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Chapter 1

Introduction
Abstract

The last few decades have seen growing interest in studying novel micro-nanotexturing
towards the various applications and fundamental investigations. Among the many
sophisticated techniques, ultrafast laser direct writing emerged as a promising tool due to
its capability in single-step, a precise micromachine, pollution-free and easy control. This
chapter covers the advent of lasers, the historical background of the pulsed laser materials
processing and development, the breakthrough in the generation in subwavelength
gratings. It enlightens the various theoretical models regarding the origin of laser-induced
periodic surface structures (LIPSS) formation. It also deals with recent progress in
forming exotic shapes of LIPSS in different experimental conditions. This chapter also
details the potential applications of surface nanostructuring in different experimental
conditions such as fabricating copper nanoparticles (CuNP), engineering non-wetting

surfaces, and broadband absorption surfaces.



1.1. Introduction

The development of an enormous intensity light source, Light Amplification by
Stimulated Emission of Radiation (LASER), is perhaps one of the best inventions in
science. It was Albert Einstein who laid the foundation in 1917 for the development of
laser by introducing the concepts of stimulated emission, where a photon interacts with
an excited molecule or atom and generates the emission of a photon having the same
frequency, phase, polarization state, and direction [1]. Some properties such as
monochromaticity, high directionality, low divergence, high beam intensity, and
coherence make the laser unique. The first laser was invented on May 16, 1960, by T. H.
Maiman, inspired by the theoretical concept developed by C.H. Townes and A. L. [2,3].
The invention of commercial lasers accelerated the development of science and
technology so that the laser was considered ‘a solution seeking for a problem!’. With time
the technological developments of lasers are continued across the world for the increasing
demands in various applications. The real breakthrough came after developing the
concepts of chirped pulse amplification (CPA), which allows a laser to achieve
amplification up to the petawatt power [4]. Donna Strickland and Geraud Mourou carried
out this pioneering work in the mid-1980s at the University of Rochester, and they were
awarded the Nobel prize in 2018 for achieving this extraordinary feat. The invention of

ultrashort pulses opens a new horizon in basic sciences and industrial applications.

The ultrashort laser interacts with matter by exciting the surface electron of solid into the
higher-lying unoccupied states by absorption of photons either by the interband transition
or via the transition of free carriers within the conduction band (intraband transition)
through free-carrier excitations [5-7]. Single-photon absorption is possible if the photon
frequency is larger than the bandgap frequency of the materials, such as most of the
conducting material (Ag, Cu, Al). The electron cannot excite by single-photon absorption

for larger bandgap materials, and it might be excited through multi-photon, nonlinear



absorption. Multiphoton and avalanche ionization play a significant role in nonlinear
absorption under the influence of high-intense pulse by electron excitation through
simultaneous absorption of a few photons. The conduction band electron can absorb
multi-photon sequentially and excite to higher states. After absorbing a sufficient number
of photons (say n photons) and exceeding the bandgap energy (nhv> Eg), the electron
ionizes another electron in the valence band by multiple collisions among the electrons.
The number of free carriers in the conduction band increases substantially due to the
collisional ionization, leading to the avalanche ionization. The leading and trailing edges
of the femtosecond pulse triggered the photo and avalanche ionization during the laser-
matter interaction [8]. With the presence of high intense laser pulse, multi-photon
absorption and impact ionization enable to a condition of optical breakdown leading to a
plasma state [9,10]. The interaction mechanisms between ultrashort pulses with matter

are significantly different from those with continuous or long pulse lasers.
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Fig. 1: Laser-matter interaction mechanism

The deposition of energy into the materials has a shorter timescale than the relaxation
process. The electrons absorb the photon energy almost instantaneously, and ions remain
undisturbed; the thermalization takes place after the laser pulse is turned off. A flowchart
of intertwined mechanisms triggered by the ultrashort pulses in metal, semiconductors,

and dielectrics is presented in Fig. 1. The process is discussed in three classes (shown in



colors); namely, the initial process involves the excitation of electrons in response to the
laser irradiation (pink), fast non-equilibrium phase transformations by the energy
exchange from excited electrons to the lattice vibrations (green), and the rapid cooling
and re-solidifications near the heat-affected zone (HAZ) which leads to the surface
modification or ripples formation (indigo). In dielectric or semiconductors, many free
electrons are excited across the bandgap by laser irradiation leading to the non-thermal
phase transformation influenced by transient modification of interatomic bonding
[11,12]. Within ps timescale, excited electrons in the conduction band, both in dielectrics
and metals, can absorb photons seeded with laser pulses, causing plasma states or a
Coulomb explosion [13]. The electrons transport energy to the lattice, causing rapid
heating of 10!* K/s and the generation of supercritical fluid or homogeneous melting[14—
16]. The excessive-high temperature and pressure generate the metastable state as
complex surface morphology during the photomechanical spallation [17-23]. Following
that, once temperatures are below the melting point, re-solidification occurs. Due to
strong laser energy localization and high heat conductivity, the cooling rate in metals can
exceed 10%2 K/s, allowing the material to undergo intense undercooling, resulting in the
development of crater formations/deformations nanocrystalline and amorphous solid
nanostructures [24-28].

