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Synopsis

Studies in light-matter interaction have grown exponentially since the inven-
tion of the first pulsed laser by T. H. Maiman in 1960. While developments like
mode-locking (ML) have enabled the generation of light pulses with temporal
widths shorter than a few tens of picoseconds (ps), innovations like chirped
pulse amplification (CPA) have resulted in the production of fs laser pulses
with peak powers ranging from terawatts (TW) to multi-petawatts (PW). These
advances in laser technology have opened up various new domains of ultra-
fast laser-matter interaction. For example, ultrafast lasers facilitate precision
laser processing with tremendous practical applications in diverse fields. Fur-
thermore, the unprecedented intensities provided by ultrafast laser pulses are
sufficient for the production of dense plasmas, enabling high-order harmonic

generation (HHG) for the realization of extreme ultraviolet (EUV) light sources.

When a laser pulse is incident on a target, surface ablation and material re-
moval occur in the irradiated region if the pulse energy exceeds the binding
energy (ablation threshold) of the material. In particular, soft laser ablation can
create surface features of various shapes and sizes depending on laser param-
eters such as laser fluence, wavelength, pulse width, spatial and temporal pro-
tiles of the beam, irradiation geometry, and processing environment (liquid or
background gas). In general, these surface features are categorized as coherent
structures and non-coherent structures. Coherent structures (mostly ripples)
originate from the oscillating radiation field which is generated by the inter-

ference between the incident laser light and the surface scattered wave, result-

xiii
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ing in an inhomogeneous energy distribution on the surface. In some cases, it
is governed by the propagating excited surface plasmon polaritons (SPP). The
spatial periodicity of coherent structures will be proportional to the laser wave-
length. The ripples are oriented perpendicular to the incident polarization di-
rection (electric vector) of the incident light. These ripples, called laser-induced
periodic surface structures (LIPSS), were first observed on various semiconduc-
tor surfaces by Birnbaum in 1965. The spatial period and orientation of non-
coherent structures are not associated with the wavelength and polarization of
the laser beam, and their appearance is subject to the ambient pressure and
laser intensity. Compared to ps and ns laser pulses, fs-laser processing has two

significant benefits:

¢ rapid non-thermal energy deposition results in minimal heat-affected
zone (HAZ), significantly reducing surface debris and recast layers to the

surrounding area, and

¢ the ablation threshold is reduced for the same laser wavelength and irra-

diation geometry,

allowing the fabrication of sub-wavelength nano-structures when irradiated
close to the ablation threshold. At higher fluences, the electric field strength
overcomes the coulombic field resulting in the ejection of electrons from atoms
and molecules by multi-photon excitation. Under such high irradiance, matter
transforms into a collection of ionized species called plasma. Together, fs and ns
laser ablation enable us to understand laser-matter interaction at both low and
high fluence and intensity regimes.

This thesis reports investigations of intense laser-matter interaction in se-
lected target materials (semiconductor, dielectric, and metal) employing fs and
ns laser pulses. We have used a regeneratively amplified Ti:Sapphire laser sys-
tem which produces pulses of 100 fs duration with 10 mJ energy in the near-

infrared wavelength regime (800 nm). Various morphological changes of the
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irradiated materials, and the optical and electrical properties of the plasma em-
anating from the irradiated targets, are explored. The organization of the thesis

is as follows:

Chapter 1 gives a brief introduction to intense laser-matter interaction (laser
ablation of solid targets in particular), underlying mechanisms of material abla-
tion, and surface functionalization employing fs and ns laser pulses. A detailed
discussion on laser-induced surface structuring and their applications is pro-

vided.

Chapter 2 describes the experimental techniques employed in this work. It
provides a detailed description of the characterization techniques, fs and ns

laser sources, spectrometers, and vacuum systems used in the work.

Chapter 3 presents studies of the relative enhancement of optical and ion
emissions from a laser-induced periodic surface structured silicon sample,
used as a target for laser-produced plasma generation. The structures are
fabricated using 800 nm, 100 fs pulses obtained from a regeneratively amplified
Ti:sapphire laser system. The LIPSS patterns strongly depend on the laser pulse
energy, state of polarization, irradiation dose on the target, and the background
gas pressure. The role of laser wavelength is studied by using the second
harmonic output of the laser (400 nm) also for fabrication. Large area (5 x 4
mm?) surface structuring has been carried out at atmospheric pressure after
optimizing the laser parameters at 800 nm wavelength. The patterned silicon
surface shows a substantial reduction in the reflection of incident light over a

wide range of wavelengths compared to plain silicon.

Moreover, when used for laser-induced breakdown spectroscopy experi-
ments, enhanced optical emission and ion current have been observed from
the patterned surface. This enhancement indicates increased coupling of laser
energy to the surface in the case of patterned silicon (shown in Figure 1). While
spectral lines emitted by doubly ionized silicon have been observed from the

patterned surface, the plain surface gives lines from singly ionized silicon only.
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Figure 1: Relative intensity enhancement seen in the (a) laser-induced breakdown spec-
troscopy (LIBS) data, and (b) ion current signals, from plasma generated on the struc-
tured silicon surface. Blue color represents signals from structured silicon, while red
color represents signals from the unprocessed silicon target.

A discernible enhancement has been measured in both optical (50% — 90%) and
electrical (34%) signals measured from the plasma generated on the patterned
surface.

Chapter 4 describes laser-induced surface structuring of selected dielectric
materials (fused silica and quartz) by means of fs laser ablation to explore the

effect of crystallinity on LIPSS. fs-LIPSS of two different types referred to as
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Low spatial frequency LIPSS (LSFL) and High spatial frequency LIPSS (HSFL),
with distinct spatial periodicity and orientation, have been inscribed. Single
and multi-pulse ablation thresholds and efficacy factors are calculated. With
the optimization of laser parameters, large area surface (6x6 mm?) texturing is
achieved by the raster scanning method to explore modifications in the optical
and wetting properties. Contact angle (CA) measurements show the forma-
tion of superhydrophilic textured surfaces, which have potential applications
in anti-fouling, anti-reflective surfaces, and biosensors.

Chapter 5 reports the fabrication and characterization of large area micro-
/nano-textured silicon surfaces using Nd:YAG laser pulses of nanoseconds du-
ration (7 ns). An area of 6x 6 mm? has been textured by the parallel line scan-
ning method to create hierarchical structures, consisting of microscale chan-
nels and self-organized surface nano-capillaries decorated with randomly dis-

tributed silicon nanoparticles.

(a) (b)

Figure 2: Photographs of distilled water (1uL) droplets on silicon surfaces: (a) untreated
silicon with CA =80.9° + 0.6°, and (b) textured silicon processed at the fluence F,, = 0.94
Jem? with CA = 5.4°+ 0.6°.

The combination of micro-channels and nano-capillaries results in a super-
hydrophilic silicon surface (shown in Figure 2), with the contact angle reduced
substantially from about 80° to nearly 5°. In contrast to most of the reports given

in the literature, the superhydrophilicity of the surface remains stable without
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a shift to hydrophobicity, even after exposure to the atmosphere for about three
months. Thus, long-lasting and durable superhydrophilic silicon has been ob-
tained by using maskless, compact, and cost-effective nanosecond laser writing
without the need to employ any chemical post-processing. Potential applica-
tions of these surfaces include heat exchangers, biosensors, cell adhesives, and

self-cleaning solar cells.

Figure 3: SEM images of the textures developed by a vortex beam in (a) loose focus-
ing, and (b) tight focusing conditions, producing various hierarchical structures and
microneedles, respectively.

Chapter 6 illustrates the generation and characterization of optical vortex
(OV) beams by using spiral phase plates of topological charge (¢ = 4). Sur-

face structuring is carried out with fs OV beam with orbital angular momen-
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tum (OAM) and different states of polarization (SoP) in the transverse plane,
enabling the generation of complex surfaces. Figure 3 shows SEM images of
the textures developed by the structured beam in loose (Figure 3(a)) and tight
(Figure 3(b)) focusing conditions. These structured beams demonstrate the fab-
rication of micro-needles on crystalline silicon(100), which has several practical
applications.

Chapter 7 summarizes the important observations and conclusions drawn
from the experiments reported in this thesis. Possible directions for future work

are outlined.

Prof. Reji Philip Nancy Verma
Thesis Supervisor Student
Raman Research Institute,

Bengaluru - 560080,

INDIA.
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Chapter 1

Introduction

This chapter describes the fundamentals of intense light-matter interaction and the un-
derlying mechanisms of laser ablation. The two-temperature model, illustrating the
dynamics of laser energy transfer and subsequent lattice heating, is explained. Genera-
tion of laser-induced periodic surface structures, and their characteristics, are discussed.

Applications of laser-induced surface structures are outlined.

1.1 Overview of light-matter interaction

The invention of the laser in 1960 by T. H. Maiman [1] was a path-breaking
discovery which initiated novel experimental investigations of light-matter in-
teractions. Lasers are excellent light sources characterized by their monochro-
maticity, spatial and temporal coherence, and high average and peak intensi-
ties. Since the 1970s, stable and powerful short pulses produced by solid-state
Nd:YAG lasers are being widely used in light-matter interaction studies. The
development of the mode-locking (ML) technique [2, 3], followed by the in-
troduction of chirped pulse amplification (CPA) [4], lead to the generation of
light pulses with temporal widths as short as a few tens of picoseconds (ps) to
a few femtoseconds (fs). These advances in laser technology have resulted in

the design of state-of-the-art laser systems which can deliver pulses of a few

1
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fs duration with peak powers ranging from terawatts (TW) to multi-petawatts
(PW), enabling a host of new investigations including the exploration of ultra-
fast dynamics in atoms and molecules. The versatility of these intense lasers,
especially the tunability of pulse-width and wavelength, has lead to remark-
able progress in laser-assisted material processing, with great impact on real

world applications.

1.1.1 Optical field absorption and ionization mechanism

Nonlinear processes induced by the laser irradiation of solids are mostly gov-
erned by laser parameters such as the pulse duration (7,,), wavelength (), and
especially the intensity (I,) or fluence (F,). Apart from the laser parameters, the
optical, thermal and mechanical properties of the target also affect light-matter
interaction. The nonlinear processes which are relevant at different intensity
regimes are shown in Figure 1.1. At moderate/low intensities (< 10'? W/cm?),
variation of the polarization (P) of a medium with the applied electric field (E)

can be written as a Taylor series expansion (in scalar form) as:
P=e[\VE+YPE? + \OE3 + ] (1.1)

where ¢, = 8.85 x 10712 A-s/V-m is the electric permittivity of free space, xV)
is the linear susceptibility, and x(? and x(® are the second and third order non-
linear susceptibilities' respectively. The first term in equation 1.1 represents the
linear regime of optics, and the higher order terms describe the nonlinear op-
tical regime. The E-field of the laser pulse, being significantly weaker than the
static Coulomb field of the atoms, perturbs the quantum states of the atoms
under non-resonant excitation conditions. Under such conditions, nonlinear in-
teractions are well defined by the perturbative approach, and these processes

are categorized under perturbative nonlinear optics. Second-order nonlinearity

1x(") has unit (m/V)"~!
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Figure 1.1: Nonlinear optical phenomena relevant for different irradiation intensity
regimes. The figure is adapted from ref [5].

which arises due to the effect of x(¥ in the media gives rise to nonlinear phe-
nomena such as second harmonic generation (SHG), sum-frequency generation
(SFG), difference frequency generation (DFG), and parametric conversion [6, 7].
X processes can occur only in noncentrosymmetric crystals, i.e., crystals that
do not exhibit inversion symmetry. On the other hand, third-order nonlinear
processes (described by the x® susceptibility) can occur in both centrosym-
metric and non-centrosymmetric media. Examples of y® processes are Third
Harmonic Generation (THG), optical Kerr effect, stimulated Raman scattering

(SRS), and stimulated Brillouin scattering (SBS) [6, 7].

When the irradiation intensity is greater than 10'* W/cm?, different types
of extreme nonlinear optical interactions become significant (Figure 1.2). These
interactions can be described by the strong-field approximation (SFA) theory
proposed by Keldysh in 1964 [8]. In the strong field regime, the E-field of the



4 1.1. Overview of light-matter interaction

laser is either comparable or greater than the static Coulomb field of the atom
(=~ 10° V/cm), so that the atomic potential gets modified /suppressed. In such
conditions the outer-shell electrons cannot remain in the bound state, and ion-
ization occurs. These released electrons get caught by the E-field potential of
the laser and start oscillating under the influence of the ponderomotive force.
Depending upon the irradiation intensity, ionization can occur due to processes
such as multi-photon ionization (MPI)?, tunnel ionization (TT) and over the bar-
rier ionization (OTBI or OBI). According to the Keldysh theory, the two limiting
cases of strong-field regime, i.e., MPI and TI, can be described based on the

value of an adiabatic parameter referred to as Keldysh parameter (v) [8], given

Wy [p
= — =,/ = 1.2
=L T 20, (1.2)

where wj is the frequency of the laser, I, is the ionization potential of the atom,

by:

and U, is the ponderomotive energy® of the free electrons [9]. w; can be de-

scribed as the tunneling frequency, which is defined as:

GE()
2ml,

wy = (1.3)
where e, m are the electric charge and the rest mass of the electron respectively,
and E is the time-dependent amplitude of the E-field of the laser. From equa-
tions 1.2 and 1.3 it is evident that v is inversely proportional to the applied
electric field. In the case of semiconductors and dielectrics, the single photon
energy E = hw (1.55 eV for A = 800 nm) is too small compared to the typical
band gap of the material, and ionization cannot occur by the normal photon
excitation process. However, ionization can occur through the MPI process, in

which the simultaneous absorption of multiple photons from the laser field will

2MPI is also referred to as above threshold ionizaton (ATI).

3The cycle-averaged quiver energy of a free electron associated with its oscillatory motion
82(E0)2

under the influence of an E-field is called ponderomotive energy U, = 7.
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meet the energy requirement for ionization [10]. The MPI regime is categorized
by v > 1, occurring in the intensity range 10'3-10'"* W/cm?, and the kinetic
energy of the freed electron is given by [11]

Ey=(n+m)hw — I, (1.4)

where n is the minimum number of photons required for ionization (nhw = I,),
and m is the number of excess photons absorbed by the inverse bremsstrahlung

(IB) process which contributes to the kinetic energy of the electron.

V(x) V(x)
~
~
\\\\ \\\\
N > N ~
N
TI OTBI

Figure 1.2: Schematic representation of (a) multi-photon ionization (MPI), (b) tunnel
ionization (TI), and (c) over the barrier ionization (OTBI).

At higher intensities (> 10'* W/cm?), the E-field of the laser becomes so
strong that it starts modifying /suppressing the Coulomb potential. In this case
ionization can occur through two pathways: TI and OTBI [12], both of which are
associated with v < 1. Tunneling ionization occurs when the intense laser field
suppresses the Coulomb barrier of the atom to that extent where the electron
can successfully tunnel through the distorted potential barrier [8, 10, 12]. At
extreme intensities (> 10'°), the Coulomb barrier can be completely suppressed
under the influence of the laser field such that it falls below the bound electron’s

energy, and the electron can escape easily leading to OTBL
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Irrespective of the ionization mechanism, these free electrons accelerate pon-
deromotively, gain kinetic energy within the E-field of the laser, and subse-
quently collide with bound electrons. If the energy transfer is sufficient during
the collision, more bound electrons will be released. This process is referred to
as impact ionization, which grows exponentially to produce more free electrons
via multiple iterations resulting in a process called avalanche ionization. Matter
in the focal volume of the laser gets significantly ionized with the free electron
density reaching the critical value of 10?2 cm ™ to 10** cm™?, leading to a collec-
tion of electrons and ions exhibiting quasi-neutrality and collective behaviour,
which is known as plasma. This localized plasma responds to the E-field of the
laser and has a very high electrical conductivity. Coulomb repulsion between
similar charges causes a rapid expansion of the plasma in the form of a plume,
which is referred to as Coulomb explosion. Intense laser-matter interaction of-
ten leads to a combination of permanent material damage, modified material
properties, and even the removal of material from the target surface, known as

laser ablation [13].

1.2 Fundamentals of laser ablation

The fact that focused laser pulses can be used as effective tools for material re-
moval was realized soon after the invention of the first laser. Energetic laser
pulses, when focused on a solid material, bring macroscopic amounts of mat-
ter to extreme conditions by creating a heat affected zone (HAZ), which results
in transient or permanent modifications of the surface. This phenomenon of
material removal upon irradiation with pulses of energy exceeding the binding
energy of matter is called laser ablation [13]. The first pioneering work of laser
ablation was reported in 1962 by Franken Brech and Lee Cross [14], in which
they collected and spectrally dispersed the light emitted from an iron plasma

generated by focusing a 5 ] ruby laser pulse onto a razor blade. This experiment
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gave birth to the now well established technique called laser-induced break-

down spectroscopy (LIBS) for quantitative and qualitative elemental analysis.

1.2.1 Interplay of different processes and their timescales

Ultrafast laser-matter interaction and the subsequent removal of material
involves a complex interplay between non-thermal and thermal processes
(Figure 1.3). When a fs pulse irradiates a solid target, ionization of the target
takes place through the processes discussed in the previous section. After
ionization, the freed electrons further absorb laser radiation through inverse
Bremsstrahlung and resonance absorption phenomena, independent of the
initial state or type (such as metal, semiconductor or dielectrics) of the target
material [15-17]. The non-thermal (fast) and thermal (slow) processes are

discussed in the following sections.

~10" W/em® ~10"Wiem®  Intensity
..................................................................................................................... >
fs m\co“d"“‘”S&Die/ew
Mmetals Se Tieg
free electron
Excitation laser - electron » generation
heating i - ¥
: i nonthermal plasma
v ! melting state
I electron - lattice ! i
ps heating ; !
. | ¥
Melting - | v H .
- ! homogeneous  overcritical
— ! melting E fluid
. 1
¥ i :
- 1
1
— heterogeneous H ! '
Ablation - melting
fie E- Ablation

Figure 1.3: Typical timescales and intensity ranges of the phenomena and processes
associated with the irradiation of a solid with an ultrashort (fs duration) laser pulse.
The timescale of melting may vary for different processes, and lies roughly in the ps
regime. Material removal (ablation) lasts up to the ns regime. This figure is adapted
from ref [18].
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1.2.1.1 Non-thermal processes

One of the important non-thermal processes responsible for particle ejection
from the surface within few hundreds of fs is Coulomb explosion. In this
case, ionization by the aforementioned processes generates free electrons by
stripping the outer shell electrons from the atom. These electrons, when ejected
rapidly from the target’s surface, create a charge cloud of the positively charged
atoms that are left behind. When this charge density becomes sufficiently
strong, the ions in this ensemble will explode non-thermally due to mutual
repulsion, giving rise to energetic ions having velocities higher than those
achieved by ions in thermal emission. This phenomenon is called Coulomb ex-
plosion [19], and it is mostly observed in dielectric [19-21] and semiconductor
materials [22-24] compared to metals [25, 26], since metals posses excess free
electrons which balance the repulsive force in the positive ion charge cloud.
The velocities of the ejected charged particles from the target’s surface are
determined by the repulsive Coulomb forces, whereas neutral species achieve
their velocities on collision with fast electrons and ions. Another non-thermal
process which causes melting within a few hundreds of femtoseconds in
semiconductors is ultrafast melting [27]. This process is associated with the ex-
citation of charge carriers into the conduction band, giving rise to antibonding
states due to the conversion of interatomic forces. After rapid excitation by fs
irradiation the lattice order of semiconductors such as silicon and germanium

disappears within few hundreds of femtoseconds [28].

1.2.1.2 Thermal processes

When the transfer of the deposited laser energy from the target to the lattice
is mediated through electron-phonon interactions, followed by lattice heating,
melting and evaporation of the material, the process is known as thermal abla-
tion. In comparison to electronic ejection (non-thermal process), thermal pro-

cesses take place at a much slower time scale. The thermal process occurs
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through different ejection mechanisms such as vaporization, boiling and phase
explosion/explosive boiling, depending on the pulse width of the laser and
the temperature attained by the ablated volume. Thermal processes dominate
when the pulse width of the laser is longer than the electron-lattice relaxation
time. For ns and longer pulses the material has enough time to change into
a molten state, and material ejection takes place by boiling and evaporation
from a liquid phase [29, 30]. On the other hand, the dynamics of ultrafast pulse
absorption and ablation is completely different since it is driven by direct solid-
plasma transition [30, 31]. The absorption of ultrashort radiation by free elec-
trons does not overlap with the thermal dissipation process of energy transfer
to the lattice system which happens on the picosecond time-scale. Therefore,
the difference between the temperatures of the electron subsystem and the lat-
tice results in a non-equilibrium condition. The distinct dynamics of these two
subsystems is described by the two-temperature model (TTM) [32, 33], which is

discussed in the following section.

1.2.2 The two-temperature model

The two-temperature model (TTM) is a semi-classical temperature diffusion
model which was proposed by Anisimov et al. [32] to illustrate the dynamics
of femtosecond laser energy transfer and subsequent heating in metals. When a
fs laser pulse falls on a metallic surface, the pulse energy is absorbed by outer-
shell electrons through the inverse Bremsstrahlung mechanism. Due to the ex-
tremely short electron-electron interaction time, the excited electrons thermalize
almost instantaneously. However, this thermalization is not simultaneously fol-
lowed by the lattice (here the atomic/ionic skeleton of bulk matter is referred
to as lattice for both crystalline and amorphous materials) which remains cold
(room temperature T~300 K) compared to the hot electrons. This difference
between the temperatures of the electron and lattice subsystems results in a

non-equilibrium condition. However, the system will be driven into thermal
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equilibrium through electron-phonon thermalization and electron diffusion out
of the ablated region. Thus, the energy transport mechanism in femtosecond
laser-matter interaction occurs in two steps: (i) Absorption of laser radiation by
free electrons and the re-establishment of Fermi distribution after the electron
relaxation time (happening over a few fs), (ii) energy dissipation to the lattice
subsystem through electron-phonon collision mechanism which happens over
the timescale of tens of ps (known as thermalization time). The temporal evo-
lution of the electron and lattice subsystems can be described by the coupled

nonlinear equations

or. 0 oT.
Ceg =3 (Xe%) -G(T.-T)+Q (1.5)
on, 0 o1,
CZE =3, (ng) -G(T. - 1) (1.6)

where T, and T; are the temperatures of the electrons and the lattice respectively,
z is the coordinate directed from the target surface to the bulk, and C,, x. and
C,, x; are the specific heat capacities* and the coefficient of thermal conductivity
of the electrons and the lattice subsystem, respectively. G is the electron-lattice
coupling constant®. Q is the laser energy absorbed by the electrons which can
be written as,

Q = I(t)Aaexp{—az} (1.7)

where « is the material absorption coefficient, I(t) is the laser intensity, and A is
the absorptivity® of the material.

The three different time scales, namely, electron relaxation time (7. = C./G),
lattice heating time (1, = (;/G), and laser pulse duration (7,), play vital roles

in the early stage evolution of ultrafast laser-matter interaction. The electrons

4Unit of the specific heat capacity is J.em =3 K~*

5The electron-lattice coupling constant can be defined as G =
exchange time of the electron subsystem.

®The absorptivity (A) of the material is related to the reflectivity R through A = (1 — R).

Ce

T

where 7 is the characteristic
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obtain a high transient temperature compared to the lattice due to their lesser
heat capacity. It takes relatively larger time for energy to be transferred from
the excited electrons to the phonons, since the phonon mass is much greater
than the electron mass. Therefore, at this stage, the thermal conductivity of the
lattice can be neglected. Another determining parameter in laser-matter inter-
action is the pulse width of the laser. The interaction can be divided into three
different temporal regimes, namely, femtosecond, picosecond and nanosecond

pulse laser ablation.

In the case of femtosecond laser ablation, the laser pulse width is much
shorter compared to the characteristic electron relaxation time (7, < 7.), which
varies from 1 ps (for metals) to tens of ps (semiconductors and dielectrics) [30].
The specific heat capacity and thermal conductivity of the electron can be writ-
ten as C, = C, T, and Xe = Xo(Tl)% respectively, where xo(7;) is the typical
thermal conductivity of metals at equilibrium. Due to this short timescale, the
electron-phonon coupling term and the electron thermal conductivity term can

be neglected, so that the coupled nonlinear equation 1.5 reduces to

,OT.?
Cae

o = 21, exp{—az} (1.8)

Here I(t) = I, is supposed to be constant, and /, = I;A. Solving the above

equation gives

N

T.(t) = {TO2 + Qé—a,at exp{—az}} (1.9)

where T = T,(0) is the initial temperature. By the end of the laser pulse the

electron temperature achieved will be T,

T.(7,) =~ {Qéj—,Oé}Qexp{%z} (1.10)

exp{—az} (1.11)




12 1.2. Fundamentals of laser ablation

Itis assumed that T,(7,) > Tj, and that the absorption of laser fluence (F' = I,7,)
takes place only up to a skin depth § = 2. As the laser pulses are very short,
fs- ablation results in the rapid and direct creation of plasma from the target.
The lattice gets heated up relatively slower (in picosecond timescales) along
with a rapid expansion of the plasma, and the lattice temperature can be given
by equation 1.11. During the timescales of these processes thermal conduction
into the lattice is not significant. This results in an appreciable reduction of the
HAZ surrounding the ablated region, leading to smaller feature sizes upon
ablation. The negligible thermal damage and the consistency of ablation for
different materials proves that fs laser pulses are ubiquitous tools for precise
laser structuring, which has many novel applications.

