
the major axis of the polarization vector for both linear (figures 1(a) and (b)) and elliptically
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Figure 1. SEM images of single-shot ablation craters in PMMA produced by
different polarizations of incident light: (a) p polarization, (b) s polarization,
(c) elliptical polarization (¢ = 0.5) and (d) circular polarization (¢ = 0.9).
e = E,/E, is the ellipticity of light defined as the ratio of the electric fields in
the two orthogonal directions. The pulse energy was 3.2 uJ, measured after the
microscope objective corresponding to a laser fluence of 14.3 Jcm 2.

(figure 1(c)) polarized light. The ellipticity € = E,/E,, defined as the ratio of the electric
fields along the two orthogonal axes, is 0.5 for the latter. Only circularly polarized light was
produced near circular ablation craters (figure 1(d)), suggesting that the mechanism responsible
for elongation can be turned on or off by laser polarization. The small asymmetry that can be
seen in figure 1(d) is due to the fact that polarization is not perfectly circular (¢ = 0.9 instead
of 1).

Secondly, the ablation of PMMA is not homogeneous; instead nanostructures are formed
within the interaction region. Associated with this is the observation of nanodroplets in
adjacent regions, suggesting localized melting and nano-explosions that render the material
porous (see also figure 4). This process, called explosive boiling, is specific to ultrashort pulse
laser irradiation where near isochoric heating and rapid adiabatic expansion result in material
ejection [41-46]. While most experiments to date have studied this effect by post-mortem
analysis of the laser-induced damage, only a few time-resolved experiments have investigated
the fundamental physical mechanisms of the ablation process [47]. There is general consensus
that after thermalization of the laser energy in the material (on the ps time scale) a two-
phase liquid—gas mixture develops, which then undergoes hydrodynamic expansion, resulting
in material ejection and subsequent resolidification on the ns time scale [48, 49]. It is interesting
to note that both elongation of the ablation crater and formation of nanostructures within do not
occur at energies close to the ablation threshold.
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Figure 2. SEM images of single-shot ablation craters produced by s-polarized
light with different pulse energies incident on PMMA. (a) 640nJ, (b) 690n],
(c) 1 uJ and (d) 2.1 uJ correspond to laser fluences of 2.9, 3.1, 4.5and 9.4 J cm 2,
respectively.

Figure 2 shows the evolution of single-shot ablation of PMMA as a function of pulse
energies. At threshold energies, ablation occurs in a circular region starting with a swelling
of the material followed by material ejection (figures 2(a) and (b)). This eliminates beam
distortions as a potential contributor to elongation of ablation craters. When the pulse energy is
increased, the ablation crater starts elongating along the polarization direction (figures 2(c) and
(d)). Also, nanostructures start appearing along the edges (figure 2(d)) and grow into the middle
as well (figure 1(a)). Figures 2(a) and (b) are reminiscent of pronounced surface swelling due
to a two-phase expanding mixture that fills the volume between the shell and the bottom of the
crater, followed by material expulsion [50, 51].

The polarization dependence of ablation as a function of fluence can be summarized for
different polarizations in terms of an asymmetry parameter defined as the ratio of the crater
dimensions along the two orthogonal axes as shown in figure 3. Near the threshold fluences, all
three polarizations produce nearly identical circular ablation features (the asymmetry value is
unity). At approximately twice the threshold fluence, linear and elliptical polarizations produce
asymmetric ablation craters, while the circular polarization still gives rise to an asymmetry
of unity. This trend continues as the fluence increases by a factor of 5. Linear and elliptical
polarizations introduce an up to 40% change in the asymmetry value. The 5% change in the
asymmetry associated with circular polarization could be due the value of € being 0.9 instead
of 1.
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Figure 3. Asymmetry of the ablation crater as a function of laser fluence for
different polarizations: linear polarization (@), elliptical polarization (ll) and
circular polarization (A). The asymmetry of the ablation crater is the ratio of the
dimensions along two orthogonal directions. The size of the symbols represents
the errors bars.

2.3. Shot-to-shot evolution of ablation

The shot-to-shot evolution of the ablation of PMMA is shown in figure 4. Firstly, the asymmetry
of the ablation crater observed with a single laser pulse disappears when multiple laser pulses
are used. This effect is contrary to the observation of periodic structures inside fused silica
[16, 17] and the elongation of ablation features on thin metal films [39] where multiple pulses
were essential for their formation. A combination of induced porosity and modification of
the material by successive laser pulses that alter the coupling of light into PMMA leads to
disappearance of the polarization-dependent elongation. Secondly, the porosity evolves from
being a 2D to a 3D effect as the hole gets deeper, leading to a quasi-honeycomb-like structure
on the side walls (figure 4(c)).

To investigate multi-shot effects on ablation, we studied the threshold fluence as a function
of the number of laser shots as shown in figure 4(d). The number of laser shots is selected
by triggering the laser externally (red circles) or by moving the laser focus at speeds such
that the chosen number of laser pulses were incident within the focal region (black squares).
The single-shot ablation threshold of 2.6Jcm~2 for PMMA is in good agreement with the
published data [40, 52]. However, we observe that the two- and three-shot ablation thresholds
decrease faster than the reported values. As the number of laser shots increases further, the
threshold fluence decreases rapidly and then saturates. This behaviour corresponds to shot-to-
shot memory in the ionization of PMMA, the first step in the ablation process. This is also called
the incubation effect [40]. In fused silica, memory has been associated with the change in band
gap of the material where successive laser shots alter the material properties, making it easier to
ionize [53].
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Figure 4. Shot-to-shot evolution of ablation in PMMA. SEM images of
ablated regions with (a) one, (b) two and (c) five laser pulses of energy 4 nJ
corresponding to a laser fluence of 19Jcm=2. (d) The ablation threshold as a
function of the number of laser shots. Solid circles (solid squares) are obtained
by operating the laser in a single-shot mode (continuous shot mode). In the
continuous shot mode, the sample speed determined the number of laser shots
incident within the focal region.

2.4. Line ablation

When the laser focus is stationary, polarization-dependent elongation of the ablation crater
disappears with multiple laser pulses (figures 4(a)—(c)). However, signatures of polarization
dependence of the ablation features persist even when the laser focus is moved continuously at
different speeds such that the number of pulses incident within the focal area varies. Figure 5
shows the SEM images of ablation lines for different orientations of linearly polarized light. The
pulse energy and sample speed were 0.5 uJ and 0.5mms~! (~10pulses um™"), respectively.
Firstly, the width of the ablation line varies with the angle, 8, between the polarization direction
and the direction of motion of the sample. It is maximum when 6 = 90°(2.2 um) and decreases
to 2.0 um for 6 = 45° and is minimum at & = 0°(1.85 pm). This is consistent with the previous
observation of the Kerf width on thin metal films [39].

Secondly, quasi-periodic structures are formed inside the ablated region whose orientation
is parallel to the laser polarization. In contrast, internal modification of fused silica resulted in
periodic structures formed perpendicular to the laser polarization [17]. In both the cases the
structure is preserved even when the laser focus is moved continuously. As we will show below,
the elongation of ablated regions and the orientation of the sub-structures inside arise from
local field enhancements during light—plasma interaction. Differences in the orientation of the
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Figure 5. SEM images of ablated lines in PMMA. Arrows on the left indicate
the orientation of the laser polarization with respect to the direction of motion
of the sample. The width of the ablation lines is shown on the right. The pulse

energy was 0.5 1J and the sample speed was 0.5 mms~!.

quasi-periodic structures during ablation (internal modification) are associated with an
overcritical (undercritical) plasma density.

3. Numerical simulation of PMMA ablation

3.1. Theoretical methods

During the laser interaction with materials, the laser energy is initially coupled to the
electrons. On a time scale longer than the incident pulse duration, electron—electron and
electron—ion collisions lead to thermalization, establishing a Fermi distribution within the
excited electron population in the conduction band. On a much longer time scale, electrons
transfer their energy to the lattice through electron—phonon coupling. Theoretically, it is
challenging to develop a self-consistent hybrid model that considers both the dynamics of
free electrons induced by multi-photon, tunnelling and electron impact ionizations as well as
electron—electron thermalization and electron—phonon coupling that ultimately transfers energy
from the electronic subsystem to the lattice.

To overcome this difficulty, two different approaches are widely employed for studying
laser ablation. In the first approach, the initial energy deposition patterns are assumed, and
the internal distribution of the deposited energy is followed to study ablation dynamics.
Hydrodynamic and molecular dynamic models that take into account atom kinetics belong
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to this category. In the second approach, energy deposition patterns are determined, and
it is assumed that all the absorbed energy is finally transferred to the lattice, resulting in
ablation/modification that takes the shape of the plasma. It is a good approximation due to the
large difference in heat capacity of the free-electron gas and phonons. Modelling the dynamics
of free electrons in the conduction band by solving electrodynamic, nonlinear Schrodinger and
multiple rate equations fall under this category. We use this approach to study polarization-
dependent ablation of PMMA.

We have performed FDTD simulations of the fs-scale interaction process between the
intense laser pulse and the PMMA sample. A detailed description of our simulation tools is
given in [19]. In short, our FDTD code solves the 3D Maxwell equations in a non-magnetic
material,

. 10B . 13D 4m-

VXE=———, VXB=—-—+—/J, (D)
c 0t c8t c

where E is the electric field, D the electric displacement field and J the current density. The
displacement field represents the linear and third-order responses of the unmodified dielectric
medium, D = [1+47(x " + X“)Ez)]E where x " and x® are (frequency- 1ndependent) first-
and third-order susceptibilities of the medium, respectively. The current density T is composed
of two components: J=17 p+ J MpaA, Where J p represents the free plasma electron motion and
Jea is the effective current accounting for the laser energy loss due to multi-photon absorption
(or ionization process) [19, 54, 55]. The free-electron current density is evaluated in our model
from the cold plasma hydrodynamics equations

Joo —eni, O _Omwm 0w ep Lo ®))
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where n and # are plasma particle density and fluid velocity, respectively, dnyp;/dt is the
rate of change of density due to multiphoton ionization, e and m the electron charge and
mass, respectively, and I (a constant) is the damping factor due to collisional laser energy
absorption in plasma, estimated below using the Spitzer formula [56]. Equation (2) can be
identified also with the equation of motion for free particles in the Drude model [57]. We assume
in the simulations that the leading ionization process in PMMA is three-photon absorption,
resulting in

Onmpr ng—n

=0 P—=——, 3
” 03 o (3)

where o3 is the three-photon absorption cross-section, I = ﬁ(Ez) is the laser intensity and
ng is the saturation density, which is estimated for PMMA as ng &~ 5 n¢;, where n., ~ 1.75 x
10*' cm~ is the critical electron density for the free-space laser wavelength Ag = 0.8 um. The
saturation density ng is the maximum density that can be reached when every molecule is
ionized. The laser pulse length was assumed to be equal to 70fs in our simulations. At the
entrance of the simulation domain the pulse was represented by a Gaussian beam that would
focus into a spot of radius 7y, = 2 um in free space.

The FDTD code solves equations (1)—(3) numerically and thus simulates linear and
nonlinear laser propagation in the medium, plasma generation, ionizational and collisional
energy losses as well as laser interaction with the plasma free particles. The accuracy of the
simulations is limited by the uncertainties in some of the parameters involved. The third-
order susceptibility, x®, of pure PMMA is relatively well known and is estimated to be
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3 x 10~ esu [58]. However, o3 in PMMA is not well known. We assume that it is comparable
to other materials with three-photon resonance and therefore replaces the value of o3 in PMMA
with that of borosilicate glass (the bandgap of borosilicate glass is ~4 eV, while that of PMMA
is ~3.7eV), 03 & 7 x 107 cm® ps~! (ecm®> TW™!)? [40]. However, it is important to note that an
order of magnitude change in o3 does not significantly affect the results.

Another source of uncertainty is the damping factor I" in equation (2). This factor,
which represents the laser energy deposition in the collisional plasma caused by the inverse
bremmstrahlung heating, is of the order of collision frequency v, of the plasma electrons and
can be estimated using the Spitzer formula [56]

Ve [s7'1=2.9 x 10~%n [em A [cm] 7,77/ [eV]. )

Since the interaction process is non-equilibrium, the electron temperature 7, can be
estimated to only an order of magnitude. The electrons excited into the conduction band after
absorbing three photons (~4.6 eV) will have a kinetic energy of the order of ~1 eV. This energy
is much larger than the Fermi energy, estimated to be ~0.15eV for a plasma with n = n,.
Therefore, one can use a classical approach to estimating the temperature, which thus will
be of the order of the quiver energy of the free electron in the oscillating laser field (~10eV
at an intensity of ~10"*Wcm™2). n =n,, is used to evaluate equation (4), resulting in the
collision frequency v, ~ 0.1 fs~', which is used in our simulations. A similar value for collision
frequency can be obtained using models for strongly coupled plasmas [59]. The rationale for
choosing n = n, is as follows. When the plasma density is overcritical the laser is reflected
back without depositing much energy in the plasma irrespective of the collision frequency. For
undercritical plasma the modification patterns were found to be insensitive to I" [19]. Therefore
it is anticipated that the interaction physics is most sensitive to the particular value of electron
collision frequency when the plasma density is near-critical or slightly overcritical.

The electron temperature 7, can also be estimated using a quantum mechanical approach,
instead of classical. A similar value of 7. = 12eV was obtained for dielectric breakdown in
fused silica [60]. The choice of T, was found in our calculations to not have any substantial
influence on the shape of the ablation spot in the range of 3—-30eV. However, if T, is too small
(<1eV) the asymmetry in the spot disappears, whereas for higher temperatures the asymmetry
becomes more prominent.

The accuracy of the simulation is also limited by the fact that we use a fixed value for
xD of the sample while in reality it varies during the entire interaction process. The refractive
index of the sample is time dependent due to depletion of bound electrons and can decrease as
more electrons are removed into the conduction band by the ultrashort laser pulse. It is therefore
reasonable to choose a linear index of refraction that is slightly smaller (rn, = 1.3) than the actual
unperturbed value of ~1.5. However, the refractive index modification due to the presence of
free electrons is fully taken into account by the plasma current Jp that contributes to J in
equation (1).

We also assume that the energy transfer from electrons to the lattice, which occurs on a
much longer time scale compared to the duration of the laser pulse, is localized and coincides
with the shape of the plasma. This is justified by the fact that (i) recent calculations [57]
demonstrate that there is no difference between damage criteria when either the free electron
density or the internal lattice energy is considered. (ii) Even energetic electrons (10 eV) travel
a distance of only a fraction of the spot size within the recombination time or even longer.
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For this reason, an asymmetry in the plasma profile, if any, will translate into an asymmetry in
the ablated spot.