In recent years, ultrashort laser micro/nano surface texturing has emerged as one of the
frontiers and the cutting edge of surface science in the development of manufacturing
technology due to its capability of high precision and controlled micromachining. It has
attracted significant interest due to great potential applications in generating laser-induced
nanogratings far beyond the diffraction limit [29-31], anti-reflectivity[32-34], non-
wettability [35-37], wicking property [38], tribology [39], drag reduction technology
[40], etc. This thesis employed three different lasers to design functional surfaces in
pulsed laser surface nanostructuring. Femtosecond Ti: Sapphire laser of pulse duration
75 fs (at full width at half maxima) and fundamental wavelength of 800 nm coupled with
commercial optical parametric amplifier (OPA) is to engineered dual-scaled gratings on
stainless steel (SS304) and cubic-shaped copper nanoparticles (CuNPs) on copper foil.
Femtosecond diode-pumped fiber laser of pulse duration 350 fs and fundamental



wavelength of 1030 nm is utilized to fabricate anisotropic superhydrophobic surface on
copper and stainless-steel surfaces. Nd: YAG nanosecond laser of pulse duration 6 ns and
second harmonic wavelength of 532 nm (fundamental 1064 nm) is used to develop
broadband super black surfaces on stainless steel.

1.2. Dual-scaled gratings fabrication

M. Birnbaum observed the first laser-induced surface ripples in single-crystal germanium
using a ruby laser in 1965 [41]. LIPSS research has attracted considerable attention from
the research community since then, including over 1300 research publications so far. The
formation of the subwavelength gratings under the influence of the laser pulses is
universally observed on several materials [36—40]. Low spatial frequency LIPSS (LSFL)
and high spatial frequency LIPSS (HSFL) are the two primary classes of LIPSS generated
by ultrashort linearly polarised light pulses incident on a material [42—-44]. A pioneering
and comprehensive electromagnetic theory is established by Sipe et al. on LIPSS
formation based on the effect of surface roughness on the electromagnetic field
distribution, which is popularly known as efficacy theory [45]. It stipulates that LSFL
formed due to inhomogeneous deposition of energy by interfering the incident laser with
surface scattered electromagnetic wave, which is widely accepted today [46,47]. The
gratings are significantly smaller than the laser wavelength, forming either orthogonal or
parallel to the laser polarization; lower periodic structures are generally referred to as high
spatial frequency LIPSS (HSFL); these are parallel or orthogonal to the incident
polarization and the formation HSFL is not entirely understood [46]. Recently, several
reports of some LIPSS features that can be considered dual-scaled ripples where HSFL
gratings are embedded between the LSFL gratings [17,48]. This thesis investigates the
simultaneous formation of dual-scaled gratings structure and explores the spatial
periodicity variation for the incident laser wavelength over a broad range from 400-2200
nm.

1.3. Cubic-shaped copper nanoparticles processing

The fabrication of metallic nanoparticles (NPs) gained tremendous attention from the
research communities due to their diverse applications in industry and academia [49-51].
These various needs have been justified by rapid synthesis and preparation of NPs with



different shapes, sizes, and morphology using various methods such as solution-based
preparation, e-beam lithography, extraction from the natural biological plants, and laser-
induced NPs synthesis [52-56], etc. Fabrication of NPs using ultrafast laser irradiation
provides a way for an easy, one-step, and green synthesis of nanoparticles. It is a reliable
technique because of its repeatability, controlled, precise fabrication, and pollution-free
method [53,57-59]. Among the class of nanoparticles, the copper NPs got special
attention due to their excellent performance in heat and electrical conductivity, catalytic
activity, and cost-effectiveness compared to the other plasmonic metal NPs such as gold
and silver [51,60].

1.4. Broadband superblack surface

Recently, surface structuring at the nanoscale has been extensively used where there is a
need for low reflective surfaces, such as display devices [61,62], solar cell panels [63],
light-emitting diodes [64], optoelectronics [65], etc. The laser surface patterning is very
effective for fabricating anti-reflective (AR) surfaces. It is a single-step process that can
be scaled to the industry with precise, controllable parameters. In our work in this thesis,
we demonstrated near 99.5% absorbance over the range of 250 nm to 1800 nm using the
inexpensive nanosecond laser on the stainless steel (SS). These nanoseconds laser-
irradiated SS surfaces are efficient in light trapping due to the fascinating micro-nano
hierarchal structures.

1.5. Anisotropic superhydrophobicity

A liquid droplet forms a spherical shape on an isotropic superhydrophobic surface, with
contact angles (CAs) varied depending on the surface properties. The “lotus leaf action”
depicts how droplets roll off the natural surfaces with slight perturbation [66]. The
mimicking of the natural surface is engineered artificially on a variety of surfaces,
including ZnO nanorods[67], metallic surfaces[68,69], polymers [40], etc. Wenzel [70]
and Cassie-Baxter [71,72] models extensively discuss liquid wetting on two-dimensional
symmetric surfaces. According to the Wenzel model, a liquid droplet penetrates the
surface’s micro-cavities. These models suggest that CAs are influenced by surface
roughness. D. C. Pease demonstrated that contact angle formation is a one-dimensional
problem[73] and suggested that the droplet pinning boundary at the triple contact line