In the case of picosecond laser interaction with matter, the characteristic
timescales are in the order: 7. < 7, < 7, such that the characteristic electron
energy relaxation time is much smaller than the pulse duration of the laser.
Here T, can be considered to be quasi-stationary. Since the timescale of lattice

heating is still greater than the pulse duration, the contribution of 7, can be

T, ~T., (1 — exp(j)) ~ (i) T. (1.12)
T Ti

Here it is evident that the lattice temperature is much lower than the electron

neglected giving

temperature in the picosecond time regime. As we know, electron energy relax-
ation happens due to energy exchange with the lattice. Hence, electron temper-

ature and lattice temperature at the end of the laser pulse are given by,

T, ~ Lo exp{—az} (1.13)
G
F

T ~ e exp{—az} (1.14)
C

As seen from the above equation, lattice temperature at the end of the laser

pulse is determined by the electron cooling time. Picosecond laser ablation in-
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volves electron plasma formation along with the presence of liquid phase in the
ablated region, which reduces precision in laser machining.

Finally, in the case of nanosecond laser pulses, the timescales are related as
T, K 1 < T,, such that the pulse will be present even after the thermalization
of the electron-lattice subsystem. Thus, electrons and lattice achieve thermal

equilibrium, i.e. 7, = T} = T. The coupled nonlinear equations reduce to

oT 0 oT
Cla = & (Xea) + Q (115)

In this regime, the energy deposited on the target over nanosecond time scales
is spent for heating up the target surface to the melting point, and then to the
vaporization temperature. Each metal has a threshold energy for evaporation

(energy required to exceed the specific heat of evaporation (2) given by [34],
F > Fy, ~= pQD'? x 71/ (1.16)

where D is the heat diffusion coefficient and p is the density. It is clear that the
threshold fluence for evaporation with nanosecond laser pulses increases by a
factor Tp% . In this regime, ablation is more complicated since the time available
for a thermal wave to propagate into the target is large, creating a large area of

the melted material surface which is not ideal for laser processing.

1.3 Laser-assisted surface structuring

The phenomenon of laser ablation in the soft ablation regime causes material
removal from the surface, subsequently generating a comparatively rough
surface. The roughness of the ablated surface originates from secondary
micro-scale and/or nano-scale features which form in and around the irradi-
ated area due to a variety of mechanisms (such as post-ablation melting and

re-solidification or splashing of a liquid surface due to the recoil pressure)
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depending on the rate of ablation. In principle, these surface features exhibit
a clear correlation with different irradiation parameters along with intrinsic
physical properties of the target. These generated surface features are usually

defined as laser induced surface structures (Figure 1.4).

Laser-assisted
surface structures

Laser-induced Laser-inscribed
surface structures surface structures
T . Others e.g.
Random Periodic Undulating Columnar 9
porous , hole,
nanostructures nanostructures grooves structures TG SEITES

Figure 1.4: Classification of laser-assisted surface structures. Structures relevant for the
work reported in this thesis are marked in yellow.

In general, these surface features can be categorized into (i) coherent and (ii)
non-coherent structures. Laser-induced surface structures strongly depend
upon laser radiation parameters such as wavelength, polarization, incident
pulse energy, angle of incidence etc [35]. It is worth mentioning that the
generated surface structures tend to follow a specific pattern/periodicity when
irradiated with a laser fluence equivalent to the ablation threshold of the target
material. These quasi-periodic features, often called ripples, are generally
referred to as “Laser induced periodic surface structures (LIPSSs)” [36]. The
formation of LIPSS is one of the most actively investigated surface phenom-
ena from the time of their first observation in 1965 by Birnbaum et.al [37].
The spatial periodicity (A) of these ripples is found to be close to the laser

wavelength ()\), and their preferential orientation is found to be normal to
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the incident polarization direction (electric-field vector). On the other hand,
the spatial period and orientation of non-coherent structures are not directly
associated with the wavelength and polarization of the laser beam, and
their appearance is subject to the ambient pressure and laser intensity. They
appear at higher intensities than coherent structures, and exhibit a wave-like
topography with a spatial period which is much larger than the incident laser
wavelength. Depending on the materials and specific irradiation conditions,
the generation of these structures facilitate surface functionalization through
different features size, ranging in size from a few tens of nm to several microns.
Surface structuring has many applications in the fields of opto-electronics,
plasmonics, micro/nano-fluidics, biomedicine, chemical sensing and mechan-
ical engineering [35, 38—41]. Commercial ultrafast (fs-ps pulse width) lasers
being easily available, precision laser processing stands out as a novel and
versatile technology which has attracted substantial research interest because

of its many advantages, which include

* Ability to process almost all types of materials, including metals, semicon-

ductors, dielectrics, and polymers;

* Feasibility of processing non-planar surfaces, using CW as well as pulsed

lasers having pulse durations down to a few-fs;

* Capability to produce micro/nanostructures with surface areas in a large

range, and;

* Single-step, maskless processing at a high speed under normal ambient

conditions, without needing a clean room environment.
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1.3.1 Mechanisms of LIPSS formation and LIPSS characteris-

tics

The generation and evolution of LIPSS shows similar characteristics in all mate-
rials, but in general two distinct variety of LIPSS are observed according to their
spatial periods (A), which are commonly classified as (i) low spatial frequency
LIPSS (LSFL) and (ii) high spatial frequency LIPSS (HSFL). For normal incident
radiation LSFL usually exhibits a spatial period which is approximately equal
to or a little smaller than the irradiation wavelength (A\/2 < Apgp;, < A), while
HSFL (also referred to as deep-subwavelength structure) has periods smaller
than half of the irradiation wavelength (Aysrr, < A/2). Both types of LIPSS
(LSFL and HSFL) can be further divided into two subcategories (see Figure 1.5).
In the case of highly absorbing materials e.g. semiconductors and metals, LSFL
is found to be oriented perpendicular to the polarization of the irradiating beam.
This type of LIPSS (called LSFL-I) exhibits spatial periods close to the laser
wavelength. The spatial period A;sry, of the LSFL generated on metals through
laser irradiation with a linearly polarized beam placed in a dielectric medium

is given by

A
Re(n) £sin6]’

3
where n = (M> (1.17)

ALSFL -
[ €d + €metal

here ) is the incident laser light wavelength, 6 is the angle of the incident light,
is the effective refractive index of the dielectric-metal interface for surface plas-
mons, ¢4 is the dielectric constant of the ambient dielectric medium, ¢,,ctq iS
the dielectric constant of the metal, and Re[n] is the real part of . However,
in the case of wide band gap materials (i.e. dielectric materials) where abla-
tion occurs through MPI mechanism, another type of LSFL is observed. These
LSFL-II structures are usually oriented parallel to the polarization of the irra-

diating beam and exhibit spatial periods close to Arsp;, = A/n, where n = el/?
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(a) LIPSS

A > ?%2/ \‘A < A2
LSFL HSFL

¥ ™ P

Type LSFL-l: Type LSFL-lIl:  Type HSFL-I: Type HSFL-II:

A~N\ A~An deep HSFL, shallow HSFL,

1 to Pol. || to Pol. depth-to-period- depth-to-period-

(e.g. SPP) (Radiation aspect-ratio A > 1 aspect-ratio A < 1
remnants)

Figure 1.5: (a) Categorization of LIPSS into different types of LSFL and HSFL. (b,c) SEM
micrographs of Ti-6Al-4V surfaces after irradiation with multiple fs-laser pulses in air,
showing LSFL-I (near wavelength-sized ripples), and HSFL-II (sub-wavelength) (pulse
duration = 30 fs, center wavelength A = 790 nm, pulse repetition frequency 1 kHz),
respectively. The yellow arrow in (b) marks the direction of laser beam polarization.
These figures are adapted from [42, 43].

is the refractive index of the dielectric material. These structures are associated
with Radiation Remnants (RR)’, predicted by Sipe et al. for transparent mate-
rials [44]. In contrast, high spatial frequency LIPSS (HSFL) exhibiting periods
less than \/2 manifest in two different forms: (i) HSFL-I consisting of very nar-

row (few tens of nm) and deep surface ripples (hundreds of nm), i.e., having

"The RR are a specific non-propagating electromagnetic mode close to the rough surface
which enables energy extraction and transfer from the incident radiation to the material at the
associated spatial frequencies.
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depth-to-period aspect ratio A > 1, and (ii) HSFL-II which exhibit very shallow
(few tens of nm) surface gratings having depth-to-period aspect ratio A < 1.
HSFL-I are prominently observed in dielectrics and semiconductors exhibiting
periods of Agspr, >~ A/(2n) whereas HSFL-II are mostly seen on metals. How-
ever, these two HSFL types are not distinguished in recent scientific literature,
and the origin of HSFLs are not yet completely understood. HSFLs are pref-
erentially observed upon irradiation with pulse widths ranging from sub-ps to

few fs, when the beam fluence is slightly less than the ablation threshold.

Currently, the most widely accepted theory of LIPSS formation is based on
the interference of incident laser radiation with surface electromagnetic waves
(SEW) generated at the rough surface of the target, which includes the sur-
face plasmon polaritons (SPPs) [44, 45]. In simple terms, the interference leads
to a spatially modulated intensity distribution at the surface. This spatially
modulated energy is transferred to the electronic system via optical absorption.
Through electron-phonon coupling, the energy is then transferred to the lattice
within picosecond timescales. This may lead to spatially modulated melting
or even ablation. As a result of material removal and melting (thermocapillary

effects, etc.), LIPSS appears as a permanent surface relief.

The idea that LIPSS formation is based on the interference between incident
laser beam and surface electromagnetic waves (SEW) was initially presented
by Emmony et al. in 1973 [46]. Later, the research groups of John E. Sipe and
Henry M. van Driel [36, 44] investigated LIPSS formation theoretically and ex-
perimentally via electromagnetic theory, and coined the term LIPSS in scientific
literature. They introduced the efficacy factor, a scalar-valued function, which
is proportional to the inhomogeneous energy deposition into the ablated mate-
rial. In 2009, Sipe’s thoery was combined with a Drude model for considering
the optical response of quasi-free conduction band electrons of materials excited
by laser irradiation, and this combined theory signified the importance of tran-

sient changes of the dielectric permittivity in semiconductors at the early stage
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of LIPSS formation [47]. In 2012 Skolski et al. developed an alternative numeri-
cal method by employing finite-difference time domain (FDTD) calculations to
solve Maxwells equations at a statistically rough surface [48].

In addition to the interference theory, other mechanisms have also been pro-
posed to explain LIPSS formation. For instance, self-organization, second har-
monic generation, excitation of SPPs, Coulomb explosion etc, have been sug-
gested for the origin of HSFLs. Reif et al. has proposed a mechanism for HSFL
via self-organization of the irradiated material, associated with a surface in-
stability caused by diffusion of atoms and surface erosion effects [49, 50]. For
LSFL formation, capillary waves excitation at the molten surface layer and sub-
sequent freezing upon resolidification [51], hydrodynamic melt flows, or con-
vection [52] have been proposed. It is worth noting that in most cases LIPSS are
observed after multi-pulse irradiation, which enhances the characteristics and
appearance of the structures [51]. In general, a positive feedback mechanism is
essential, because during repetitive pulse irradiation, the feedback mechanism
selects specific spatial periods of the surface roughness distribution for optimal
radiation absorption.

Furthermore, important developments have recently been made regarding the-
oretical modeling, specifically in electromagnetic FDTD [48], [31,32] and hydro-
dynamic [52], and molecular dynamics(MD) simulations [53], which incorpo-
rate post-irradiation matter reorganization mechanisms. As of today, both the-
oretical approaches, namely (i) electromagnetic and (ii) material reorganization,
are merging into a joint view where the irradiation conditions describe which
aspect (materials specific electromagnetic or reorganization) can dominate. A

detailed review is provided in [54].

1.3.2 Applications of laser-induced surface structuring

Micro-/nano-structuring of materials using ultrashort and short laser pulses

in a single-step process enables various surface functionalizations for numer-
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ous technical applications. The practical advantage of laser-induced surface
structuring lies in the tunability, cost efficiency and robustness. It is possible to
control the geometry of the structures by precisely controlling laser parameters
such as angle of incidence, polarization, number of pulses/irradiation dose, and
incident energy. The processing environment (ambient pressure) also has a sig-
nificant role. Various applications of LIPSS have been reviewed in detail [55]. A
schematic of the applications of laser-induced surface structuring and surface

functionalization is shown in Figure 1.6. The most prominent application of

Tribological
Applications

Optical Wetting

Applications Applications of Laser Applications

Induced Surface
Structuring

Chemical Biological
Applications Applications

Figure 1.6: Overview of various applications of laser-induced surface structur-
ing. Arrows indicate relations between specific applications/functionalities (adapted
from [55]).

LIPSS is related to the fact that their spatial periodicity is of the order of the
wavelength of the excitation laser. Therefore, they exhibit features similar to
diffraction gratings which render “structural color” for all variety of material.
With variations in size, orientation of ripples and possible angles of incidence
and observation, many shades of color are attainable over the visible range of
the spectrum. Therefore, laser induced surface structuring can be used for the

coloration of surfaces without using additional chemicals or coatings. This ef-
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Figure 1.7: Colored aluminum produced by femtosecond laser pulses. Photographs
(a-c) show gray, black and golden aluminum respectively processed at 0.16 J/cm?, re-
vealing viewing angle independent surface coloration. (d)—(g) are photographs of the
same Al sample processed at a lower fluence (0.05 J/cm?), exhibiting different colors
upon changing the viewing angle, and the corresponding SEM micrographs (h,i) show
the surface structure with a zoomed view of the marked region (adapted from [56]). (j)
shows a multi-colored stainless steel (316L) disc with 36 sections, each having a differ-
ent ripple orientation (from 0° to 360°). (k) is an example of color picture fabrication on
stainless steel (316L), obtained by generating controlled nanostructures by femtosecond
laser processing (adapted from [57]).

fect was first explored for fs-laser-generated LIPSS on metals (aluminum, plat-
inum, gold etc.) by Vorobyev and Guo [35, 56] (shown in Figure 1.7(a-i)). This
technique was also used to fabricate black silicon by generating micro-grooves,

which was a breakthrough step considering the increased absorption ( 90%) ob-
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tained by processing the silicon surface [58]. Modifications in the optical prop-
erties of silicon provide the possibility to extend the spectral range of Si-based
opto-electronic devices into the infrared region, with applications including in-
frared light detection and photovoltaics [59]. In 2010, Dusser et al. systemat-
ically investigated the influence of crucial laser parameters such as irradiation
energy, beam polarization, focusing etc, and demonstrated chemical-free pro-
cessing for creating the portrait of Vincent Van Gogh on a polished stainless
steel surface (shown in Figure 1.7(j k)) by realizing large area color marking [57].
The controlled coloration of surfaces by laser micro-/nano-structuring leads to
a multitude of applications including laser marking, decoration, optical data
storage, encryption, and anti-counterfeiting. Furthermore, the complexity of
replicating the intrinsic irregularity of LIPSS makes them attractive as safety

tags.

Similar to the optical properties, the wetting properties also get modified by
laser structuring. The wettability of a surface depends on the surface chem-
istry and surface morphology of the sample. The height of the hierarchical
micro-scale conical features and the number of nanoscale secondary protru-
sions decorating the LIPSS and spikes increase with laser fluence, resulting in
a significant increase of the overall roughness. In the last decade, laser-assisted
micro-/nano-structuring has been established as a powerful technique to tailor
wetting properties that can be potentially exploited for numerous applications.
More importantly, these wetting properties can be customized with a large de-
gree of control by altering the surface morphology through a proper choice of
the processing parameters. Modification of the wetting response of Si from hy-
drophilic to superhydrophobic with contact angle 153° & 1° has been achieved
through laser micromachining in SF¢s background followed by silanization [60].
The feasibility of tailoring the wettability of materials including metals [61],
polymers and semiconductors [62] within a wide range, from superhydrophilic-

ity to superhydrophobicity, has raised an increasing interest for applications
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including self-cleaning surfaces (known as Lotus-effect), biomimetic surfaces,
microfluidics for directional liquid transport, and waterproof coatings for auto-

motive and aerospace vehicles, and textiles [35, 61, 63].

Other applications of Laser-induced surface structures include growth and
colonization of cells and fabrication of antibacterial surfaces. Rebollar et al. [64]
have studied the growth of different cell cultures on polystyrene (PS) films
patterned by ns-laser processed LIPSS with different spatial periods. They re-
ported that the adhesion and proliferation of the cells is enhanced for the LIPSS-
covered polymer. Furthermore, it was observed that the cells align along the ori-
entation of LIPSS. However, the alignment depends on the type of the cell when
the spatial period of the structures exceeds a value of 200 nm. This idea of ma-
nipulating cell-growth on a LIPSS-covered surface can be extended to bacterial
films, which pose high risks in multiple medical and industrial settings. These
biofilms are a collection of microbes that get attached to the surface. Cunha et
al. [65] have demonstrated reduced adhesion of Staphylococcus aureus bacterial
biofilm on titanium-alloy surfaces patterned by fs-LIPSS (LSFL), compared to
polished surfaces which are untreated. The fs laser processing technique proved
to be efficient for controlling bacterial colonization. In fact both the situations,
where bacterial adhesion is either favored or repulsed, were realized experi-
mentally. Epperlein et al. [66] investigated biofilm formation of S. aureus and
Escherichia coli (E. coli) bacteria on corrosion-resistant fs-laser-processed LSFL-
covered steel surfaces. These results prove that LIPSS morphologies are excel-

lent choices for efficient production of anti-adhesion, antibacterial surfaces.

Tribological performance improvement of surfaces has been observed due
to the generation of LIPSS on inorganic materials under both lubricated and
non-lubricated conditions (for details refer to [67]). Reduction of friction and
wear was observed for patterned metals under various tribological test condi-
tions [40, 55, 67], which emphasizes the immense potential of LIPSS in tribolog-

ical applications.
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1.4 Obijectives of the thesis

Laser ablation and surface structuring of solid targets is an ongoing area of
research which grew exponentially in the last two decades becasue of its di-
verse applications. Controlled ablation processes with ns and fs lasers present
the opportunity to generate hierarchical micro-/nano-scale patterns, along with
quasi-periodic surface structures exhibiting periodicities close to or less than the
irradiation wavelength. The excellent control achievable in structuring has es-
tablished fs and ns lasers as versatile and ubiquitous tools for surface texturing
with high precision. Since the surface properties of solid targets (optical, wet-
ting, mechanical, etc.) are governed by their morphology, laser-induced surface
structuring is an ideal tool for surface modification. This thesis aims to under-
stand the physics involved in the laser ablation of solid targets in the context of
laser-induced surface structuring applications. In particular, we experimentally
investigate the generation of LIPSS on silicon and fused silica for different ir-
radiation parameters. Modifications in the irradiated targets’ optical, chemical,
and wetting properties are systematically explored. In addition to the conven-
tional Gaussian beam, we employ an optical vortex (OV) beam to fabricate an
array of silicon micro-needles for surface-enhanced Raman spectroscopy (SERS)

applications. To summarize, the objectives of this thesis are the following:

* Perform experiments to investigate the role of different irradiation pa-
rameters (such as wavelength, pulse duration, polarization of the incident

beam) on LIPSS formation on silicon,

® Perform laser-induced breakdown spectroscopy (LIBS) experiments on
patterned surfaces to explore the effect of LIPSS on optical and ion emis-

sions from the plasma,

* Explore the effect of crystallanity in the LIPSS in dielectric materials (fused

silica and quartz),
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» Carry out experiments to modify the surface wetting property of silicon
by irradiation with nanosecond pulses, and study the long-term stability

of surface wetting characteristics,

* Generate OV beams by using a spiral phase plate of topological charge
¢ = 4, and use them to create laser-induced surface features for SERS ap-

plications.

1.5 Organization of the thesis

The thesis is organized into seven chapters as follows:

Chapter 1 gives an introduction to laser ablation and surface structuring. It
provides a brief description of the underlying mechanisms involved in fs and
ns laser-induced surface structuring. Major applications of laser-structured sur-
faces are discussed.

Chapter 2 describes the experimental techniques employed in this work.
It provides a detailed description of the femtosecond and nanosecond laser
sources, characterization tools, spectrometers, and vacuum systems used for
the investigations.

Chapter 3 presents studies of enhanced optical and ion emissions from the
laser-produced plasma generated on a structured silicon surface. The roles of
laser wavelength, pulse duration and background pressure on LIPSS are also
investigated.

Chapter 4 describes fs-laser-induced surface structuring of the dielectric ma-
terials fused silica and quartz. The effect of crystallinity on LIPSS is studied.
Contact angle (C.A.) measurements reveal the formation of superhydrophilic
fused silica surfaces which have potential applications in anti-fouling, anti-
reflective surfaces, and biosensors.

Chapter 5 reports the fabrication and characterization of large area micro-

/nano-textured silicon surfaces using nanoseconds (7 ns) laser pulses. An area
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of 6x 6 mm? has been textured by the parallel line scanning method resulting in
a superhydrophilic silicon surface, with the contact angle reduced substantially
from 80° to 5°. Potential applications of these surfaces include heat-exchangers,
biosensors, cell adhesives, and self-cleaning solar cells.

Chapter 6 illustrates the generation and characterization of optical vortex
(OV) beams by using a spiral phase plate of topological charge (¢ = 4). Sur-
face structuring is carried out employing the fs OV beam, enabling the gener-
ation of complex surfaces. Micro-needles have been fabricated on crystalline
silicon(100), which have several practical applications.

Chapter 7 gives a summary of the work done. A brief overview of future

directions also is given.
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Chapter 2

Experimental methods and

techniques

This chapter describes the experimental methods used for femtosecond and nanosecond
laser ablation and surface structuring of selected solid targets. Laser sources producing
short and ultrashort laser pulses of 7 nanoseconds (ns) and 100 femtoseconds (fs) dura-
tion, respectively, have been employed to fabricate laser-induced surface structures and
to generate dense laser-produced plasmas. The chapter also includes a brief description
of the optical setup and instrumentation used for generating optical vortex (OV) beams

for surface modification.

2.1 Introduction

Powerful lasers are versatile tools that have received substantial research in-
terest in the past decade due to various applications in the fields of micro-
and nano-fabrication, and laser ablation. Monochromaticity and wavelength
tunability of the state-of-the-art lasers enhance the processing efficiency for all
kinds of materials (metals, semiconductors, glasses, and polymers) even with
non-planar surfaces. Another advantage of direct laser processing is the gen-

eration of various types of hierarchical surface structures of nano-/micro-scale.
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Unlike other conventional techniques such as lithography and chemical vapor
deposition (CVD), laser-induced surface structuring is a single-step process that
does not require cleanroom facility [1, 2]. Furthermore, ultrashort pulses of fs
duration enable high precision for the produced geometry because of the min-
imal heat-affected zone (HAZ). This thesis addresses fs and ns laser-induced
surface structuring by employing conventional laser beams with a Gaussian in-
tensity profile, and also an unconventional Optical Vortex (OV) beam having a
dough-nut shaped intensity profile. OV beams can possess orbital angular mo-
mentum (OAM) in addition to different states of polarization (e.g., azimuthal,
radial, spiral, etc.), and they can be generated by using a unique optic known as
spiral phase plate (SP-plate).

The experimental tools used in this thesis consist of three types, namely (i)
laser systems, (ii) vacuum systems, and (iii) detection systems. The details of
laser systems are discussed in the next section, followed by vacuum systems
and detection systems. The major part of the experiments have been carried
out at atmospheric pressure, but some experiments have been performed under
high vacuum (107° Torr) as well. These experiments illustrate the important

features and applications of surface structuring [3].

2.2 Laser systems

Lasers producing sufficiently high optical intensity are essential for soft abla-
tion (surface structuring) and hard ablation (laser-produced plasmas). One of
the major advantages of using lasers for material processing is that precise con-
trol of energy deposition on the designated area becomes possible. The work
reported in the present thesis is carried out by using femtosecond and nanosec-
ond laser systems. The femtosecond laser system consists of two major compo-

nents:

¢ Femtosecond laser Oscillator (Tsunami, Spectra Physics) pumped
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by a CW Nd:YVO, laser (Millennia Pro-S, Spectra Physics)

* Femtosecond regenerative amplifier (TSA-10, Positive Light)
employing Chirped pulse amplification (CPA), pumped by a Q-switched

Nd:YAG laser (Quanta Ray, Spectra Physics)

These laser systems are discussed below.

2.2.1 Femtosecond oscillator system

The femtosecond oscillator (Tsunami, Spectra Physics) is a solid-state
laser consisting of a titanium-doped sapphire (Ti:Sapphire) crystal as the lasing
medium (Figure 2.1). Ti:Sapphire crystals are made by introducing Ti,O3 into
the melt of Al,O;, and titanium ions (Ti*") are responsible for laser action.
Absorption transitions cover a broad range of wavelengths extending from
400 nm to 600 nm, and fluorescence transitions occur from the excited state’s
lower vibrational levels to the ground state’s upper vibrational levels. Due
to the overlap of the long-wavelength side of the absorption band with the
short-wavelength side of the fluorescence band, lasing is possible only for
wavelengths longer than 670 nm. The Ti:Sapphire crystal facilitates tunability
over a broad range in the near-infrared region (700 - 1000 nm). Tunability
depends on the pump power, mirror losses, and tuning element losses.

The pulse width of the oscillator is affected by the cavity parameters and the
optical components. It consists of a ten mirror folded cavity. An acousto-optic
modulator (AOM) ensures the generation of pulses at a repetition rate of 82
MHz by regenerative mode-locking. The AOM employs an active feedback
mechanism, where the RF signal which drives the AOM is derived directly
from the cavity. The regenerative mode-locking configuration eliminates
the major drawback of the active mode-locking technique by automatically
adjusting the drive signal to the modulator according to the cavity length.

Multiple optical components in the laser cavity, in addition to the self-phase
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Figure 2.1: Photograph of the femtosecond laser oscillator.

modulation (SPM) occuring in the Ti:Sapphire crystal, introduce positive group
velocity dispersion (GVD). To compensate for the positive GVD, two pairs
of prisms are introduced in the cavity to create an equivalent negative GVD.
The output wavelength is tuned using a variable slit located in the path of the
dispersed beam.