In addition, there are other approximations made in the model given by equations (1)—(3).
Firstly, we neglect the higher-order nonlinearities that can be important for intense laser
interactions. Secondly, we consider susceptibilities x and x® and the ionization cross-
section o3 to be frequency independent. We also neglect processes such as avalanche ionization.
Furthermore, we assume that the damping factor I' in equation (2) is a constant, whereas it
actually depends on the plasma density and temperature, which in turn depends on the overall
interaction dynamics. Therefore, the results presented below are expected to only provide
qualitative agreement with the experiments.

3.2. Characterization of the ablation crater

We now demonstrate that polarization-dependent ablation of PMMA arises due to the
interaction of the laser pulse with the plasma produced by the leading edge of the pulse. Such
a light—plasma interaction leads to local field enhancements either parallel or perpendicular to
the laser polarization depending on the plasma density.

Figure 6(a) shows the maximum plasma particle density in units of critical density as a
function of the position of the laser focus in the PMMA sample. The plasma density is maximum
and is overcritical on the surface and decreases rapidly to below the critical value as the laser
focus is moved inside the sample by more than a Rayleigh length (~16 um for a focal spot
radius of 2 um used in the calculation). When the laser is focused deep inside the bulk PMMA,
the incident pulse undergoes defocusing by the plasma generated by the leading edge of the
pulse [19]. As a result, the intensity of the laser pulse at the focus is clamped that results in the
generation of undercritical plasma [19, 61]. As the laser focus is shifted closer to the surface,
the volume of the undercritical plasma generated by the pulse leading edge is decreased, thus
decreasing the plasma negative lens effect.

A typical plasma particle density profile of the laser-generated plasma in the polarization
plane is shown in figure 6(b). When the laser is focused right at the sample surface, there is a very
thin shell of overcritical plasma at the sample surface that is surrounded by undercritical plasma
of a relatively large volume with a diverging shape. This diverging shape is the result of a laser
defocusing by the negative plasma lens that surrounds the overcritical disc. The undercritical
plasma right behind the disc is created by the leading edge of the laser pulse. When the plasma
is undercritical (n ~ 0.5n,,), it leads to refractive index modification [62]. So the actual plasma
density value that is required for the ablation must lie somewhere in the critical range.

The plasma particle density profile at the sample surface perpendicular to the direction
of laser propagation is shown in figure 6(c). One can clearly see elongation of the overcritical
plasma along the polarization direction in the central region of the laser focus. The overcritical
plasma electrons oscillate in phase with the laser field, leading to field enhancement at the edges
of the plasma in the direction of laser polarization, akin to metal nanoparticles. Faster plasma
growth in regions with enhanced fields results in elongation along the polarization direction. In
the undercritical plasma regions, elongation is, in contrast, in the direction perpendicular to laser
polarization. Electrons in the undercritical plasma oscillate out of phase with the laser, resulting
in suppression of the field at the plasma edge in the direction of polarization. In this case,
the fields are enhanced all along the plane perpendicular to the laser polarization. Signatures
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Figure 6. Results of numerical simulations for an incident pulse of intensity
10'* W cm~2 interacting with a PMMA sample. (a) Maximum plasma electron
particle density on the laser axis (in units of critical density) as a function of
geometrical position of the laser focus in units of the Rayleigh length (~16 pm).
(b) Plasma density profile in the polarization plane passing through the laser
axis. The surface is located at x = 0. The abscissa is in units of Rayleigh length
and the ordinate is in units of spot radius. (c) Plasma density profile at the
surface of the sample. The distances are in units of spot radius. (d) Quantitative
characterization of the spot elongation along the polarization versus plasma
density in units of critical density for linear (solid line) and circular (dashed
line) laser polarizations.

of such polarization dependence have been observed in the laser interaction inside bulk fused
silica where the plasma is undercritical [17-19].

The plasma edge (transition from overcritical to undercritical plasma) is smooth since the
transverse shape of the ablation spot is approximately Gaussian (with a size ~+/3 times smaller
than the laser beam size, for the three-photon ionization process). For this reason, the ablation
process is characterized by the two competing effects: (i) field suppression in the polarization
direction at locations where the plasma is undercritical, i.e. at distances far from the centre of
the laser focus (figure 6(c)); and (ii) field enhancement in the polarization direction at positions
where the plasma is overcritical, i.e. close to the centre of the laser focus. The exact shape of
the ablation crater is determined by these competing effects, as well as the minimum plasma
density that is required for the onset of the actual ablation process.

Quantitative characterization of the elongation of the ablation spot can be made by
determining the boundary of the spot for a specified plasma density. Figure 6(d) shows the
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ratio of the ablation spot along two orthogonal directions as a function of the plasma density
for linear (solid line) and circular polarizations (dashed line). A ratio of unity corresponds to a
circular ablation spot with no elongation. For linearly polarized light, the elongation is parallel
(perpendicular) to the laser polarization when plasma density n = 2 n., (or otherwise). Since in
a collision-dominated, plasma, reflectivity approaches unity only when its density is well above
the critical density, this value seems reasonable. When plasma density is very low (n < 0.5n,,),
field enhancement is negligible and one does not expect any elongation.

Comparing figure 6(d) with figure 3, one can conclude that the plasma density
corresponding to the ablation threshold is of the order of n ~2n.. The dependence of
elongation on plasma density is then in agreement with experimental observations (figure 3):
(i) no elongation close to threshold pulse energies and (ii) larger asymmetry of the ablation
craters for higher pulse energies (corresponding to a plasma density well above the critical
density). Moreover, there is no elongation of the ablation spot for circularly polarized light
irrespective of the plasma density, as observed in the experiments. Given the approximate nature
of our model, a maximum of ~30% elongation for linearly polarized light is in good agreement
with the experimental value of ~40%.

The simulations also indicate that the energy deposited in the region with an undercritical
plasma (figure 6(b)) is of the order of ten to a few tens of per cent of pulse energy. The energy
deposition mechanisms include multiphoton absorption and collisional energy absorption inside
the plasma. As the plasma recombines (which happens on the ps time scale compared to the ns
time scale of hydrodynamic processes [63]), this energy is converted into heat. Considering
that the heat capacity of PMMA is in the range of ~1J (gK)~! [64], an order-of-magnitude
estimation shows that deposition of ~1uJ of laser energy in ~10° um? (estimated from
figure 6(b)) is sufficient to heat up the PMMA inside this volume by ~10°K, i.e. above its
boiling point (~200°C). We conclude that it is this localized boiling that has resulted in the
porous structures observed in the experiment.

Another possible mechanism that can give rise to porosity could be multiple filamentation
of the incident pulse while propagating through the medium that leads to severe localization
of the pulse energy. Although our simulations rule out this possibility for pure PMMA, we
found that this mechanism can occur in highly nonlinear media. For example, the third-order
susceptibility x ® in PMMA can be enhanced significantly by doping [58]. When a high value of
x® (=3 x 107" esu) is used in the simulation sub-surface, multiple filamentation is observed
for laser intensities above the ablation threshold, as shown in figure 7, where the plasma density
profiles (in units of n.,) at time moments well after the laser passage are plotted.

Figure 7(b) shows the plasma density inside doped PMMA in the plane perpendicular to
the laser polarization for the peak laser intensity / = 10'> W cm~2. Upon entering the medium,
the pulse is immediately self-focused. Due to the very large nonlinearity, the self-focused pulse
eventually experiences filamentation. The laser intensity inside the individual filaments reaches
considerably high values leading to the material ionization along the filaments. However, the
maximum surface plasma density in this simulation is np, & 0.07n., which is not expected
to appreciably damage the surface of the material [62]. At later time scales, hydrodynamic
expansion of the hot material under the surface will lead to swelling of the surface similarly to
that observed in figures 2(a) and (b).

As the incident laser intensity is increased, the plasma density at the surface grows and
reaches values of several n,, for intensities 7 ~ 10'* W cm~2. For this high plasma density, the
material ablates directly from the surface. However, the leading part of the laser pulse that
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Figure 7. Simulation of the ablation process in doped PMMA. Plasma density
generated inside the material when the laser pulse that is focused on the surface
of PMMA located at origin propagates in the +x-direction and is polarized
along the jy-direction. The abscissa is in units of Rayleigh length, while the
ordinate is in units of spot radius. (a) The laser intensity is above the ablation
threshold (10'* W cm™2); (b) the laser intensity is below the ablation threshold
(10" W cm~2). The material surface is located at x = 0. The plasma density is
measured in units of n,.

has not been reflected by the surface plasma propagates inside the material and experiences
filamentation in the same way as described above. This produces a rich internal structure of
the under-surface plasma (figure 7(a)) that can lead to induced porosity. The intensity within the
filaments can be high enough that the plasma density can be overcritical. This severe localization
of laser energy within the focal volume leads to nano-explosions ejecting out of the material.
At the same time, material is removed from the surface, resulting in the material becoming
porous. Whereas explosive boiling is the origin of porosity in pure PMMA, in doped PMMA
a sub-surface localization of pulse energy in the form of multiple filaments could also give
rise to porosity in addition to the causative factor of hydrodynamic expansion that leads to
explosive boiling. Since filamentation is a propagation effect, the pores would originate deep
inside the sample as compared to the hydrodynamics process that is restricted to the sub-surface.
Analyzing the ablated region along the propagation direction may allow one to distinguish the
two mechanisms.

4. Conclusions

In this paper, we show that femtosecond laser ablation of PMMA is polarization dependent in
the form of elongated craters (for a stationary focus) and quasi-periodic structures (for line
ablation) parallel to laser polarization. Simulations show that elongation of ablation craters
can be attributed to a field enhancement during the interaction of an intense light pulse with
the overcritical transient plasma produced by the pulse’s leading edge. The present work on
polarization-dependent ablation (single pulse regime) combined with our previous work on
laser-induced periodic structures in fused silica [17] (in the multiple pulse regime) provides
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insights into the crucial role played by transient plasmas in the interaction of intense ultrashort
light pulses with dielectric materials. Light—plasma interaction influences the energy coupling
to the solid by redistributing the local fields in the focal region with respect to the direction of
polarization of the incident laser field. Local field enhancement is determined by the plasma
density and its signatures are embedded in the interaction region. This effect is not unique
to a specific material and would occur whenever there is sufficient nonlinearity in the intensity
dependence of the ionization process in order for the field enhancements to produce a noticeable
effect in the dielectric. We therefore expect that light—plasma effects will play a less significant
role for longer pulse durations, where collisional ionization becomes the dominant process [21].
Polarization-dependent ablation will have an impact on micro-machining, and its effects can be
minimized by using either pulse energies close to ablation threshold or circularly polarized light.
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Chapter 5

Multiple pulse studies in PMMA

5.1 Introduction

This chapter is based on a previously published paper, and another manuscript is in
process of publication. The work reported addresses some fundamental aspects of the
ablation process due to multiple pulse effect. In section we investigated morpholog-
ical changes to the surface of bulk dielectric irradiated by two femtosecond pulses at a
certain delay. We studied this as a function of pulse energy. Our experimental results
demonstrated the first ever experimental evidence of nano-pillar formation within the ab-
lation crater. With increasing fluence, the nano-pillar vanished and the structure within
the ablation crater resembled with the splash of object in liquid. A 2 dimensional (2D)
Molecular Dynamics (MD) model was used to predict the mechanism for nano-pillar
formation by double pulse irradiation. This model (MD) rendered the fact that, the
presence of the first laser pulse is compulsory since it defines the boundaries from which
the shock wave induced by second laser pulse reflects and causes density pinching in the
middle of the interaction region that rapidly pushes out the molten material towards the
surface. The results from numerical simulations agreed well with experimental results
presented in this thesis.

In section we carried out the systematic study of the evolution of porosity within
the ablation craters as a function of laser fluence and number of laser shots. Multiple
pulse irradiations of femtosecond pulses on bulk PMMA surface erased the polarization-
dependent elongation of the ablation craters and yielded micro- and nano-scale porosity
within the ablation crater. Analysis of SEM images revealed the dependence of porous

area fraction and the pore size distribution as a function of pulse energy when the laser
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focus is stationary. Using imaging technique, we demonstrated that the porous area
fraction decreases with pulse energy while the pore size distribution peaks at a pore
area of 0.037 um? at higher energies. Also, the dependence of porous area fraction as a
function of scanning speed and laser pulse energy was investigated when the laser focus
was moved with a specific speed (in line ablation regime). These micro- and nanoscale
porous structures hold significant prospect to promote cell adhesion and proliferation at

the polymer-tissue interface for better implant union.

5.2 Nano-pillar formation by two-pulse femtosecond
laser ablation in poly-methyl methacrylate (Pub-
lication |3))

F. Baset, K. Popov, A. B. Villafranca, A. M. Alshehri, J-M Guay,
L. Ramunno and V. R. Bhardwaj

Nano-pillar formation by two-pulse femtosecond laser ablation in
poly-methyl methacrylate

In preparation (2014)

5.2.1 Awuthor contribution

The section demonstrates results from experiments performed by F. Baset, J-M Guay
and V. R. Bhardwaj at Ultrafast Photonics lab, University of Ottawa, ON. F. Baset
and J-M Guay performed preliminary (unpublished data) and final experiments under
supervision of V. R. Bhardwaj. F. Baset and A. B. Villafranca conducted the analysis of
the results and F. Baset created the figures. Theoretical simulation had been performed
by K. Popov and L. Ramunno. At present, this manuscript is in process of publication.
F. Baset wrote the first draft of the manuscript. All authors contributed to the final

manuscript.



Nano-pillar formation by two-pulse femtosecond laser ablation of poly-methyl

methacrylate

F. Baset,! K. Popov,1 A. B. Villafranca,! A. M. Alshehri,} J-M. Guay,1 L. Ramunno,! and V. R. Bhardwajl’a)
Department of Physics, University of Ottawa, 150 Louis-Pasteur, Ottawa, Ontario, K1N 6NJ5,

Canada
(Dated: 15 November 2013)

A nano-pillar is formed within the ablation crater in bulk poly-methyl methacrylate when irradiated with a
pair of femtosecond light pulses. For pulse energies below single-shot ablation threshold the nano-pillar is
~400nm long and protrudes ~150nm above the surface. At higher energies, the nano-pillar is replaced by a
volcanic eruption like structure. Molecular dynamics simulations reveal that the nano-pillar is formed when
the shockwave induced by the second laser pulse is reflected from the cold boundaries defined by the first
laser pulse. Reflection causes density pinching in the interaction region that rapidly pushes out the molten

material towards the surface.