determined the contact angle. But the idea of Pease is ignored by contemporary surface
scientists, and Wenzel and Cassie-Baxter models got the most attention of the surface
science investigation. The CA behavior (advancing, receding, and hysteresis), according
to Gao, is determined exclusively by interactions between the liquid and the solid at the
three-phase contact line and the interfacial area within the contact perimeter is
irrelevant[74]. H. Y. Erbil examines the dependency of CAs on a three-phase contact line
in detail[75,76]. Liu et al. examined Gao’s work extensively to explain the wetting
mechanism of symmetrical droplets[77]. The formation of spherical sessile droplets on a
smooth surface is far from realistic; instead, droplets with ellipsoidal shapes are formed
under gravity’s action. The study of anisotropicity in CAs of a droplet on micro-grooved
surfaces has gained immense attention to researchers due to its potential
applications[78,79]. Surface topography has two orthogonal geometric directions: along
the laser writing line (along the grooves) and orthogonal to the laser writing line
(perpendicular to the grooves). The CAs in the orthogonal direction of laser grooves were
higher than the CAs along the groove. Droplets on these surfaces are not spherical; they
get stretched in the groove direction because there is no barrier to liquid flow but squeezed
in the perpendicular direction due to the presence of groove barriers[78,80]. Our new
analysis used TCL theory to define a relationship between the effective volume of
ellipsoidal droplets and CAs, and successfully proved a remarkable correlation between
theory and experiment. This study used mathematical formalism to analyze this idea from

hydrophilic to superhydrophobic surfaces.

1.6. Organization of the thesis

Chapter 1 (Introduction) focuses on the introduction and historical foundations of
ultrafast nanostructuring and contemporary breakthroughs in the field. It covers the most
important breakthroughs and ground-breaking elements of ultrafast surface
nanostructuring to date. This chapter discusses how surface nanostructuring might lead
to prospective and industrial applications in the present and recent technological

advancements.



Chapter 2 (Experimental methods) deals with ultrashort laser direct writing techniques
using different laser sources such femtosecond Ti: Sapphire, femtosecond diode pump
fiber laser, and nanosecond Nd: YAG laser system. A brief remark on the commercial
Optical Parametric Amplifier (OPA) is addressed, used to tune the fundamental laser
wavelength to required wavelengths. We discussed structural and spectroscopic
characterization techniques employed in this dissertation, including UV-Visible
absorption spectroscopy, Field emission scanning electron microscopy (FESEM), Atomic
Force Microscopy (AFM), and X-ray Diffraction Microscopy (XRD).

Chapter 3 (Controlled dual-scaled gratings) presents the nanoscale management of
unusual ladder-type ripples on stainless steel surfaces over a broad incident range of
wavelengths of 400-2200 nm is presented in. It explains the detailed account of the origin
of combined structures of LSFL and HSFL. The HSFL features are extraordinary because
they formed between the two LSFL gratings structures and deep inside the groves. The
HSFL lies inside the LSFL in quasi-spaced intervals, and combined structures resemble
a ladder structure. In addition to that, this chapter discusses the variation of spatial
periodicity of LSFL and HSFL with incident wavelength. This research establishes an
upper limit on spatial periodicity by demonstrating that the LIPSS periodicity cannot rise
with increasing incidence wavelength.

Chapter 4 (wavelength-dependent cubic-shaped copper nanoparticles) deals with the
wavelength-dependent cubic nanoparticles formation on copper surfaces by femtosecond
laser irradiation. In this chapter, the fabrication of cubic shaped nanoparticles is discussed
incident various combinations of laser parameters. The size of the nanoparticles is
analyzed for different incident fluences for the fixed incident wavelength of 860 nm. The
attractive and exciting fact is that among the four incident wavelengths used in this
investigation, the cubic nanoparticles formed only at the incident wavelength of 860 nm.
Apart from the LSFL, we observe the formation of cubic-shaped copper nanoparticles of
variable sizes.

Chapter 5 (Broadband perfect black surfaces) discusses the broadband absorption of
nanostructured stainless-steel surfaces fabricated by nanosecond laser irradiation. The

stainless-steel surfaces are irradiated with a various fluence of ns pulsed laser in



overlapping conditions via raster scanning mode to fabricate highly broadband absorption
surfaces. The measured specular anti-reflection properties over a broad spectral region
(250-1800 nm) are extremely low, less than 0.5%, over an extensive range of incident
angles and for both orthogonal polarizations.

Chapter 6 (Anisotropic superhydrophobicity) discusses the fabrication of anisotropic
superhydrophobic copper and stainless-steel surfaces by irradiating the femtosecond high
repetition rate IR laser and the formation of ellipsoidal droplets on these surfaces. By
varying the laser writing line spacing, we optimized the best conditions for the Cu surface
to behave as superhydrophobic with CA as much as 172°. Droplets formed ellipsoidal
shapes due to the anisotropic surface morphology of the surfaces. We measured the
dimensions of these ellipsoidal droplets from hydrophilic (CA as low as 37°) to
superhydrophobic cases (as high as 172°). Expressions for the ellipsoidal droplet volume
estimations were presented for the entire range of CAs. A dimensionless volume function,
f(Ox, By), uniquely depends on the droplet’s dimensions is presented.

Chapter 7 (summary and future prospective works) summarizes the thesis by focusing
on the important findings achieved as a part of the research activity described in the
previous chapters. Then we conclude the chapter with possible ways to further investigate
the underlying mechanism of laser LIPSS.
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Chapter 2

Experimental procedure and methodology
Abstract

Ultrashort laser direct writing technique is presented using different laser sources such
femtosecond Ti: Saphire, diode pump femtosecond fiber laser, and Nd: YAG nanosecond
laser system. A brief remark on the commercial Optical Parametric Amplifier (OPA) is
addressed, used to tune the fundamental laser wavelength to required wavelengths. We
discussed structural and spectroscopic characterization techniques employed in this
dissertation, including UV-Visible absorption spectroscopy, Field emission scanning
electron microscopy (FESEM), Atomic Force Microscopy (AFM), and X-ray Diffraction

Microscopy (XRD).
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2.1. Laser micromachining setup

A laser direct writing set mainly consists of three major units: pulsed laser source,
focusing optical component (lens or microscopic objectives), and a three-dimensional
nanopositioner stage [1]. The general schematic of the laser direct writing setup is shown
in Fig. 1. Three different lasers are employed to carry out my research works in this thesis.
The laser beam is focused either with a convex lens or microscopic objective lens
perpendicularly on the substrate's surface, as shown in Fig. 1. The substrates are kept on
a three-dimensional nanopositioner s stage (Newport), and the substrate is translated
across the laser beam propagation in raster scanning. The motion of the stage is controlled
using an ESP motion controller with appropriate scanning speed and line spacing between

two successive scans [2].