The Ti:Sapphire crystal, which has a length of 1 cm, is pumped by a contin-

Figure 2.2: Photograph of the Nd:YVO, pump laser for the femtosecond oscillator.

uous wave (CW) Nd:Vanadate (Nd:YVO,) diode-pumped laser (Millennia
Pro-S, Spectra-Physics) shown in Figure 2.2. A CW diode laser (809
nm, 40 W) pumps the Nd:YVO, crystal via an optical fiber module. A compact

chiller regulates the Nd:YVO, crystal temperature in the laser head via water
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re-circulation. The fundamental emission (1064 nm) from the Nd:YVO, crystal
is converted into the second harmonic (532 nm) using a Lithium Triborate
(LBO) crystal. The maximum output power of the Millennia Pro S laser is
5.2 W. The beam has a diameter of 2.3 mm with the TEM,, (Gaussian) spatial
intensity distribution. The femtosecond oscillator produces pulses of duration
< 80 fs at a repetition rate of 82 MHz. The output wavelength is tunable from
720 nm to 850 nm for our system, and a maximum average power output of

550 mW is obtained at the peak of the tuning curve (790 nm).

2.2.2 Femtosecond regenerative amplifier

Most ablation applications of ultrashort pulses require energies in the range of
millijoules (m]), which is not available from conventional Ti:Sapphire oscillators
(which produce much lower energies, typically ~ 10 nJ). Direct amplification of
ultrashort pulses from the nJ to the m]J level is not possible because the high
peak intensities involved will surpass the damage thresholds of the laser media
and optical components used in optical amplifiers. The research work of D.
Strickland and G. Mourou (1985) [4] led to the adoption of the CPA (chirped
pulse amplification) technique into the optical region, making the amplification
of ultrashort pulses feasible without component damage.

CPA works in three stages; (i) pulse stretching, (ii) pulse amplification, and
(iii) pulse compression. Figure 2.3 shows the schematic diagram of the CPA
technique. Femtosecond laser pulses of n] energy from the oscillator are first
stretched in time to hundreds of ps width by employing two gratings. These
stretched pulses are then amplified in a Ti:Sapphire crystal to several tens of
millijoules energy in the regenerative cavity. Finally, a grating pair compresses
the pulses back to the original pulse width. Energy for amplification is obtained
from another laser that pumps the amplifier crystal.

Our regenerative amplifier (TSA-10) houses a Ti:Sapphire crystal which is

pumped by a frequency-doubled Nd:YAG laser having maximum pulse energy
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Figure 2.3: Schematic representation of the CPA technique (figure is adapted from [5]).

of 280 mJ, operating at 10 Hz repetition rate. The femtosecond pulse train from
the ultrafast oscillator (at 82 MHz), routed by a mirror into the TSA-10, is ini-
tially sent to the pulse stretcher. The stretcher introduces a positive chirp such
that different frequency components travel at different speeds, elongating the
pulse to about 300 ps width. Afterwards, a quarter-waveplate (\/4) and Pock-
els cell (PC1) in the regenerative cavity act together to trap a single pulse from
the 82 MHz pulse train. The regenerative cavity consists of a Ti:Sapphire crys-
tal as the amplifying medium, which gets optically pumped by the Nd:YAG
laser. The trapped pulses oscillate in the regenerative cavity and gain energy in
each trip as they pass through the crystal. After several round trips (typically
20), when the pulses gain sufficient energy, the tallest pulse is reflected out of
the cavity with the help of an electro-optic switch (cavity-dumping). The fast
electro-optic switch consists of a Pockels cell (PC2) and a polarizer, which can
pick a single pulse from the amplified pulses. By this method, an input pulse of

a few nJ energy gets amplified to around 3 mJ energy.

For further amplification, the cavity-dumped pulse is then directed to a
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Figure 2.4: Femtosecond chirped-pulse regenerative amplifier system used for the ex-
periments.

double-pass linear amplifier (a Ti:Sapphire crystal), which has a gain of about 4.
The amplified output from the double-pass amplifier is then compressed back
to the original pulse width (100 fs) by introducing a negative chirp by using
a pulse compressor (grating). Thus, the TSA-10 can generate 100 fs pulses of
more than 10 m] energy at a repetition rate of 10 Hz, which have been used in
the present experimental work (shown in Figure 2.4). The timings associated
with the switching of the Pockels cells is very critical for the CPA system. The
input Pockels cell must be switched at the same time, when only a single pulse
from the 82 MHz train enters the resonator cavity. This is done by switching the
Pockels Cell in synchronization with the RF signal generated by the AOM of the
femtosecond oscillator, with the help of a Synchronization and Delay Generator

(SDG) unit.
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2.2.3 Nanosecond laser system

The Chirped pulse amplification (CPA) based regenerative amplifier unit
(TSA-10) requires optical pumping, which is provided by a Q-switched
neodymium-doped yttrium aluminum garnet (Nd:YAG) laser (Quanta Ray,
Spectra Physics). Nd:YAG is a popular four-level solid-state laser emitting
at 1064 nm, with triply ionized neodymium as the active medium. In our laser,
the Nd:YAG crystal is pumped by two flash lamps whose output matches the
principal absorption bands of the crystal in the red and near-infrared regions.
The fundamental emission is frequency-doubled to 532 nm in a potassium
di-deuterium phosphate (KDP) crystal, producing 7 ns, 275 m] pulses at a
repetition rate of 10 Hz. These high-energy pulses are generated by means
of Q-switching, which is a method for achieving energetic short (but not
ultrashort) light pulses by modulating the intracavity losses, and thus the Q
factor of the laser cavity. The Q-switching assembly consists of a polarizer, a
Pockels cell (voltage-controlled waveplate), and a quarter-waveplate (\/4). By
fast-switching the high voltage applied to the Pockels cell, the stored energy in
the cavity is allowed to exit from the resonator in a short duration, generating

a ns pulse output.

2.3 Vacuum systems

Laser ablation of target is directly influenced by the surrounding gas and its
pressure because of the several complex dynamical process involved in laser-
matter interaction. Hence, the ambient gas (e.g. nitrogen) and pressure (which
could be down to vacuum in some cases) are crucial in these experiments. The
basic components required to control ambient conditions in laser ablation ex-
periments are the following: (i) vacuum chamber, (ii) dry pump and turbo-
molecular pump, and (iii) target motion controller. We have performed exper-

iments in background pressures ranging from 760 Torr (atmospheric pressure)
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to 10~° Torr.

2.3.1 Vacuum chamber

The vacuum chamber used in this work is cylindrical in shape and horizontally
placed (Ilength = 75 cm, diameter = 25 cm). It is connected to a bigger cylindri-
cal chamber of approximately 300 litres volume, which is vertically placed (1 m
diameter, 40 cm height). The irradiation targets are placed in the smaller cham-
ber, which has five viewports and one connecting port to the bigger chamber.
A high-vacuum compatible target holding translation stage and an electrical
feedthrough are connected to the 100 CF port located at the top of the small
chamber (Figure 2.5).

# Target
manipulator

Figure 2.5: Vacuum chamber and target manipulator used for the experiments. The
bigger chamber can be seen in the background. Spectrometers also can be seen.
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2.3.2 Vacuum pumps

The ambient pressures required for our experiments are in the range of 760
Torr to 107° Torr. To create high-vacuum a powerful pumping system is re-
quired, which typically consists of a roughing pump to reach the background
pressure of 1072 Torr, which is followed by a high vacuum pump, e.g., rotary
vane pump or turbomolecular pump (TMP). While a rotary vane pump causes
oil contamination, oil-free vacuum is obtained by employing a turbomolecular
pump. We use a turbomolecular pump (Model TPU 2101 PC, Pfeiffer,
2000 rev/s)whichis backed by a dry pump (Model Unidry DBP 050-4,
Pfeiffer, 180 rpm)to obtain clean vacuum.

The Turbomolecular pump consists of pairs of very fast spinning rotating rotor
blades and stationary stator blades. The working of the TMPs is based on the
transfer of kinetic energy to the gas molecules by hitting them with the fast ro-
tors, and then pushing them out of the system. TMP needs a background pres-
sure of about 5x10~2 Torr to start its operation, for which we use the dry pump
as a primary pump to evacuate the chamber down to 5x10~2 Torr. The rough
vacuum (ranging from 760 Torr to 10~2 Torr) is measured with a Pirani gauge,
while the higher vacuum is measured using a cold cathode gauge (measuring
range of 7.5x107* Torr to 1.5x107? Torr). The cold cathode gauge (Penning
gauge) is an ionization gauge that generates a discharge between two metal
electrodes upon the application of a high DC voltage to ionize the gas present
in the chamber. Thus, the discharge current is proportional to the pressure of
the chamber. In our experiments, the TMP, in conjunction with the dry pump,
lowers the chamber pressure down to 5x107¢ Torr in about 25 minutes. When
the ambient gas is nitrogen, the pressure inside the vacuum chamber is con-
trolled through a needle valve and a regulator.

During laser ablation experiments, the target needs to be moved after every
shot( or after a few laser shots) to ablate the fresh sample surface. To facilitate

target movement we have used a stepper-motor controlled XY translation stage,
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which is attached to the chamber via Wilson seal to the vacuum compatible tar-
get holder fixed inside. This setup provides movements in both horizontal and
vertical directions (50 mm in both directions) with an accuracy of 12.5 pm. Pre-
cise automated motion in the X and Y directions is achieved by a custom-made
electronic circuit, which is controlled by a LabVIEW program. Control signals
from the PC are given via the LPT port (parallel port) to the target manipulator.

Details of this circuit are provided elsewhere [6].

2.4 Detection systems

Detection systems are an integral part of the experiments presented in this
thesis, which include fast photodiodes, energy/power meters, beam profiler,
intensity autocorrelator, CCD cameras, spectrometers, and digital phosphor
oscilloscope. A fast mechanical shutter synchronized with the "Advance
Q-switch’ trigger signal from the Nd:YAG laser, along with a 25 MHz arbitrary
function generator (AFG 3022B, Tektronix),is used to control the number
of laser pulses falling on the target. A Si-PIN fast photodiode (ET-2030,
Electro-Optic Technology Inc., USA) having a rise time of ~ 300 ps
is used to trigger the spectrometer and ICCD camera. The spectral bandwidths
of the femtosecond oscillator and amplifier are measured using a portable
spectrometer (Flame, Ocean Optics) for calculating the time-bandwidth
product. The spatial profile of the beam and the focal spot size are measured
with the help of a 12-bit CCD beam profiler (BC106N-VIS, Thorlabs
Inc., USA). Laser pulse energy and average power are measured by em-
ploying (i) pyroelectric energy meter (RjP-735, Laser Probe Inc.), (ii)
pyroelectric power meter and energy meter (Laserstar, Ophir), and (iii)
Analog power meter with thermopile sensor (407 A, Spectra Physics).

Details of the other detectors used in our measurements are given below.
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2.4.1 Spectrometer

To record the spectra of optical emissions emanating from laser-produced
plasma of solid targets, we have used a Czerny-Turner spectrometer (1HR320,
Horiba Jobin Yvon). It has a spectral resolution of about 0.06 nm at the
CCD detector. A compact CCD camera from Horiba Jobin Yvon (Synapse)
and a photomultiplier tube (PMT) from Hamamatsu (R943-02, rise time ~3

ns) are attached to the spectrometer (Figure 2.6).

Figure 2.6: Photograph of the iHR320 spectrometer equipped with CCD and PMT de-
tectors.

The iHR320 is a fully automated triple grating spectrometer with a focal
length of 320 mm (f/4.1 aperture). The on-axis grating turret drive can
accommodate three gratings with three different resolutions, which can be
individually selected via an Origin program written in the Visual BASIC
platform. The CCD can collect emission spectra within the spectral range of 150
nm to 1500 nm, while the PMT can record optical time of flight (OTOF) data of
the plasma components. We performed laser-induced breakdown spectroscopy
(LIBS) of nano-structured silicon using iHR320, and the results are discussed in

detail in chapter 3.
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2.4.2 Charge detector: Faraday Cup

The Faraday cup is an electrically biased metal cup that can be used to col-
lect charged particles from a plasma plume. The collected ions or electrons
will form a current which is measured. We used a Faraday cup from Kimball
Physics Inc., Model FC-71A,which consists of a hollow copper cylinder

with a mesh in front of it (Figure 2.7). The charge collection area is 5 mm?

Vee

Shielded - =
pipe

Figure 2.7: Photograph of the Faraday cup (left panel) and the electrical diagram of the
ion probe circuit (right panel).

and an outer grounded cylinder provides shielding. An electrical connection is
made via the base of the Faraday cup, terminating in a BNC connector. The sig-
nal passes through the vacuum feedthrough, to a digital phosphor oscilloscope.
The Faraday cup should be voltage biased to reduce the scattering of electrons
or ions collected in the cup, and also to reduce the collection of secondary elec-
trons. Typically, -30 V can be applied for positive ions, while for electrons and
negative ions it is +30 V. Biasing is done by placing DC voltage source between

the vacuum feedthrough and the oscilloscope.

2.4.3 Digital phosphor oscilloscope

We used a fast digital phosphor oscilloscope (DP0O7354, Tektronix) with

four input channels for displaying and measuring the optical time of flight
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(OTOF) signals taken with the Faraday cup. The scope has an analog band-
width of 3.5 GHz. The real-time sampling rate is 40 GS/s while operating with
a single channel, which reduces to 10 GS/s when all four channels are active
simultaneously. Since the rise time of this DPO (110 picoseconds) is an order of
magnitude smaller than that of the PMT (2 ns), it can measure the OTOF signals
accurately. The instrument works on Windows XP platform and facilitates the

storage of both ASCII data and screen capture for further analysis.

2.5 Laser ablation using structured light

According to classical electrodynamics and quantum mechanics, light possesses
not only energy, but also momentum. This momentum, which is responsible
for radiation pressure, can be either linear or angular in nature. Experiments
explaining radiation pressure have revealed that light transfers its momentum
to matter by generating a mechanical pressure during scattering and absorbing
events [7]. Nowadays, the linear momentum of light is being routinely em-
ployed for trapping and cooling atoms and molecules. According to Poynting’s
theory, circularly polarized light carries an intrinsic spin angular momentum
(SAM). A single-photon carries SAM = £/ (depending only on the beam’s po-
larization and not on its phase) along with the linear momentum p = ik (where
k=2m/)\)[8,9].

In 1992, Allen et al. of Leiden University predicted that light with an az-
imuthal phase dependence of exp{il¢} (here angle ¢ is the azimuthal coordi-
nate in the beam’s cross-section) possesses an angular momentum, which is
independent of the state of polarization. This angular momentum is referred
to as orbital angular momentum (OAM) and can have a value of £ = (h per
photon where ¢ corresponds to the number of twists in the helical wavefront
in one wavelength of propagation. ¢ can take any integer value, positive or

negative, indicating the handedness of the helical wavefront with respect to the
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beam direction [7, 10] (Figure 2.8). However, unlike SAM, OAM is independent
of the polarization state of the beam, but it depends on the spatial distribution
of the field. Thus, SAM and OAM represent two discrete forms of degrees of
freedom of light beams. The sum of SAM and OAM gives the total angular
momentum of any light field. The beam possessing SAM can be generated sim-
ply by using a quarter-wave plate (\/4), which converts linear polarization to
circular polarization. However, in order to generate a beam carrying OAM we
need the help of some optical devices, which enable spin-to-orbital conversion
(STOC) of the angular momentum of light [11]. The fundamental concept be-
hind this is the manipulation of the beam’s polarization in order to introduce
a space-variant Pancharatnam-Berry phase' [12]. The beams generated using
STOC devices have an unconventional beam profile, and they are referred to as
structured beams. Structured beams (possessing a screw dislocation or phase
singularity) carry OAM, and an Optical Vortex (OV) beam is an example of a
structured beam.

The work presented in this thesis includes direct fs and ns laser ablation
of suitable targets for generating surface structures, by employing Gaussian as
well as OV beams. OV beams have a spiral phase wavefront around the optical
axis, and this causes a singularity point where the phase is undefined. These
beams can have various states of polarization such as azimuthal, radial, spiral,
etc, depending upon the input beam polarization. In our case, we have used
a special diffractive optical element called Spiral Phase Plate (SPP) to generate

the OV beam, which will be described in the next section.

2.5.1 Spiral phase plate

The OV beams can be obtained by imposing a spiral phase distribution onto the

input beam. Various methods such as astigmatic lens converter, computer gen-

'These phase devices are also referred to as Pancharatnam-Berry optical elements (PBOE).
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Figure 2.8: Schematic representation of OV beams carrying different / values: pictures
of the instantaneous phase (top panel), annular intensity profiles (center panel), and
interference pattern of an OV beam with a plane wave, exhibiting a spiral intensity pat-
tern (bottom panel). Green arrows show the Poynting vector following a spiral trajec-
tory around the axis (top panel). The number of spiral arms (bottom panel) equals the
number of intertwined helical phase fronts of the helical beam. This figure is adapted
from [9].

erated fork hologram [13], spatial light modulator (SLM) [14], Q-plates [15, 16]
and spiral phase plate [17] can be used to generate OV beams carrying OAM.
A spiral phase plate (SP-plate) is a light-transmitting plane-parallel plate, one
side of which is a staircase kind of relief. The thickness of the SP-plate increases
in order to introduce a phase retardation which is proportional to the azimuthal
angle around a point in the middle of the plate. When an input beam is passed
through an SP-plate it acquires a helical wavefront, because the variable phase
retardation is proportional to the azimuthal angle around the propagation axis.
In our experiment we have used a SP-plate (Holo/Or Ltd, VL-218-1-Y-A)
of topological charge ¢ = 4, which provides an azimuthal phase of 2¢7. The
schematic representation of OV beam generation using the SP-plate is shown
in Figure 2.9. The spatial intensity profile of the OV beam as a function of the
radius r along the diameter of the beam generated by using the SP-plate of topo-
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logical charge ¢ = 4 is displayed in Figure 2.10.

Helical wavefront

SP-Plate

Plain wavefront

Figure 2.9: Schematic representation of OV beam generation using the SP-plate of topo-
logical charge ¢ = 4.
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Figure 2.10: Spatial intensity profile (horizontal cross-section) of the OV beam gener-
ated by using the SP-plate of topological charge ¢ = 4. r is the radial distance along the
diameter od the beam. The inset image shows the OV beam profile, captured using the
Thorlabs beam profiler.
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2.6 Surface characterization techniques

In order to investigate and characterize the structures generated on targets by
laser irradiation, we have employed various instruments such as scanning elec-
tron microscope (SEM), atomic force microscope (AFM),UV-Vis spectrometer,
Raman spectrometer, energy dispersive X-ray (EDX) spectrometer, X-Ray pho-
toelectron Spectrometer (XPS), and contact angle meter. The details of these

systems are provided in the following sections.

2.6.1 Scanning electron microscopy (SEM)

Generally, the characterization of any surface is carried out with the help of
SEM. We obtained and analyzed details of laser-induced surface features and
modified surface morphologies by using a Field Emission Scanning Electron
Microscope (FESEM, Carl Zeiss ULTRA Plus). In the SEM, a focused
beam of energetic electrons (3 to 20 keV) is used to generate secondary electrons
(SE) and back-scattered electrons (BSE) from the surface of a sample. Signals
derived from electron-sample interactions are collected using two detectors:
(i) In-Lens (IL) detector, and (ii) secondary electron Everhart Thornley
(ET-SE) detector. These signals provide important information about the
samples, such as external morphology (texture) and chemical composition.
Crystalline structure and orientation also can be obtained. With the help of
the IL detector we have achieved micrographs with good contrast and high
lateral resolution. On the other hand, better topographic information (in the
case of silicon micro-needles) is obtained using the conventional secondary
electron detector. SEM micrographs provide crucial information about the laser
modified surface, such as spatial periodicity of ripples and grooves, ablation
area (for threshold calculation), size of the nanoparticles deposited back on
the surface during ablation, etc. A thin layer of platinum is sputtered onto

laser-irradiated fused silica and quartz samples using (Quorum Q150 R) to
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prevent charging while imaging.

2.6.2 Energy dispersive X-ray (EDX) spectroscopy

When highly energetic electrons (15 keV to 20 keV) interact with a material,
X-rays are generated along with BSE. This leads to the generation of character-
istic X-rays, revealing the elements present in the sample. An energy-dispersive
Si(Li) crystal-based detector is used to separate characteristic X-rays of different
elements into an energy spectrum. This spectrum is then used to analyze the
composition of the samples. Our FESEM system is equipped with Energy dis-
persive X-ray (EDX) spectrometer (X-Max, Oxford Instruments) for car-
rying out fast detection of the elemental composition of materials. The effi-
ciency of the detector will be limited if two elements have characteristic spectra
which lie too close, within the resolution of the detector. Hence, elements with

lower atomic numbers cannot be characterized efficiently using X-ray emission.

2.6.3 X-Ray photoelectron spectroscopy (XPS)

We have used a surface-sensitive technique, XPS [18], for quantitative measure-
ment of different elements and their chemical or oxidation states. An X-ray
beam (Al K, or Mg K,,) falls on the material’s surface, which gives rise to pho-
toelectrons. The kinetic energy (K.E.) of these electrons can be calculated from
the equation:

K.E.=hv—B.E.— ¢ 2.1)

where hv is the energy of the incident photon, B.E. is the binding energy of the
ejected photoelectron, and ¢ is the work function which depends on the sam-
ple. B.E. of these photoelectrons is directly associated with the chemical state
of the atom from which they are ejected. Thus, B.E. is indicative of the chemi-
cal and electronic state of the sample. We have measured XPS spectra of laser-

irradiated Si samples by using an ESCALAB MKIV spectrometer which employs
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Al K, (1486.6 eV) radiation and automatic charge neutralization. Survey spec-
tra showing all the elements present in the sample and high-resolution spectra
of selected binding energy regions, have also been collected for detailed analy-
sis of the chemical state of different elements. We have used the Cls spectrum
of adventitious carbon (with B.E. = 284.8 eV) as a reference. The analysis of the
measured spectra is done using Fityk software after Shirley type background

correction.

2.6.4 Atomic force microscopy (AFM)

In addition to the SEM, we have also used an AFM (Pico Scan 3000,
Molecular Imaging) to characterize the three-dimensional topography of
laser irradiated surfaces at high resolution (order of few nm). The working of
this microscope is based on the interactions between a sharp, probing tip and
the surface. AFM images are obtained by the lateral movement of the probing
tip, which raster scans the surface of the sample. The deflections of the tip can-
tilever are digitized as a function of its lateral position by using a piezoelectric
diode. Due to its high lateral and vertical resolution, the AFM is appropriate
for characterizing very shallow surface features, allowing the measurement
of small crater depths and volumes. In addition, AFM measurement can be
directly performed in air rather than in vacuum, and it does not require the
sample surface to be conductive (like in the case of SEM). However, AFM has
a few disadvantages, including low dynamic range (typically less than 2 pm),
and limited scanning area (typically up to 75 x 75 um?). Moreover, if there is
considerable topology variation on the surface the tip would not be able to

measure, and the image will be distorted due to noise.

2.6.5 Raman spectroscopy

Raman spectroscopy is based on the inelastic scattering of photons by

molecules. Inelastic scattering of monochromatic radiation by molecules results
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in scattered radiation which consists of high and low-frequency components.
The scattered radiation gives information about the vibrational energy states
of the molecule, becoming the fingerprint of the specific molecule. We used
structured Si surfaces as substrates for surface-enhanced Raman spectroscopy
(SERS) measurements. A confocal Raman spectrometer (Model-T64000,
Horiba Jobin Yvon) having 514, 632, and 785 nm excitation wavelengths
at 2.0 mW power, was used in the back-scattering geometry to collect Raman
spectra from the laser irradiated targets, using the dye Rhodamine 6G (R6G) as
analyte. Each spectrum has been measured at two different accumulations to
avoid noise in the spectra. Gratings with 1800 1/mm and 2400 1/mm rulings
have been used for the measurements, with accumulation times of 20 s and 30
s.. Before collecting each Raman spectrum, the spectrometer is calibrated using

the Si non-dispersive peak which is situated at a Stokes shift of 520.7 cm™!.

2.6.6 UV-Vis spectroscopy

The reflectance and transmittance spectra of the laser structured surfaces have
been recorded by using a Jasco V-570 UV-Vis-NIR spectrophotometer. Dif-
fused and specular reflectance have been measured with the help of an inte-
grated sphere (INS-470), equipped with the same instrument. Deuterium and
tungsten halogen lamps are used as light sources, allowing detection in the

wavelength range 220 to 2000 nm.

2.6.7 Contact angle measurements

The wettability is an important surface property, which describes the ability of a
liquid to either spread or adhere on a solid surface. It is determined by the equi-
librium between the intermolecular interactions of the adhesive (liquid to sur-
face) and cohesive (liquid to liquid) type [19-21]. The degree of wetting of any
solid surface by a liquid is determined by contact angle (CA) measurements.