PACS numbers: 79.20.Eb, 02.70.Ns, 79.20.Ds, 81.16.Rf

Behaviour of condensed matter under extreme condi-
tions has significant interest in astrophysics, geophysics
and material science as it enables to explore new phases
and forms of electronic and ionic order!:?. Shock com-
pression studies involving diamond anvil cells, explosives
and high-speed projectiles have been employed to eval-
uate the shocked state of matter using different spec-
troscopic methods®. Irradiation of matter with intense
light pulses is another technique that not only produces
extreme conditions, albeit on micron scale, but also pro-
vides access to time scales shorter than characteristic du-
rations. A high-pressure and high-temperature plasma is
generated instantaneously when laser pulses are focused
on the surface (inside the bulk) resulting in material ab-
lation (modification). The expanding plasma can induce
shockwaves that propagate through the material.

For the past two decades, ultrafast laser ablation of
materials has been investigated to gain mechanistic in-
sights into the interaction of light with dense media
and for its wide ranging applications. Several studies
have focused on propagation of shockwaves in different
materials®® and on morphological changes to the sur-
face irradiated with single and multiple pulses. In laser
processing of materials with multiple pulses, changes in-
duced by the first pulse affects the material response to
subsequent pulses. As a result, ablation thresholds have
been found to decrease with the number of laser pulses
due to the incubation effects™®. The material response
and hence the ablation process is also influenced by the
delay between the pulses. Double pulse ablation of met-
als and fused silica have shown a decrease in the ablation
depth with increasing delay between the pulses®'°.

The morphology of laser ablated regions also re-
veal rich structure formation on micro- and nano-
scale. Multi-pulse irradiation resulted in forma-
tion of nanogratings/ripplest! 17 and nanocones/spikes
within the ablated region'®2?2 of different materials.

a) Corresponding author: | I uottawa.ca
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Nanobumps and nanojets that have undergone resolid-
ificiation were produced on thin metal films by single
femtosecond laser pulse?*2° and were attributed to re-
laxation of laser-induced stresses inside the molten target
followed by fast resolidification?6-27. Nanojet formation
and subsequent ejection of nanodroplets is also widely
seen to be the mechanism behind laser-induced forward
transfer (LIFT) technique used for nano-patterning?®29.

Re-solidified nanojet structure in the form of a nano-
pillar has never been observed in bulk materials. In
this letter, we report nano-pillar formation adjacent to
a nanopore within the ablation crater in bulk poly-
methyl methacrylate(PMMA) irradiated by two fem-
tosecond pulses . The two pulses are separated in time by
100’s of ms, long enough for any changes induced by the
first laser pulse to resolidify. We show that the nanopillar
is formed only for specific pulse energies beyond which it
disappears and a larger nanopore appears in the middle
of the ablation crater encircled by a volcanic eruption
like structure. We model the interaction of femtosec-
ond pulses with PMMA using molecular dynamics ap-
proach and show that a resolidified nanopillar is formed
when a shockwave, induced by the second laser pulse in
the molten material, undergoes a reflection at the cold
boundaries and pinches the material density in the mid-
dle and pushes it out rapidly towards the surface.

800nm light from a Ti:Sapphire laser system operating
at a repetition rate of 5 kHz and producing 45 fs pulses
with a peak energy of 0.5 mJ, was focused on the surface
of optically polished PMMA samples (12x12x2 mm) by
a 0.25 NA microscope objective. The PMMA sample was
irradiated with a pair of femtosecond pulses selected by
operating the laser in an external trigger mode. The de-
lay between the pulses varied from 100’s of ms to few sec-
onds.The incident pulse energies were measured after the
microscope objective and monitored by a calibrated fast
photodiode. The position of the laser focus relative to the
sample surface was accurately determined by imaging the
back reflected light with a CCD camera at pulse energies
much below the ablation threshold. A single-shot au-
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FIG. 1. SEM image of the 2-pulse ablation crater formed by
a 580 nJ femtosecond pulse (a) before, and (b) after breaking
the nano-pillar in the middle with an AFM tip. (¢) AFM line
scan of the crater along with the reconstructed nano-pillar.

tocorrelator continuously monitored the pulse duration.
The pulses were not pre-chirped and the duration was
measured to be 70 fs at the back aperture of the objec-
tive. The laser-ablated regions were characterized by an
atomic force microscope operating in contact mode with
a pyramidal cantilever (lateral resolution of ~30nm) and
by a scanning electron microscope (SEM) after gold coat-
ing the PMMA surface with a thin layer (few nanome-
ters) to make them conductive. All SEM images were
taken with the electron beam perpendicular to the sam-
ple (zero tilt). The laser focal spot radius of 2.740.2pm
was obtained from the slope of semi-logarithmic plot of
the squared diameter of the modified region measured
with the SEM as a function of pulse energy.

Figure 1(a) shows SEM image of an ablation crater
produced by 2 laser pulses with a delay of milliseconds.
Pulse energy was 580 nJ, lower than the single-shot ab-
lation threshold of 600 nJ (laser fluence of 2.6J/cm?)7
but higher than the double-shot ablation threshold of
350 nJ7. The ablated region has an annular rim with
a nanopillar like structure in the middle adjacent to a
nanopore. Radial ejection pattern at the edges suggests
melting and resolidification. The nanopillar is brighter
in the image suggesting it protrudes above the surface.
Figure 1(b) shows SEM image of the same crater after
the pillar like structure is broken by an AFM pyramidi-
cal cantilever tip (spring constant of 69+1 pN/nm). The
image reveals that the pillar like structure is composed of
three ellipsoids stacked on top of each other. Presence of
a 165 nm pore suggests ejection of molten material in the
form of a nanojet that has resolidifed upon rapid expan-
sion. Figure 1(c) shows line scan of the ablation crater
with reconstructed nano-pillar that is ~400nm long and
protrudes ~150nm above the sample surface. Time de-
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FIG. 2. SEM images of 2-pulse ablation craters in PMMA
irradiated with pulse energies of (a) 800 nJ, (b) 870 nJ, (c)
940 nJ and (d) 1100 nJ.

lays greater than ms between the two pulses did not effect
nanopillar formation.

Figure 2 shows evolution of structure within the ab-
lated region for different pulse energies. When pulse en-
ergy is above the single-shot ablation threshold the nano-
pillar disappears and only a central pore is formed. The
pore size increases with pulse energy until 700 nJ. Be-
yond this energy the ablation crater begins to display a
volcanic eruption like structure in the middle as shown
in Fig. 2. The size of the ablation crater and the central
pore increases with energy. Also, the central structure
resembling a splash of molten material becomes promi-
nent. Nanostructures shown in Fig. 1 and 2 appear only
in 2-pulse laser ablation. Single-shot ablation of PMMA
only leads to surface swelling and crater formation?C.

To understand the origin of nano-pillar formation, in-
teraction of femtosecond laser pulses with PMMA is mod-
elled using molecular dynamics (MD) approach. Since
this approach is computationally intensive simulations
are often restricted to small volumes on the order of few
100’s of nm and few hundred thousand particles3!, effec-
tively ignoring the spatial profile of the laser. We over-
come this by conducting the computation in 2D with
simulation dimensions on the order of the laser spot size.
We use ~ 4 x 107 particles on a 2D hexagonal lattice
occupying an area of ~ 2 x 2 ym.

The interaction between individual atoms is described
by Lennard-Jones potential with characteristic length
and depth represented by ¢ and &g respectively. For a
wide range of molecules, €y =~ 10 - 100meV and o ~ 0.25
- 0.6 nm?®2. The parameters we chose were ¢ = 0.3 nm, &
= 0.0862 eV and time normalization factor ¢y = 0.4 ps>3.
These values are close to that of water and provide an
estimate of physical quantities such as temperature, par-
ticle velocities and densities. Their magnitudes depend



weakly on a particular choice of parameters but not the
dynamics. As a result, we can only learn qualitative dy-
namics of the ablation process. Particular details such
as elastic properties of polymers due to their chain struc-
ture and formation of volatile compounds due to chain
breaking are ignored.

First stage of the simulation involves creating an un-
perturbed equilibrium state at room temperature T.
The sample, initially at zero temperature, is annealed
slowly in the Nose-Hoover thermostat until 7, is reached.
In the second stage of simulation, the first laser pulse
induces a non-equilibrium configuration, modelled by
scaling particle velocities consistent with a temperature
profile T'(7,0). The particles are then propagated self-
consistently by the LAMMPS NVE solver®*. A thin layer
around the edges is maintained at constant temperature
to mimic bulk thermal reservoir. When the second laser
pulse is incident, the particle velocities are rescaled again
according to T'(7,0). For computational feasibility we
use a delay of 10 ns between the two laser pulses, much
smaller than experiments. However, this is long enough
for the simulated system to reach a completely frozen
state. In our simulations, the second stage dynamics was
probed in 1 fs intervals.

T'(7,0) is determined by the spatial distribution of en-
ergy transferred from the laser beam to the electrons via
ionization, 0&;, and collisional absorption, 6&.,. Assum-
ing multi-photon ionization to be the dominant ionization
process in the near-threshold region3® one can write

I(7) \N
[(ﬁc)) :

where I(7) is the spatial profile of the unperturbed laser
pulse, 7 is the position of the laser best focus and the
order of multi-photon absorption, N = 3 for PMMA.

The collisional absorption of laser energy by plasma
depends not only on the generated plasma density n, but
also on the laser intensity. The latter dependence of §&,,
is expected to result only in perturbation of the overall
laser energy deposition profile in the sample. So, we as-
sume 0&,, is similar to Eq. (1) to keep our parameter
space small. Therefore the overall temperature profile at
the beginning of simulation is assumed to be

ol

where « is a parameter of simulations. Numerically we
find o = 1.2 corresponds to the single shot ablation
threshold. The two-shot ablation threshold is lower by
35-40% compared to 42%, measured experimentally.
Figure 3 shows the dynamics in PMMA after the sec-
ond laser pulse is incident. Density-weighted particle ve-
locity in y (top panel) and x directions (bottom panel)
are shown at two different time steps for a=0.95; this
corresponds to a fluence below the single-pulse ablation
threshold. Along y-direction, the particle velocities are
initially away from the centre of the interaction region.

0&; x ( (1)

T(70) ~ T, - [1+a-( 2)
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FIG. 3. (Color online) Calculated density weighted particle
velocities along y-direction (top panel) and x-direction (bot-
tom panel) at two different times 6x10%¢y = 240 ps (left col-
umn) and 1.1x10%¢ ~ 440 ps (right column) for o = 0.95.
Laser is incident on the sample surface at x/o= y/o = 0.
x/o = y/o = 6000 corresponds to a sample thickness of 2um.
Only the relevant portion of the simulation domain is shown.

Then at a later time, they have changed their direction
after reflecting from the boundaries of the interaction re-
gion and are moving towards the centre (top right panel).
This behaviour is not observed in the absence of the first
laser pulse.

Along x-direction, particle velocities are initially very
high at the surface (bottom left panel). Small regions
of very low particle velocities are formed corresponding
to voids. At a later time, high particle velocity leads to
surface swelling and more voids are formed (bottom right
panel). Also, particle velocities are high in a confined
region inside the sample at x/o &~ 1350 (~450nm). This
is due to reflection of shockwave from the boundaries (top
panel) and ultimately leads to density pinching in the
centre. At later times, particles are pushed out towards
the surface forming a nanojet. The shock velocity is ~ 6
km/s, comparable to that measured in PMMAS36.

For higher «, reflection of shockwave from the
boundaries and the resultant density pinching becomes
stronger. However, due to the 2D nature of our simula-
tions the nanojet formation is not accurately captured at
lower o but becomes apparent at higher values as shown
in figure 4 for a=1.6. In this case the laser fluence is
higher than the single-pulse ablation threshold. As a re-
sult the first laser pulse itself leads to significant ablation
and the second pulse interacts with the ablated sample.

The top panels of Fig. 4 show density weighted parti-
cle velocities in x and y directions at a time step of 50¢,.
Similar to the case for a = 0.95, a shockwave propagates
away from the interaction region. At the same time, par-
ticles close to the surface move inwards due to temper-
ature and pressure gradients. This is a consequence of
material removal by the first laser pulse. Along the x-
direction particle velocities are high close to the surface.

Middle and bottom left panels of Fig. 4 show evolution
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FIG. 4. (Color online) Calculated density weighted particle
velocities and normalized particle density for @ = 1.6. Top
panels show particle velocities along y- (left) and x- (right)
directions at 50tp ~ 20 ps. Middle panels show evolution
of particle velocities along x-direction at two different times
100t ~ 40 ps (left) and 250ty ~ 100 ps (right). Bottom
panels shows particle velocities along x-direction (left) and
particle density (right) at 500tp ~ 200 ps. Laser is incident
on the sample surface at x/o=y/oc = 0. x/o = y/o = 6000
corresponds to a sample thickness of 2um. Only the relevant
portion of the simulation domain is shown.

of particle velocities along x-direction at different times.
They are confined in the middle and move out towards
the surface at later times due to collision with particles
moving inwards along y-direction. As a result, density is
pinched in the middle forming a nanojet as shown in bot-
tom right panel for t = 500¢,. For a = 1.6 the nanojet is
not frozen, instead it propagates at later times resulting
in formation and ejection of nanodroplets. The resultant
structure resembles those shown in Fig.2. However, at
lower o we anticipate the nanojet to resolidify due to
rapid expansion directed towards the surface. At intensi-
ties where there is appreciable ablation by the first laser
pulse itself, shape of the ablated region seems to play a
dominant role compared to the reflection of shockwave
from the boundary defined by the first laser pulse.

The following picture then emerges about nanopillar
formation in bulk media, depicted by the schematic in
Fig. 5. Interaction of the first pulse, whose energy is be-
low the ablation threshold, with PMMA softens the ma-
terial with which the second laser pulse interacts. Tens
of ps later a shockwave is induced that propagates radi-
ally in the sample leading to swelling of unbounded sur-
face and nanopore formation3®. Hundreds of ps later the
shockwave is reflected (part of it dissipates into the sam-
ple) from the cold boundaries of the interaction region.
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ns later

100’s of ps later

FIG. 5. (Color online) Schematic describing the physics of
nano-pillar formation. Arrows indicate the direction of prop-
agation of a pressure wave. See text for details.