Variable M M4 7
Attenuator
L
Aperture M2 I Y
F — X
: TR === Newport
3D Stage

Fig. 1: The schematic of the experimental setup. M: mirrors, L: lens.

2.2. Femtosecond Ti: Sapphire laser

Mode-locked Ti: Sapphire oscillator (Maitai) generates femtosecond seed pulses of
nanojoule energy with a high repetition rate (80 MHz and wavelength of 800 nm) [3].
The seed pulse is pumped with a diode laser (Ascend) of a nanosecond pulse of the
wavelength of 532 nm. The amplifier (Spitfire Ace, Spectraphysics) amplifies
femtosecond pulses emitted by mode-locked Ti: Sapphire lasers at near-infrared
wavelengths shown schematically in Fig. 2, such as those produced by the Spectra-

Physics Mai Tai to produce an output power ~6 Watt and pulsed width of 75 fs at a
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repetition rate of 1 kHz. Users can adjust the amplifier to lower repetition rates (with the
same energy per pules). A Spitfire Ace system comprises four units: the Spitfire Ace
amplifier, the Timing and Delay Generator (TDG) control unit, the Temperature Control
Unit (TCU), and a laptop computer operating the Spitfire Ace control software [4]. The
core components of the Spitfire Ace amplifier assembly include a pulse stretcher, a Ti:
Sapphire regenerative amplifier, and a pulse compressor. The stretcher and compressor
are explicitly designed for the pulse width of the input and output pulses for each Spitfire
Ace model. The optics, including the pulse stretcher and compressor, are optimized for

the specified wavelength range, pulse width, and repetition rate [5].

Amplified
short pulse
Maitai Amplifier
80 MHz —‘
75 fs Seed pulse
800 nm
Stretcher Compressor —>

ns pulse
532 nm

Ascend
Pump laser

0
Spitfire Ace Amplifier

Fig. 2: The schematic of femtosecond laser unit comprises of Maitai oscillator (source of seed pulse),
Spitfire Ace (Amplifier), and diode pump nanosecond laser. It shows the flow chart of chirped pulse
amplification (CPA).

2.3. Optical parametric amplifier

The TOPAS-Prime (WInTOPAS, TP8F6C1FP), a commercial optical parametric
amplifier, is used to tune the wavelength of a fundamental laser beam to the desired and
required wavelength. It emits coherent electromagnetic radiation visible and invisible to
human eyes (infrared and ultraviolet region) [6]. Good performance of TOPAS-prime
requires high pump quality in terms of both temporal and spatial coherence. In other
words, an ideal pump has a diffraction-limited and transform-limited, high contrast pulse.
TOPAS-Prime is a dual-stage parametric amplifier of a white light continuum. It includes

several subunits: pump beam delivery and splitting optics (PO), white-light generator
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(WLG), a pre-amplifier of first amplification stage (PA1), and optical fresh pump stage
for sum-frequency (FP).

The device uses motorized translation and rotation stages to optimize the positions of
specific optics to generate the required wavelength of TOPAS-Prime. The detailed optical
layout of the TOPAS-Prime is presented in Fig. 3. A small fraction of pump (generally
1-3 uJ) at wavelength 800 nm is needed to generate a white-light continuum (WLC) in a
sapphire plate. The WLC beam and another fraction (30-50 pJ) of the pump beam are
focused on the pre-amplifier crystal. The pulses are limited and overlapped non-
collinearly inside the nonlinear crystal, where parametric amplification occurs. A non-
collinear beam path is utilized for hassle-free separation of the amplified signal beam. A
beam blocker blocks the residual pump and idler beams after the crystal. The signal beam
is expanded and collimated by a lens telescope and transported into the second
amplification stage. The power amplifier is usually pumped by the bulk of the input pump
beam. A lens-mirror telescope is employed to generate sufficient intensity by reducing

pump-beam diameter.

M12 (BS3)

Fig. 3: The schematic layout of the TOPAS-Prime (WinTOPAS, TP8F6C1FP), a commercial optical
parametric amplifier. 1: Input pump laser beam, 2: second amplification stage (PA2) pump laser beam, 3:
White light generation (WLG) beam, 4: Pre-amplifier (PA1) pump laser beam, 5: White-light. 6: Signal,
7: Optical fresh pump stage for sum-frequency generation.

The pump and signal beams are made collinear in the second nonlinear crystal leading to
the generation of collinear and well-collimated signal and idler beams. Optical frequency

mixers can be used at TOPAS-Prime output to extend the tuning range into visible,
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ultraviolet, or infrared. The pre-amplifier stage's wavelength tuning is done by delaying
the white-light pulse to the first pump pulse and satisfying the phase matching condition.
In the power amplifier, the wavelength tuning is carried out by first adjusting the pre-
amplifier wavelength and then optimizing the second crystal angle and signal delay to the
second pump beam.