The CA is determined at the triple point where the solid, liquid and vapour in-
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terfaces intersect each other (Figure 2.11 a). Considering water as the liquid, the
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Figure 2.11: Representation of the various models describing the wettability of a solid
surface.

wetting state of solid surfaces can be classified as hydrophobic with contact an-
gles higher than 90°, and hydrophilic with contact angles lower than 90°. Apart
from these states, two extreme wetting states are also found in nature, known as
superhyrophobic (CA > 150°), such as self-cleaning lotus (Nelumbo nucifera)
leaves, and superhydrophilic (CA < 10°), such as water harvesting wings of the
Namib desert beetle. According to Young’s model [22], at the contact angle (6y)
the liquid drop is in thermodynamic equilibrium under the action of three inter-
facial tensions: solid-vapour (vysy), solid-liquid (ysz), and liquid-vapour (y.v),

described by the Young’s equation,

Yov cos(fy) = ysv — Vsi (2.2)

However the Young’s equation is valid only for smooth solid surfaces, which is
not the case in general. Typically, any solid surface will have some finite rough-
ness, and for such surfaces the Young’s model fails to predict the CA accurately.
To improve the accuracy in CA measurement, Cassie—Baxter [23] and Wenzel et
al. [24] proposed theoretical models which describe the effects of macroscopic
surface roughness on the wettability of solid surfaces. For highly hydrophobic
surfaces the Cassie-Baxter model (Figure 2.11 b) is usually considered because
the multiscale surface morphology provides tiny air pockets, which enhance

the hydrophobicity of the surface. On the other hand, hydrophilicity (homoge-
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neous wetting) is best explained by the Wenzel model (Figure 2.11 c). Accord-
ing to Wenzel’s theory, wetting of surfaces that have a CA less than 90° can be
improved by increasing the surface roughness. The relation between surface

roughness and contact angle is given by,
cosbty = rcosl (2.3)

where 0y, and 0; are the apparent (macroscopic) and Young (intrinsic) contact
angles measured on rough and flat surfaces of the same material, respectively,
and r is the roughness factor (correction factor) defined as the ratio between the
actual and projected surface areas of the sample. Another key parameter which
affects the wettability of any solid surface is the chemical composition which
determines the surface free energy. High surface energy leads to hydrophilicity
and low surface energy leads to hydrophobicity.

We have used an optical contact angle goniometer (DM 501, Kyowa) to
measure the CA of the surfaces. Static contact angle measurements have been
performed to understand the effect of fs-laser irradiation on the wetting proper-
ties of structured silicon surfaces by using the sessile drop method [25]. In CA
measurements, a droplet of distilled water of volume 1 pL is gently positioned
on the surface using a micro-syringe, and images are captured to measure the
angle formed at the solid-liquid interface. Further details are discussed in chap-

ter 5.

2.7 Laser texturing set up at a glance

The schematic of the experimental setup used for laser-induced surface struc-
turing is shown in Figure 2.12. Laser ablation and structuring have been per-
formed utilizing both fs and ns laser pulses. An electro-mechanical mechanical
shutter synchronized with the Q-switch signal of the Nd:YAG laser is used for

controlling the number of pulses falling on the target. Motorized X and Y trans-
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Figure 2.12: Schematic of the experimental set up used for laser-induced surface struc-
turing. HWP - half-wave plate, PBS - polarizing beam splitter, M - mirror, S - electro-
mechanical shutter, L - focusing lens, TS - motorized XY translational stage, D - pyro-
electric detector, and EM - energy meter. The sample is mounted on the XY translation
stage.

lation stages operated with the help of a LabVIEW program are used to translate

the target are required.

2.8 Summary

The instruments and techniques employed for the measurements reported in
this thesis are described in this chapter. A general layout of the experimental
setup is provided. Changes to this experimental layout, if any, are discussed in

detail in the experimental sections of the related chapters.
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Chapter 3

Femtosecond laser texturing of

silicon

This chapter discusses the generation of various surface structures on crystalline sili-
con (100) by irradiation using 100 femtosecond laser pulses having a Gaussian spatial
profile. The influence of irradiation parameters such as pulse energy, number of pulses
and laser wavelength on the surface morphology is illustrated. The role of background
pressure on the appearance of quasi-periodic structures is studied. Experimental condi-
tions are optimized for fabricating large area nanostructured surfaces, and the effect of
surface structuring on the optical and morphological properties is investigated. Charac-
terization of a fs laser-induced plasma generated on the nanostructured surface reveals

enhanced optical emission and increased ion currents.

3.1 Introduction

Direct laser surface structuring of solid targets and the subsequent modifica-
tion of their optical, mechanical, chemical, biological, and other properties has
been an intensive research topic over the past three decades [1-6]. Even though
laser-induced surface structuring was first reported by Birnbaum in 1965, most

of the theoretical and experimental investigations happened only by the begin-
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ning of the 1980s [1-3, 7-9]. Various types of laser-induced surface structures
including periodic patterns can be fabricated in the micro- and nano-scale by
gentle laser ablation. Among all, laser-induced periodic surface structuring is
a widely accepted method because of the flexibility it offers in the fabrication
process. The precision offered by fs laser ablation is preferred in most of the
LIPSS fabrications in recent years owing to its advantages (less heat affected
zone, no laser-plasma interaction) over conventional nanosecond laser process-
ing [5, 6]. Femtosecond laser-induced periodic surface structures (fs-LIPSS) has
been studied in a variety of solids (for example metals, semiconductors, dielec-
tric, and polymers) by using irradiation energies close to their ablation thresh-
olds. LIPSS formation depends not only on the irradiation conditions, but also
on the material properties and ambient condition. The typical LIPSS patterns,
often termed “ripples,” are oriented according to the laser polarization, with the
spatial periodicity scaling with the laser wavelength. In addition, other quasi-
periodic structures called “grooves” have also been observed, which show a
preferential alighment parallel to the laser polarization, orthogonal to the rip-

ples [4-6].

The underlying physical mechanisms of LIPSS formation are still a topic
of debate; however, two different theories have been proposed, namely, the
(i) “static” (interference) model, and the (ii) “dynamic” (self-organization)
model [8, 10-12]. Upon laser irradiation, collective longitudinal oscillations
of electrons called surface plasmon polaritons (SPPs) can be excited which
propagate along the conductor-dielectric interface. According to the static
model, the interference of the incident laser beam with the excited SPPs
results in a spatially modulated energy distribution on the surface which
results in grating-like structures [8, 10]. On the other hand, according to
the dynamic model, laser irradiation induces a high degree of instability at
the target surface, and the resulting perturbed surface then relaxes through

self-organization [11, 12]. The spatial period and orientation of LIPSSs strongly
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depend on the laser irradiation conditions, i.e., pulse energy (E), number
of pulses (N), and state of polarization (SoP). The detailed categorization of
LIPSSs has been given in section 1.3. In most metals and semiconductors, LSFL
orientation is perpendicular to the laser polarization while HSFL orientation
and the grooves are found to be parallel to the laser polarization. Contrary
cases of ripple orientation have also been reported in some materials due to the

material properties [4-6].

Silicon is one of the most extensively used materials in the field of photo-
voltaic cells, infrared (IR) detectors and opto-electronic devices. The main as-
pect of most of these applications is light collection and its conversion after-
wards, but collection efficiency of silicon usually suffers because of high re-
flection loss at the air-silicon interface due to the abrupt change of refractive
index. Previous studies have shown that one dimensional (1-D) surface grat-
ings can significantly modify the optical properties of semiconductors and ef-
ficiently suppress reflection [13-15]. These 1-D gratings are usually fabricated
on silicon using optical or electron beam lithography techniques. Vorobyev et
al. [16] reported that fs-LIPSS suppresses both the total hemispherical as well
as specular polarized reflectance of silicon surface significantly over the entire
studied wavelength range (250-2500 nm). They have reported that ultrashort
laser processed LIPSSs exhibits clear polarization dependence in the visible
range for both total and specular reflectance. Therefore, fs-LIPSS essentially
gives a polarization-sensitive antireflection surface in the visible spectral range.
Recently Sarbada et al. reported the low reflective properties of picosecond
laser-induced periodic surface structures (ps-LIPSS) created on polycrystalline
silicon. They have achieved almost 36% decrease in the average reflectance of
a Si wafer textured with LIPSS in the wavelength range of 400-860 nm [17].
LIPSSs have presented a successful path towards structural coloration, super-
hydrophobic/superhydrophilic surfaces, efficient substrates for SERS (surface

enhanced Raman spectroscopy), etc [5, 6]. These applications are of great im-
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portance in the fields of materials science, medicine and industry, making LIPSS
an ubiquitous and powerful tool among the different types of surface structur-

ing techniques.

This chapter presents experimental findings on surface structures gener-
ated by irradiation with fs-laser pulses on crystalline silicon (100) targets. The
characteristics of the ripples, grooves and their dependency on laser parame-
ters (wavelength and polarization state) and irradiation conditions (pulse en-
ergy and number of pulses) are discussed. We also address the influence of
background on the morphology of the structured surface. After optimizing
the irradiation conditions we fabricate a large area (5x4 mm?) consisting of
nanostructures, to investigate the influence of surface texturing on the opti-
cal properties of fs laser structured silicon. In addition, we investigate optical
and ion emissions emanating from a laser-produced plasma generated from a
laser-structured Si sample target. From laser-induced breakdown spectroscopy
(LIBS) and ion emission measurements we observe an enhancement in both op-
tical and ion emissions. The optical emission spectrum is measured using a
high-resolution spectrometer, and ion dynamics is recorded using a negatively
biased Faraday cup (FC). The dependence of optical emission and ion dynamics
on ambient pressure also is investigated. Even though enhancements in X-ray
and field emission from various nanostructured targets have been reported pre-
viously in literature, the nature of optical emission and ion generation from fs-
LIPSS targets, irradiated by intense laser pulses, is seldom investigated [18-21].
Enhancements observed in both LIBS and FC signals imply that a large amount
of energy is absorbed when laser pulses interact with nanostructured surfaces.
Furthermore, Periodic surface structuring and subsequent reduction in reflec-
tivity resulting in enhanced absorption open up several possibilities in photo-

voltaics, IR detectors, and other surface science applications.
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3.2 [Experimental details

The schematic of the experimental setup is given in Figure 2.8. LIPSS are fab-
ricated on crystalline silicon (100) using ultrashort pulses generated from a
Ti:sapphire laser system (TSA, Positive Light), delivering 10 m]J, 100 fs pulses at
800 nm with a repetition rate of 10 Hz. Since laser pulse energy (E), polarization
(P), number of pulses (N), nature of the target, and ambient conditions are very
crucial parameters in femtosecond laser surface structuring, precise control of
each of these parameters is necessary for each stage of fabrication [5, 6]. We use
a half-wave plate in combination with a polarizing cubic beam-splitter in the
optical path to regulate the energy of the laser pulse and to select the required
polarization state. A fast electro-mechanical shutter, synchronized with the "Q-
switch Out” of the Nd:YAG laser system, is used for controlling the number of

laser pulses falling on the target.

To understand the influence of the laser wavelength on the ablation thresh-
old and formation of LIPSS, we use the second harmonic wavelength (400 nm)
obtained by introducing a barium borate (BBO) crystal in the beam path. The
remnant of the fundamental wavelength is filtered out using a suitable band
pass filter. The laser beam is focused on the silicon target at normal incidence
using a plano-convex lens of focal length f; = 40 cm. The Si wafer is mounted
on a high precision linear translation stage (Newport M-ILS50PP) so that it can
be moved after each ablation event. The effect of ambient conditions on LIPSS
fabrication is studied by keeping the target in a high vacuum chamber, where
the background pressure can be varied in a wide range (5x10~° Torr to 760 Torr)
using a dry pump and turbo molecular pump (Pfeitfer). The topography of the
processed silicon surfaces is analyzed using a high-resolution field emission

scanning electron microscope (FESEM ULTRA Plus, Carl Zeiss).

In order to study the optical properties of fs-LIPSS surfaces, we fabricated a

large area (5x4 mm?) nanostructured surface using 100 fs, 800 nm pulses under
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atmospheric conditions (as opposed to lithographic setups which require high
vacuum escalating the cost). Since the laser runs at 10 Hz, a very slow transla-
tion stage velocity (0.01 mm/s along the x-axis) and optimized laser conditions
(E and N) are used for line by line scanning. Properly overlapped scanning
(along the y-axis) results in uniform surface structuring over a large area. The
reflectance of the structured samples is measured in the UV /VIS/NIR range by
using an integrating sphere coupled to a spectrophotometer (JASCO V-570). A
CCD coupled high-resolution (0.06 nm) spectrometer iHR320 (HORIBA Jobin
Yvon) is employed to record LIBS emission spectra, and a negatively biased
Faraday cup (Kimbal Physics) is used for measuring ion emission from the
laser-produced plasma [22, 23]. LIBS and Faraday cup measurements are car-
ried out in high vacuum conditions with an input laser intensity I = 1.1 x 10"
W/cm?. To differentiate the behaviour of laser-induced surface structures from
unprocessed silicon, we have recorded LIBS emission spectra and ion currents

from both processed (Si-LIPSS) and unprocessed silicon targets.

3.3 Laser-induced periodic surface structuring of sil-
icon

When a material is irradiated by using multiple fs laser pulses with the pulse
energy kept close to the ablation threshold, various self assembled structures
appear on the surface, whose morphology varies from subwavelength ripples
to microgrooves and quasi-periodic microspikes [24]. The formation of these
surface features is strongly governed by the irradiation conditions (energy of
the incident pulse and number of the pulses falling on the surface). Therefore,
with the fine tuning of irradiation conditions and laser parameters, particular
surface features can be optimized. In order to understand the formation of var-
ious types of LIPSS a systematic study is performed to find the laser-induced

damage threshold, which will be discussed in the next section.
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3.3.1 Laser-induced ablation threshold calculation

Femtosecond laser-matter interaction at fluences close to the damage threshold
leads to gentle ablation and subsequent micro-/nano-structure formation. The
determination of single pulse (Fiy(1)) or multipulse (Fi,(/V)) damage threshold
plays a crucial role in LIPSS fabrication. We estimate laser-induced damage
thresholds for the silicon target for both 800 nm and 400 nm irradiation, by
plotting the area of the laser ablated spot as a function of the incident pulse
energy [25]. For a beam with Gaussian intensity profile, the damaged area is

related to the incident pulse energy through the relation

_ oo (B
o= In (Eth) (3.1)

where oy is the area of the Gaussian beam at the 1/e? point on the energy dis-
tribution, £ is the laser pulse energy, and Ey, is the threshold energy required
to ablate the target. Figure 3.1 represents the variation in the damaged area as
a function of the logarithm of the pulse energy, In(E), for silicon target ablation
with pulses of wavelength 800 nm and 400 nm, respectively. The slopes and
y-intercepts of these graphs are used for determining the beam spot size on the
silicon target, and the threshold energy and threshold fluence for target damage.
The obtained values of peak threshold fluence (Fi,(1)), when ablating with 800
and 400 nm pulses, are 0.32+£0.01 J/ecm? and 0.0940.01 J/cm?, respectively. It is
also noted that the threshold is slightly lower for silicon in atmospheric condi-
tions compared to high vacuum. This observed difference in threshold fluence
(in the presence of air) is due to air breakdown which occurs near the target sur-
face in the early stages of fs laser ablation, and subsequent cascade ionization,
in the target material. The formation of filaments in the presence of ambient gas
may also influence the breakdown in threshold values [26]. The estimated val-
ues of multi-pulse (N = 100) and single pulse (N = 1) laser ablation thresholds of

the silicon target in atmospheric and vacuum conditions for 800 nm and 400 nm
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Figure 3.1: Increase in the ablated area of the silicon target as a function of the logarithm
of the pulse energy, In(E). (a) and (b) are for atmospheric and high vacuum conditions,

respectively, for 800 nm pulses. (c) and (d) present the same data for 400 nm pulses. N
=100 in all cases.

pulses are shown in Table 3.1. It is clear that the ablation threshold fluence for
silicon is lower for shorter wavelength pulses (higher photon energy), and the
obtained fluence values are consistent with previous reports [27-29]. The single
pulse damage threshold can be obtained by considering the incubation factor of
silicon target at 100 fs [28, 29]. All the Si-LIPSS fabrications carried out in this re-
port are performed at fluences close to the ablation threshold values. At higher
fluences [ > 2 x Fiy(1)], the ablated area gets covered with micro-structures or

craters, depending on the nature of the material. The lower threshold fluence at
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Ablation condition Peak threshold fluence | Peak threshold fluence
Ein(N) (J/em?) Fip(1) (J/cm?)
A = 800 nm, 0.15 0.32 £0.01
atmosphere
A = 800 nm, high 0.16 0.34 £ 0.02
vacuum
A = 400 nm, 0.04 0.09 £+ 0.01
atmosphere
A = 400 nm, high 0.06 0.14 £0.01
vacuum

Table 3.1: Femtosecond laser-induced ablation threshold of silicon target under atmo-
spheric and high vacuum conditions, for 800 nm and 400 nm pulses, with N = 100.

shorter wavelength can be explained by considering the optical properties of sil-
icon as a function of wavelength [30-32]. The reflectivity (R) of polished silicon
is 49% at 400 nm and 33% at 800 nm, while the linear absorption coefficient (c)
is two orders of magnitude higher at 400 nm (9.3x10* cm™') compared to that
at 800 nm (8.5 x 10 cm™?) [33]. Since the intensity corresponding to threshold
fluence is of the order 10'* W/cm?, two-photon absorption (TPA) also plays a
significant role in light absorption. The reported value of TPA absorption coef-
ficient (5) at 800 nm is 1.8 cm/GW, while the same at 400 nm is 5 - 10 cm/GW,
as obtained from Ref. [34] by extrapolating the scaling rule reported in Ref. [35].
Therefore, by considering the reflectivity, and the linear and nonlinear absorp-
tion coefficients of silicon, it can be concluded that the absorption and coupling
of light onto the target is more efficient at 400 nm compared to 800 nm, resulting

in a lower ablation threshold fluence for shorter wavelengths.

3.3.2 Formation of Si-LIPSS under different ambient pressures

While most of the structures shown in this chapter are fabricated using 800 nm
fs-pulses, some are fabricated using 400 nm fs-pulses, in order to explore the
role of wavelength (photon energy) in LIPSS fabrication. The standard normal

incidence geometry is used for target irradiation. Since LIPSS formation is very
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sensitive to the number of overlaid laser pulses irradiating the target (N) and
the pulse energy (E), we have carried out the fabrication process as a function
of N and E. A clear, periodic structure is obtained on silicon when E and N
are ~ 80 pJ and 100 pJ, respectively (shown in Figure 3.2), and these optimized
conditions are used for pressure dependent studies and large area surface struc-
turing. Figure 3.2 shows SEM micrographs of fs-LIPSS fabricated on crystalline
silicon under different background pressures (5x10~° Torr, 5x10~% Torr, 10!
Torr, 10 Torr, and 760 Torr respectively) using 800 nm fs pulses. The single pulse
peak fluence on the target is found to be 0.42+.02 J/cm?. The right column of
Figure 3.2 shows the zoomed view of the corresponding micrograph in the left
column.

The prominent influence of the ambient pressure on the structures is evident
in the SEM micrographs. The preferential orientation of periodic surface struc-
tures developed on silicon is perpendicular to the incident laser polarization,
with the spatial period either close to or slightly lower than the laser wave-
length. This type of periodic surface structure is typically known as low spa-
tial frequency LIPSS (LSFL), and its generation mechanism is explained by the
interference of the incident laser pulse with the excited surface plasmon polari-
tons [8, 10, 36]. A slight increase in LIPSS period has been observed when the
pressure reduces from atmosphere to 10 Torr, and the period stays almost steady
thereafter with further decrease in pressure. The spatial period (d) of LIPSS is
around 610-640 nm at atmospheric conditions, which increases to 620-720 nm
when the pressure reduces to high vacuum. The spatial period of LIPSS (d) is
related to the laser wavelength, the angle of incidence, and material parameters

through the following relation:

)\laser
= Re(n) £sinf (3-2)

where )\, is the incident laser light wavelength, 6 is the angle of incidence,

and 7 is the effective refractive index of the dielectric-metal interface for surface
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Pressure (Torr)

Figure 3.2: SEM micrographs of femtosecond laser induced periodic surface structures
fabricated on silicon at different ambient pressures. Each structure is produced by de-
livering 100 pulses, each with 80 pJ energy, at 800 nm. The middle and right panel
show different magnified views of the center portions of the corresponding ablation
spots given in the left panel. The arrow (red color) in the top left micrograph indicates
the laser polarization direction.

plasmons. The measured values of d are consistent with the static (interference)
model of LIPSS formation [2, 10, 36]. Femtosecond laser ablation of solid targets
is a direct route for synthesizing tiny nanoparticles (NPs) in the size range 10-20

nm [37]. Under atmospheric conditions, a large number of ejected NPs settle
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back on the structured surface. NPs count goes down when we reduce the am-
bient pressure to 10 Torr, and thereafter, minimal or almost nil amount of NPs

is observed at lower pressures (from 0.1 Torr to 5x10~° Torr).

Figure 3.3: SEM micrographs of Si-LIPSS fabricated under (a) high vacuum and (b)
atmospheric pressure. Ultrashort pulses at 400 nm with pulse energy E = 4 pJ and
pulse number N = 100 have been used for surface structuring. Red arrows represent
the laser polarization direction.

At atmospheric pressure the ambient gas pushes the NPs back to the target
surface, which results in cluster formation in and around the ablated spot. At
lower pressures the ejected NPs move freely in the forward direction resulting
in very clean periodic surface structures on the silicon substrate. These observa-
tions suggest that fabrication in vacuum gives clean LIPSS whereas fabrication
at atmospheric pressure gives nanoparticle/cluster sputtered LIPSS. We have
also investigated the role of laser wavelength on LIPSS fabrication using ultra-
short 400 nm pulses in both atmospheric and vacuum conditions. To realize the
role of polarization in LIPSS fabrication, the polarization of the incident laser
beam is changed using a half-wave plate in the optical path. The fundamen-
tal beam (A = 800 nm) is removed using a short band pass filter kept after the
second harmonic crystal in the experiment.

Figure 3.3 shows SEM micrographs of Si-LIPSS fabricated using pulse en-
ergy E = 4pJ and N = 100 (equivalent single pulse fluence is F = 0.18 + 0.01
J/cm?), in high vacuum and atmospheric pressure, respectively. Since the pho-

ton energy is twice as high compared to structuring using 800 nm, a slight in-
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crease in fluence above the threshold results in a crater. The induced ripples are
again oriented perpendicular to the laser polarization, which confirms the role
of local electric field oscillation and validity of the static (interference) model
of LIPSS formation [8, 10]. The measured values of d are 340 + 20 nm and 380
+ 12 nm, in atmospheric and high vacuum conditions, respectively. Compar-
ing Figures 3.2 and 3.3, one can easily see that the ambient pressure and SoP
of laser have decisive roles in LIPSS fabrication. The processed surfaces exhibit
enhanced surface areas compared to unprocessed silicon. Since the generated
ripples are of the order of the irradiating wavelength, significant enhancement

in surface area can be achieved by using fs pulses with shorter wavelengths.

As the laser fluence and/or the number of pulses increases, another type of
quasi-periodic surface structure emerges on the silicon surface with the pref-
erential orientation parallel to the laser polarization, covering the underlying
ripples. These types of structures with spatial period (d) greater than the wave-
length are known as supra-wavelength LIPSS or grooves. The mechanism be-
hind the formation of these supra-wavelength LIPSS and the influence of var-
ious experimental parameters (e.g., laser wavelength, pulse repletion rate, am-
bient pressure, etc.) along with their morphological features is yet not explored
in detail. For example, in the case of semiconductors, contrary to the ripples pe-
riod, grooves period increases with increase in the number of laser pulses [24].
Shutong He et al. proposed that grooves form above the ripples as a result of
the progressive aggregation of nanoparticles(generated during fs-LIPSS forma-
tion) followed by clusters of nanoparticles fusing together, and further modu-
lation of the deposited energy occurring at high excitation levels [24, 38]. Their
experimental findings showed that the width of the deep wrinkles separating
the ripples gradually increases as a function of fluence or number of pulses,
resulting in a progressive reduction of the thickness of the underlying LSFLs.
Another prominent model developed by Tsibidis et al. provides insights into

grooves formation by complementing TTM and electromagnetic process with
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hydrodynamics [24, 39]. On the contrary, the Finite Difference Time Domain
(FDTD) method based model suggests that the origin of grooves is related to
the progressive evolution of the topography of a rough surface driven by feed-

back effects associated with multi-pulse irradiation [40-43].

Figure 3.4: SEM micrographs of processed silicon, fabricated using ultrashort pulses
(800 nm pulses, N = 100). (a) E = 100 pJ, (b) Magnified view of grooves fabricated using
E =200 pJ. The center region of ablation has quasi-periodic grooves and the outer region
is filled with ripples. Red arrow represents the laser polarization direction.

Figures 3.4(a) and (b) show SEM micrographs illustrating the morphologi-
cal changes of surface structures of such type of structures fabricated using 100
laser pulses at 800 nm using pulse energies of 100 pJ and 200 pJ, respectively.
This SEM micrograph clearly shows the role of energy deposition in different
types of structure formation. The region where more energy is deposited (cen-
tre part of the Gaussian beam) is full of quasi-periodic grooves with orientation
parallel to the laser polarization, while the outer region is filled with ripples
with orientation perpendicular to the beam polarization. The measured value
of groove periodicity (d) is in the range 1.4 ym - 1.8 um. Further increase in en-
ergy destroys the grooves and forms irregular micro-structures, finally resulting
in a deep crater. Similar behaviour was observed with 5 pJ pulses at 400 nm as
well (micrographs not shown). The groove formation mechanism is directly re-
lated to the amount of energy deposited on the target, which is in turn related
to the optical penetration depth. The effective optical penetration depth is re-

lated to the reflectance, linear and nonlinear absorption coefficients, through the
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relation

W] ) (3.3)

l= {a +

.
where F' is the applied fluence and 7 is the laser pulse duration (100 fs). Since
the values of a and /3 are high at lower wavelengths, pulses at 400 nm deposit
their energy on a much smaller volume compared to 800 nm pulses. Because
of this, a slight increase in fluence (at 400 nm) above the threshold transforms
the structures from periodic ripples to quasi-periodic grooves, soon resulting in
a crater. The energy deposition mechanism onto the silicon target at different
wavelengths confirms that effective groove generation is possible with small
pulse energy (5 pJ) at shorter wavelengths, and ripple fabrication is possible
with high energy (60 pJ) at longer wavelengths. Since our interest of investiga-
tion is the fabrication of nanoscale ripples and subsequent enhancement in light
coupling onto the target material, most of our investigations are performed with

800 nm pulses with energies just above the ablation threshold value, i.e., in the

range F/ = 60 — 80 pJ.