Also, nanopores coalesce into voids. Nanoseconds later,
the reflected shockwaves collide pinching the softened
material and pushes it towards the surface as a nano-
jet. The ever expanding surface swelling ruptures and
large chunks of material and nanodroplets are ejected.
Rapid expansion of the nanojet leads to resolidification
under appropriate condition. At higher energies, local-
ized eruption of softened material leads to formation of
volcanic like structures in the middle encircled by the
ruptured dome like structure. The structure formation
that we observe is analogous to an object falling into lig-
uids creating a splash (called crown) followed by a jet of
liquid ejecting outwards37-38. In laser irradiation of bulk
polymer, the nanopillar is formed first and is replaced
by volcanic eruption like structure (similar to crown) at
higher pulse energies.

In conclusion, a nano-pillar is formed in the ablation
crater when bulk PMMA is irradiated by two femtosec-
ond pulses. Presence of the first laser pulse is crucial as
it defines the boundaries from which the shockwave in-
duced by the second laser pulse reflects. In the absence
of the first laser pulse simulations do not show any reflec-
tion of the shock wave. This is the key difference between
the nano-pillar formation in bulk and in thin metal films.
In the latter, a single laser pulse leads to spallation and
the subsequent collapse of the bubble underneath results
in movement of molten material to the apex of the bump
and formation of jets directed in opposite directions. Al-
though the 2D nature of our simulations do not quantita-
tively reproduce experimental observations they provide
an insight into the possible mechanism. Results suggest
under appropriate experimental conditions bulk materi-
als can be used, besides thin films, in nano-patterning of
substrates with LIFT technique.
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We show that femtosecond laser ablation of poly-methyl methacrylate (PMMA) induces porosity within
the ablation crater that increases with pulse energy/fluence and number of laser shots. For deeper craters
the porosity evolves into 3D honeycomb like structure on the sidewalls. Using imaging technique, we
show that the porous area fraction decreases with pulse energy while the pore size distribution peaks
at a pore area of 0.037 wm? at higher energies. In line ablation, the pore size increases with the speed at
which the laser focus is moved.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Structuring of biocompatible materials through surface modifi-
cation is of great interest since it enables better implant union in
human body by reduced toxicity [1], enhanced binding and integra-
tion of tissues and nerves [2]. Surface topography of biomaterials
influences biological response. Micro/nano-patterned surfaces can
be used to control and manipulate spatial localization of cells and
their shape [3] by altering their adhesion to the substrate and
thereby regulating the complex cell dynamics [4]. Studies have
shown that both disordered (roughness) and ordered (periodic
grooves or array of holes) surface structures influence cell growth
[5]. Apart from adhesion, surface structuring also drastically alters
wetting [6,7], mechanical, electrical and optical properties of mate-
rials [8]. For example, control of porosity in TiO, enhances its
photovoltaic behavior [9].

Surface structuring of biomaterials with nanosecond and
picosecond lasers have demonstrated formation of suitable sur-
face texture with less surface contamination compared to other
methods [10,11]. More recently, ultrafast femtosecond lasers have
become an advanced tool for material processing as it enables
precision machining of localized spatial patterns down to nano-
meter dimensions [12]. Such a precision was possible due to highly
nonlinear multiphoton interaction of light with matter resulting
in rapid energy deposition with reduced heat affected zone and

* Corresponding author. N I 1N I N NN B N N BN
E-mail addresses: | N I If- Baset),
I B Villafranca), IS N (.- M. Guay),
I @uottawa.ca (R. Bhardwaj).

0169-4332/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.apsusc.2013.06.043

minimal debris around the work area. As a result, ultrafast lasers
have evolved as a fast and economical tool for micro/nano machin-
ing of various materials [13].

One of the key outcomes of the interaction of intense light
with materials is laser-induced porosity. While femtosecond laser
induced porosity has been well studied using contact angle mea-
surement technique on millimeter dimensions [6], very little
information is available on micron dimensions. Other techniques
to measure porosity have similar drawbacks. Since cell dynamics is
very sensitive to the changes in the microenvironment [4], knowl-
edge of laser induced topographical and morphological changes to
the material on micro/nano dimensions is essential.

Femtosecond laser ablation of PMMA has been widely studied
due to its biocompatibility [14,15]. However, porosity of the result-
ing ablated features on micron scale has not been investigated in
detail. Recently it has been shown that protein binding on PMMA
can be enhanced through femtosecond surface ablation [16]. Also
changes in wettability of PMMA surfaces have been correlated to
laser-induced surface porosity at the micro-scale [6].

In this paper, we study femtosecond laser-induced porosity in
PMMA for shot-to-shot and line ablation regimes. We use imaging
technique to quantify laser-induced porosity. In the shot-to-shot
regime, we show the evolution of porosity within the ablated crater
from a single laser pulse to multiple pulses. An increase in poros-
ity is found with increasing number of pulses. For multiple laser
pulses, we show the porous area fraction (defined as ratio of total
area covered by the pores to the total area of the ablated crater)
to decrease with increasing pulse energies while the pore size dis-
tribution peaks at smaller pore areas. In the line ablation regime,
the porous area fraction is found to increase with scanning speeds
regardless of the pulse energy used. Two different regimes were
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observed for the formation of quasi-periodic porous structures at
low and high scanning speeds originating from different physical
effects.

2. Materials and methods

Femtosecond pulses from a Ti:Sapphire laser system (Spectra-
Physics) operating at a central wavelength of 800nm and a
repetition rate of 5kHz were focused onto an optically polished
bulk PMMA samples (12.5mm x 12.5mm x 1.7 mm) using a 0.25
NA (10x ) microscope objective. The laser was operated either in an
external trigger mode (for single and multi-shot experiments) or
continuous mode (for line ablation). A thin broadband beam sam-
pler at the output of the laser directed a small fraction of the beam
into a single-shot autocorrelator to continuously monitor the pulse
duration. The pulse duration before the microscope objective was
measured to be ~70 fs, obtained by propagating the pulse through
all the dispersive optics used in the experiment positioned in front
of the autocorrelator. Pulses were not pre-chirped. The incident
pulse energies were measured after the microscope objective tak-
ing into account losses of all the optics. The incident power was
varied and monitored with neutral density filters and a calibrated
fast photodiode, respectively. The polarization of the incident light
was varied by a half-waveplate (quarter-waveplate) to obtain lin-
ear (circular) polarized light. The back aperture of the microscope
objective (8 mm) was slightly overfilled to minimize alignment
errors. The position of the laser focus relative to the surface of the
sample was accurately determined by imaging the back-reflected
light with a CCD camera at very low pulse energies below the abla-
tion threshold. Samples were mounted on three-axis translation
stages with a resolution of 50 nm (100 nm) in lateral (axial) dimen-
sions and a maximum translation speed of 20 mm/s.

The laser-ablated regions were characterized by a scanning elec-
tron microscope (SEM) after coating the PMMA surface with a thin
layer (few nanometers) of gold to make them conductive. The spot
size was obtained from the slope of semi-logarithmic plot of the
squared diameter of the modified region measured with the SEM
as a function of pulse energy. We obtained a Gaussian beam radius
of 2.74+0.2 um for a 0.25 NA microscope objective (close to the
diffraction limited beam radius of ~2 wm). The single shot abla-
tion threshold of PMMA, defined as the lowest energy at which
ablation features were visible under the SEM, was determined to
be 0.6 uJ corresponding to a laser fluence of 2.6J/cm?2, which is in
good agreement with the published data [17]. Laser induced poros-
ity was quantified by analyzing the SEM images of ablated craters
and lines with the aid of Image] software [18]. After matching the
scale of the software with that of the SEM, the images were inverted
and adjusted for brightness and contrast to reveal only the pores.
Analyzing the number of pixels in a given pore provided the area
of the pore. The minimum pore area that was accounted for was
0.003 wm2. For the purpose of analyzing the pore area, all SEM
images were taken with the electron beam perpendicular to the
sample (zero tilt).

3. Results and discussion
3.1. Shot-to-shot evolution of laser induced porosity

Fig. 1 shows evolution of femtosecond laser-induced poros-
ity within the ablation craters on PMMA for different number of
laser pulses and pulse energies above the ablation threshold for
PMMA. The laser polarization was circular. A single laser pulse
induces a pore in the middle of the crater whose area is approx-
imately 0.6 um?, independent of pulse energy. As the pulse energy

1 shot

2 shots 5 shots

Fig. 1. SEM images of femtosecond laser ablated structures in PMMA showing the evolution of porosity for 1, 2 and 5 laser shots (from left to right column, respectively) at
pulse energies of 1, 3 and 4 pJ (from top to bottom row, respectively). Laser polarization was circularly polarized with an ellipticity of ~0.9.
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Fig. 2. SEM image of the side view of an ablation crater produced by linearly polarized light with pulse energy of 5 ] and 5 laser shots delivered to the region.

is increased from 1 to 4 pJ, few small pores surround the central
pore with area ranging from 0.005 to 0.14 wm?.

When two laser pulses are incident on PMMA, at low pulse ener-
gies (for example 1 pJ in Fig. 1) the ablation crater consists of 3
regions. A pore in the middle surrounded by a volcanic crater like
structure (area ~ 15 wm?2) that is encircled by a ruptured dome-like
structure. At higher pulse energies, the central pore is elongated and
the surrounding region becomes porous while ruptured dome-like
structure persists.

Increasing the number of laser pulses increases the porosity and
at the same time the ablation craters become deeper. As a result the
porosity evolves from being predominantly a 2D effect for a single
laser shot to being a 3D effect for 5 laser pulses. The porous area
fraction increases from 6% for a single shot to 9% for 2 shots and
12% for 5 shots for a 3 pJ pulse. These are only approximate values,
as the estimated area of the pores with Image] software in deeper
craters will be affected by the 3D effect.

For higher pulse energies, the ablated hole gets much deeper
and the walls become porous as shown in Fig. 2 obtained with
5 laser shots and pulse energy of 5 uJ. A closer inspection of the
ablated hole reveals a quasi-honeycomb like structure on the side-
walls. This is interesting because in PMMA porosity mainly arises
due to localized melting and explosive boiling. Ultrashort pulse
laser irradiation leads to near isochoric heating and rapid adiabatic

expansion. A two-phase liquid-gas mixture develops after ther-
malization of the laser energy in the material (on the ps time
scale) which then undergoes hydrodynamic expansion, resulting
in material ejection and subsequent resolidification on the ns
time scale [19,20]. As a result, ablation of PMMA is inhomoge-
neous with formation of nanostructures at the bottom of the crater
(Fig. 1). However, for multiple laser pulses and higher energies
nanostructures start to develop along the sidewalls as well (Fig. 2).
Considering the Gaussian profile of laser intensity nanostructures
on the sidewalls is not anticipated.

We now study the effect of pulse energy on laser-induced poros-
ity in PMMA for a fixed number of laser pulses. Fig. 3 shows the
ablation craters obtained with linearly polarized light for 5 laser
pulses with energies ranging from 1 to 5 wJ. Ablation craters are
all elongated along the laser polarization. Such an elongation was
recently shown to arise from local field enhancement during light-
plasma interaction [21]. The elongation disappears for multiple
pulses. At low energy, few big pores were formed compared to the
size of the crater but as the energy was increased, the number of
pores also increased with smaller pores being more predominant.

These observations are quantified in Fig. 4 which shows for dif-
ferent pulse energies (a) porous area fraction, defined as the ratio
of total area of the pores to that of the ablation crater and (b) the
distribution of pore area size. As the pulse energy increases the

Fig. 3. SEM images of laser induced porosity inside the ablation crates of PMMA produced with 5 laser shots of linearly polarized light and pulse energies of (a) 1, (b) 2, (c)

3,(d)4 and (e) 5 wJ.
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Fig. 4. Analysis of porosity inside ablated craters shown in Fig. 3. (a) Porous area fraction [the total area covered by the pores over the total area of the ablated crater] as a
function of laser average energy. (b) Distribution of pore area size for different pulse energies.

porous area fraction decreases as shown in Fig. 4(a) due to two
factors, (i) the overall crater area increases and (ii) the pore size
decreases although their number increases. Fig. 4(b) shows the pore
area size distribution for different pulse energies starting from 1 pJ
to 5 uJ. A bin width of 0.025 pm? was chosen and the distribution
was obtained by counting the number of the pores within the bin
plotted against the mean pore area size. For the lowest energy, the
pore area size distribution is nearly flat. This remains same as the
pulse energy is increased to 2 pJ except that the number of smaller
pores increases. However, at higher energies smaller pores are pro-
duced predominantly and the distribution peaks at a pore area size
of 0.037 um?2. The total number of pores increases by 4-fold from
the lowest to the highest energy.

3.2. Porosity in line ablation
In line ablation, laser induced porosity depends on pulse energy

and the scanning speed with which the laser focus is moved.
Fig.5(a)-(d)shows SEM images of ablated lines with pulse energy of
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i
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700 n] for different scanning speeds of 5, 2.5, 1 and 0.5 mm/s which
correspond to 1, 2, 5 and 10 shots/wm, respectively. The polariza-
tion of light was linear making an angle of 45° with respect to
the scanning direction. Very distinct microstructures are observed
within the ablation lines for different scanning speeds. At the high-
est speed (5 mmy/s), quasi-periodic porous structures are observed
with a period of ~1 wm oriented perpendicular to the scanning
direction (Fig. 5(a)).

This periodicity was independent of pulse energy. At the inter-
mediate speeds (2.5 and 1 mm/s), a more random distribution of
pores is found (Fig. 5(b) and (c)). Interestingly, at the lowest speed
(Fig. 5(d)) quasi-periodic porous structures parallel to the direction
of the laser polarization are formed with a period of ~350 nm. In
our previous study we have shown the orientation of such quasi-
periodic porous structures to change with the laser polarization
[21].