2.4. Femtosecond fiber laser

We also used a femtosecond fiber laser system (Satsuma HP2, Amplitude system) air-
cooled, a compact, diode-pumped, ultrafast fiber amplifier system delivering pJ pulse
energies in sub-500 fs pulses at high repetition rates (200 kHz to 40 MHz). Satsuma uses
state-of-the-art Ytterbium-doped photonic crystal fibres as amplifying medium[7]. This
type of fiber can be directly diode-pumped and offer many attractive properties providing
the capability of amplifying pulses up to the multi-micro-Joule level while maintaining
an excellent pulse quality. Moreover, the fiber geometry minimizes detrimental thermal
effects allowing for high average power operation from rugged and simple amplifier
architecture. Furthermore, the guiding properties of the truly single-mode fibers provide
an excellent output beam quality. Fig. 4 shows the optical layout of the fiber laser system

(Satsuma HP2) consisting of the front end and laser head.

Oscillator Check PP Check

n
Oscillator —Z Pulse Picker (PP) 2 O

Signal
interface
Front End fiber

@,

Pump Laser Head
fiber

Amplifier
[
External
Modulator

(MOD)

I
Compressor
|
Mechanical
Shutter

Controller

Pump Diode

Digital Board

Monitor Monitor
PP MOD

Fig. 4: The optical layout of the diode pump fiber laser system.

The front end consists of an oscillator and pulse picker (PP), and this unit is connected
with the controller (shown in Fig. 5). The signal interface fiber optically communicates
between the front end and laser head with the help of a fiber channel (FC)/ Angle polished

connector. The controller consists of a pump diode and motherboard, these units are
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connected with a laser head with an SMA connector. The laser head consists of an

amplifier, an external modulator, and a mechanical shutter.

Fig. 5: The pictorial of diode pump fiber laser system comprised of laser head and controller.

2.5. Nanosecond laser system

We also used pulsed Nd:YAG (neodymium-doped  yttrium  aluminum
garnet; Nd:Y3AIs012) laser for direct laser writing. The active medium is trivalent
neodymium, which is optically pumped by a flash lamp whose output corresponds to
principal absorption bands in the red and near-infrared [8]. Since the two ions are of
comparable size, the dopant, trivalent neodymium Nd(I11), typically replaces a small
fraction (1%) of the yttrium ions in the host crystal structure of the yttrium aluminum
garnet (YAG). The neodymium ion, just like the red chromium ion in ruby laser, offers
the lasing activity in the crystal. A set of neutral density filters controls the power of the
beam. Also, round, variable metallic neutral density filters precisely control the laser
power. A combination of half-waveplate and polarizer controls the polarization and
optical power.

2.6. Field emission-scanning electron microscopy (FESEM)

At low magnifications of 10X to exceptionally high magnifications of 300 kX, FESEM
gives topographical and elemental information with nearly infinite depth of field. A
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scanning electron microscope's electron gun uses a field-emission cathode to produce
narrower probing beams at low and high electron energy, resulting in better spatial
resolution and less sample charging and damage. FESEM delivers sharper, less
electrostatically distorted images with spatial resolution down to a few nanometers,
almost three to six times better than conventional scanning electron microscopy (SEM)
[9,10]. Energy dispersive spectroscopy (EDS) can analyze smaller-area contamination
regions at electron accelerating voltages. It can produce high-quality, low-voltage images
with an almost negligible electrical charging effect on the samples over accelerating
voltage from 0.5 to 30 kilovolts. If needed, one can use in-lens FESEM inbuilt for taking
ultrahigh-magnified images.

2.7. X-Ray Diffraction Analysis

® o © e o ©o
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Fig. 6: Schematics of an x-ray diffractometer.
The crystallographic character of any material is investigated using X-ray diffraction. The
x-ray diffraction occurs for radiation whose wavelength is close to the interplanar
spacings between the atomic layer of the materials. In 1913, W. H. Brag first developed
the condition of x-ray diffraction off in crystal planes [11]. The condition for x-ray
diffraction to occur at the crystallographic plane is
2dsinf = ni
where 6 is the glancing angle, d is the interplanar spacing, and A is the wavelength of x-
ray, and n (integer) represents the order diffraction. The schematics of Bragg diffraction
conditions in crystal planes and an X-ray diffractometer are shown in Fig. 6. The x-ray

diffractometer comprises an x-ray source, a detector, and a sample stage. A cathode-ray
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tube generates the x-rays, which are made monochromatic using the slits. The detector
detects the diffracted X-ray from the sample. The penetration depth of the X-ray is 50-
200 um [12], which can be minimized by decreasing the glancing angle. The angle of
incidence is decreased to a minimum value (such as 0.5°), allowing the majority of the

X-ray photons to be diffracted by the first few layers of sample.

2.8. Atomic Force Microscopy

Atomic force microscopy (AFM) is one of the scanning probe microscopies capable of
providing surface information (surface roughness, surface profile, etc.) up to the
resolution of a few nanometres. This is an excellent tool due to the employment of
piezoelectric elements that facilitates tiny movement but with high precision and
accuracy. The Lennard-Jonne’s potential developed between two particles near the

vicinity is expressed by

12

v=k((®) -2

where r is the distance between the two particles, K be the constant signifying the depth
of the potential, and r;,, is the distance for the least potential. This is the working principle
of AFM, where interaction potential is between the tip and material surface in the vicinity.
Fig. 7 shows the schematic diagram of an AFM comprises a tip (diameter~10-20 nm)

mounted with

Piezo-electric scanner

Fig. 7: Schematic of an AFM.
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a cantilever [13]. A laser beam is made incident on the cantilever, and after the reflection,
it is collected by the photodiode. The cantilever is scanning the material surface in a raster
fashion and getting deflected depending on the surface topography of materials due to the
piezoelectric movement, which reflects the laser beam collected by arrays of the
photodiode. The light collected by the photodiode arrays is analyzed with computed, and
a 3D image of the material surface is processed.