3.4 Large area Si-LIPSS fabrication and tailoring of
the optical properties

We use ultrashort pulses at atmospheric pressure for LIPSS fabrication because
performing experiments under vacuum conditions is time-consuming and not
cost-economical. Optimized conditions for Si-LIPSS are obtained for 800 nm
ultrashort pulses with E = 80 pJ and N = 100, and these are then used for large
area surface structuring by line-by-line scanning. The optimized scan speed is
tixed at 0.01 mm/s for raster scanning and a time of 500 seconds is needed to
scan a single line. Proper overlap is ensured between the lines (by considering
1/€? of the width of the scanned line) during scanning. Figure 3.5 depicts SEM

micrographs and the magnified views of the processed silicon target, showing
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periodic surface structures fabricated in large scale by employing controlled

laser ablation.

Nanoparticles and nanoclusters get deposited back on the processed target
(shown in Figure 3.5(c,d)) because of the background pressure. Sarbada et al.,
and Zhu et al. have earlier reported LIPSS fabrication with ultrashort pulses un-
der ambient conditions, and they have confirmed that the presence of periodic
and random structures on the processed surface can reduce the reflectivity to a
great extent [17, 44]. We have carried out preliminary reflection measurements
with processed and unprocessed silicon targets, and a substantial reduction in
the reflectance is observed with processed silicon (shown in Figure 3.5(e)). We
measure the diffused reflection from Si-LIPSS with the help of an integrating
sphere. The significant reduction seen in reflectivity is because of the enhanced
surface area achieved via the fs-LIPSS process, resulting in multiple reflections
on the processed silicon surface. Multiple reflections also lead to an enhanced

absorption of light, with more input light coupling onto the silicon target.

From Figure 3.5(e), it is clear that we have obtained a considerable reduction
in the average reflectance in the near IR (75%), visible (75% - 81%), and UV (76%
- 81%) regions with direct laser surface structuring. Moreover, absorbance in the
UV-VIS-NIR region has enhanced largely after fs-LIPSS fabrication because the
disordered amorphous silicon does not exhibit a definite bandgap [44]. Photon
energies used in our experiments are either 1.55 eV (at 800 nm) or 3.09 eV (at
400 nm). Since the optical bandgap is 1.1 eV (A = 1.1pm), silicon is essentially
transparent for the wavelength range 1.1 pm - 10 pym and opaque for A < 1.1pm.
It has also been shown that optical properties of silicon can be tailored through

surface structuring and doping [13, 45, 46].

In the past, Vorobyev and Guo have produced surface gratings superim-
posed with randomly distributed sub-wavelength nanostructures, which sup-
pressed the reflection of both s- and p-polarized light over a wide range of

angles [16]. We can understand the reduction in reflectance by categorizing
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Figure 3.5: SEM micrographs of large area Si-LIPSS fabricated using 800 nm ultrashort
pulses in atmospheric conditions. (b), (c), and (d) show zoomed views of (a). Note
the different magnifications on each SEM micrograph. (e) shows reflectance spectra
measured for plain silicon and fs-LIPSS textured silicon. Red arrows represent the laser
polarization direction.

light reflection into the following three cases: d < A\, d > A\, and d ~ A It
is known that subwavelength gratings (SWGs), i.e.,, d < ), exhibit antireflec-

tion behaviour [15, 47], which can be described by an effective medium the-
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ory [14, 48]. In this theory, SWG is modelled as a homogeneous layer with a
thickness equal to the grating groove depth and an effective refractive index
characterized by a filling factor of the grating. For d > ), also known as the
geometrical optics region, reflection of light can be reduced by light trapping in
the grating grooves as in cavities [49]. Finally, for d ~ ), which is also known
as the strong diffraction region, surface gratings on undoped silicon exhibit an-
tireflection behaviour [50]. Since the measured d of periodic structures in our
experimental conditions is either higher (grooves) or lower (ripples) than the
incident laser wavelength, the structured surface suppresses the reflectivity to

a great extent.

3.4.1 Laser-induced breakdown spectroscopy (LIBS) measure-

ments

To further investigate the enhancement in the efficiency of light getting coupled
to the nanostructured target, we performed laser-induced plasma experiments
using structured as well as plain samples. The experimental setup is similar
to Ref [23], but a different laser system and spectrometer (discussed in chap-
ter 2), are used for the investigation. For generating the plasma we use the
same Ti:sapphire laser that is used for nanostructuring, but at a higher inten-
sity of I = 1.1 x 10 W/ecm?. The target to be irradiated is kept under high
vacuum (107° Torr) in the vacuum chamber. A high-temperature laser plasma
is produced on the sample surface, and the emission spectra of the plasma
are recorded using a CCD-coupled spectrometer. LIBS (sometimes also called
laser-induced plasma spectroscopy (LIPS) or laser spark spectroscopy (LSS)) is
a powerful elemental analysis technique which gives information about the var-
ious atomic and ionic constituents of the plasma. During the past 30 years the
LIBS technique has made substantial advances, which has led to its establish-
ment as an efficient qualitative and quantitative analysis technique. The main

goal of the LIBS technique is to create an optically thin plasma (which is in ther-
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modynamic equilibrium), whose elemental composition is the same as that of
the sample. Upon fulfillment of these conditions, the measured spectral line
intensities and spectral line widths of various species (ions and neutrals) are
used to estimate the corresponding plasma temperatures, and also the associ-
ated electron densities. From these informations, the relative abundance of the
elements contained in the plasma can be estimated. Similarly, free charges in
the plasma result in an ion current, which is measured using a negatively bi-

ased Faraday cup.

Figure 3.6(a) shows the time integrated emission spectra (for 100 ms) ob-
tained using Si-LIPSS (blue colour) and Si plain wafer (Red colour) targets. Ex-
cited atoms (Si I) and singly ionized silicon (Si II) contribute mostly to the LIBS
emission spectra [51]: we observe intense emission lines at 385.60 nm (Si II),
386.26 nm (Si II), 390.55 nm (Si I), 412.80 nm (Si II), and 413.08 nm (Si II) in
the measured range of 370 - 420 nm. For the Si-LIPSS target, the intensities of
emission lines from Si I and Si II are found to increase by about 50% - 90%,
compared to that from the plain Si wafer. This increase in emission intensity is
because of the enhanced light coupling, which occurs due to the periodic sur-
face structures present on the target surface. Moreover, two additional lines at
380.65 nm (Si IIT) and 379.61 nm (Si III), emitted by doubly ionized Si, are vis-
ible from the Si-LIPSS target. This clearly indicates an increase in the plasma
temperature, arising from the improved energy coupling to the nanostructured
target. Since emission intensity is a crucial factor in remote LIBS analysis, the
fabrication of periodic surface structures on the target material (just before do-
ing LIBS) should thus enhance the plasma emission intensity by a considerable

level.

Figure 3.6(b) shows time of flight (TOF) signals of ions measured from
plasma generated on processed and unprocessed silicon surfaces using a
Faraday Cup (FC). The FC is kept at an angle of 20° with respect to the plume

axis, and at a distance of 4 cm from the target surface. A negative bias voltage
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Figure 3.6: Relative intensity enhancement seen in (a) LIBS spectra, and (b) ion current
signals, for a laser-produced plasma generated on fs-LIPSS structured silicon surface.

on the FC allows the collection of positive ions in the laser produced silicon
plasma. When the biasing voltage is sufficiently high to prevent the electrons
with highest thermal energies in the plasma from reaching the FC, the collected
charge become saturated at a V.. of approximately 15 V. The FC is biased at a

constant working voltage within the saturation region, i.e., at V=20 V, during
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measurement. The FC current signal provides an ion time-of-flight (TOF)
signal that is proportional to both ion density, n;, and ion flow velocity, w;,
through the relationship: 1(t) = eAn;(t)u;(t), where e is the electron charge, A
is the FC collecting area, and t is the TOF measured relative to the arrival of
the laser pulse [23, 52, 53]. The output from fast photodiode placed near the
window of the vacuum chamber gives the signal for triggering the oscilloscope.
This trigger point defines 'zero time’ for the TOF measurements. The ion
TOF profiles are integrated to investigate the ion yield (ions/cm?). While
we obtained an ion yield of 5.24 x 10" /cm? with a plain Si surface, for the
structured Si surface it was 7.0 x 10'?/cm?, showing an enhancement of about
34%. A particular feature which is seen in the case of fs-LPP is the observation
of a faster kinetic energy peak in the ion temporal profiles, which has been
reported by several groups. Researchers have suggested various phenomena
which could give rise to the faster ionic peak, e.g., low-Z contamination of the
target surface or singly charged peak of the target material [53, 54]. Later, B.
Verhoff et al., have attributed this peak to space-charge effects [55]. According
to them, at higher laser intensities, the electrons gain energy in excess of the
Fermi energy and escape from the target. The escaped electrons lead to the
rapid ion acceleration by the electrostatic field of charge separation. Therefore,
we believe that the space charge effect can accelerate ions to higher energies
in a plasma prior to the lower energy ions seen in the second peak, which is
similar to the hydrodynamic component observed in ns LPP. However, this
peak is not visible when structured Si substrate is used as the target in fs-laser
ablation. The possible reason behind the disappearance of the peak could be
the suppression/distortion of the electrostatic field due to structure induced
laser trapping/coupling. This causes a delay to the faster ion peak, which

essentially merges with the slow ionic peak.

The ion peak velocity given by V,, = L/t, (Where t, is the time at which the

TOF signal shows a maximum, for a given distance L from the target surface)
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remained the same for both surfaces at approximately 3 x 10° cm/s, for a dis-
tance (L) of 4 cm. The enhancement seen in both LIBS and FC signals from
the Si-LIPSS surface indicates that periodic surface structuring is a powerful
technique for increasing the optical coupling between the source and the target.
Processed surfaces with reflectivity less than 10% in the UV-VIS-IR range have
numerous possibilities in photovoltaics, IR detection, and other optoelectronics
applications. The high yield of energetic ions obtained from the Si-LIPSS sur-
face also opens up novel possibilities in high energy density physics (HEDP)

applications.

3.5 Summary

This chapter discusses various aspects of ultrashort laser-induced periodic
surface structuring of crystalline silicon, and provides in-depth information
about the generation of various quasi-periodic structures and the mechanisms
involved in their formation. We investigate the role of laser parameters (laser
pulse energy (E), wavelength (\) and polarization), and irradiation parameters
(number of pulses (N), ambient pressure) on the fabrication of fs-LIPSS pat-
terns. In particular, we investigate the influence of different ambient pressures
ranging from 10~° Torr to 760 Torr on ripples formation. Our experimental
findings indicate that at higher pressure the re-deposition of nanoparticles
of ablated material onto the target occurs, which significantly influences the
generation and morphology of the surface structures. By optimizing the
irradiation conditions (E = 80 pJ and N = 100 at 800 nm, and E = 4 pJ and N
= 100 at 400 nm, respectively) large area LIPSS surfaces have been fabricated.
The spatial period of the induced structures is found to be slightly lower
than that of the laser wavelength in both cases, verifying the validity of the
static (interference) model of LIPSS formation. A substantial reduction in

optical reflectivity is observed from the structured surface because of multiple
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reflections from the nanostructures. Laser-induced breakdown spectroscopy
(LIBS) measurements exhibit a discernible enhancement in the optical emission
intensity of the plasma by 50% - 90%, while FC measurements show an
enhancement in ion current by about 34%. These results clearly reveal that laser
coupling is enhanced when nanostructured silicon is used as target. Another
interesting indication of enhanced light coupling is the unique appearance
of spectral lines associated with doubly ionized Si species from the Si-LIPSS
target. These experiments establish laser-induced periodic surface structuring
as a versatile tool for making low reflectivity (high absorptivity) surfaces,
which have numerous applications in photonics, materials science, high energy

density physics, and bio-physics.
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Chapter 4

Femtosecond laser texturing of fused

silica and quartz

This chapter discusses the generation of various femtosecond laser-induced surface
structures on fused silica and quartz (0001). The dependence of surface ripples on
irradiation parameters such as the laser fluence and the number of pulses is studied.
Modifications in the optical properties of the textured surfaces is investigated. Finally,
large-area structuring of a fused silica surface, exhibiting superhydrophilic behaviour,

is performed.

4.1 Introduction

Ultrashort pulsed lasers (fs-lasers) facilitate cost-effective micro-/nano-
structuring for the fabrication of functional structures inside the bulk of
transparent materials (e.g., nanogratings) [1, 2], as well as on the surface of
materials [3]. These include the ability to alter the surface topography and
optical properties (such as absorption, and reflection) permanently to fabricate
super-hydrophilic/hydrophobic self-cleaning, anti-icing, anti-reflecting, and
anti-bacterial surfaces. Despite the presence of various ongoing research

activities in laser-induced periodic surface structures (LIPSS), large-area nano-
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structuring of dielectric materials (in particular, optical grade glass) is still a
challenging problem due to the nonlinear absorption of laser radiation, and the
negligible number of available free charge carriers as compared to metals and
semiconductors. Among different silica glasses, fused silica (amorphous) and
quartz (crystalline) are the most studied optical glasses due to their relatively
simple composition and superior optical quality. When exposed to fs pulses
fused silica undergoes breakdown via different ionization mechanisms, which
leads to surface modification and/or material removal, usually resulting in

micro-/nano-structures formation [4-6].

As mentioned in the introduction chapter, LIPSSs are generally categorized
into two types in literature based on the relation between the irradiating laser
wavelength A and the spatial period of the ripples A. These are referred to as
Low Spatial Frequency LIPSS (LSFL) and High Spatial Frequency LIPSS (HSFL),
respectively. In large band-gap materials (such as SiO,, BaF,), LSFL often ex-
hibits a spatial periodicity which is either close to A or to A\/n, where n is the
refractive index of the dielectric material. The patterns are usually aligned par-
allel to the E-field vector [7]. Emmony et al. [8] first related the origin of LSFL to
the interaction of the E-field of the laser and the surface electromagnetic waves
(SEW) generated by the applied laser pulse. The efficacy factor theory was for-
mulated based on SEW. Later, it was associated with the generation of surface
plasmons polaritonss (SPP) [9], which is used in several studies for understand-
ing the formation of LIPSS [10-12]. However, HSFL shows spatial periods much
smaller than )\/2 appearing mainly for below band-gap excitation, and oriented
either parallel or perpendicular to the polarization vector. HSFL is specifically
observed in the case of irradiation with ultrashort (few ps to fs) pulses [7, 13].
Their origin, however, is yet not fully understood, and investigations are still
ongoing. Possible explanations include self-organization [14], second-harmonic

generation [15], and chemical surface alterations [16].

The SPP excitation condition is satisfied on metal surfaces because metals
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have a negative permittivity, and the ambient air has a positive permittivity. In
the case of dielectric materials the conditions for SPP excitation are not fulfilled
because of their positive permittivity. However, for these materials, the exci-
tation of free charge carriers occurs via multiphoton and avalanche ionization
processes [17], turning the dielectric surface into a metallic state which leads
to LIPSS generation [10, 12, 18]. Form an application point of view, LIPSS on
dielectrics such as fused silica is of great significance, e.g., for influencing fluid
dynamic properties in microfluidic channels, transforming the intrinsic wetting
property, and cell growth [19-22]. Therefore, investigations on LIPSS formation
on silica glasses are indispensable in view of their immense application poten-

tial.

This chapter reports various aspects of the periodic structures generated on
fused silica and quartz targets by employing fs laser pulses. The growth and
evolution of the ripples and their dependence on laser pulse number (N), flu-
ence, and material crystallographic orientation are discussed. Laser-induced
defects and structural modification of the material are studied by measuring
Raman and photoluminescence (PL) spectra. Finally, modification of the opti-

cal and wetting properties of the laser textured samples also is investigated.

4.2 Experimental details

The schematic of the experimental setup is shown in Figure 2.8. We use a re-
generatively amplified mode-locked Ti: Sapphire laser system (TSA-10, Spectra
Physics), which generates linearly polarized ultrashort laser pulses (pulse du-
ration 7 ~ 100 fs, central wavelength A ~ 800 nm) at a repetition rate of 10
Hz. The energy of the incident laser pulse is measured by employing a pyro-
electric detector. The energy can be varied by using a half-wave plate in com-
bination with a polarizing cube beamsplitter (PBS). An electronically controlled

mechanical shutter, which is time-synchronized with the laser system, is used
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in the beam path to select the desired number of pulses for irradiating the sam-
ple. Double-sided polished fused silica (Scientific Silica Products, India) and
one side epi-polished quartz (0001, Princeton Scientific Corp, USA) with dimen-
sions of 20 mm x 20 mm x 1 mm, are used as the targets. The target is mounted
on a stepper-motor controlled X-Y translation stage (Newport M-ILS50PP) po-
sitioned perpendicular to the beam propagation direction. Laser pulses (having
Gaussian spatial profile) are focused on the sample using a plano-convex lens of
40 cm focal length, and the beam radius (1/€?) at the focal point (wp) is found to
be ~38 um. The experiments are performed in air ambient, and surface modifi-
cations of the laser textured target are characterized by using a high-resolution
field emission scanning electron microscope (FESEM ULTRA Plus, Carl Zeiss).
To avoid SEM imaging artifacts caused by surface charging due to structuring,
the irradiated samples are coated with a 2 nm layer of platinum.

To investigate changes in the optical properties caused by fs laser texturing,
a large-area surface of 6 mm x 6 mm is fabricated by the parallel line scanning
method. Optimized conditions for large-area fabrication are achieved by con-
trolling the parameters which are crucial for structuring, such as incident en-
ergy (E), number of pulses (N), and scan speed (for proper overlapping along
the scan direction and Y-axis). The transmittance and reflection spectra of the
textured surface are recorded using a UV/VIS/NIR Lambda 750 Spectrometer
(Perkin-Elmer). Topographical changes and wettability of the surface are char-
acterized by using an atomic force microscope (AFM) and contact angle meter

(DM 501, Kyowa, Japan).

4.3 Variety of LIPSSs on fused silica and quartz

LIPSSs formation in dielectrics is a complex phenomenon and is still an ongo-
ing topic of debate. Various types of LIPSSs having different orientations are

obtained in the experiments conducted in this study, having average periodici-
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Figure 4.1: SEM micrographs of fused silica surface after irradiation with N=1(a-d) and
N=5(e-h) laser pulses. Laser pulse energy: (a) 17.0]/cm?; (b) 21.3]/cm?; (c) 29.8 ] /cm?;
(d) 34.0J/cm?; (e) 8.5]/cm?; (f) 17.0 J/em?; (g) 25.5 ] /cm?; (h) 38.3 J/cm? respectively.
The direction of the laser beam polarization is shown by the red arrow for all the im-
ages.
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ties compatible with the laser wavelength. Topographical changes happening at
the early stages of laser-matter interaction result in the formation of SPPs. SPPs
in turn facilitate the generation of LIPSS on the irradiated surface. Figure 4.1
shows SEM micrographs of fused silica surface irradiated with N = 1 (Fig-
ure 4.1 (a-d)) and N = 5(Figure 4.2 (e-h)) laser pulses of different peak fluences
ranging from 17.0 J/cm? to 38.3 J/cm?. Micrographs shown in Figure 4.1(a-

d) reveal early stage surface roughness occurring due to single pulse ablation
(N = 1) at different fluences. The single pulse ablated area consists of primary
ripples structures that are in the development phase. These structures are local-
ized around the edges of the ablated spot, and are not very prominent. More-
over, it is clear that the characteristic ripples do not appear after irradiation with
one or two laser pulses, which indicates that a feedback mechanism is important
in the formation of surface patterns [23]. However, after irradiating with consec-
utive laser pulses (N = 5), fine ripples having an orientation perpendicular to
the laser polarization are formed on the fused silica surface (see Figure 4.1(e-h)).
As we increase the fluence, the center part of the ablated area starts exhibiting
periodic structures, which are mostly situated close to the rim. It is also noticed
that even for single pulse ablation, the formation of nano-threads/fiber occurs,
and their preferential orientation is radially outward. Zoomed views of the sur-
face features are shown in Figure 4.2.

As we increase the number of pulses and/or the fluence, the surface structures
become more visible. Figure 4.1(e-h) shows the evolution of nanostructures
owing to the roughness created by the previous pulses and the corresponding
feedback given by those defects. In the case of N > 5, the ablation spots con-
sist of two principal quasi-period features: (i) micro-wrinkles which form in the
higher fluence part, covering the major portion of the ablation crater, and (ii)
an annular disc near the crater edge, in the region of reduced local fluence, ex-
hibiting relatively finer structures known as LSFL. We have analyzed the SEM

micrographs employing two-dimensional Fast Fourier Transform (2D-FFT) to
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Figure 4.2: SEM micrographs showing the evolution of surface structures on fused silica
upon irradiation with laser pulse of energy £ = 0.5 mJ. The number of pulses are (a)
N = 1and (b) N = 5. The area enclosed by the green and red dashed boxes in the left
panel are zoomed to give a magnified view in the right panel. The red arrows indicate
the polarization direction of the incident laser pulses.

calculate the spatial periodicity of the structures (see Figure 4.3). The periodic-
ity along the horizontal or vertical profile (A = 1/f) is calculated by measuring
the frequency (f) of the ripples which corresponds to the average of the dis-
tances between the central peak and the adjacent peaks (right or left). From
Figure 4.3(a-c), we have calculated the spatial periodicity of HSFL to be 39545

nm (horizontal profile) corresponding to the frequency f = 2.53 pum™*

, aligned
perpendicular to the laser polarization. The average spatial periodicity of LSFL
is measured to be 540+8 nm (vertical profile) corresponding to the frequency f
=1.85 um ™!, aligned parallel to the laser polarization. Furthermore, the relation
between peak fluence and spatial periodicity of LSFL is clear from Figure 4.3(d-
e). The spatial periodicity of LSFL is found to be 515 + 8 nm (vertical profile)

corresponding to the frequency f = 1.93 ym ™!, aligned parallel to the laser polar-
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ization. Our experimental findings show that A sr, increases with the applied
laser fluence. Furthermore, irradiation with a higher number of pulses (N=80)
with peak fluence F,=21.3 J/cm? reveals convection roll-driven hydrodynamic
phenomena in the melted glass, causing ripples along the wall of the crater
(see Figure 4.4). On comparing the formation of grooves with increasing N in
semiconductors like silicon (characterized by a low Prandtl number), dielectrics
(with a high Prandtl number) indicte the occurrence of different mechanisms. In
semiconductors LIPSSs are first formed due to SPPs, and the excitation is then
suppressed before further irradiation gives rise to convection rolls perpendicu-
lar to LIPSS, as fluid transport occurs along the wells of the ripples [24]. On the

other hand, in the case of dielectrics, hydrodynamic instabilities facilitate con-

vection roll-driven formation of these structures, which have been discussed in

detail by Tsibidis et al. [25].
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Figure 4.3: SEM micrographs of fused silica surface irradiated with N = 10, at peak
fluences (a) F, = 4.2 ]/cm?, and (b) F,, = 6.4 J/cm? respectively. (b) and (e) present the
2D-Fast Fourier transform (2D-FFT) of the areas marked within the white rectangles
in (a) and (d) respectively. (c) and (f) show the profiles of the dashed horizontal and
vertical lines of the corresponding 2D-FFTs. The red arrows indicate the direction of
the laser polarization.
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We performed a systematic study to investigate the role of crystallographic
orientation in LIPSS, by structuring a one-side epi-polished quartz (0001) sam-
ple under the same irradiation conditions as fused silica. Figure 4.5 illustrates
the surface modification of quartz due to irradiation with different peak flu-
ences and number of pulses (N). We have found that distinct types of LSFL
with preferential orientations and spatial periodicities (A) are formed simul-
taneously, when the target is ablated with different applied fluences (see Fig-
ure 4.6). The zoomed view of Figure 4.6(a) shows the development of LSFL
structures of spatial periodicity (Ayspr, = 516.3 & 20.7 nm) which are oriented
parallel to the laser polarization, over the HSFL structures (Apgr = 382.44+47.2
nm) which are aligned perpendicular to the laser polarization. Irradiation at
the applied fluence value F,= 10.4 J/cm? and N = 10 reveals a transition point
where both HSFL and LSFL coexist in the ablated area. Furthermore, irradia-
tion at higher fluence ~ 41.5 J/cm? with N = 10 reveals the coexistence of two
types of LSFL structures with different spatial periods (Apsrr, = 524.6+£26.1 nm)
and (Apspr = 767.6 £ 52.0 nm). In this case, both LSFL structures, which form
around the center of the molten crater are preferentially oriented perpendicular
to the laser polarization. It appears that LSFL with (A gp; = 767.6 £ 52.0 nm)
is getting split and giving rise to LSFL with (A;sp;, = 524.6 & 26.1 nm). More-
over, the presence of HSFL is restricted to the edges of the ablation spot, where
the fluence becomes significantly low. The coexistence of a variety of LIPSS is
fascinating because these results are not reported earlier, and they need to be

investigated in detail in future.

Our systematic studies of the evolution of LIPSS as well as the morphology
of laser-irradiated fused silica and quartz substrates reveal that these structures
depend predominantly on laser parameters such as polarization, fluence, irradi-
ation dose (number of pulses) and wavelength()). Therefore, a precise estima-
tion of the laser ablation threshold is essential. Since femtosecond laser surface

patterning at fluences close to the ablation threshold of the material plays a very
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Figure 4.4: (a) Morphological changes occurring on fused silica following irradiation
with N = 80 for the peak fluence F,, =21.3]/cm?. (b) zoomed view of the region marked
in the red box in (a), revealing convection-driven formation of grooves along the wall
of the crater. The red arrow indicates the laser beam polarization.

crucial role in surface structuring, understanding the incubation effects and the
feedback mechanism due to the roughness created on the sample is of great

importance.