Laser-induced periodic surface structures (or surface rip-
ples) have been observed in ablation of several materials
under widely different illumination conditions. In metals [22,23],
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Fig. 5. SEM images of line ablation with pulse energy of 700 n] and linearly polarized light (45°) using a scanning speed of (a) 5, (b) 2.5, (¢) 1 and (d) 0.5 mm/s. (e) Porous

area fraction (%) as a function of scanning speed for different pulse energies.
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L i

Fig. 6. SEM images of line ablation with linearly polarized light (45°) using a scanning speed of 5 mm/s. Arrows indicate the direction of the laser focus with respect to the

smaple. The pulse energy was 1 pJ.

semiconductors [24,25] and dielectrics [26,27], the structures have
been found to be mostly perpendicular to the laser polarization
whereas in polymers they are mostly parallel [28-30]. How-
ever, periodic structures perpendicular to the laser polarization
in polymers [31] and parallel in dielectrics [32,33] have also been
observed. The ripple formation is described in terms of interference
between the incident light and the surface scattering wave [34,35]
or surface plasmon polaritons [36]. Polarization-dependent self-
organized three-dimensional (3D) periodic nanostructures have
been observed inside fused silica [37] under irradiation with mul-
tiple light pulses. For linearly polarized light, bulk grating-like
structures were formed orthogonal to the laser polarization and
their origin was attributed to local field enhancement arising from
interaction of light with under-dense plasma [37]. In contrast, dur-
ing laser ablation the plasma is over-dense, subsequent interaction
of light with plasma can lead to structures that are parallel to the
laser polarization.

Fig. 5(e) exhibits an overall trend of an increase in porous area
fraction with increasing scanning speed. However, no clear trend
was observed for different energies in the 450-900 nJ range. The
porous structures shown in Fig. 5(a) with a quasi-periodicity of
~1pm is imposed by a combination of the spot size and scan-
ning speed. At 5 mm/s only one laser pulse is incident per micron
of the sample. This discrete nature of irradiating the sample leads
to successive micro-explosions followed by ejection of the mate-
rial resulting in formation of periodic structures perpendicular to
the scan direction. Their orientation changes with the direction in
which the laser focus is moved as shown in Fig. 6. At lower scanning
speeds (1 mm/s and 2.5 mm/s), multiple pulses are incident on the
sample at a given spot. As a result, the quasi-periodic structures
disappear and porosity becomes random. In contrast at 0.5 mm/s,
the quasi-periodicity of the porous structures that are parallel to
the laser polarization arises due to the interaction of light with
plasma that is over the critical density. Moreover, their orientation
is independent on the direction in which the laser focus is moved.

4. Conclusion

In this paper, we carried out parametric studies on laser-induced
porosity on PMMA surface and have shown that it depends on
pulse energy, number of laser shots and scan speeds. We find
the porosity, quantified by pore size distribution and porous area

fraction, to increase with multiple laser pulses incident on PMMA.
Molecular dynamic simulations have shown that nanopore for-
mation is an important mechanism for temperature equilibration
during the interaction of intense femtosecond pulses with PMMA.
The number of pores and their size increases with pulse energy
[38]. For line ablation, the porosity is predominantly determined
by the speed with which the laser focus is moved on the sam-
ple and leads to two different types of quasi-periodic structures;
sub-wavelength structure parallel to the laser polarization in multi-
pulse regime and microstructures perpendicular to scan direction
in single shot regime. Induced porosity in PMMA will have interest-
ing consequences in bio-medical applications. Since PMMA mimics
soft-matter and is biocompatible and stable in physiological envi-
ronment it has been used in several areas such as cosmetic surgery
[39], dentistry [40] and ophthalmology [15]. Surface structuring
on micro- and nanoscale will promote cell adhesion and prolifer-
ation at the polymer-tissue interface leading to enhanced tissue
integration resulting in better implant union.
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Chapter 6

Applications

6.1 Introduction

Laser micro/nano structuring has several applications. In this chapter, section m
briefly describes an ultralong complex 3D microfluidic channel inside bulk dielectric ma-
terial fabricated by femtoetch technique, that can have potential applications in biomed-
ical sensing. Section demonstrates the similar technique (femtoetch technique) to
fabricate a fiber-based microcantilever sensor. The next topic in section [6.2.3] describes a
fiber-based microcantilever vibration sensor, capable of providing in-line measurement of
frequency and amplitude of vibration. Section shows preliminary result of the same
fiber-based microcantilever, that has potential to be used as chemical or, bio-chemical
sensor. Finally, section describes refractive index modification in the bulk of trans-
parent materials. This refractive index modulation within the bulk of dielectric material
was utilized to fabricate photonics devices or, within the single mode fiber core at random

spacing to fabricate a quasi-random micro-cavities fiber laser.

6.2 Femto-etch technique

Today, one of the most common procedure to fabricate microfluidic channel inside di-
electrics is femto-etch technique. This femto-etch technique uses a combination of fem-
tosecond laser pulses and highly anisotropic etching with an etchant. In femto-etch
technique, the first step is to locally modify the refractive index of a dielectric material
along the laser-illuminated path by focusing the femtosecond laser at the surface, or

inside the sample and scanning the laser focus with a specific speed. In a subsequent

93



Applications 94

step, the modified region is made to react with an etchant that attacks the modified
material along the laser illuminated path since the etching rate of the laser modified
region is enhanced by several orders of magnitude compared to the untreated material.
As opposed to laser ablation, this method (femto-etch) has no heat effect as the material
etches away. Also, by confining the laser focus inside the sample together with etching,
complex 3D microfeatures can be achieved. The following subsections will present some

of the applications using femto-etch technique.

6.2.1 Microfluidic channel in fused silica by femto-etch tech-
nique

As mentioned in the previous section [6.2] localized changes in refractive index of di-
electrics induced by femtosecond laser together with selective chemical etching leads
to fabricate these complex 3D microfluidic networks. These structures have potential
applications in biomedical sensing, quantum optics and optical communications.

The same laser set up has been used as in section [6.3.2l The femtosecond laser
fabrication process employs a regeneratively amplified Ti:sapphire laser generating 45
fs, 500 pJ, 800 nm pulses at 1 kHz. A fraction of the beam is focused, by a NA =
0.55 objective, at a depth ranging from 150 pum to 250 um below the surface of the
fused silica sample (0.5 cm x 0.5 cm X 0.5 cm), which is moved perpendicular to the
beam propagation direction by a precision translation stage at a specific speed. For our
experiment, we used two different set of speeds, 20 ym/s and 50 pm/s and the laser focus
was scanned across the sample from one end to another ( y direction) at a horizontal
plane (xy), 150 pm below the cube fused silica surface with pulse energies ranging from
300 nJ to 2 pJ. Another waveguide was scanned at vertical direction (z direction) from
the middle of the horizontal waveguide, toward the top surface of the sample. Therefore,
after modification (and etching), the modified waveguide will take the shape of a T-
channel. The reason for adding a vertical channel in the middle is to ease the flow of
etchant and speed up the fabrication process. The laser parameters should be carefully
chosen to introduce uniform index modification to support the best etching conditions
180].

In a subsequent step, the modified region of the silica sample is etched by reacting
with an etchant that attacks the modified material along the laser-illuminated path. In
our case, we have used 2.5 % volume aqueous hydrofluoric (HF) acid in an ultrasonic bath.

The resultant dangling oxygen bonds due to reconfiguration of ring structure (resulting
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Figure 6.1: (a)Etch rates of modified fused silica channels as a function of pulse energy
in 2.5 % volume aqueous hydrofluoric (HF) acid for two different speeds, 50 pum/s (dia-
mond symbol) and 20 pm/s (square symbol). (b)—(d) Optical microscope images of the
longitudinal cross-sectional images of the etched channel after 1 hour, next 17 hours and
the last 23 hours. (e)A schematic illustration of the laser writing set up for refractive

index modification inside fused silica sample.
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from fs laser-silica interaction) are highly reactive to HF acid. Etching is proportional
to the degree of index change. Therefore, depending on the degree of index modification

and the etching time, it is possible to control the height, width and length of the channel.
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Figure 6.2: (a)Asymmetry of the transversal cross-section of the modified fused silica
channels with increasing etching time as a function of pulse energy in 2.5 % volume
aqueous hydrofluoric (HF) acid for two different speeds, 50 pm/s (diamond symbol) and
20 pm/s (square symbol), respectively.(b)A schematic illustration of the laser writing set
up for refractive index modification inside fused silica sample. (c),(d) Optical microscope
images of the transversal cross-sectional images of the etched channel after 18 hours and
42 hours.

Figure[6.1(a) shows the etch rates of the lengths of modified fused silica channels for
different pulse energies. Two different writing speeds (50 um/s and 20 pm/s) were used

to compare the etching rates. Figure [6.1[a)exhibits an overall trend of an increase of
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etch rates with increasing pulse energy and the etch rate is higher for lower scanning
speed (20 pm/s). Figure [6.1[b)- Figure[6.1[d) show the optical microscope image of the
longitudinal cross-section (xy views) of the microfluidic channels after 1 hr, 18 hours and
41 hours etching in the 2.5 % hydrofluoric (HF) acid. Figure[6.1{e) shows the schematic
illustration of femtosecond laser writing set up inside fused silica sample for horizontal

channel at a certain depth from top surface.
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Figure 6.3: (a) Top view of the 3D microfluidic channel fabricated by femto-etch tech-
nique. (b) Side view of the T-channel fabricated by femto-etch technique. Inset shows the
schematic illustration of the femtosecond laser writing set up for fabricating T-channels

inside fused silica sample. (c¢) Top view of the stitched image of 5 mm long channel.

Figure (a) shows the evolution of the asymmetry of the transversal cross-section
of the modified fused silica channels for different pulse energies respectively after etching
for different time period. Here, asymmetry parameter defined as the ratio of the etched
hole dimensions along the two orthogonal axes as shown in Figure[6.2(c) and (d). Again,
two different writing speeds (50 pm/s and 20 pm/s) were used to compare the etching
rates. The graph exhibits an overall trend of an increase of etch rates with increasing
pulse energy and the etch rates are comparable for both speeds. Figure (c) and Figure
6.2(d) show the optical microscope image of the transversal cross-section (xz views) of
the microfluidic channels after 18 hours and 42 hours etching in the 2.5 % hydrofluoric
(HF) acid. Figure[6.1(b) shows the schematic illustration of femtosecond laser writing set
up inside fused silica sample for horizontal channel at a certain depth from top surface.

Figure[6.3(a) shows the optical microscope image of the top view (xy view) after the
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Figure 6.4: (a) Optical microscope image of a tapered optical fiber. (b) Optical micro-
scope image of a tapered optical fiber inserted inside the microfluidic channel for fiber
sensing application.

modified region of the fused silica waveguide being completely etched and formed a 3D
microfluidic channel. With etching from both sides, after 41 hours the channel lengths
up to 5 mm with 80 pm cross section are obtained. Figure (b) shows the optical
microscope image of the side view (yz view)of the fabricated T-channel by femto-etch
technique. Inset shows the schematic illustration of the femtosecond laser writing set up
inside fused silica sample for T-channel. Figure c¢) shows the optical microscope image
(stitched) of the top view (xy view)of the 0.5 cm long microfluidic channel fabricated by
femto-etch technique.

These microfluidic channels in conjunction with a tapered optical fiber can be used
to detect biological or chemical species. Figure (a) shows a tapered optical fiber and
Figure [6.4(b) shows the tapered optical fiber inserted inside the fabricated microfluidic
channel. These have potential applications in biomedical sensing and monitoring of
chemical reactions. Further experiments should be carried out to test these microfluidic
channels for fiber sensing applications and speed up the over all fabrication process and

improve the quality of these complex 3D channels.

6.2.2 Fiber microcantilever by femto-etch technique

In recent years, all-optical fiber sensors based on Fabry-Perot interferometer (FPI) and
Mach-Zehnder interferometer (MZI) have attracted significant research attentions for

their unique advantages of high fringe visibility, high refractive index (RI) sensitivity,
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long temperature sensing range, versatile assemble element, electromagnetic immunity,
compact size, and low cost [109] 110, [111]. With its advantages of small size, light weight,
electromagnetic interference immunity, wide bandwidth, and low transmission loss, an
optical fiber is a preferred platform for micro-sensors. Femtosecond lasers have been
successfully used to fabricate all-optical fiber sensors based on FPI and MZI in various
structures [110, 111, [112]. To avoid the bulky optical read-out system while maintaining
a high sensitivity, the fabrication technique for these micro-sensors usually involve com-
plicated and time-consuming steps, which may limit practical applications of these ap-
proaches. In this paper, we propose techniques to design and fabricate micro-cantilevers
onto the end of standard single mode fibres using femto-etch technique, combining the
capability of the fs lasers to induce localized change in refractive index of dielectrics with
selective etching. Broad band source and optical spectrum analyzer are employed to
interrogate the final cavity with a reflection spectrum based on its Fabry-Perot config-
uration . The proposed cantilever sensor shows huge possibility to be used in diverse
sensing applications, for example in refractive index measurement, axial strain test, and
acoustic sensor.

800 nm light from a Ti:Sapphire laser system operating at a repetition rate of 1 kHz
and producing 45 fs pulses with a peak energy of 0.5 mJ, was focused at the surface of
a single mode optical fibre (Corning, SMF-28) by a 0.4 NA microscope objective. The
incident pulse energies were measured after the microscope objective and monitored by
a calibrated fast photodiode. The position of the laser focus relative to the top and
bottom of the fiber surface was accurately determined by imaging the back reflected
light with a CCD camera at pulse energies much below the ablation threshold. Then the
laser focus was precisely moved to the fiber core for index modification. A single-shot
autocorrelator continuously monitored the pulse duration. The pulses were not pre-
chirped and the duration was measured to be 70 fs at the back aperture of the objective.
The laser-modified regions were characterized by an optical microscope. The laser focal
spot radius of 2.7+0.2um was obtained from the slope of semi-logarithmic plot of the
squared diameter of the modified region measured with the SEM as a function of pulse
energy. The sample fibres (Corning, SMF-28) are 1.5 meter long, cleaved and mounted
in a V-grooves holder for index modification. The diameters of the single-mode fiber core
and cladding are 8.2 pum and 125 pm, respectively.