2.9. Reflectance measurements
We have carried out the spectral reflectance measurements using a UV-vis-NIR

spectrophotometer (JASCO V-670) with an absolute reflectance measurement accessory
(ARN-731) [14]. The photograph and optical layout of the accessory are presented in Fig.
8(A&B). This unit consists of a detector with a 60 mm diameter integrating spheres and
PbS photoconductive cells. The incidence and collection angles are maintained at the
same 'synchronous' angle, rotating the sample holder simultaneously and integrating the
sphere. The absolute reflectance of the sample can be measured because the optical path
from the center of rotation to the detector is the same as that from the sample to the
detector. The ARN-731 is used to measure the absolute reflectance of a specular sample
or relative reflectance of a diffusely reflecting sample's surface. The angle dependence
absolute reflectance can be measured by moving the integrating sphere from 3.3° to 90°

(angle of incidence).

B Concave mirror Incident light
————— > 100% line
S Sample
measurement
Sample

1 ;;"‘W ;5\.5

Integrating . |

o5 v

sphere St ok

Fig. 8: (A) Photograph and (B) optical layout for the accessory (ARN-731) of UV-visible-NIR
spectrophotometer (JASCO, V-670).
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Chapter 3

The formation of simultaneous dual-scaled gratings by femtosecond laser

irradiation

Abstract

Ladder-like laser-induced periodic surface structures (LIPSS) are engineered with
femtosecond laser irradiation of wavelength from 400-2200 nm on stainless steel surfaces.
These gratings comprise low spatial frequency LIPSS (LSFL) and high spatial frequency
LIPSS (HSFL) simultaneously, which are orthogonally oriented to each other and resemble
ladders. The periodicity of these structures is systematically controlled by varying the
wavelength covering a broad range from 400 nm to 2200 nm with appropriate laser fluences.
The spatial periodicity LSFL are varied from 240 nm (A/1.7) to 780(\/4.7), whereas HSFL
periodicities are tuned anywhere from 44 nm to 95 nm (A/8 to A/30) with the variation of
incident laser wavelength. Our results show that the LSFL periodicities increase linearly with
wavelengths up to 1500 nm. However, the LSFL periodicities cannot increase beyond a
maximum limit at higher wavelengths, suggesting some possible constraints in forming
surface plasmon mode frequencies. With wavelength variation, similar behavior is found in
HSFL periodicities, indicating that the primary LSFL developments influence the embedded

HSFL periodicities.
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3.1. Introduction

Controlled manufacturing of nanostructures having various length scales and surface
topography morphologies is significant in all fields of science and industry [1-3]. This
can be accomplished with various high-precision lithography techniques, but these
systems are complex, expensive, and inflexible. Fabricating subwavelength surface
structures with high-power pulsed lasers is attractive to scientists because it enables
single-step processing, resolutions beyond the diffraction limit and is reliable and scalable
to industry standards. The formation of the subwavelength laser-induced periodic surface
structures (LIPSS) under the influence of the laser pulses is universally observed on
several materials[4-8]. The recent emergence of this field is observed from several
applications exploiting the generation of LIPSS[9]. To name a few of the applications
using LIPSS are fabricating optical sensors[10], controlling wetting properties[3,11,12],
the colouring of surfaces[13-15], tribology[16,17], printable nanogratings[6,18,19],
polarizing optical elements[20], anti-reflectivity properties[7,21,22], medical and

biological applications[1,9], etc.

Several researchers did detailed and systemic studies on the formation and morphology
of LIPSS on metals[7,23], dielectrics[24—26], polymers[27], and semiconductors[28,29].
These LIPSSs are ripple-like structures formed as parallel periodic lines on the material’s
surface subjected to laser ablation. The periodic structures are spontaneously formed on
the surfaces, and their periodicity is observed from a few hundred nanometres to micron
size in different experimental conditions[3]. The LIPSS formation is influenced by the
surface's material properties and incident electromagnetic radiation properties. On a given
substrate, the formation of LIPSS can be changed typically by fluence or size of the beam,
scanning rate or repetition rate, state of polarization, irradiation wavelength, and

surrounding environment.

The ultrashort plane-polarized laser generates primarily two classes of LIPSS upon
interaction with the materials: low spatial frequency LIPSS (LSFL) and high spatial
frequency LIPSS (HSFL) [30-33]. LSFL has a larger spatial periodicity, and its

periodicity can vary between incident laser wavelength and half of the wavelength
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depending on the type of material[34]. In almost every material, LSFL formed orthogonal
to incident beam polarization, and their periodicity can be controlled with fluence
variation [35,36]. Based on their spatial periodicity and orientation to the incident beam
polarisation, the LSFL are further subdivided into LSFL-I and LSFL-1I. The LSFL-I
spatial periodicity is closed the incident beam wavelength (A~L), oriented orthogonal to
the beam polarization, and primarily formed in metallic and semiconductor materials. The
LSFL-I1I is generally formed on large bandgap materials, oriented parallel to the laser
beam polarization, and periodicity is an order of A~A/n, where n is the refractive index of
the material used. Also, these LSFL are further classified as Type-s, Type-d and Type-
2s. In the current work, the LSFL formed on the SS surface may be categorized as Type-
2s. HSFL can be two types depending upon the depth to period aspect ratio (A), HSFL-
| if A>1 and HSFL-II if A<1 [37].