4.3.1 Determination of ablation threshold

Ablation thresholds are core parameters for the durability of optical compo-
nents and laser safety equipment. Moreover, the determination of ablation rates
is of key importance for laser micro-machining applications. The threshold en-
ergy density (fluence) for ablation of a material is normally constant for a given
set of experimental conditions (pulse duration, wavelength, repetition rate, and
pulse number). Here, we will calculate single-pulse and multi-pulse ablation
thresholds for fused silica and quartz. In this study, the sample is ablated by
varying the number of pulses falling on the surface while keeping the pulse-
to-pulse energy constant. The magnitude of fs laser-induced damage could be
estimated by measuring the ablated area. Femtosecond laser surface pattern-
ing at fluences near the laser-induced damage threshold (LIDT) of the material
plays a very crucial role in nano-structuring. The LIDT of fused silica is calcu-
lated by plotting the area of the laser processed region against the incident pulse

energy [26] as shown in Figure 4.7. The following equation gives the relation
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Figure 4.6: Distinct types of laser-induced surface structures formed on quartz under
different conditions of peak fluence and pulse number: (a) LSFL structures (Azsrr, =
516.3 & 20.7 nm) parallel to the laser polarization overlapping with HSFL structures
(Apsrr = 382.4 £ 47.2 nm) perpendicular to the laser polarization, at peak fluence =
10.4]/cm?, N = 10; (b) Two types of LSFL structures oriented perpendicular to the laser
polarization with spatial period (Arsrr, = 524.6 £26.1 nm) and (Apspr = 767.6 == 52.0
nm) respectively, forming around the centre of the crater at peak fluence 41.5 J/cm?, N
= 10. Red arrows indicate the direction of polarization of the laser.

between the ablated area and the incident pulse energy,

(o)) Eo

— = 4.1
o 5 nEth 4.1)

where o is the area of fs laser-induced damage, and E, is the incident laser pulse
energy. Here, o, also known as the ablated spot-size, is obtained by measuring
the laser-ablated /modified area from the SEM micrographs using the Image]
software. The 1/e* beam radius wy and the threshold pulse energy E,;, can be
determined from the slope and intercept of the logarithmic dependence of o on

Ey. The threshold fluence Fy, is the minimum pulse energy density required
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to produce permanent surface modification, which can be calculated using the

equation,

(4.2)

The values of multi-pulse ablation thresholds given in table 4.1 for fused sil-
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Figure 4.7: Graph showing a linear increase in the laser-induced damage area on fused
silica as a function of the logarithm of the incident laser pulse energy. Irradiation is
with N=1, 5, 10 and 20 pulses respectively.

ica are significantly lower than the single pulse ablation threshold. Obviously,

the thresholds of modification and ablation depend on the number of applied

laser pulses. This incubation effect is a non-ablating modification of the sample

surface by the laser pulses in such a manner that the threshold for damage de-

creases with increase in the number of pulses. In the case of metals, incubation

is related to an accumulation of energy into plastic stress-strain of the material.
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Ablation condition (Number of Peak threshold fluence
pulses) Fi(N) (J/cm?)
N=1 7.20
N=5 5.13
N =10 3.08
N =20 2.92

Table 4.1: Femtosecond laser-induced ablation thresholds estimated for fused silica
under atmospheric conditions.

The damage threshold follows the form of a power-law as given below:

£ =0.68% 0.06

NxF,,

15 PR A | M M PR S S SR T A |
1 10
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Figure 4.8: Threshold fluence variation with the number of pulses N, in the form N x
Fin.

Fip(N) = Fy(1) x N&1 (4.3)

where Fy;, (V) denotes the threshold fluence for N number of laser pulses, and ¢
is a material-dependent coefficient. The value of E has been widely investigated
for single-crystal metals [27], but not many reports are available for amorphous
materials. J. Bonse et. al have successfully employed this formula in the case

of indium phosphide (InP) [28], where it is not very clear whether the transi-
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tional laser energy storage is mechanical or chemical (defects formation in sev-
eral glasses-F centers) in nature [29]. In Figure 4.8, the dependence of N x Fy,(N)
on the number of pulses is plotted for our fused silica data, and the fit accord-
ing to the above equation yields a coefficient £ = 0.67 & 0.06. From the figure,
we conclude that there is significant incubation in fused silica for pulses with a
duration of ~ 100 fs [23]. Similarly, we have calculated the threshold fluence of
quartz for N = 1,10, and 20 to be 8.43 J/cm?, 5.14 J/cm? and 4.05 J/cm? respec-
tively, which is found to be slightly higher than that of fused silica. The value
of incubation coefficient for quartz is { = 0.77 £ 0.12. The studies in the follow-
ing sections are related to the fabrication of large-area micro-/nano-structured
fused silica and the effects of these micro-/nano-structures on the optical and

morphological properties.

4.4 Laser-induced defects and surface modification

When fs laser irradiation of dielectric materials such as fused silica occurs, the
energy deposited transforms matter at the ablated spot into liquid or to an ex-
cited solid state at high temperature and pressure. Both thermal diffusion and
shock wave generation lead to rapid cooling or quenching of the modified re-
gion. While the exact process is uncertain, the end results are localized physi-
cal, chemical, and structural changes of the material exposed to the laser beam.
These alterations can be involved with densification, refractive index changes,
and/or defects formation [30-32]. In order to investigate laser-induced changes
affecting the surface properties (optical and wetting) of fused silica, we have
fabricated a large area surface of 6 x 6 mm? dimensions. Surface patterning at
this scale is achieved by fabricating micro/nano trenches via line-by-line scan-
ning, first along the horizontal direction, followed by a vertical step movement.
From the understanding of multi-pulse ablation, we have optimized the fab-

rication of micro-/nano-structures by using a scanning speed of 0.05 mm/sec,
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with the fs-laser peak fluence kept at ~ 13.2 J/cm?. The vertical step is fixed
at Ay = 40 pm, selected for proper overlapping between the consecutive lines.
The surface roughness of structured fused silica is measured using AFM (Fig-
ure 4.9) to understand the topography of the structured area. Raman and PL
spectra are recorded for probing the structural modifications and laser-induced

defects.
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Figure 4.9: (a) AFM topographic image of fused silica surface irradiated at the peak flu-
ence of 13.2 ]/cm?, (b) line profile extracted from the AFM image showing micro/nano
trenches.

4.4.1 Raman and PL spectra

One of the main features of amorphous solids like fused silica is the lack of
regularly repeating groups of atoms, which are the characteristic of crystalline
materials. Amorphous fused silica belongs to the group of the so-called asso-
ciated liquids [33], which form bonds in definite vectorial positions in space,
leading to the formation of ring structures that connect molecules in a random
network. These ring structures consist of tetrahedral atomic arrangements (one
silicon atom surrounded by four oxygen atoms), indicating that the basic struc-
tural unit of such amorphous materials is a tetrahedron. There are six different

ways to form a closed path starting from a structure denoted as O;-5i;-O,, and
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one looks for the shortest path to form a ring. In the past, densification of fused
silica glass has been observed in neutron-irradiated samples [34]. Later, Chan
et al. [35] employed Raman scattering to investigate changes in fused silica oc-
curring due to femtosecond laser irradiation. Their investigations showed a rel-
ative increase in the intensity of the 495 cm™! and 606 cm ™' bands with respect

to the main peak 440 cm™!

, which was qualitatively explained to be associated
with the densification of the material.

Raman spectroscopy has been established as an efficient method for the char-
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Figure 4.10: Normalized Raman spectra of (a) untreated fused silica, and (b) structured
fused silica, processed at the peak fluence of 13.2J/cm?.

acterization of structural modifications in fused silica [36-39]. We employed
Raman spectroscopy to explore the effects of laser irradiation on the molec-

ular structure of the fused silica samples. Figure 4.10 shows Raman spectra
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obtained for untreated as well as irradiated (at peak fluence F,= 13.2 J/cm?)
fused silica samples. The main feature of the spectrum of fused silica is the
broad-band centered at 440 cm~! (w;), which is attributed to the motion of the
bridging oxygen along the axis that bisects the Si-O-5i bond angle. Its width is
considered to reflect the width of the Si-O-Si angle distribution [37, 39]. The two
smaller and sharper bands at 490 cm™! (D;) and 604 cm™! (D,) are assigned to
the in-phase breathing motions of oxygen atoms in puckered four- and planar
three-membered ring structures, respectively. The broad overtone band cen-
tered around 800 cm ™! is attributed to the Si-O-Si symmetric stretching mode
(ws3). The offset found in the spectrum from about 650 nm onwards is because

of fluorescence occurring in the treated sample [40].
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Figure 4.11: PL spectra measured for untreated and fs laser-structured fused silica sam-
ples.
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There have been reports in literature correlating the optical properties of sur-
faces to defects, compositions, and surface morphologies. The defects originat-
ing due to texturing in particular can be either electronic or structural in nature.
Electronics defects involve the re-distribution of local electron density to give
rise to paramagnetic as well as diamagnetic centers, whereas structural defects
are governed by the local atomic displacements from the normal random net-
work structure of fused silica. In the strong interaction regime (at high fluence),
multiple bond breaking (5i-O bonds) occurs continuously, and the bonds get
reformed with numerous unbound atoms which dangle around. Since the dif-
tusion coefficient of O is more than twice as that of Si, the O atoms diffuse away
from the laser-irradiated areas by the generation of shockwaves [41]. Thus,
Si-rich (Si** and Si*") structures generated from SiO, are formed at the cen-
ter of the irradiated area causing localized oxygen deficient centers (ODCs).
Apart from ODCs, various irradiation-induced defects, such as NBOHC (non-
bridging oxygen hole center), STE (self-trapped exciton), E’ center, and O, (in-
terstitial oxygen, peroxy radicals or O, molecules) also can be formed [30, 32,

38].

When SiO; is decomposed due to the high temperatures associated with
plasma formation by laser irradiation, substoichiometric SiO,, i.e., SiO, (0 <
x < 2), would be the expected product. SiO, would facilitate high absorption
levels, which could be a reason for the continued growth of damage sites. We
have therefore looked for signals in the PL spectrum indicating the presence of
SiO, or Si nanoparticles. The PL spectra obtained (for 240 nm line excitation)
are given in Figure 4.11. The PL emission bands observed in structured fused
silica are signatures of a variety of fundamental defects [38, 42, 43]. We observe
286 nm (3.21 eV) and 391 nm (3.17 eV) emission bands in laser-irradiated fused
silica, which are attributed to intrinsic oxygen-deficient defects (ODCs) [44].
The new emission band centered at 460 nm (2.69 eV) seen for laser-irradiated

fused silica corresponds to oxygen-deficient centers (ODCs) [42]. As seen in
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Figure 4.11, there is a significant increase in the intensity of the 286 nm band for
irradiated fused silica, indicating an increase in the concentration of the defects.
The band centered at 550 nm (2.25 eV) is attributed to peroxy radicals (PORs),

and/or small silicon clusters within SiO,,.

The non-bridging oxygen hole centers (NBOHCs), i.e., dangling oxygen
bonds (= Si — O¢®), exhibit two different absorption bands at 1.9 eV (650
nm) and 4.8 eV (258 nm), respectively. However, we have not observed these
NBOHCsSs bands in the measured PL spectra of both untreated and structured
fused silica. The reason is that NBOHCs defects can recombine or inter-convert
into different defects [45, 46]. For example, NBOHCs can become peroxy
radicals (= Si — O — Oe¢) by the addition of an interstitial O atom, or they
can react with interstitial molecular hydrogen at room temperature to form
(= Si — OH + He). Another possible mechanism, proposed by L. Skuja et al.,
explains the absence of the 650 nm band via recombination of electrons in the
highly localized non-bridging oxygen band-gap state, with holes in the valence
band edge [47]. Another emission band which is usually observed around 1380
nm attributed to singlet oxygen transitions associated with interstitial neutral
molecular oxygen (O-) dissolved in the silica host lattice [48], is not seen due to
instrumental limitations. Overall, The ODCs and PORs are the primary defect
mechanisms observed in IR-laser irradiated fused silica. These are due to the

Frenkel-type mechanism, expressed as [49]:

=51—-0-Si=—-=858—-5=40;y (PORs and Os) 4.4)

The interstitial O, may escape from the sample surface, which induces
sub-stoichiometric SiO,, i.e. SiO, (0 < # < 2). Both Raman and PL spectra re-

veal densification and increase in various defects in laser-irradiated fused silica.
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4.4.2 Transmittance, reflectivity and wettability

Figure 4.12 shows the influence of the hierarchical surface structures on the opti-
cal properties of the samples, measured with an integrating sphere in the wave-
length range of 250 to 850 nm. The transmittance of the untreated substrate
is almost constant at about 92% in the entire investigated spectral range (with
the remaining 8% accounted by reflection losses). On the other hand, the overall
transmittance is much lower for the structured sample. The transmittance T is ~
18 % at 250 nm and it gradually increases to to T ~ 40 % at 850 nm. This behav-
ior is due to an increased surface roughness that gives rise to diffuse reflectance
at the irradiated surface. The latter increases with decreasing size of the surface
structures, and it becomes significant when the measuring wavelength is of the

order of the spatial period of the nanostructures [50, 51].
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Figure 4.12: Optical characterization of untreated and structured fused silica surfaces:
(a) transmittance and (b) reflectance measured in the wavelength range 350 to 850 nm
using an integrating sphere.

As shown in Figure 4.12 (b), the laser irradiated surface shows a slightly
increased reflection in comparison to that of plain fused silica. This can be
attributed to the increased scattering and diffused reflectance caused by the
micro-/nano-structures, and the degradation of the material by laser irradia-

tion. Furthermore, the increase in defect concentration (ODCs) and the struc-
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tural modification as indicated by Raman and PL spectra may change the trans-
mittance and reflectivity of fs laser-irradiated fused silica.

We used the contact angle meter for measuring the wetting properties of fused
silica before and after laser structuring. Photographs shown in Figure 4.13 de-
pict the change in wetting properties due to fs-laser irradiation at the peak
fluence of F,, ~ 13.2 J/cm?. Figure 4.13(a) shows that the intrinsic water con-
tact angle (CA) of fused silica is 47.2 ° + 2.4°, making it hydrophilic in nature.
Figure 4.13(b) is taken immediately after a single drop of distilled water (vol-
ume 1 pL) touches the textured surface. The droplet spreads almost instanta-
neously on the structured surface, exhibiting superhydrophilic nature, and the

measured CA decreases significantly to 5.6 ° &= 0.7° from 47.2 © 4+ 2.4°.

The wetting properties of any substrate can be explained by the models given

Figure 4.13: Photographs showing the wettability of fused silica. (a) untreated fused
silica with the intrinsic contact angle (CA) = 47.2 © + 2.4°, (b) fs laser-structured fused
silica exhibiting CA =5.6 ° £ 0.7°.

by Cassie-Baxter [52] and Wenzel et al. [53-55]. These models are based on the
effects of macroscopic surface roughness on the wettability of solid surfaces.
The Cassie-Baxter model is usually considered for highly hydrophobic surfaces,
because the multiscale surface morphology provides tiny air pockets, which
enhance the hydrophobicity of the surface. On the other hand, hydrophilicity
(homogeneous wetting) is best explained by the Wenzel model. According to

Wenzel’s theory, wetting of surfaces that have a CA less than 90° can be im-
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proved by increasing the surface roughness. The equation relating the surface

roughness to the contact angle is given by,
cost,, = rcosty (4.5)

where 6, and 6, are the apparent (macroscopic) and Young (intrinsic) contact
angles measured on rough and flat surfaces of the same material, respectively,
and r is the roughness factor (defined as the ratio between the actual and pro-
jected surface areas of the sample). Hydrophilic surfaces with a contact angle
less than 65° can be changed to superhydrophilic surfaces by modulating r in
the range of 1.2 to 2 [56]. The value of the roughness parameter in our experi-
ment is about 1.1, which indicates that the superhydrophilicity seen for textured
fused silica is related to the surface chemistry as well, in addition to the sur-
face roughness. For example, the presence of silica nano-foam/hydroxy groups
on the structured surface is an enhancing factor for the surface energy, leading
to superhydrophilicity. In fact, these structures can be easily modified chemi-
cally with compounds that contain hydrophobic end groups to lower their sur-
face energy, for transforming them into superhydrophobic surfaces. These re-
sults demonstrate the possibility to create tailored superhydrophilic and super-
hydrophobic surfaces with high precision, for making self-cleaning and anti-
fouling smart windows, optical storage devices, microfluidic devices, and sen-

sors [50, 57, 58].

4.5 Summary

This chapter reports salient aspects of fs laser-induced surface structuring of di-
electric materials from measurements carried out in fused silica and quartz. The
mechanisms involved in the generation of quasi-periodic surface structures are
addressed. The effect of crystallographic orientation in ripples formation is ex-

plored in both materials under the same irradiation conditions. The variety of
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ts-LIPSS quasi-periodic ripples and micron-sized grooves, formed with differ-
ent preferential alignments (parallel and perpendicular) depending on the irra-
diation parameters (laser fluence and the number of pulses), are investigated in
detail. The generation of ripples is explained as a result of the inhomogeneous
absorption of the laser pulse energy due to an energy modulation over the laser-
irradiated surface. A large area fused silica surface with optimized structures
is fabricated to investigate the optical and morphological changes caused by fs-
surface structuring. Raman and PL spectra indicate material densification and
increase in the defects concentration (ODCs and PORs) upon structuring. The
laser-irradiated surface exhibits reduced transmittance compared to that of un-
treated fused silica. The transmittance decrease is caused mostly by scattering
from the micro-/nano-structures. Contact angle measurements indicate the for-
mation of a superhydrophilic surface on fused silica due to fs-laser irradiation.
Enhanced surface roughness (due to the presence of micro-/nano-structures)
and increased surface energy result in the superhydrophilicity. The experimen-
tal results presented in this chapter show that femtosecond laser direct structur-
ing is an efficient and convenient method to fabricate micro/nano-structured

dielectric surfaces for a multitude of applications.
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Chapter 5

Fabrication of superhydrophilic
silicon using nanosecond laser

pulses

This chapter demonstrates the fabrication and characterization of large area micro-
/mano-textured silicon surfaces using laser pulses of nanoseconds (ns) duration. The
surface properties of the samples before and after texturing are investigated by employ-
ing EDX, XPS, and AFM. Wettability is measured from contact angle measurements.
Models based on sample roughness and surface chemistry are discussed for explain-
ing the wettability of the textured surface. Finally, durable superhydrophilic silicon is

fabricated and the properties are explained using the Wenzel model.

5.1 Introduction

Laser micro/nano texturing of silicon for modifying and enhancing its elec-
tronic [1, 2], optical [3-5], and wetting properties [6-9] is a topic of active re-
search interest. While the modification of electronic and optical properties of
silicon is finding a wide variety of applications in opto-electronics, altering the

wetting properties of solid surfaces by laser micromachining has attracted a
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significant level of interest because of its ubiquitous advantages in both funda-
mental research and industrial applications [8, 10-13]. In recent years, short
(nanosecond) and ultrashort (femto-/pico-second) laser microfabrication has
received great attention as an efficient method for modifying the surface wet-
tability of different solid materials. For industrial applications, the ability to
create superhydrophilic solid surfaces using compact, robust and cost—effective
nanosecond lasers is highly desirable.

It is well known that the wettability of any solid surface depends signifi-
cantly on its chemical composition and morphology. The degree of wetting of a
surface by a liquid can be determined by the contact angle (CA) measurement.
The contact angle is determined at the triple point (where the solid, liquid and
vapour interfaces intersect each other). According to Young’'s Equation [14], at
the contact angle (y) the liquid drop is in thermodynamic equilibrium under

the action of three interfacial tensions, namely, solid-vapour (ysy), solid-liquid

Yoy cos(By) = vsv — Ysi. (5.1)

Considering water as the liquid, the wetting state of solid surfaces can be
classified as hydrophobic with contact angles higher than 90°, and hydrophilic
with contact angles lower than 90°. Chemical composition determines the
surface free energy, and a higher surface energy leads to higher hydrophilicity.

Nature exhibits a wide variety of either superhydrophobic or superhy-
drophilic wetting surfaces, which are at the extreme ends of the wetting
behavior spectrum [15]. A superhydrophobic surface exhibits a contact angle
higher than 150° with negligible contact angle hysteresis. These surfaces
show unique properties such as self-cleaning (Lotus leaf effect), anti-icing
(Butterfly wings) and super water-repulsion (Water strider’s legs) [16, 17].
On the other hand, superhydrophilic surfaces are commonly recognized by

their complete wetting by water, showing contact angles of approximately 0°.
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Surfaces exhibiting ‘super-wetting and super-spreading” of water are found
in water-absorbing epiphytic growing Spanish moss (Tillandsia Usneoides) and
several insect-consuming carnivorous plants (e.g., Nepenthes Rafflesiana, which
traps insects using wet and slippery pitcher rims) respectively [15, 18]. Inspired
by nature, artificial superhydrophilic materials are being manufactured for
making self-cleaning and antifogging surfaces [19, 20], separation filters [21],
heat exchangers [22], biosensors, biochips [23, 24] etc.

We have selected silicon for our investigations because of its broad range
of applications in microelectronics and optoelectronics, where the problem
of heat dissipation from small areas is a critical issue. A promising solution
for heat transfer enhancement is the modification of the surface wettability
property to increase the heat transfer coefficient (HTC) [25]. Superhydrophilic
surfaces allow rapid spreading of liquids over them, enabling efficient heat
transfer from the surface to the interface across the liquid film, resulting in
rapid evaporation and a very high HTC [26-29]. Several physical and chemical
patterning approaches have been employed for texturing surfaces to tailor
their wettability, including electrochemical deposition [30], photolithogra-
phy [31, 32], plasma treatments [33], and electron-beam lithography [34].
However, micro-structuring by femtosecond (fs) [5] and nanosecond (ns)
lasers [35] in specific ambient conditions [19, 36] is especially attractive,
because it achieves structuring of solid substrates at two different length scales
through a maskless, simple one-step process. In the past, Vorobyev and Guo
have demonstrated the transformation of silicon surfaces from the regular to
superwicking nature through direct high-intensity femtosecond laser surface
structuring [37]. The gravity-defying motion of water described in this work
occurred due to the formation of supercapillaries on the textured surface.
Currently, the fabrication of biomimetic surfaces with superhydrophilic and
superhydrophobic properties has attracted significant research interest due

to their widespread applications. Skoulas et al. has fabricated biomimetic
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surfaces by employing radially and azimuthally polarized beams, giving rise
to dual-scale, Lotus leaf-like superhydrophobic surfaces and Shark skin-like
biomimetic morphologies [30].

To the best of our knowledge, the works published hitherto on nanosecond
laser texturing have employed subsequent post processes (e.g. additional
chemical processing for increasing the surface energy) for improving the
hydrophilicity of hierarchical structures. In most cases the laser textured
surface shows a high hydrophilic nature just after laser processing, but it
gradually turns into hydrophobic/superhydrophobic surface when exposed
to the atmosphere due to a change in the surface energy [8, 19, 21, 38]. In
this context, the work reported in this chapter is conducted with the objective
of studying the influence of laser-written micro-/nano-scale ripples on the
improvement of the wettability of silicon substrates.

In this work, permanently superhydrophilic silicon surfaces have been
obtained by mask-free, low cost, single step laser induced surface structuring
under atmospheric conditions, without requiring any post-chemical processing.
It is well known that ablation and surface oxidation occur simultaneously in
the case of nanosecond laser irradiation of silicon in air. As a result, multiscale
features consisting of micro-valleys (parallel line scan) and sub-wavelength
scale nano-capillaries (along the edge of the irradiated spot) decorated with
silica nanoparticles in the form of spherical nano-foam are formed. These
features result in the superhydrophilicity of the textured surface, which is
retained over a prolonged period. The simplicity of the technique and the
convenient control of the resulting wetting properties make laser texturing of

silicon an attractive option for several potential applications.



Chapter 5. Fabrication of superhydrophilic silicon using nanosecond laser
pulses 133

5.2 Experimental details

The schematic of the experimental setup has been shown earlier in chapter 2
(Figure 2.8). Single crystal n-type Si (100) wafer (Silicon Valley Microelectronics,
USA) of resistivity 1-10 ohm-cm is mounted on a high-precision X-Y translation
stage, normal to the incident laser beam. The irradiating source is a frequency-
doubled Nd:YAG laser (Quanta-Ray, Spectra-Physics) of wavelength A = 532
nm, delivering 7 ns pulses at the repetition rate of 10 Hz. The energy of the
incident laser pulses is varied using an attenuator comprising of a half-wave
plate and polarizing cube beam splitter. A mechanical shutter synchronized
with the Q-switch signal of the Nd:YAG laser is used for varying the irradiation
dose (number of pulses) falling on the target. The laser beam is focused onto
the silicon sample using a 250-mm focal length plano-convex lens. The beam
radius at the focal point (w) is measured to be about 52 pm (1/e? criterion) [39].
Structuring is performed at different peak fluences F,, = %, ranging from 0.70
Jem? to 18.84 Jem?. To study the influence of the applied fluence on the wetting
property, three different large-area samples (6 x6 mm?) have been fabricated by
the parallel line scanning method at peak fluences F, = 0.94 J/cm?, 1.41 J/cm?
and 1.88 J/cm?, respectively.

After laser irradiation, the samples are cleaned in ultrasonic baths of acetone
and methanol, followed by blow-drying with pumped nitrogen to remove dust
particles settled at the surface during the process. The morphology of the tex-
tured silicon surface is examined using a scanning electron microscope (SEM).
The topology and depth profile (roughness) of the structures are characterized
by means of an atomic force microscope (AFM) using the contact mode tech-
nique. To understand the chemical changes occuring due to laser irradiation,
the chemical composition of the surface is investigated before and after irradi-
ation by energy-dispersive X-ray (EDX) measurements. The valence states of

the elements of the samples are measured by X-ray photoelectron spectroscopy
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(XPS) to confirm the EDX measurements. Peak fitting is performed using Fi-
tyk software. Static contact angle measurements are performed to understand
the effect of ns laser irradiation on the wetting properties of the sample by an
automated contact angle meter (DM 501, Kyowa Japan), using the sessile drop
method. A water droplet of volume 1 pL (distilled) is gently positioned on the
surface using a microsyringe, and images are captured to measure the angle
formed at the solid-liquid interface. The mean value of the contact angle is cal-
culated from five individual measurements. Consecutive measurements give

results reproducible to within £1°.