The first step of the femtoetch technique is to modify the refractive index of the
SMF (jacket removed) by the femtosecond laser direct writing method. SiOs forms 5

membered ring structures in fused silica. Once the laser was focused at the surface
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Figure 6.5: (a)Optical microscope image of the sideview of the SMF after the femtosec-
ond laser modification. (b)—(d) Optical microscope images of the sideview of the modified
SMF after 35 min, 3.5 hours and 7 hours etching with the 2.5 % volume aqueous hy-
drofluoric (HF) acid, respectively. The cavity (d) width is 30 gm, 40 um away from the
edge. Cavity depth is 85 pm.
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(top/bottom) with a specific energy, the laser focus was scanned with a specific speed
at a plane orthogonal to the fiber core along the entire transversal cross-section. The
scanning process is repeated several times, only the focussing position of the laser inside
the SMF was changed along the z-direction at a step of 5 yum (step size and number of
repetition depend on the required depth of the cantilever cavity). For our experiment,
the scanning was repeated for 13 times by changing the laser focus inside the SMF at z-
direction. The usage of proper laser parameters drastically change the chemical affinity of
the glass along the path of laser direct-writing. As a result of the laser-silica interaction,
the 5-membered rings is reduced to 3, resulting in densification. In a subsequent step,
the modified region of the single mode fiber is made to react with an etchant that
attacks the modified material along the laser-illuminated path. In our case we have used
2.5 % volume aqueous hydrofluoric (HF) acid. The resultant dangling oxygen bonds
due to reconfiguration of ring structure (resulting from fs laser-silica interaction) are
highly reactive to HF. Etching is proportional to the degree of index change. Therefore,
depending on the degree of index modification and the etching time, it is possible to
control the width and depth of the microcantilever.

Figure[6.5(a) illustrates the sideview of the SMF after femtosecond laser modification
with a scanning speed of 0.01 mm/s and pulse energy of 2 uJ. Figure [6.5(b)-(d) shows
the sideview of the micro-cantilever after 35 min, 3.5 hours and 7 hours of the etching
process begins. The fiber microcantilever used for our experiment had a cavity width
and depth of 30 pm and 85 pm, respectively. The walls of the cavity at the end of the
etching process are almost parallel to each other.

The experimental set-up for interrogating SMF micro-cantilever reflection spectrum
is shown in Figure [6.6(a), where we used a Broad Band Source (BBS) and an optical
spectrum analyzer to measure the reflected spectrum. The SMF microcantilever is the
device under test. The light is coupled to the sensor via a coupler. The reflected light
is partially reflected at the fibre-to-air (f-a), air-to-cantilever (a-c) and cantilever-to-air
interfaces(c-a). When the light is propagating backwards, these signals pass through the
same fibre coupler because of the higher reflection of the c-a surface (acting as mirror),
interference is mainly contributed by (f-a) and (c-a) surface. Finally, reflection spectrum
is acquired by an optical spectrum analyzer. Figure (b) shows that the fringes of the
reflection spectrum have very small contrast and the free spectral range (FSR, distance
between peaks) is random. It suggests that, the cavity made by femto-etch technique
did not form an ideal FabryPerot configuration. Lower fluence and smaller step size in

z direction might help to improve the etching condition, and ensure parallel walls inside
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Figure 6.6: (a)Experimental setup of interrogation system of the fiber microcantilever

structure.(b)Reflection spectrum of the fiber microcantilever structure.

the Fabry-Perot configuration.

In conclusion, we described micro-cantilevers fabrication using femto-etch technique
at the end of a single mode optical fibre. We believe the femto-etch technique may offer
potential for low cost mass production. In addition, an interrogation system with broad
band source and a optical spectrum analyzer is used to produce a practical detection
system. Proper choice of laser parameter and etching condition can significantly influence
the walls of the cavity to be completely parallel and smooth, which in turn would improve
the sensing quality. The proposed cantilever sensor, has great potential to be used in
many areas, such as refractive index measurement, axial strain test, as well as acoustic
Sensor.

Later, to avoid multi-step processes associated with the femto-etch technique, we
came up with a rather simple, single step process to fabricate a microcantilever in bend
insensitive fiber with appreciable results. The following section will provide detail

information.

6.2.3 In-line fiber microcantilever vibration sensor

P. Lu, Y. Xu, F. Baset, X. Bao and V. R. Bhardwaj
In-line fiber microcantilever vibration sensor
Applied Physics Letters 103, 211113 (2013)
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In this section, we reported a single step process to fabricate an in-line fiber vibra-
tion sensor within a bend-insensitive fiber (BIF)[113]. A fiber microcantilever integrated
with a readout fiber was fabricated by combining chemical etching and fusion splicing
techniques. The microcantilever was fabricated from a BIF (Corning, ClearCurve) with
a germanium doped silica core. The inner-cladding region of a BIF is made up with
pure silica and enveloped by a ring of randomly distributed air-filled nanopockets, all
surrounded by a pure silica outer-cladding region as shown in Figure [6.7(a). After re-
moving the jacket from BIF, it was cleaved perpendicular to its longitudinal axis, and
then etched in a solution of 2.5% or 5% volume aqueous hydrofluoric (HF) acid for dif-
ferent times and analyzed using a scanning electron microscope (SEM) and an optical
microscope. Figures [6.7(a-d) show the SEM images of the transversal cross-section of
the BIF after 30 seconds, 5 minutes, 30 minutes, and 60 minutes etching in the 5% HF
solution, respectively. The region consisting of the air-filled nanopockets in the BIF is
preferentially etched due to efficient transport of the etchant. As a result the nanoscale
air voids gradually increase in size and merge, generating an air trench. The thickness
of the air gap between the inner-cladding and outer-cladding layers as well as the trench
depth increases with etching times to form a fiber microcantilever as shown in Figure
B7(e).

Figure [6.8]a) shows the optical microscope image of the transversal cross-section of
the BIF after 120 minutes etching in the 5% HF solution. To fabricate a compact fiber
vibration sensor with an integrated readout optical fiber, the etched BIF (all experiments
were performed with BIF etched for 120 minutes in the 5% HF solution) with micro-
cantilever was spliced to a standard single-mode fiber (Corning, SMF-28) using a fusion
splicer (Ericsson, FA995). Figure [6.8(b) shows a schematic illustration of the tempera-
ture distribution between the electrode pair of the fusion splicer. To avoid misalignment
between the microcantilever and the readout fiber during splicing and to simultaneously
guarantee a strong bonding between the two fibers, the arc discharge zone was shifted
by 20 pm towards the readout fiber. During the arc discharge process, the microcan-
tilever tip is heated to its softening point. Consequently, surface tension induced fiber
deformation causes shrinking of the microcantilever length (L), creating an extended air
cavity (gap between the microcantilever and readout fiber core) of length 1 depending on
the discharge current. Figures[6.8(c) and (d) show the optical microscope images of the
fiber microcantilever (both under the same 120 minutes of etching time in the 5% HF
solution) fused with SMF-28 by applying discharge current of 9.0 mA and 11.5 mA, to

create air cavity lengths of 25 um and 105 pm, respectively. The microcantilever tip is
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Figure 6.7: (a-d) SEM images of the transversal cross-section of the BIF after 30 seconds,

5 minutes, 30 minutes, and 60 minutes etching with the 5% HF solution, respectively.

BIF consists of a germanium doped silica core (CO), a pure silica inner-cladding region

(IC), a ring of randomly distributed air-filled nanopockets (ANP), and a pure silica outer-

cladding region (OC) (e) Tip diameter (solid symbols) and length (open symbols) of the

fiber microcantilever as a function of the etching time in 2.5% (blue) and 5%(red) HF

solutions, respectively.
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shaped as a hemispherical lens due to the thermal softening and surface tension, as seen
in Figures - ) and (d), which could reduce the amount of back-reflected light without

altering light divergence.
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Figure 6.8: (a)Optical microscope image of the transversal cross-section of the BIF af-
ter 120 minutes etching in the 5% HF solution. (b) A schematic illustration of the
discharge temperature distribution field between a pair of electrodes. Dashed lines rep-
resent isotherms and the solid line with arrows illustrates direction of higher or lower
temperature. (c, d) Optical microscope images of the joint regions between the etched
BIF (left) and the SMF-28 (right) with cavity lengths of 25 um and 105 um, respectively.

The principle of the shaker actuated in-line fiber vibration sensor is as follows, light
from the microcantilever passes through the air cavity and is collected by the readout
fiber. The coupling efficiency of light reaches maximum for zero vibrations as the micro-
cantilever and readout fiber core are aligned. When the shaker is turned on, vibration
induced bending of the microcantilever tip would angularly scan the readout fiber core
resulting in modulation of transmitted power. This modulation in transmitted power
provides an in-line measurement of frequency and amplitude of vibration.

To carry out the experiments, light from a 1550 nm planar waveguide based exter-
nal cavity laser with the 3 kHz spectral linewidth (PLANEX, Rio) was launched into

the in-line fiber microcantilever sensor and then guided through an attenuator and an
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AC photodetector (PDB450C-AC, ThorLabs) to a high-speed oscilloscope (WaveRun-
ner 64Xi-A, LeCroy). A shaker (TV51075, TIRA) was utilized as a continuous vibration
source driven by a power amplifier and a function generator. A periodic sinusoidal driven
signal with a particular peak-to-peak voltage caused a continuous vibration of the shaker
that was transmitted to the fiber microcantilever and generated an up-down vibration.

Experiments were carried out in a temperature-controlled room where the temperature
was maintained at 22.040.5 °C.
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Figure 6.9: (a, b, ¢) The frequency-domain spectra of the fiber microcantilever sensor
when the shaker was driven by sinusoidal signals of 5 Hz, 100 Hz, and 10 kHz, respectively.
The insets show the corresponding time-domain spectra. (d) Frequency response of the

in-line fiber microcantilever sensor output visibility (blue dots) and SNR (red dots).

Figures a—c) show the frequency-domain spectra of the fiber microcantilever sensor
(11 pm microcantilever tip diameter, 500 gm microcantilever length, and 105 pm cavity
length) when the shaker was driven by the 1.5 volts sinusoidal signals of 5.0 Hz, 100.0
Hz and 10 kHz, respectively. The corresponding time-domain spectra are shown in the

insets. The dominant peaks in the frequency-domain spectra are located at 4.9999 Hz,
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99.9996 Hz, and 9977.96 Hz respectively, close to their corresponding drive frequencies.
Two additional peaks at frequencies of 19954.9 Hz and 29932.9 Hz in Figure[6.9(c) are
the high-order harmonics. Figure (d) shows the measured frequency response of the
fiber microcantilever vibration sensor from 5 Hz to 10 kHz with corresponding output
visibilities (peak-to-peak voltage) and signal-to-noise ratios (SNR). The sensor output
visibility reaches a peak of 0.32 V at about 100 Hz (resonant frequency of the fiber
microcantilever). The highest drive voltage of the shaker is 1.5 volts at the resonance
frequency of 100 Hz as further increase in the drive voltage will not raise the maximum
sensor output visibility anymore. The SNR of the corresponding frequency-domain spec-
tra ranges from 18 dB to 68 dB over drive frequencies ranging from 5 Hz to 10 kHz.
The frequency range of 5 Hz - 10 kHz can be actually extended to lower and higher
frequency regimes, although with a much lower SNR of the frequency-domain signal for
the low frequency vibration and a much smaller visibility of the time-domain signal for
the high frequency vibration. This is mainly because: a) The SNR increases with drive
frequency because the limit of the DC and near DC noise specifications is removed to
avoid a reduced SNR, b) Too high drive frequency away from the resonant frequency of
the fiber microcantilever leads to a reduced sensor output visibility or output voltage

amplitude.
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Figure 6.10: The time-domain spectra of the in-line fiber microcantilever sensor when
the shaker was driven by sinusoidal signals of 500 Hz for different drive voltages of 0.2
V, 0.6 V, and 1 V, respectively.
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Figure [6.10] shows the response of the fiber microcantilever sensor versus the drive
voltage amplitude at a certain frequency. All the measurements were performed under
the same drive frequency of 500 Hz while the drive voltage of the shaker was changed 0.2
Vto1lVin 0.1V steps to generate different vibration amplitudes. Figure shows the
time-domain spectra of the fiber sensor for shaker drive voltages of 0.2 V, 0.6 V, and 1
V, respectively. The corresponding peak-to-peak output voltages are 0.030 V, 0.062 V,
and 0.098 V.

In summary, we demonstrated an in-line fiber vibration sensor based on a bend-
insensitive fiber that experimentally revealed an extremely wide frequency response from
a few Hertz up to tens of kilohertz and a very high SNR up to about 70 dB. Unlike
normal amplitude based vibration sensors with problems in alignment and limited re-
flected light from the vibrating surface, the enclosed microcantilever is immune from
external environmental factors such as dust contamination and temperature fluctuation,
maintains high mechanical strength, and allows it to be embedded inside structures for
monitoring. Furthermore, the high sensitivity and fast response of the microcantilever
structure can be integrated into a multiplexing network to realize a quasi-distributed
dynamic vibration sensing system. The possibility to adjust the specifications of the
microcantilever provides ample opportunities to satisfy requirements from different ap-
plications such as intrusion detection and structural health monitoring. Partial metal
coating of the microcantilever and the readout fiber core will convert this device into an

interferometric sensor with enhanced sensitivity.

6.2.4 Fiber microcantilever chemical sensor

We demonstrates a fiber-based chemical sensor, obtained by etching bend-insensitive
fiber (BIF) with 5 % hydrofluoric (HF) acid. The fabrication process of this etched BIF
microcantilever can be found in details in section[6.2.3] After 2 and half hours of etching,
the tip diameter and the length of the fiber microcantilever was found to be 9 ym and
550 pm, respectively.

This same fiber-based microcantilever has been used as vibration sensor, and dis-
cussed in details in section [6.2.3] The experimental set-up for interrogating BIF micro-
cantilever reflection spectrum consists of a Broad Band Source (BBS) and an optical
spectrum analyzer to measure the reflected spectrum. The fiber-based microcantilever
is the device under test (DUT). The light is coupled to the sensor via a coupler. The
reflected light is partially reflected at cantilever-air interfaces(c-a). When the light is
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(a)

Figure 6.11: (a)Optical microscope image of the transversal cross-section of the BIF
after 120 min etching in the 5% HF solution. (b),(c)Optical microscope image of the
longitudinal cross-section of the BIF after etching with the 5% HF solution.
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Figure 6.12: Reflection spectra of the fiber microcantilever sensor.
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propagating backwards, these signals pass through the same fibre. Finally, reflection
spectrum is acquired by an optical spectrum analyzer for cantilever-air interfaces(c-
a) which is considered as background signal (pink). For a preliminary test, the reflection
spectra was acquired for different chemical composition (water, methanol, coca) and
cantilever interface. Figure shows that the fringes of the reflection spectrum are
distinct from each other. Although, the spectrum have very small contrast, we have
demonstrated the ability to use this cantilever sensor as chemical sensor. The compact
microcantilever hold promises to use extremely small volume of chemicals for detection
compared to conventional chemical detection system. For example, while conventional
blood cell count tests by automated analyzer or manual process require few mililiters
of blood, our proposed fiber-based microcantilever is expected to require few microliters
of blood sample. Currently this fiber-based microcantilever is planned to test different

concentration of e-coli.