The generation of the LSFL is explained by the well-established idea of interference
between the coherent incident laser light and the surface scattered wave. The surface
transformation in multi-pulse irradiation is driven by scattered electric field superposition
with the incoming next pulse, yielding a feedback mechanism, which is crucial for
fabricating LIPSS over a large area[38]. Other ideas, such as surface plasmon polaritons,
re-organization matter, can explain the origin of LIPSS [37]. According to a generally
accepted concept, the surface plasmon polariton (SPP) is considered to play a crucial role
in the formation of LSFL. Incoming electromagnetic fields can be associated with the
oscillations of the electron-plasma at the dielectric and conductor interface, resulting in
highly confined surface electromagnetic waves known as surface plasmons. These
surface waves could be critical for the initial polarization dependence of the LIPSS and
further enhanced by the feedback mechanism. The formation mechanism of these HSFL
Is unclear; some concepts suggest that HSFL forms from electromagnetic theory will be
mostly parallel to the polarisation [37]. Few mechanisms are based on self-organization
and surface instabilities[3,39]. A complete review of all the theories for the formation of
LIPSS is presented by Jorn Bonse and Stephan Graf [37]. There are two alternative views

for the origin of LIPSS: electromagnetic impacts or material reorganizations. More
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experimental exploration is needed in this regard to gain more insight. There were no
solid experimental works devoted to unraveling the LIPSS formation over a broad
wavelength range of 400 nm to 2200 nm that we could find. The influence of laser
wavelength on any given material can provide more understanding of the underlying
mechanisms. We fabricated a special type of LIPSS called ladder-like structures for each
wavelength on stainless steel surfaces. These LIPSS are reported earlier in the literature
as dual-scale structures, double frequency LSFL where the HSFL are embedded inside
the larger periodicity LSFL [40-42]. We could manipulate these LSFL structures over a
large area of SS surface for several industrial applications. Our interesting results suggest
LSFL are indeed dependent on the incident wavelength, and HSFL formed in-between

the LSFL structures show the dependency on the primary LSFL formations.
3.2. Experimental procedure

A commercial Ti: Sapphire femtosecond laser (Spectra-Physics) generates laser pulses
with a central wavelength of 800 nm, a pulse width of 75 fs, energy of 6mJ per pulse and
repetition rate of 1000 Hz. Amplifier output of 3 mJ pulse is used to pump optical
parametric amplifier (TOPAS Prime, Light Conversion) to tune the fundamental
wavelength (800 nm) of laser beam anywhere in the spectrum from 400nm-2200 nm.

M3
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Aperture M2 -
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Fig. 1. The schematic of (A) experimental set-up and (B-D) flowchart of formation of LIPSS. OPA.: optical
parametric amplifier; M: mirrors; L: Convex lens, 3D stages: three-axis stages. (B): focused beam
irradiated the surface in raster scanning and imprinted the combined ladder structures containing HSFL
and LSFL. (C) Represents the scheme of structures formed inside the laser written line. These lines are
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separated, and there is no overlap between the adjacent laser lines. (D) Dual-scaled gratings formation on
SS.

A high extinction ratio polarizer is utilized to remove unwanted wavelengths and select
the wavelength what the experiment requires. The spectral purity for each wavelength is
ensured over the entire range by using appropriate spectrometers. The laser beam was
focused with a convex lens of 5 c¢cm focal length (calcium fluoride) for precise
nanostructuring. For each specified central wavelength, laser irradiation is done for
nanostructuring the surfaces from below ablation threshold fluence to maximum available
fluence. The substrates were mounted on the three-dimensional stages (Newport, ESP
motion controller, 1um resolution) controlled by a LabVIEW program. For optimization,
substrates were translated with four different scanning speeds 1mm/s, 0.5 mm/s, 0.2
mm/s, and 0.05 mm/s for each incident wavelength. Fig. 1(A) shows the schematic of
laser direct writing set-up and fabrication scheme of the laser-induced surface structures
on the stainless-steel surfaces. Fig. 1(B) shows the laser scanning mechanism. Fig. 1(C
& D) shows the fabrication of ladder-type structures schematic and experimental result.
These structures are very similar to the original butterfly scales in the black region [43].
The surface morphologies are characterized with Field Emission Scanning Electron
Microscope (FESEM), and spatial periodicities of LSFL and HSFL are obtained from
these images. We analyzed the spatial periodicity of laser-irradiated surfaces on FESEM

images using image-J software.

3.3. Results and discussions

3.3.1. Effect of incident laser fluence on LIPSS
The spatial periodicity of LIPSS is regulated by employing several experimental

conditions such as laser fluence[44], the number of pulses per spot[45], scanning
speed[7], incident wavelength[6], angle of incidence[46], the shape of the beam[47-49],
repetition rate[50], etc. This section outlines how laser fluence influences the
microstructures and spatial periodicities of LSFL and HSFL. For simplicity, only three
wavelengths of 600, 1200, and 1700 nm at a constant scanning speed of 0.2 mm/s are

shown for variation in spatial periodicity with fluence.
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Fig. 2. Variation in LIPSS formation with the incident laser fluence for the incident wavelength of 600 nm,
number of pulses of 38, at a scanning speed of 0.2 mm/s, and a repetition rate of 1 kHz. Fluence for each
FESEM npicture is indicated on the top corner of the pictures. At lower wavelengths, the HSFL are not
visible in these FESEM pictures. However, when we go to higher wavelengths, the HSFL appears in the
FESEM pictures with the same resolution (100 kX).