5.3 Features of nanosecond laser structuring

Laser-induced morphology changes on silicon generally show a strong depen-
dence on the beam parameters (energy density, pulse duration, number of ac-
cumulated pulses, wavelength, etc). When a ns laser pulse is focused on a
solid surface (e.g. silicon substrate) it generates plasma with high tempera-
ture and pressure, which bursts out of the ablation spot and expands, remov-
ing the ionized materials from the surface. The ejection of the ablated material
leads to the formation of various rough micro-/nano-structures on the surface.
In addition, a large number of ejected molten particles fall down and solidify
(re-crystallization), resulting in abundant self-organized fine nano-protrusions
coated on the microstructures [40]. In order to avoid heating effects and exces-
sive melting, the effects of laser pulse fluence and the number of pulses falling
on the surface have been studied prior to fabricating the structures.

The rapid heating of laser-irradiated silicon results in quick melting and
evaporation (ablation), leading to the formation of surface craters. Most of the
material carved out from the center of the crater will be redeposited in the area
surrounding the crater. The degree of ablation depends on the applied laser flu-

ence. We have found that the single pulse ablation threshold of silicon (F};) in
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air ambient is 0.48 J/cm? [41]. The ablation threshold (F};,) gets reduced with in-
creasing number of pulses due to the cumulative deposition of laser energy onto
the surface. This is described mathematically by the incubation model [32, 33]

given by the Power-law
Fu(N) = F(1) x N (5.2)

where ¢ is the incubation coefficient which describes the degree of incubation
for a material, and F,(N) and Fy,(1) are the ablation threshold fluences for
N number of pulses and for a single pulse, respectively. The dependence of
N x Fy,(N) on the number of pulses is plotted for N =1, 3, 5, 10 and 20, and the
fit to the data according to equation 5.2 yields a coefficient £=0.8940.02.

Usually, when a semiconductor (e.g., silicon) is irradiated with intense laser
pulses, laser energy is absorbed primarily by the electrons. If the absorbed pho-
ton energy is sufficient to overcome the energy band gap, electron/hole pairs
will be generated in the conduction/valence bands. The excited electrons ther-
malize within the electron subsystem quickly, and thermal diffusion from the
hot electrons facilitates energy transfer to the silicon lattice. When the absorbed
energy exceeds the latent heat of melting, a melt pool is formed on the target
surface. This transition from the solid to liquid phase occurs on a timescale of
10 to 100 picoseconds [34]. These dynamic processes in the melt pool can ini-
tiate the formation of self-organized periodic structures consisting of peak and
valley like ripples, which become “frozen” after cooling [35].

We see that the bottoms of the craters formed due to single and multi-pulse
laser irradiation show a flat topography, as shown in Figure 5.1(a). However,
SEM images taken at higher magnifications show that in addition to the circu-
lar region formed due to excess melt [Figure 5.1(b)], another spatial feature of
nanometer roughness appears along the rim of the craters at higher laser flu-
ences [Figure 5.1(c)]. These nano-ripples, which are decorated concentrically

are found to follow the circular shape of the irradiated spot. The spatial regu-
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Figure 5.1: SEM images of the ablated area for different incident laser fluences (F})
and number of pulses (N). (a) F, = 0.70 J/cm?, N = 20, (b) F,, = 18.84 J/cm?, N = 10,
(c) zoomed view of the concentric nano-ripples formed along the rim of the irradiated
spot, and (d) spatial profile of nano-ripples with an average spatial periodicity of 74 £
3 nm, calculated with the help of Image] software.

larity of these concentric nano-ripples having an average periodicity 74 £+ 3nm
[Figure 5.1(d)] has no relation to the laser wavelength (A = 532 nm), but its occur-
rence depends on the laser fluence. This fact rules out the role of surface optical
interference phenomena in their formation, because interference phenomena re-
sult in laser induced periodic surface structures (LIPSS) whose periodicity de-
pends on the laser wavelength. However, these ripples have been discussed in
the literature previously, and it is believed that these nano-structures are frozen
capillary waves, which are characteristic of the relaxation of molten silicon [35].

Since the change in wetting behavior due to ablation might be linked with
a change in surface composition and/or surface contamination, we have an-
alyzed the surface state of the ablated samples by Energy Dispersive X-Ray
(EDX) spectroscopy. EDX spectra given in Figure 5.2 indicate the formation of a
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Spectrum 1

Figure 5.2: Energy Dispersive X-Ray (EDX) spectra measured for the silicon samples.
(a) Untreated silicon, (b) textured silicon, revealing the formation of silicon oxide (F}, =
1.41]/cm?).

Applied Peak Fluence(J/cm?) Atomic % of Oxygen
0.00(Untreated) 0.00
0.94 8.51
1.41 10.16
1.88 12.39

Table 5.1: EDX data measured for samples textured at different laser fluences, giving
the corresponding atomic percentages of oxygen.

silicon oxide layer due to surface oxidation in the course of laser processing in
air ambient (an oxygen peak appears in the spectrum). We have also observed
that the amount of oxidation increases with increase in the applied laser flu-
ence, which signifies an enhancement in the absorption of atmospheric oxygen
at higher laser fluences (Table 5.1). Besides, it is observed that both untreated
as well as structured silicon surfaces contain carbon contaminants with surface
concentration below 12-15%, possibly resulting from the surface incorporation
of airborne hydrocarbons. In order to gain further insight into the valence states
of the elements on the untreated and laser modified silicon surfaces, we carried
out XPS measurements. The correction of the XPS spectra for charge accumu-
lation is performed using C 1s peak (binding energy = 284.8 eV), which can be

ascribed to adventitious carbon. The XPS spectra of Si 2p and O 1s are shown in
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Figure 5.3: XPS data measured for the samples textured at different laser fluences. (a,b)
untreated silicon, (c,d) F, = 0.94 J/cm?, (e,f) F,=1.41 J/cm?, and (g,h) F,=1.88 J/cm?.
(a,c,e,g) show Si 2p peaks, and (b,d,f,h) show O 1s peaks. The spectra confirm the
formation of silicon oxide.
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Figures 5.3(a-h). For the untreated sample, Si 2p XPS peaks at 98.5 and 102.4 eV
can be identified as those of Si’p (unoxidized) and Si**2p (native oxide layer)
[Figure 5.3(a)], respectively, while the peaks at 533.1 eV and 536 eV can be at-
tributed to O 1s [Figure 5.3(b,d)]. Figures 5.3(c-h) show the XPS spectra of Si 2p
and O 1s on the silicon surface measured after laser irradiation, at fluences F}, =
0.94]/cm?, F,=1.41 J/cm?, and F,=1.88 J/cm?, respectively.

The XPS spectra are fitted with Gaussian functions of the possible oxidized
states (Si'7(99.3 eV), Si**(100 eV), Si** (102.4), and Si**(104.2 eV and 106.0 eV)
and the unoxidized state (Si°-98.5 eV), in order to deconvolute the component
peaks for each site type at its appropriate location, and the background has been
removed by the Shirley subtraction method [42, 43]. Some intermediate oxida-
tion states can also be present in very negligible amounts. Figure 5.3(c) indicates
that most of the silicon atoms are oxidized to Si**(104.1 eV) and Si**(106.0 eV)
which correspond to the Si-O-Si bond. Samples irradiated at higher fluences
(shown in Figure 5.3(e,g)) exhibit higher oxidation indicated by an increase in
the intensity of Si**(104.2 eV, 106.0 eV, and 108.0 eV). After laser irradiation
the melted silicon gets solidified as the irradiated region cools down to room
temperature. Along with this process most of the Si-O bonds of Si** and Si**
become unstable and get converted to Si'* by losing oxygen atoms, while some
other Si-O bonds get changed to Si**(106 eV) upon receiving additional oxygen
atoms [42].

5.4 Fabrication of permanent superhydrophilic sili-

con surface

Two models, given by Cassie-Baxter [44] and Wenzel et al. [45] respectively,
have been proposed in the past to describe the effects of macroscopic surface
roughness on the wettability of solid surfaces. For highly hydrophobic surfaces

the Cassie-Baxter model is usually considered because the multiscale surface
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morphology provides tiny air pockets, enhancing the hydrophobicity of the sur-
face. On the other hand, hydrophilicity is best explained by the Wenzel model
(homogeneous wetting). According to Wenzel's theory, wetting of surfaces that
have a CA less than 90° can be improved by increasing the surface roughness.

The relation between surface roughness and contact angle is given by,

cost, = rcosty (5.3)

where 0,, and 0, are the apparent (macroscopic) and Young (intrinsic) contact
angles measured on rough and flat surfaces of the same material, respectively,
and r is the roughness factor defined as the ratio between the actual and pro-
jected surface areas of the sample. The hydrophilic surface with contact angle
less than 65° can be changed to a superhydrophilic surface by modulating r in
the range of 1.2 to 2. Surfaces with higher contact angles can become surperhy-

drophilic by varying r from 2 to 6 [46].

Figure 5.4: SEM images of silicon surface textured using laser pulses of peak fluence £},
=1.41 Jem?, displaying morphological and wetting features. (a) parallel line scanning
pattern, (b) zoomed view of the marked region, and (c) nano-capillaries along the edge
of the irradiated spot.

When a drop of water is placed on a solid surface, if it gets flattened, the

surface is hydrophilic (partial wetting), and if it spreads to cover the complete
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Figure 5.5: AFM images of silicon surfaces textured using 7 ns laser pulses at the laser
fluence of (a) F, = 0.94 Jem? (mean roughness - 0.78 um), (b) F, = 1.41 Jem? (mean
roughness - 0.91 pm), and (c) F, = 1.88 Jem? (mean roughness - 0.70 pm).

solid surface (complete wetting), it is superhydrophilic. The term “superhy-
drophilic” was mentioned for the first time by Fujishima et al. [47], although the
term “superwettable surface” was already introduced by Onda et al. [48]. The
term superwettable typically refers to substrates in which the wetting charac-
teristics are enhanced through the manipulation of substrate surface roughness.
In the present work, the wetting properties of the silicon surface are modulated
by writing parallel lines through a continuous bidirectional motion of the sub-
strate along the horizontal direction, with the vertical shift optimized for 10 %
overlap for creating uniform surface roughness. The scanning speed of v = 0.2
mm/sec is fixed for a maximum overlap of 40% along the horizontal scan di-
rection. Large area surfaces (6 x6 mm?) are fabricated using three different peak
laser fluences, F, = 0.94]/cm?, 1.41 J/cm? and 1.88 J/cm?, respectively.

SEM images of the large area surface textured at fluence F, = 1.41 J/ cm?
show nano-capillaries around the edge of each laser-irradiated spot, along with
nano-particles of silicon oxide decorated on the whole textured area [Figure 5.4].
The 3D morphology of the textured surface is also studied with the help of
atomic force microscope (AFM). AFM images given in Figure 5.5 show that dif-
ferent applied fluences give rise to different mean roughnesses for the textured
surface.

We have found that the mean surfaces roughness increases with the ap-

plied fluence initially, but when the fluence increases even further, it decreases.
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(a) (b)

(c) (d)

Figure 5.6: Photographs of distilled water (1xL) droplets on textured silicon surfaces.
(a) untreated silicon with CA = 80.9° 4 0.6°, (b)F,, = 0.94 Jem? with CA = 5.4°+ 0.6°,
(c) F, = 1.41 Jem? with CA = 6.9° £+ 0.5°, and (d) F}, = 1.88 Jem? with CA =4.9° + 0.3°.

This could be the result of the accumulation of thermal energy leading to the
formation of a pool of molten silicon, which forms nano-capillaries upon freez-
ing. The modified wetting property of the structured silicon surfaces can be
seen from Figure 5.6. These are optical images taken by using the contact angle
meter. A distilled water droplet of volume 1uL is placed gently on the sur-
face immediately after structuring with the help of an automated micro sy-
ringe, and the contact angle is measured by the sessile drop method. Micro-
structuring changes the contact angle from a wetting value of 80.9° + 0.6° on
flat silicon [Figure 5.6(a)] to a superhydrophilic value of about 5° £ 0.7° on the
laser-microstructured surface [Figure 5.6(b,c,d)]. The variation of the mean sur-
face roughness and contact angle as a function of applied peak fluence is shown

in Figure 5.7. Each data point presented is the average value of three individ-
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Figure 5.7: Variation of the wettability (contact angle) and mean surface roughness of
micro-textured silicon surface as a function of the applied peak laser fluence.

ual measurements. The increase in the oxygen content of the surface at higher
laser fluences, as shown in Table 5.1, in conjunction with the enhanced rough-
ness, modulates the wettability of the textured surfaces. Beyond the fluence of
1J/cm?, mean surface roughness and contact angle do not vary much.

There are several reports describing the short-lived hydrophilic nature of
laser micro-structured surfaces [49, 50]. When exposed to ambient conditions
(e.g. atmospheric or specific ambient gas condition), the textured samples even-
tually transform to hydrophobic surfaces due to changes in the surface compo-
sition [51]. However, we found that this transformation does not happen for
our samples. For instance, when we repeated the contact angle measurements
after keeping the samples open to the atmosphere for 3 months, it was found
that they continued to be in the superwetting state without losing the super-
hydrophilicity (Figure 5.8). This prolonged superhydrophilicity is attributed
to two major factors. One is the presence of micro-channels and frozen nano-

capillaries [Figure 5.4(b,c)] in the multi-scale (hierarchical) structure, and the
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(a) F,=0.94]/cm’ (b) F,=0.94]/cm’

(c) F,=1.41]/cm’ (d) F,=1.41]/cm?

- | e—— —

(e) F,=1.88]/cm?

Figure 5.8: Photographs shown in the left panel are images of distilled water (1uL)
droplets on silicon surfaces taken immediately after texturing (at different fluences).
Photographs in the right panel are taken after keeping the sample in atmospheric con-
ditions for three months. The long-lived superhydrophilicity of the samples is obvious
from the images.

other is the presence of silica particle decoration on the micro-/nano-structures,
which acts as a nano-foam. Due to the strong adhesion between water and the
resulting superhydrophilic silica surface, water penetrates through the dust, de-
bris, and other contaminants, ultimately serving as a blocking layer between
the liquid contaminants (e.g., oil) and the surface. In other words, superhy-

drophilicity actually works better than superhydrophobicity when the contam-
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ination is hydrophobic in nature. There are several potential applications for
superhydrophilic silicon surfaces in devices such as heat-exchangers, biosen-

sors, biochips, and self-cleaning solar cells [24].

5.5 Summary

Micro-/nano-textured silicon surfaces fabricated using nanosecond laser pulses
have been investigated using SEM, AFM, EDX, XPS and contact angle mea-
surements. The hierarchical structures obtained consist of microscale chan-
nels and self-organized surface nano-capillaries decorated with randomly dis-
tributed silicon nanoparticles. Concentric nano-ripples found around the crater
rims show sub-wavelength spatial periodicity (50-100 nm) with silica nano-
foam decoration on top. Silicon oxide is formed on the irradiated surface, with
the atomic percentage of oxygen increasing with the laser fluence. These struc-
tures result in a durable superhydrophilic silicon surface (CA ~ 5°), with the
superhydrophilicity being stable even after being exposed to the atmosphere
for about three months. The generalized Wenzel’s equation describes the wet-
ting behavior of these samples by taking into account homogeneous liquid pen-
etration due to the formation of nano-capillaries and silica nano-foam. In short,
this chapter demonstrates a direct-write, cost-effective and single-step method
which does not need additional chemical processing for modifying the wetta-

bility of solid surfaces for multi-functional applications.
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Chapter 6

Fabrication of silicon micro-needles
using femtosecond optical vortex

beams

This chapter discusses surface structuring of silicon (100) using fs optical vortex (OV)
beams, which are generated by employing a spiral phase plate (SP-plate) having topo-
logical charge ¢ = 4. OV beams with linear and circular states of polarization (SoP)
in the transverse plane are employed to generate interesting surface features. Loosely
focused OV beams (with linear as well as circular SoP) generate patterns consisting of
ripples and grooves whereas tightly focused OV beams produce micro-pillars. The ap-
plication of a silicon surface patterned with arrays of micro-pillars as a SERS substrate

to detect a low concentration (10 = M) of the dye rhodamine 6G is demonstrated.

6.1 Introduction

The degrees of freedom of light, such as its polarization, frequency, and spatial
modes, play a crucial role in laser induced-surface structuring. The previous
chapters illustrated the unique capabilities of laser surface texturing in fabricat-

ing hierarchical micro-/nano-structures at nano-/micro-scales on silicon and
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fused silica by employing fs and ns pulses having Gaussian spatial intensity
profiles. The experimental findings demonstrate that the properties of the
irradiating beam, such as polarization, spatial intensity distribution, number of
pulses and laser fluence, have direct effect on surface structuring and related
processes. In recent years, structured light having unconventional beam shapes
have been employed in research fields as diverse as biophysics [1-3], microme-
chanics [4] or microfluidics [5], super high-density optical data storage [6],
imaging, and metrology [7-10]. These include Bessel, Laguerre-Gaussian, Airy,
and in particular optical vortex (OV) beams. An OV beam can be described as
a spatially structured beam having a donut-shaped (annular) intensity profile,
caused by the helical nature of its wave-front, advancing along the direction of
propagation [11, 12]. The phase of the beam varies in a corkscrew-like manner
around its propagation axis creating a phase singularity that is characterized by
a 2(m azimuthal phase (here ¢ is termed as topological charge). The topological
charge gives rise to an orbital angular momentum (OAM) £ = (A per photon
where ¢ corresponds to the number of twists in the helical wave-front in one
wavelength of propagation. The topological charge can be negative or positive
depending on the handedness (chirality) of the helical structure. The higher the
number of twists, the faster the light spins around its axis of propagation. OV
beams can also carry spin angular momentum (SAM) S = sh per photon which
is associated with the spin of the transverse electric field giving rise to circular
polarization, with helicity values of s = +1 corresponding to left and right
circular polarizations, respectively. Because of their unique properties, appli-
cations employing OV beams have attracted a great deal of research interest

ranging from surface structuring [13-17] to free-space communications [18, 19].

When compared to the typical Gaussian beam profile, the distinctive spa-
tial profile and the OAM associated with the OV beam presents the possibility
for generating various complex surface structures [16, 20-22]. OV beams carry-

ing OAM ¢ = 1 exhibit two general types of polarization configuration (Radial,
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and Azimuthal). The experimental findings reported by R. Dorn et al. [23] show
that under tight focusing conditions, radial /azimuthal polarized OV beams can
generate/hinder a strong longitudinal electric field, which in turn influences the
shape of the focal spot. They have reported that radial SoP results in sharper fo-
cus with a spot size of 0.16 \?, providing maximum intensity at the focal plane,
compared to the larger spot size of 0.26 \? achieved with linear SoP. In contrast,
an OV beam with azimuthal SoP has no longitudinal field component, which
facilitates precise nanostructuring for donut-shaped annular structure fabrica-

tion.

OV beams have indeed attracted substantial of research interest in the fields
of materials processing and surface functionalization owing to their numerous
advantages. In the last decade, there has been a great advancement in laser
ablation using OV beams, which has proved their capabilities for fs laser sur-
face texturing. For example, C. Hnatovsky et al. [13, 24] have employed OV
beams to generate micrometer-size ring-shaped structures on silicon and fused
silica. Other experimental findings using ns laser pulses in materials such as
stainless steel, brass and copper demonstrate that both azimuthal and radial
polarizations are better for drilling fine deep holes, when compared to conven-
tional beams having linear or circular polarizations [25]. Researchers from the
University of Naples have explored the influence of SoP and OAM on laser ab-
lation with fs OV laser beams [26-29]. They have also investigated direct fs
laser surface structuring under loose focusing conditions with generalized vec-
tor beams, which are realized by electrically tuning the optical retardation of a
g-plate with ¢ = +1/2. However, under tight focusing conditions, fs-ablation
using the annular laser beam depends on the SoP, which becomes more definite

close to the ablation threshold of the material [24].

Toyoda and coworkers have discussed the twisting effect happening on
metal surfaces due to ablation with an OV beam. Here, chiral nanoneedles

are formed because of helicity transfer from the optical vortex to the melted
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material. They have also shown that the chirality of the nanoneedles can be
controlled by changing the helicity of the optical vortex [16, 17]. Another
work done by Takahashi et al. using OV beams of ps duration has reported
the formation of a mono-crystalline silicon needle recrystallized by laser
ablation [30]. They have also achieved an enhancement in the height of the
needle by applying multiple vortex pulses on the target, resulting in a needle
height of approximately 40 pm after 12 consecutive pulses. Recently, Omatsu
and group have demonstrated the transformation of twisted nanoneedles on
aluminium into non-twisted microneedles, upon ablation with multiple over-
laid OV pulses [31]. They have also found that the OAM of an optical vortex
field can twist high viscosity (4 Pa.s) donor materials to form micron-scale
‘spin jets’. This could enable the development of next generation printed
photonic/electric/spintronic circuits using ultrahigh viscosity donor dots con-
taining functional nanoparticles, via the optical vortex laser induced forward
mass transfer (OV-LIFT) patterning technique. In another work reported by
Yoo et al. [32], an effective collection of molten silicon in the beam center is
illustrated. Here a nanodome of significantly increased height is created via
the thermocapillarity induced dewetting process, when the donut-shaped
laser beam interacts with an amorphous silicon film deposited over a fused
silica substrate. A phase transformation from amorphous to crystalline silicon
occurs due to the fast melting and re-solidification process. Syubaev et al. [33]
have demonstrated direct ns-laser printing of chiral silver nanoneedles by
employing zero-OAM (¢ = 0) spiral beams with variable intensity profiles, and
also perfect optical vortex (POV) beams having fixed donut-shaped intensity
pattern and variable topological charge. Moreover, in a recent theoretical
and experimental work, Tsibidis et al. have investigated the surface profile
and ripple periodicity of irradiated Ni with radially polarized fs laser pulses,
demonstrating that the incident beam polarization has a significant influence

on both the morphological profile and size of the produced structures [34].
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This chapter reports experimental findings of surface structures produced
on crystalline silicon(100) samples upon laser ablation under atmospheric con-
ditions, by employing a fs OV beams carrying definite OAM. The ring-shaped
intensity profile and controllable polarization of the OV beam make it possi-
ble to generate various complex surface textures, which are not possible if a
Gaussian beam profile is used. In order to achieve an accurate and reliable de-
termination of the OV beam properties, a detailed understanding of the thresh-
old fluences for ablation and the effects of different SoP in the formation of the
various surface features is required. We have used an OV beam having differ-
ent SoP, generated by using a spiral phase plate with ¢ = 4, for carrying out
the structuring work reported in this chapter. Under loose focusing conditions
ts OV beams are found to generate sub-wavelength scale ripples and grooves,
which are influenced by the SoP of the incident beam. In contrast, under tight
focusing conditions, the OV beam generates micro needle-like structures on the

surface.

6.2 Experimental details

The schematic of the experimental setup is shown in Figure 2.8. The irradia-
tion source is a regeneratively amplified mode-locked Ti: Sapphire laser system
(TSA-10), delivering linearly polarized ultrashort laser pulses (pulse duration
7 = 100 fs, central wavelength A ~ 800 nm) at a repetition rate of 10 Hz. The
energy of the laser pulses is controlled by using an assembly of a half-wave
plate and a polarizing cube beam splitter. The Gaussian beam output from
the laser is converted into an anti-clockwise optical vortex beam with topolog-
ical charge ¢ = 4, by employing a fused silica spiral phase plate (SP-plate,
Holo/Or Ltd, VL-218-1-Y-A)which provides an azimuthal phase of 2/7.
Additionally, we insert a quarter-wave plate before the SP-plate, which enables

the constructive addition of the spin angular momentum associated with the
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circular polarization of the OV beam. The OV beam is focused onto the silicon
sample using a plano-convex lens of F;, = 10 cm focal length, and an objective
lens (RMS10x-PF) of numerical aperture (N.A. = 0.30), for loose and tight fo-
cusing of the beam, respectively. The number of pulses N falling on the target
is controlled by an electro-mechanical shutter which is synchronized with the
'Q-switch Out’ signal provided by the Nd:YAG laser pumping the TSA-10.

The morphology of the textured silicon surface is examined by using a scan-
ning electron microscope (SEM). To understand the chemical changes occurring
due to laser irradiation, the chemical composition of the surface is investigated
before and after irradiation by energy-dispersive X-ray (EDX) measurements.
The sample textured with arrays of microneedles is sputtered with gold (Au)
to get a thin 50 nm Au film, and then annealed at a temperature of 400° C for
2 hours. For performing SERS measurements, Rhodamine 6G (R6G) dye solu-
tions of different molar concentrations are prepared by sequential dilution in
ethanol. 2 pL volume of the dye solution is then drop-casted on the substrates
consisting microneedles, which are then air dried at room temperature. SERS
spectra of R6G molecules on the substrates have been recorded using a Raman
spectrometer (Jobin-Yvon T64000) at 633 nm excitation wavelength. Static
contact angle measurements are performed to understand the effect of fs laser
irradiation on the wetting properties of the sample by an automated contact
angle meter (DM 501, Kyowa Japan), using the sessile drop method. A dis-
tilled water droplet of 1 puL volume is gently positioned on the surface using
a microsyringe, and images are captured to measure the angle formed at the

solid-liquid interface.