6.3 Femtosecond laser inscribed quasi-random fiber

laser

Y. Li, P. Lu, F. Baset, Z. Ou, J. Song, A. Alshehri, V. R. Bhardwaj, and X. Bao
Narrow linewidth low frequency noise Er-doped fiber ring laser based on femtosecond laser

induced random feedback
Applied Physics Letters 105, 101105 (2014)

Author contribution

These results come from devising quasi-random fiber, fabricated by F. Baset at Ultrafast
Photonics lab, University of Ottawa, ON. Y. Li and P. Lu analysed the characteristics
of this quasi-random fiber under supervision of Dr. X. Bao. Y. Li and P. Lu conducted
the analysis of the results and F. Baset took SEM and optical microscope images of the
microcantilever. Currently, these results are in the process of submission for publishing.

Y. Li wrote the first draft of the manuscript.
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6.3.1 Introduction

Random lasers with light propagation in amplifying disordered media have been widely
investigated in recent years both as a fundamental problem of laser physics and as a
promising way to make use of a great variety of materials for engineering applications due
to their distinct features [114, 115,116, 117,118, 119,[120]. The random laser mechanism
depends on the process of multiple scattering with gain, and was first theoretically studied
by Letokhov as early as in 1960 [121} [122]. While conventional lasers use an optical
cavity to trap light, random laser mechanism uses multiple scattering photons, provided
by the amplifying disordered media, to generate laser-like emission [123] 124, [125]. The
notable features of random lasers are as follows: there exists a great variety of disordered
materials in our nature and it is no longer essential to form a precise optical cavity, unlike
conventional lasers. Therefore, lasing in disordered media has been intensively studied
both theoretically and experimentally [116] [126].

One of the easiest way to achieve random laser is by pumping bulk materials [127, 128,
129]. Different types of random lasers have been demonstrated in various bulk materials
including laser dye with nanoparticles, polymer films and even human tissues. Random
lasers in bulk materials generally demand high scattering density and high-power pump
pulse to achieve lasing because of the lack of lasing directionality and limited lasing
qualities. So, low-dimension random lasers, especially one-dimension random laser are
of increased interest and extensively studied[130, 131} 132} [133], 134 [135].

One prominent progress is the Rayleigh-assisted randomly distributed feedback fiber
laser [136, 137, [138]. Fiber Rayleigh scattering originates from the structural inhomo-
geneity in fiber materials, considered as local defects randomly distributed along optical
fibers. The fiber geometry provides adequate transverse confinement of light waves and
effectively one-dimensional random feedback by the Rayleigh scattering accumulates over
a long fiber length. As only a small part of scattered light returns back into the fiber
core, the Rayleigh backscattering coefficient is as small as 4.5x107° in the near-infrared
transparency window of fused silica glass fibers. Thus, the two essential (compact con-
figuration and efficient feedback) but incompatible requirements makes the random laser
far beyond to challenge the conventional lasers.

In this letter, we demonstrate a rather simple quasi-random fiber laser with com-
parable performances to a random laser and a commercial fiber laser with fixed cavity.
The quasi-random feedback is provided by multiple index modulation points with ran-

dom spacing precisely located in the fiber core which are inscribed by a high precision
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femtosecond laser. The index change is achieved by nonlinear interaction between the
fiber core material and the femtosecond pulses. A large number of local Fabry-Perot cav-
ities are formed between two arbitrary modulation points, which endows the proposed
laser with some fixed cavity characteristics. The overall effect makes the proposed quasi-
random micro-cavities fiber laser comparable with a commercial fiber laser in terms of
compact size, linewidth, relative intensity noise and frequency stability. This new type
of laser provides a novel choice for the random laser design and propels the development

of random lasers in integrated photonics.

6.3.2 Fabrication technique

The same laser set up has been used as in section 800 nm light from a Ti:Sapphire
laser system operating at a repetition rate of 1 kHz and producing 45 fs pulses with a peak
energy of 0.5 mJ, was focused at the core of a single mode optical fibre (Corning, SMF-28)
by a 0.25 NA microscope objective. The incident pulse energies were measured after the
microscope objective and monitored by a calibrated fast photodiode. The position of the
laser focus relative to the top and bottom of the fiber surface was accurately determined
by imaging the back reflected light with a CCD camera at pulse energies much below the
ablation threshold. Then the laser focus was precisely moved to the fiber core for index
modification. A single-shot autocorrelator continuously monitored the pulse duration.
The pulses were not pre-chirped and the duration was measured to be 70 fs at the back
aperture of the objective. The laser-modified regions were characterized by an optical
microscope. The laser focal spot radius of 2.740.2 um was obtained from the slope of
semi-logarithmic plot of the squared diameter of the modified region measured with the
SEM as a function of pulse energy.

The sample fibres are 1 meter long each, cleaved and mounted in a V-groove holder.
The jacket of the single mode fiber was removed from the section that interacts with
the femtosecond laser. The diameters of the single-mode fiber core and cladding are 8.2
pm and 125 pm, respectively. Each section of the modulated fiber is 1 cm long and the
spacing of adjacent modulation points was arbitrarily selected ranging from 10-20 pm.
Once the laser was focused at the core with a specific energy, the laser focus was scanned
with a specific speed at a plane orthogonal to the fiber core along the entire cross-section
(transversal) as shown in Figure . The optical microscope images in Figure
(a) and (c) reveals the top view of the modulated region at the fiber core at random

separation. The side view in Figure [6.14] (b) and (d) reveals longitudinal cross-section
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Figure 6.13: Schematic diagram of femtosecond laser writing set up of quasi-random
micro-cavities fiber laser. The modulation points are located precisely at the fiber core.

The spacing of adjacent modulation points was arbitrarily selected ranging from 10-20

pm.

of the modified fiber core after etching in a solution of 2.5% hydrofluoric acid (HF) for
2 minutes.

The index change at the fiber core is achieved by nonlinear interaction between the
fiber core material and the femtosecond pulses. During the fabrication process, different
pulse energies and scanning speeds were used to achieve different index modulations. For
example, we have samples with 600 nJ writing power, 0.1 mm/s scanning speed and 500
modulation lines with random spacing. In order to improve the reflection intensity, we
increased the writing power and decreased the speed to introduce more index changes.
The 3 m long fiber consists of 8 pieces of 1 cm long modulated fiber with perfect splicing.
The splicing order is based on the reflection intensity with the smallest in the front end
and the highest in the output end Figure[6.15]

6.3.3 Laser set up and performance

The laser setup and operation principle are illustrated in Figure The feedback
part of the proposed laser is provided by 3 m long modulated fiber with 8 sections of

modulated region, each 1 ¢m long. The modulation points located precisely in the fiber



Applications 114

<50 pm

Figure 6.14: Optical microscope image of the modulated fiber. The top view ((a)20X,
(c)40X magnification) shows that the multiple modulation points are randomly dis-
tributed along the fiber core, across the entire cross-section. The side view ((b)20X,

(d)40X magnification) shows the shape of the modulation region within the core.

*Total length is about 3m
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Figure 6.15: Schematic diagram of modulated feedback fiber, composed of 8 pieces of
1 cm long femtosecond laser modulated fiber spliced together. Each section of the fiber
is modulated with variable laser writing speed, laser power and variable cavity length
(variable mode separation)precisely at the fiber core, across the whole cross-section. The
order of the spliced samples is based on the reflection intensity with the smallest in the
front and the highest at the end with a total length of about 3 m.
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core, were modulated by a femtosecond laser with random spacing, ranging from 10-20
microns with different writing speed and energy. Therefore, these modulation lines are
treated as reflection centres with random spacing. The purpose of splicing the 8 pieces of
randomly modulated samples together based on the reflection intensity is to make sure
that each modulation point weigh equally in the laser operation. The gain is provided by
an erbium-doped fiber amplifier (EDFA) and two polarization controllers are employed
to ensure orthogonal states of polarization at input and output ends of the EDFA to
minimize interference related background noise, as shown in One isolator in the
ring enforces a unidirectional operation and the other one at the output end ensures that
the feedback is due only to the modulated fiber.
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Figure 6.16: Schematic diagram of the laser set up with the femtosecond laser modulated
feedback fiber. Each feedback point of the femtosecond laser modulated fiber together
with the ring, form a fix cavity with multi-longitudinal mode operation. Multiple feed-
back points with random spacing play the role of a randomly distributed mirror and
the output laser can be considered as the superposition of multiple fix cavity lasers with
variable cavity length, and thus variable mode separation. Due to mode competition,
only the mode at the gain maximum will obtain enough gain and conquer the cavity
loss becoming the lasing mode. The random micro-cavities incorporated with the mode

competition phenomenon act as the lasing mode selection element.

Conventional fiber lasers usually employ an optical filter as the wavelength selector
and introduce different kinds of mode suppression methods to achieve desired laser out-
put. For the quasi-random micro-cavities fiber laser, the supported lasing mode depends
critically on the local Fabry-Perot interferometer (FPI) as well as on the gain profile.

The gain itself plays the role of selective wavelength component and mode selection
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simultaneously. The quasi-random micro-cavities fiber laser can be considered as the su-
perposition of multiple fixed cavity lasers with variable cavity length, and thus variable
mode separation. The local FPIs increase the effective cavity length for every individual
modulation points, leading to a huge number of extended modes with decreased mode
separation and attenuated magnitude, overlapping with each other. Hence, when an
uneven gain profile is added, only the modes near the gain maximum with relative high
magnitude will at first cancel the cavity loss and become lasing mode through mode com-
petition effect. Due to the spatially discrete modulation points, the modes are discrete in
frequency domain which is quite different from the mode structure of Rayleigh-assisted
random fiber lasers. When the Rayleigh backscattering is applied as the feedback, on
the contrary, multiple modes will be activated at the same time, which is fundamentally
determined by the negligibly small differences between neighbouring scattering centres

and the continuous mode structure.
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Figure 6.17: Quasi-random micro-cavities fiber laser output power as a function of the
pump power. The pump is provided by an EDFA with maximum power of 178 mW. The
threshold is 27 mW. The slope efficiency is 1%.

Figure clearly demonstrates lasing with a threshold pump power of ~27 mW
and a typical linear growth of the generated output power above threshold. The max
output power is 1.5 mW which is limited mainly by the pump laser. Although the slope
efficiency is as small as 1% considering the especially broad gain spectrum, the actual

slope efficiency is believed to be higher.
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Figure 6.18: (a)Quasi-random micro-cavities fiber laser gain profile. One wavelength
peak at the maximum of the gain profile. The blue line represents single lasing mode,
while black line represents multiple lasing mode. Inset shows the enlarged figure. The
central wavelength is 1532.02 nm and the contrast is 40.6 dB. (b)The peak contrast.
There is only one peak with contrast as high as 60 dB in 80 MHz span.

As described above, the output features are associated with the gain profile. In
our setup, the gain is provided by an EDFA with the max power of 178 mW. The
maximum of the amplified spontaneous emission (ASE) spectrum is located around 1530
nm corresponding to the spontaneous energy levels transition of electrons of Er®*. Figure
6.18(a) shows one stable wavelength peak, centred at 1532.02 nm, with contrast as high
as 40.7 dB is localized near the ASE gain maxima. In the radio-frequency spectra, one
pronounced peak, ~ 60 dB above the noise level, instead of the mode beatings with
spacing corresponding to the round trip in the cavity is observed, leading to a stationary
single-mode laser oscillation. In the laser setup (Figure , there is no filter in the
cavity to stabilize the output, so the mode hopping will be inevitable. Sometime it is
single-mode lasing (blue), however sometime is multiple modes lasing (black). Figure
(b) shows,there is only one peak with contrast as high as 60 dB in 80 MHz span. We
approximately estimated the linewidth of the quasi-random micro-cavities laser by the
commonly used delayed self-heterodyne interferometric technique. The 3-dB Lorentzian
linewidth is calculated to be 2.1 kHz.
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6.3.4 Results

Figure [6.19] shows relative intensity noise (RIN)comparison between different lasers. In
Rayleigh-assisted random fiber lasers, tens of kilometers of fibers are usually required
to provide adequate feedback due to the low RBS coefficient of fused silica glass fibers
in their near-infrared transparency widow. Since silica fiber is an intrinsic disordered
medium that contains numerous scattering centres occurring at very short and irregular
intervals, incorporating such extremely long fibers into a laser configuration will promote
many mode competitions, and thus higher intensity noise. Furthermore, the long laser
configuration is sensitive to external perturbations such as sound wave, mechanical vi-
bration and temperature variation. The feedback fiber of quasi-random micro-cavities
fiber laser is only a meter long. So the proposed laser is potentially compact in size. And
the finite mode number and discrete mode structure make the mode competition effect
less intense than the Rayleigh random laser. From this point of view, the quasi-random
micro-cavities fiber laser should have a lower relative intensity noise in comparison with
the Rayleigh random laser as shown in Figure (a). The RIN of the proposed laser
is 10-20 dB lower than the Rayleigh random laser and has a comparable value to the
commercial fiber laser with an integrated electrical feedback mechanism to stabilize its
output. In contrast for a normal cavity laser where the frequency noise is higher due to
lack of averaging, both the proposed laser and the commercial fiber laser have the RIN
as low as the background noise in our lab conditions [139]. It should also be noted that,
the RIN spectrum of the proposed laser exhibits some discrete peaks which result from
the competition among those discrete modes.

Conventional fiber lasers with a Fabry-Perot cavity or ring cavity are not able to
achieve the fundamental limit to frequency noise, which is known as the Schawlow-
Townes limit attributed by the spontaneous emission [140]. The frequency noise induced
by thermal fluctuation of laser cavity is inversely proportional the cavity length [141].
The changes of the effective cavity length will be negligibly small compared to a long fiber
cavity length. The random laser with Rayleigh distributed feedback mechanism gives a
Lorentzian envelope over the original frequency noise, leading to efficient suppression at
high frequency ranges. Therefore, the Rayleigh random laser is found to have the lowest
frequency noise. In our case, Figure m(b) clearly shows a significant suppression of
the thermal noise due to the quasi-random feedback, providing a roll-off at about 1 kHz.
The relative high frequency noise below 1 kHz is determined by the gain media, since

the EDFA exhibits a fluorescence relaxation time in the millisecond-scale.
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Figure 6.19: (a)The Rayleigh random laser has high density of mode numbers, which
promotes many mode competitions, and thus higher intensity noise. And the long cavity
length is easily affected by external perturbations. The quasi-random micro-cavities
laser has a discrete mode structure and compact laser configuration.(b)Frequency noise

comparison between different lasers.