6.3 Generation of the OV beam

Optical vortex beams can be obtained by imposing a spiral phase distribution

onto the input beam. There are various methods to generate OV beams carrying
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OAM such as astigmatic lens converter, computer generated fork hologram [35],
spatial light modulator (SLM) [36], Q-plates [37, 38] and spiral phase plate [39].
In our experiment, we have used spiral phase plate of topological charge ¢ =
4. A spiral phase plate (SP-plate) is a light-transmitting plane-parallel plate,
one side of which is a staircase kind of relief. This increasing thickness of the
SP-plate introduces a phase retardation which is proportional to the azimuthal
angle around a point in the middle of the plate. When an input beam is passed
through an SP-plate it acquires a helical wavefront due to the variable phase
retardation. The transmission function of an ideal SP-plate is described by the
equation

T(r,¢) = exp{ilp}circ (%) (6.1)

where (7, ¢) are the polar coordinates in the SPP plane at z = 0, z is the optical

axis, R is the radius of the SP-plate, and ¢ = £1, %2, ... is the topological charge.

6.4 Surface structuring with OV beams

Beam polarization is an intrinsic and crucial parameter which presents novel
and fascinating surface features in fs laser material processing. With the help
of the OV beam, we can produce numerous complex polarization dependent
structures with single and multi-pulse ablation. When we vary the SoP of the
input beam (such as horizontal, vertical, and circular) falling on the SP-plate,
we see that the output OV beam also exhibits different SoP. In this section, we
discuss the effect of SoP and irradiation dose (number of pulses, N) falling on
the sample under loose focusing condition, i.e., with a plano-convex lens of
focal length f; = 10 cm placed in the beam path. Figures 6.1 and 6.2 show SEM
micrographs of the area structured with horizontally and vertically polarized
OV beams with incident pulse energy E=100 pJ, and different number of pulses
N =5, 20, 50, 100, and 200.
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Figure 6.1: SEM micrographs of the ablated area irradiated with incident pulse energy
E=100pJ: (@) N=5, (b) N =20, (c) N =20, (c) N =50, (d) N =80, (¢) N =100, (f) N =
200. The red arrow in (a) shows the SoP of the incident OV beam.
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Figure 6.2: SEM micrographs of the ablated area irradiated with incident pulse energy
E=100pJ: (@) N=5, (b) N =20, (c) N =20, (c) N =50, (d) N =280, (¢) N =100, (f) N =
200. The red arrow in (a) shows the SoP of the incident OV beam.
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The left column of Figure 6.1 illustrates changes in surface features with in-
creasing number of pulses, and the right column presents zoomed views of the
areas marked by green dashed boxes in the corresponding left column. Sim-
ilarly, Figure 6.3 shows SEM micrographs of areas structured with OV beams
having circular SoP, with incident pulses of energy E=100 pJ, and different num-

ber of pulses N = 5, 20, 50, 100, and 200.

The irradiated surface presents well oriented annular regions containing dif-
ferent surface morphologies. Due to the near-zero intensity at the center of the
OV beam, the center area remains unaffected upon irradiation. However, the
inner non-irradiated region consists of a large number of nanoparticles, which
increases with the increase of the number of pulses. Moreover, another layer
of nanoparticles also is visible beyond the external radius of the OV beam.
This suggests that a random deposition of nanoparticles is favored in the re-
gion where local fluence is lower than the ablation threshold (visible in the in-
ternal and external areas of the OV beam). Evidently, the ablated annular re-
gion exhibits ripples as well (also termed as LSFL), which are preferentially ori-
ented normal to the local beam polarization (see zoomed views of Figures 6.1(a)
and 6.2(a) which correspond to N = 5). In the case of multi-pulse ablation with N
> 5, the transformation from LSFL to grooves occurs, which becomes significant
at N > 100. These micron-sized grooves are preferentially aligned parallel to the
local beam polarization. With increasing irradiation dose, the grooves tend to
cover the major part of the annular region as shown in Figures 6.1 and 6.2(d-
e). This grooved region is found to be surrounded by two adjacent, narrow
ring-shaped areas (in both internal and external peripheries) with the charac-
teristic sub-wavelength ripples having an orientation normal to the local beam
polarization. Furthermore, ablation with OV beam having circular SoP exhibits
surface features which are different from those observed for ablation with OV

beam having linear SoP.
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Figure 6.3: SEM micrographs of the ablated area irradiated with incident pulse energy
E=100pJ: (@) N=5, (b) N =20, (c) N =20, (c) N =50, (d) N =280, (¢) N =100, (f) N =
200. The red arrow in (a) shows the SoP of the incident OV beam.



166 6.4. Surface structuring with OV beams

Figure 6.4: SEM micrographs presents the zoomed view of the ablated area irradiated
with incident pulse energy E = 100 pJ and number of pulses N = 200 having (a) hori-
zontal, (b) vertical, and (c) circular SoP of the incident OV beam.

OV beam with circular SoP leads to the generation of disordered, random
surface structures with many intersections and bifurcations resulting in single
nano-pores and ripples (as shown in Figure 6.3). These results are in agreement
with previously reported results describing the polarization dependent gener-
ation of LIPSS on metals and semiconductors [40, 41]. In the case of N = 5, the
annular region contains localized hotspots around which short-length ripples
are generated. With increasing N these features get wiped out by the disordered
rough textures. However, with N = 50, short range grooves (~ 15 um) covered
with nano-pores (as shown in Figure 6.3(c)) are formed. These short range
grooves start disappearing due to prominent bifurcations and intersections
upon ablation with a higher number of pulses (see Figure 6.3(d,e)). When
N > 100 the annular region becomes completely covered with nano-pores

surrounded by two adjacent, narrow ring-shaped areas (in both internal and
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external peripheries) consisting of disordered rough surfaces as in the case of N
= 20. Figure 6.4 presents the SEM micrographs illustrating the peculiar features
generated upon irradiation by OV beams having different SoP (shown by red
arrows in the micrographs) with incident pulse energy E = 100 pJ, number of
pulses N = 200. Another noticeable difference between the structures created
using linear and circular SoP is the amount of nano-particle generation and
deposition in both internal and external peripheral regions. Nanoparticle
deposition is slightly higher in the case of circular SoP, and the orientation of

the patterns is relatively random when compare to linear SoP [40].

6.4.1 Optimization of micro-needle formation

This section demonstrates fs-structuring employing OV beam under tight fo-
cusing conditions, i.e., by using an objective lens (RMS10x-PF) of numerical
aperture (N.A.) 0.30. The purpose of tight focusing is the fabrication of uniquely
structured silicon substrates (in particular Si micro-needles) which have poten-
tial scientific and industrial applications. We employ fs OV beams with lin-
ear as well as circular SoP to understand the role of local beam polarization in
the formation of the micro-needles. We also investigate the effect of single and
multiple fs OV beam ablation under tight focusing condition to understand the
surface morphology. Figure 6.5 shows SEM micrographs of the ablated area ir-
radiated with horizontally polarized fs OV beam with pulse energy E = 15 yJ,
and different number of pulses (N) ranging from 5 to 200. LSFL with period
~ 750 nm aligned normal to the local beam polarization is observed in the case
of N = 5. When N increases to 10, grooves start covering up the LSFL, and the
presence of LSFL becomes limited to the low fluence area (for both internal and
external narrow peripheries). With further increase of N to 20, the inner area
adjacent to the narrow ring shows melting, and the surrounding annular region
gets covered by grooves of spatial period ~ 2.2 ym. When N = 50 supra-grooves

appear in the inner region adjacent the narrow ring containing LSFL.
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Figure 6.5: SEM micrographs of the ablated area irradiated with incident pulse energy
E =100 pJ: (@) N =5, (b) N =10, (c) N =20, (d) N =50, (e) N =80, (f) N =100, (g) N
= 200. A zoomed view of the crater area marked with the red dash box detailing the
center area of the irradiated spot also is shown.
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The spatial period of these supra-grooves is almost double that of the pe-
riodicity of the grooves (~ 4.0 um). With further increase in the number of
pulses (N > 80), the area containing supra-grooves gets drilled as shown in Fig-
ure 6.5 (e-g). These results indicate that micro-needle formation is not favoured
in the low fluence regime even if we increase the number of pulses. To achieve
micro-needles we have to increase the incident pulse energy, and also optimize
the number of pulses. Figure 6.6 shows the surface morphology obtained with
a single OV pulse having horizontal SoP, for different pulse energies. Unlike
in the case of multi-pulse ablation with loose focusing, single OV beam irra-
diation at higher energy creates a protuberance at the center of the processed

surface where the OV beam intensity is almost null. From Figure 6.6 it is evi-

Figure 6.6: SEM micrographs showing the ablated area for single pulse ablation. Pulse
energy: (a) E=2.0m], (b) E=0.6 mJ, (c) E=0.4 m].

dent that micro-needle formation with single pulse irradiation is tricky because
pulses of higher energy will result in more molten Si. This pool of molten Si will
self-organize in ns timescales because the reinforcement of this molten Si into a
needle shape by the fs OV beam is not possible as the pulse is long gone.
Figure 6.7 illustrates the instability of the micro-needles fabricated using a
single fs OV beam with horizontal SoP. It is seen that ablation with compar-
atively low energy E = 0.6 m] (Figure 6.7(a)) results in the fall of the needle
within the annular region, whereas in the case of E = 2.0 m] (Figure 6.7(b)), the
top part of the needle breaks away and moves out of the annular region. This

could be due to the excess molten Si which falls outside the annular region once
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Figure 6.7: SEM micrographs of the ablated area with a single horizontally polarized
OV beam: (a) E = 0.6 mJ, (b) E =2.0 m].

the beam is gone. One possible solution to this problem is irradiation with suc-
cessive pulses to shape the central protuberance into micro-needles. In order to
further understand and optimize micro-needle fabrication, we follow the model

described by Omatsu et al. [21].

Annular Annular Annular
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Figure 6.8: Model illustrating micro-needle fabrication on metal surfaces by using fs
OV beam [21].

Figure 6.8 presents the model to illustrate the mechanism of micro-needle
fabrication using OV beam ablation. The focused OV beam provides OAM
to the laser-induced plasma, thereby yielding rotation of plamsa along the az-
imuthal direction, i.e. along the ring-shaped intensity profile of the OV beam.
The SAM associated with the OV beam reinforces the orbital motion of the
plasma so that it revolves around the propagation axis. Due to these motions

the plasma is directed efficiently toward the on-axis null intensity region origi-
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nating from the phase singularity, and gets confined in the hole by photon pres-
sure. The plasma confined in the center by the repulsive photon pressure then
recombines and accumulates at the center of the processed surface, resulting in
a structured micro-needle. This model is valid in the case of OV beams with
higher topological charge, and in all types of materials. Figure 6.9 shows SEM
micrographs of the region structured with horizontally polarized overlaid, OV
pulses of energy E = 0.6 m], detailing the micro-needle formation, crater mor-

phology and chirality of the produced needle.

Figure 6.9: SEM micrographs of the ablated area with horizontally polarized OV beam
of energy E = 0.6 mJ and N = 10: (a) Tilt view at 45° angle taken from the secondary
detector in SEM, (b) Zoomed view of the area marked by the white dash box showing
the morphology of the micro-needle, and (c) Top view of the micro-needle.

By varying the incident beam energy and the number of pulses being super-
imposed on a given spot, we find that OV pulses with energy E = 1.0 mJ and N
= 10 offer an optimized irradiation condition. We have performed experiments
with both linear and circular SoP to study the influence of the local SoP on the
needle structure. Figure 6.10 shows SEM micrographs of the array of micro-
needles fabricated with OV beam (left circular polarization) with incident beam
energy E = 1.0 mJ, and zoomed views of the selected area in the micrographs
illustrating the crater and micro-needle structures in detail. We observe that the
local (linear or circular) SoP which generates SAM (0, £1) in the OV beam does
not have a significant effect on micro-needle formation. This is because the role
of the SAM is to augment the orbital motion of the melted Si, making its move-
ment towards the central low intensity area either faster or slower. It must be

noted that the SAM (s = =£1) can play a crucial role when combined with the
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Figure 6.10: SEM micrographs illustrating (a) array of micro-needles fabricated with
OV beam (left circular polarization) with incident beam energy E = 1.0 mJ, (b),(c)
zoomed views of the area indicated by the white dashed box in the corresponding left
SEM micrograph illustrating the crater and micro-needle structure, taken with the sec-
ondary detector. Tilt angle is 50°).

OAM of the beam (¢ = £1), giving the total angular momentum (TAM) to be
—2 < J < 2. We fabricated micro-needle arrays of 1 x 1 mm? and 4 x 4 mm?
areas to study the SERS and wetting properties of the structured surfaces. In
the next section we discuss modifications observed in the structural properties

of the areas containing micro-needle arrays.

6.5 SERS and wetting applications of Si micro-

needles

In the previous sections we discussed the structural properties obtained for OV
beam ablated areas (planar, micro-needle) under loose and tight focusing con-
ditions. In this section we discuss the SERS and wetting applications of the
fabricated Si micro-needles. In recent years, fs laser processed surfaces have
been used for SERS applications because of the high SERS enhancement factors
obtained by coating with a thin film of gold (Au) or silver (Ag) after textur-
ing [42, 43]. Even though Ag is known as the most efficient plasmonic ma-
terial, its chemical instability is a drawback which limits its use in SERS sub-
strates. In contrast, Au has a higher chemical and molecular stability com-
pared to Ag, making it a better option for SERS. Therefore, we fabricated 100

micro-needles in 1 x 1 mm? area of silicon by fs laser irradiation and coated the
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sample with a 50 nm thin film of Au for molecular detection using SERS. The
sample is then annealed at a temperature of 400°C for 2 hours, which is then
allowed to cool slowly overnight. Figures 6.11(a,b) show SEM micrographs of

the micro-needles after sputtering 50 nm Au thin film, and after annealing the

Au coated substrate, respectively. Due to annealing we observe the formation

Figure 6.11: SEM micrographs showing a micro-needle fabricated using OV beam (left
circular polarization) with incident beam energy E = 1.0 mJ, and N = 10. (a) after coating
with 50 nm gold film via sputtering, (b) after annealing at 400°C for 2 hours.

of Au islands on the tip of the micro-needles (Figure 6.11(b)). To understand
the surface composition before and after annealing, we have taken EDX spectra
of different regions revealing the changes. Figures 6.12(a-c) show the regions of
interest selected for EDX measurement from the Au-coated and annealed micro-
needles. The inset images are the EDX spectra of the areas enclosed within the
pink boxes of the respective micrographs. We use these annealed Au/Si micro-
needles as SERS substrate and the dye rhodamine 6G (R6G) as a model analyte.
The R6G solution of 1 x 1073 M concentration is prepared in ethanol and the
remaining concentrations are prepared by successive dilution. 2 pL volume
each of the prepared R6G solutions is dropped onto the substrate with the help
of a micro-syringe. The solvent evaporates off in a short period of time. Fig-
ure 6.13(a) shows Raman spectra (at 633 nm excitation) measured on a smooth
bare Si wafer drop-coated with R6G-ethanol solution of concentration 1 x 10~3
M. Figure 6.13(b) presents Raman spectra obtained for concentrations ranging

from 1073 to 10~° M, measured at the tip of the micro-needles. The spectra ex-
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Figure 6.12: SEM micrographs of micro-needles fabricated using OV beam (left circular
polarization) with incident beam energy E = 1.0 mJ and N = 10. (a) 50 nm gold-coated
micro-needle, (b),(c) annealed micro-needle. Insets show EDX spectra of the areas en-
closed within the pink boxes of the respective micrographs.

hibit sharp peaks at 612, 775, 1190, 1315, 1360, 1507, and 1645 cm™*, respectively.
The Raman peaks at 612, 775, and 1190 cm ™! can be attributed to the C-C-C ring
in-plane vibration mode, the C-H out-of plane bending mode, and the C-H in-
plane bending mode of the R6G molecule, respectively. The peak at 1313 cm™*
arises from the N-H in-plane bending mode while those at 1360, 1507 and 1645

cm ! correspond to in-plane C-C stretching [44].
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Figure 6.13: (a) Raman spectra of R6G dye (1073M concentration) measured on plain
silicon (without needle structure) and at the tip of the annealed micro-needle, (b) Ra-
man spectra measured on the tips of the annealed micro-needles coated with R6G of
different molar concentrations.

As the concentration of R6G decreases the intensities of the Raman peaks
also decrease, and finally the spectrum vanishes at the concentration 10~ M,

showing that the detection limit is 10~° M in the present case. The analytical
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enhancement factor (AEF) of the annealed Au/Si micro-needles containing sur-

face is calculated by the following relation [45]

I C
AEF = —S“gz; CZRS (6.2)
where Isgps is the SERS intensity measured from the SERS substrate and Ipg
is the Raman intensity measured on the reference sample (in our case plain Au
coated silicon surface) for R6G dye. Crg is the concentration of R6G dye (usu-
ally higher concentration) and Csgrs the concentration of R6G (usually much
smaller than Crg) used in SERS measurement. The AEF for Csprg = 107° M is

calculated to be ~ 102.

Spectrum 1

Figure 6.14: (a) Energy Dispersive X-Ray (EDX) spectrum showing the presence of sil-
icon oxide due to structuring, (b) contact angle measurement taken after 9 months of
fabrication revealing changes in the wettability (CA = 80.9 £ 4.1).

Apart from exploring the potential of Si micro-needles as SERS substrates,
we have also investigated the changes induced in the surface composition of Si
by fs OV beam processing. Since changes in the wetting behavior of any sur-
face due to ablation is linked with a change in its surface composition and/or
surface contamination, we analyzed the surface state of the large area contain-
ing micro-needles by using Energy Dispersive X-Ray (EDX) spectroscopy. EDX
spectra measured for the structured samples (Figure 6.14(a)) show the forma-

tion of a silicon oxide layer due to oxidation in the course of laser processing in
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air ambient (an oxygen peak appears in the spectrum). The laser processed area
is generally found to be superhydrophilic; however contact angle (CA) mea-
surements taken after 9 months of fabrication reveal changes in the wettability
of the structured surface (Figure 6.12(b)). These findings might indicate poten-

tial applications for the wettability of the Si micro-needles.

6.6 Summary

Experimental investigations of direct surface texturing of silicon using fs OV
beams generated by means of a spiral phase plate of topological charge ¢ = 4 are
reported in this chapter. Results obtained for loose focusing conditions present
a way for visualizing the spatial characteristics of intense fs OV beams. An
influence of the local beam polarization is observed on the generated surface
structures, which suggests that this approach enables us not only to generate
various unique surface structures, but also to understand and characterize the
specific features of the OV beam. In particular, we have found that ripples and
grooves emerge according to the incident energy and the local SoP of the OV
beams. Appropriate optimization of the OV beam energy and irradiation dose
allows the generation of micro-needles under tight focusing conditions. Exper-
imental results suggest that in the case of OV beam carrying higher OAM, local
SoP does not affect the formation of Si micro-needles. However, the chirality of
the needle is defined by the handedness of the OV beam, providing a direct vi-
sualization of the helical beam. SERS measurements illustrate the applicability
of Si micro-needles as an efficient SERS substrate. The uniqueness and versatil-
ity of fs OV beams enable the creation of complex surface structures, establish-
ing the OV beam as a powerful tool for designing specific and well-controlled

structures on solid targets.
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Chapter 7

Summary and future perspectives

7.1 Summary

The main problems addressed in this thesis are based on laser ablation of silicon,
fused silica and quartz in the soft ablation regime (i.e. near threshold ablation)
which results in laser-induced surface structures. Femtosecond and nanosec-
ond laser pulses having Gaussian and OV beam profiles, are used to investi-
gate the surface modifications. Laser-induced surface structuring with fs and ns
laser pulses facilitates surface functionalization of solid materials by modifying
their surface properties (such as optical, mechanical, chemical, biological, wet-
ting, etc). This structuring technique enables the generation of diverse surface
structures with high precision and great spatial resolution for various applica-
tions. We have investigated silicon, fused silica and quartz for structuring be-
cause of their diverse applications ranging from biophysics to opto-electronics.

The initial work reported in this thesis illustrates various aspects of fs laser-
induced periodic surface structuring of crystalline silicon, which provides in-
depth information about the generation of various quasi-periodic structures
and the mechanisms involved in their formation. We have investigated the
role of laser parameters (laser pulse energy (E), wavelength ()\) and polariza-

tion), and irradiation parameters (number of pulses (N), ambient pressure) on
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the fabrication of fs-LIPSS patterns. In particular, we have investigated the in-
fluence of different ambient pressures ranging from 10~° Torr to 760 Torr on
ripples formation. Our experimental findings indicate that there is a substan-
tial backward deposition of the nanoparticles fraction of the ablated material at
higher pressures, which significantly influences the generation and morphology
of the surface structures. To fabricate large area surfaces consisting of LIPSS,
we have optimized the irradiation conditions (E = 80 pJ and N = 100 at 800 nm,
and E = 4 pJ and N = 100 at 400 nm, respectively). The spatial period of the
induced structures is found to be slightly lower than that of the laser wave-
length in both cases, verifying the validity of the static (interference) model
of LIPSS formation. A substantial reduction in optical reflectivity is observed
from the structured surface because of multiple reflections from the nanostruc-
tures. Laser-induced breakdown spectroscopy (LIBS) measurements exhibit a
discernible enhancement in the optical emission intensity of the plasma by 50%
- 90%, whereas Faraday cup (FC) measurements show an enhancement in ion
current by about 34%. These results give clear evidence of improved laser cou-
pling when the Si target is nanostructured. Another interesting indication of
enhanced light coupling is the appearance of spectral lines associated with the
doubly ionized Si species from Si-LIPSS plasma. These experiments establish
the laser-induced periodic surface structuring technique as a versatile tool for

making anti-reflective surfaces.

Next, we investigated fs laser-induced surface structuring of two dielectric
materials: fused silica and quartz. We have addressed the mechanisms involved
in the generation of quasi-periodic surface structures. The effect of crystallo-
graphic orientation in ripples formation is explored by using the targets under
identical irradiation conditions. The variety of fs-LIPSS quasi-periodic ripples
and micron-sized grooves with different preferential alignments (parallel and
perpendicular) depending on the irradiation parameters (laser fluence and the

number of pulses) are investigated in detail. Ripples generation is explained as
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a result of inhomogeneous absorption of the laser pulse energy due to an energy
modulation over the laser-irradiated surface. A large area is structured after op-
timizing the surface structures with the optimized scan speed, to investigate op-
tical and morphological modifications caused by fs-surface structuring. Raman
and PL spectra indicate material densification process and increase in the num-
ber of defects (ODCs and PORs) upon structuring. The laser-irradiated surface
exhibits reduced transmittance in comparison to that of untreated fused silica.
The transmittance decrease can be explained by scattering from micro-/nano-
structures and material property degradation by laser irradiation. Furthermore,
contact angle measurements indicate the formation of superhydrophilic fused
silica surface via fs-laser irradiation. The surface roughness (due to the presence

of micro-/nano-structures) and the surface energy result in superhydrophilicity.

We then demonstrated fabrication of micro-/nano-textured silicon surfaces
using nanosecond laser pulses. The hierarchical structures obtained consist
of microscale channels and self-organized surface nano-capillaries decorated
with randomly distributed silicon nanoparticles. Concentric nano-ripples
found around the crater rim show sub-wavelength spatial periodicity (50-100
nm) with silica nano-foam decoration on top. Our experimental findings
suggest the formation of silicon oxide on the irradiated surface, with the
atomic percentage of oxygen increasing with laser fluence. These structures
result in a durable superhydrophilic silicon surface (C.A. ~ 5°), with the
superhydrophilicity being stable even after being exposed to the atmosphere
for about three months. The generalized Wenzel’s equation describes the
wetting behavior of these samples by taking into account homogeneous liquid
penetration due to the formation of nano-capillaries and silica nano-foam. In
short, we have illustrated a cost-effective and single-step method which does
not need additional chemical processing for modifying the wettability of solid

surfaces for multi-functional applications.

In addition to the studies performed using a conventional laser beam with
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Gaussian intensity profile, we have studied the ablation of crystalline silicon
with the optical vortex (OV) beam (having dough-nut shaped intensity profile)
as well. In particular, we have experimentally investigated surface texturing
using fs-OV beams generated by means of a spiral phase plate of topological
charge ¢ = 4. We have observed the influence of local beam polarization on
the generated surface structures, which suggests that this approach enables us
not only to generate various unique surface structures but also to understand
and characterize specific features of the OV beam. In particular, we have found
that ripples and grooves emerge according to the incident energy and the local
polarization state of the OV beams. Optimization of the OV beam energy and
irradiation dose (number of pulses) allow the generation of complex surface
structures such as micro-needles under tight focusing conditions. Experimental
tindings suggest that in the case of OV beam carrying higher orbital angular
momentum, local polarization state of the OV beam does not affect the forma-
tion of Si micro-needles. However, the chirality of the needle is defined by the
handedness of the OV beam which provides direct visualization of the helical
beam shape. Our SERS measurements illustrate the applicability of Si micro-
needles as an efficient SERS substrate. The uniqueness and versatility of the
ts-OV beams enables both the design of unconventional surface structures, and

also the characterization of complex ultrashort laser beams.

7.2 Future perspectives

The surface structures generated after optimizing various parameters such as
pulse energy (E), number of pulses (N), state of polarization (SoP), ambient
pressure, spatial beam profile (Gaussian or OV) etc. can be exploited for tun-
ing the surface properties of various materials (such as anti-reflection or struc-
tural coloration, superhyrophilicity /superhydrophobicity, and plasmonic na-

ture). Additionally, OV beams carrying OAM facilitate more complex surface
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texturing. Recent studies in laser ablation by OV pulses of ps or ns duration
have revealed the formation of chiral nano-needles in metals which may lead
to advanced photonic devices (for instance, metamaterials for ultrasensitive de-
tection and reactions for chiral chemical composites). Moreover, micro-/nano-
needles formation by employing fs-OV beam with higher topological charge
has not been explored thoroughly. Femtosecond OV beams having higher OAM
and complex profile can be generated by tuning the state of polarization, topo-
logical charge and spatial profile, and these can be employed to fabricate exotic
surface patterns on variety of materials. Arrays of complex surface structures
will be fabricated in future for numerous diverse applications ranging from bi-

ological and chemical-sensing to metamaterials and plasmonic devices.
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