In conventional fiber laser with a Fabry-Perot cavity or ring cavity, the frequency
instability is caused by the fluctuation of the effective cavity length through thermal
noise-induced perturbations of the silica fibers. This frequency instability is reflected by
the central frequency jitter of the lasing mode. Active or passive frequency stabilization
techniques have to be introduced to stabilize the laser output. In random fiber lasers,
modes superimposed in a large scale of frequency domain will significantly average such
a fluctuation, resulting in a low frequency jitter. Although the femtosecond-modulated-
fiber is not an intrinsic disordered medium, the inscribed random micro-cavities has the
random feature which is characterized by the frequency jitter as deposited in Figure
[6.20L Figure gives the frequency jitter of the beat signals which can reflect the
actual frequency jitter of a laser to some extent. The commercial reference fiber laser
has a frequency jitter within £20 kHz in the ~ 1.44 h measurement. In contrast, the
quasi-random micro-cavities fiber laser almost has the same frequency jitter with the
reference. To quantitatively characterize the laser frequency stability, the Allen standard
deviations within 100 s are calculated to be 1.805107'2 and 1.82710~'2 for the proposed
laser and the NP Photonics reference laser, respectively. The Allen standard deviation
is slightly smaller than the reference laser, indicating a high frequency stability of the

quasi-random micro-cavities fiber laser.
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Figure 6.20: Frequency jitter of the quasi-random micro-cavities laser. The frequency
jitter of the proposed quasi-random microcavities fiber laser was measured at night when
the external perturbations were relative small. The measurements took 5200 s. The Allen
standard deviation within 100 s is calculated to be 1.805x107!? and 1.827x107'2 for the

proposed laser and the NP Photonics reference laser, respectively.
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Figure 6.21: Interference from the reflection spectra of the feedback fiber.
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Figure shows the reflection spectra of the feedback fiber and confirms the ex-
istence of interference. A broadband light source (BBS), a circulator and the optical
spectrum analyzer (OSA) were used to measure the reflection from the femtosecond laser
modulated fiber. From the figure, the black and red curves are the normalized reflection
intensity which means, if 0 dBm light is launched, the overall reflection intensity will
be approximately -35 dBm. The other two curves (blue and pink) are the transmission
spectra. It exhibits how much light is lost. The difference between the black and red
curves is due to the different modulation parameters. The reflection is the summation
of eight samples with different modulation parameters. Generally, the higher power and
lower speed corresponds to the higher index modulation and thus higher reflection. So
when all eight samples are spliced together, the reflection from two ends will be different.
The strong end and weak end represents as it is referred in Figure[6.15] The interference
present in the reflection spectra can be better explained in terms of the Fabry-Perot.
However, the transmission loss is about 12 dB in our proposed fiber. To further under-
stand the reflection spectra, it is necessary to further study what really happens in the
feedback fiber.

Figure [6.22(a) and (b) show the simulations based on the scanning electron micro-
scope (SEM) images of the unmodulated and modulated SMF, respectively. Since the
nonlinear absorption process is independent of the material, the core and cladding have
the same An in our simulations. Therefore, most of the energy is still confined in the
core. But part of the energy will couple to high-order modes in the waveguide. Also,
part of the energy from core mode will couple to high order cladding modes. Figure
6.22(c) shows power in the core region. The red curve region contains 24 modulation
lines. Since the effective refractive index of the fundamental mode at the modulation
line will change due to the index modulation, power from the core mode will couple to
high order cladding modes. The power drop from 0.72 to 0.7 is visible at the inset of
Figure (c) On the other hand, multiple scattering will introduce interference effect.
In Figure [6.22(c), there exists a large number of low-finesse interferometers similar to
Mach-Zehnder (core mode-cladding modes) and Fabry-Perot (core mode-core mode) as
demonstrated in the diagram, which results in power fluctuation. And this also explains
the interference patterns in Figure [6.21]

Although the simulation proves the presence of coupling and interference between
core mode and cladding modes, it can not explain the high transmission loss. The
reason is, we simply took the index modulation into consideration but neglected the

structural inhomogeneity. We introduced a scattering model to explain the structural
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inhomogeneity within the modulated region. The model takes into account the following
facts,

a)The index modulation surface is not ideal plane but curved surface in Z direction;
b)The index distribution in the modulation region is spatially inhomogeneous;

¢)The threshold power E* is around 600 nJ. Increasing the E beyond the threshold
(for example,800nJ and 1mJ pulse energy were used for index modulation) will lead to
nanocrack formation [142].

The resultant of all these facts associated with the proposed scattering model is, the

modulation regions becomes highly scattered.
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Figure 6.23: Schematic diagram of the scattering model. The modulation region is
spatially inhomogeneous and contains irregular cracks and voids (some elements have

been greatly exaggerated).

6.3.5 Discussion

At present, for the first time a quasi-random fiber laser with the performances com-
parable to commercial fiber laser is reported. We have experimentally demonstrated a
quasi-random micro-cavities laser with both features from the random lasers and the
conventional fix cavity lasers, characterized by simple configuration and potentially com-

pact size, single mode narrow linewidth (2.1 kHz), low RIN, high frequency stability and
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truly random feedback. Simulation shows that high-order modes are interfering with the
core mode. High transmission loss experienced by this quasi-random fiber laser is due to
leaky modes and absorption, and explained by a proposed scattering model. Based on
our analysis, pulse energy used for the fs laser writing should be less than the threshold
power E?* (600 nJ) and the single mode fiber should be replaced with bend-insensitive
fiber to reduce the overall transmission loss. We believe, our work will provide a new

choice for the realization of compact random laser design and practical applications.



Chapter 7

Conclusions

7.1 Conclusions and future outlook

The interaction of intense laser pulses with transparent materials has remained an active
area of research since the advent of lasers. Technology based on femtosecond laser-
dielectric interaction holds great promises for material micro/nano structuring, that has
become the backbone of rapidly expanding application areas in emerging technologies
such as, telecommunications, optics, electronics, biomaterials, and medicine. Under-
standing and manipulating such interaction would provide an inexpensive yet precise
processing technique that can develop and structure materials with a high degree of
controllability, accuracy, and reduced residual damage. Despite a long history of the
experimental and theoretical considerations involved in focusing short pulses into trans-
parent materials, there remain some open questions. Some issues are addressed in this
thesis, others remain unresolved, and the work presented here will lead to some new
queries.

The work conducted in this thesis is original research that has contributed to the field
of dielectric ablation and modification in micro/nano-scale with femtosecond laser pulses.
This research work has resulted in several new insights into the physical mechanisms that
occur during the interaction of intense laser fields with transparent bulk dielectrics. The
publications in this thesis serve to establish femtosecond laser-dielectric interaction as
an effective technique for surface ablation and material modification with micro/nano
resolution. This final chapter will review some of the key conclusions of this thesis and
briefly discuss areas where further work is sorely required.

For single pulse ablation, this thesis has presented the first ever experimental evi-
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dence that surface swelling is the first step in interaction of intense femtosecond pulses
with bulk dielectrics, followed by material ejection and ablation with increased fluence.
At approximately one and a half times the threshold fluence for surface swelling, the
ablated holes become clean; below that range surface swelling dominates and is indepen-
dent of laser polarization whereas, above that range ablation mechanism dominates, but
polarization effects can become prominent in PMMA. Molecular dynamics simulations
provide physical insight into swelling dynamics showing that void formation and mate-
rial swelling are important mechanisms of temperature equilibration at the surface of the
laser-heated sample. For pulse energies beyond the threshold values, the polarization de-
pendence becomes prominent in the form of elongated craters (for stationary focus, with
linearly and elliptically polarized light) and quasi-periodic structures (for line ablation).
Experimental results were compared with numerical studies, carried out by 3D finite
difference time domain simulation of the interaction of intense light pulses with bulk
PMMA. Simulations show that the elongation of the ablation crater arises from the local
field enhancement during light-plasma interaction. In case the initial plasma density is
over-critical, field enhancement occurs parallel to the laser polarization (for surface ab-
lation) resulting in elongated structures, whereas, for under-critical plasma density, the
field enhancement occurs perpendicular to the laser polarization (for internal modifica-
tion) resulting in periodic structures. The experimental results are in good agreement
with numerical simulations, demonstrating that the polarization-dependent ablation ef-
fects can be minimized by using either circularly polarized light or, pulse energies close
to ablation threshold.

For multiple pulse ablation, the ablation craters become polarization independent.
For the first time, the formation of nano-pillar was observed within the ablation crater
on bulk PMMA surface, when irradiated by two fs pulses at a certain delay with energies
below single shot ablation threshold. The experimental evidence showed that, with
further increase in energy the nano-pillar vanished and the structure within the ablation
crater appeared as splash of object in liquid. The 2D molecular dynamics simulation
provided an insight into the possible mechanism of this nano-pillar formation exposing
the fact that, the presence of the first laser pulse is crucial as it defines the boundaries
from which the shockwave induced by the second laser pulse reflects and causes density
pinching in the middle of the interaction region that rapidly pushes out the molten
material towards the surface. For multiple pulse ablation experiments, it was observed
that the fs laser induced porosity on PMMA surface depends on pulse energy, number

of shots and scan speeds. The number of pores and their size increase with pulse energy.
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Femtosecond laser induced porosity in PMMA enables surface structuring on micro- and
nano scale, holding promises to promote cell adhesion and proliferation at the polymer-
tissue interface for better implant union.

The applied section of this thesis demonstrated an in-line fiber vibration sensor based
on an enclosed suspended microcantilever within a bend-insensitive fiber, integrated with
a readout fiber. This novel vibration sensor is immune from external environmental
factors and experimentally exhibits an extremely wide frequency response from a few
hertz up to tens of kilohertz and a very high SNR ~70 dB while maintaining high
mechanical stability. Moreover, a rather simple quasi-random fiber laser was fabricated
by direct laser writing at single mode fiber core with random spacing. This novel quasi-
random micro-cavities fiber laser can be characterized by potentially compact size, narrow
line width, low relative intensity noise and high frequency stability, exhibiting features
from both random lasers and the conventional fix cavity lasers.

The single and multiple pulse ablation and modification experiments were performed
with femtosecond pulses, ~45 fs in duration, centered around 800 nm. In addition
to extending the experiments to different materials, several additional possibilities for
further research can be considered. Although a great amount of data was gathered
from the interaction of light with PMMA, there exist some open questions. Besides
post mortem analysis of the ablation crater by single pulse irradiation, detailed time-
resolved experiments extending to longer times will provide access to probe more details
on swelling dynamics. Application of a time resolved technique would be a noteworthy
prequel to the post mortem analysis studies presented here. To gain further insight into
the nonlinear interaction of light with matter, the molecular structure of PMMA should
be taken into account with sample sizes comparable to the laser spot size, which can be
achievable through large scale simulation. Further experiments on polarization dependent
study for longer pulse durations would provide more explanations of less significant role
of light-plasma effects during the interaction.

Also, finding threshold values using different pulse durations, electric fields, and polar-
izations will increase the accuracy of the data. Another interesting perspective could be
repeating the experiments done throughout this thesis using different laser wavelengths
in order to compare it to the results obtained at 800 nm. The waveguides created within
the bulk of PMMA are required to be explored either by cutting the PMMA samples
along the direction of the waveguides or by etching the PMMA samples in order to have
access to the structures within the waveguide. To find out the best parameters for ef-

ficient waveguides, tests should be performed by sending light through waveguides and
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monitoring the output signal using different light polarizations as well as different beam
shapes.

The proposed in-line fiber microcantilever structure with high sensitivity and fast
response, is capable to open the possibility of integrating into a multiplexing network to
realize a quasi-distributed dynamic vibration sensing system. The unique advantage of
adjusting the specifications of the microcantilever should be tested to be exploited as in-
trusion detection and structural health monitoring application. On-going experiments on
this fiber microcantilever have already shown prospects as chemical sensor, and its appli-
cation can be extended as temperature sensor as well. The vibration sensing capabilities
already established for this platform shows prospects to take advantage from partial metal
coating of the microcantilever and the readout fiber core, which will convert this device
into an interferometric sensor with enhanced sensitivity. Although, special features (low
RIN, narrow line width) of quasi-random micro-cavities laser demonstrated satisfactory
performances, ongoing projects are focused on improving the waveguide qualities to over-
come limitations, such as leaky modes and transmission, and also using bend-insensitive
fiber instead of SMF to confine the energy within the core and inner cladding region.

The research work presented in this thesis were greatly exploratory in nature and
improved our ability to interpret the material properties and the ionization process of
femtosecond laser-dielectric interaction. These experiments serve to identify subtle effects
that help to understand the underlying physics of femtosecond laser-dielectric interac-
tion. To address the current unresolved issues for more complete understanding of the
ablation and modification process, it is required to constantly improve the experimental
techniques, develop new analytical tools and extend theoretical work. The author hopes
that the research work during her PhD project presented in this thesis, will provide an
excellent foundation for future research in this field and will help to develop a variety of

application in microscopy and photonics.



Appendix A
Glossary and terms

AFM Atomic Force Microscopy

BA Back Aperture

BBO Beta Barium borate

BBS Broad Band Source

BIF Bend-Insensitive Fiber

CCD Charged-Coupled Device

CW Continuous Wave

DAQ card Data Aquisition card
EDFA Erbium-Doped Fiber Amplifier
FDTD Finite Difference Time Domain
FPI Fabry-Perot Interferometer
FWHM Full Width at Haft Maximum
GDD Group Delay Dispersion

GVD Group Velocity Dispersion
HAZ Heat Affected Zone

HF Hydrofluoric Acid

IP Ionizing Potential

IR Infrared

MD Molecular Dynamics

MPI Multiphoton Ionization

NA Numerical Aperture

ND Neutral Density

OM Optical Microscope
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Glossary and terms

OPA Optical Parametric Amplifier
OSA Optical Spectrum Analyzer
PMMA Poly(methyl methacrylate)
PMT Photomultiplier Tube

RIN Relative Intensity Noise

SEM Scanning Electron Microscope
SMEF Single Mode Fiber

SH Second Harmonic

UV Ultra-Violet
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