Fig. 2 shows the variation of LIPSS formation with the laser incident wavelength of 600
nm for different incident fluences. The spatial periodicity of LSFL is slightly varying with
the laser fluence. Upon further investigation at high resolution, one can observe the
formation of the well-distinguished HSFL embedded inside the LSFL only for particular

energies; these structures are distorted or destroyed at either higher or lower energies.
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These HSFL are orthogonally oriented to the primary LSFL structures, parallel to the
incident polarization. An example of these structures is shown in Fig. 1(D) with its
schematic representation in Fig. 1(C), as these structures appear like a series of ladders,

referred to as ladder structures (LS).

The spatial periodicity of HSFL almost remained constant for the energies where they are
forming as well distinguished structures, as shown in Fig. 2. With the increase in fluence
from 34.9 J/cm? to 47.9 J/cm?, HSFL get distorted, and they are not forming uniformly
everywhere. As the incident fluence increases, the LIPSS structures and spatial
periodicity become more and more regular and smooth up to 26.2 J/cm?, and with a further
increase, they degrade. Very clear and prominent LSFL and embedded HSFL are forming
at a small range of fluences. At a laser fluence of 26.2 J/cm?, clear ladder structures are
formed with LSFL and HSFL periodicity of 374+14 nm and 52+4.5 nm, respectively.
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Fig. 3. Variation in LIPSS formation with the incident laser fluence for the incident wavelength of 1200
nm, number of pulses of 96, at a scanning speed of 0.2 mm/s, and a repetition rate of 1 kHz.
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Fig. 4. Variation in LIPSS formation with the incident laser fluence for the incident wavelength of 1700
nm, number of pulses of 108, at a scanning speed of 0.2 mm/s, and a repetition rate of 1 kHz.

Similar variations are observed when the laser output is tuned to 1200 nm, where we get
substantial energy from OPA. Fig. 3 shows the FESEM images of stainless-steel surfaces
irradiated at 1200 nm wavelength for a fixed scan speed of 0.2 mm/s for different incident
fluences as indicated on each image. The LSFL and HSFL features started to form at 1.1
Jlem? incident laser fluence; as the fluence increased, the best ladder structures were
formed at 2.7 J/lcm?. As we further increase the energy, LIPSS are getting distorted, and
these ladder structures are getting destroyed after 5.5 J/cm?. At 10.9 J/cm?fluence, LSFL

structures are entirely degraded. At the optimal laser fluence of 2.7 J/cm?, clear ladder
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structures are formed everywhere with LSFL periodicity 508+8 nm and HSFL periodicity
80£3.6 nm.

When the incident wavelength is tuned at a higher wavelength of 1700 nm, the energy
output from OPA is not sufficient to destruct LIPSS. FESEM images of LIPSS formations
are shown in Fig. 4 for different incident fluences. At 0.5 J/cm?, the surface just scratched
very little, and this fluence is too low to interact with the surface. At 1.4 J/cm?, the surface
got ablated but insufficient to produce a good combination of LSFL and HSFL. From this
picture, it is clear that even before the formation of LSFL, the HSFL are forming very
well. Compared with Fig. 2 with a 100 nm scale bar, the HSFL features are visible in
Fig. 4, where the scale bar is 200nm. When the driving force is at higher wavelengths,
the LIPSS formation periodicities are also higher. With increased incident fluence from
1.4 Jlcm?, the ladder structures get better and better until a fluence of 5.4 J/cm?. Further
increase in fluence, the combined structure of LSFL and HSFL start distorted or
randomizing. The best fluence at which the ladder structures are formed is 5.4 J/cm?, and
the periodicity of LSFL is 612+18.4 nm with an embedded HSFL periodicity of 75+12

nm.
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Fig. 5. Effect of fluences on LSFL and HSFL periodicities for three different incident wavelengths. The
graphs in the upper row show the variation of LSFL periodicities in (A) for 600 nm, (B) for 1200 nm, and
(c) for 1700 nm. Similarly, the variation of HSFL periodicities is shown by the graphs in the upper row in
(A) for 600 nm, (B) for 1200 nm, and (c) for 1700 nm.
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The summary of fluence variation for these three wavelengths is presented in Fig. 5. The
LSFL and HSFL periodicity variations with fluence and wavelength can be seen from
these three graphs, and the corresponding FESEM images are shown in Fig. (2-4). Our
experiments demonstrate that for good LIPSS structure formation, it is essential to
optimize the incident laser fluence for each wavelength. The HSFL periodicities are
almost independent of incident laser fluence. Even though the LSFL periodicities vary,
the well-defined LSFL and embedded HSFL form only at a particular fluence or very
small fluence range. This allows us to systematically study the variation of LIPSS with
different incident wavelengths by optimizing the energy for each wavelength to form
ladder structures.

3.3.2. The optimal laser fluence for formation threshold, Ladder structures, and
destruction of LIPSS

As observed in the above section, the material surfaces interact with incident
electromagnetic waves differently with the incident laser beam[51]. The same primary
analysis is done for all the wavelengths from 400 nm to 2200 nm. The formation threshold
of LIPSS, fluence needed for ladder structures, and maximum incident fluence at which
LIPSS structures could withstand are studied in detail for each wavelength. The summary
of this analysis is shown in Fig. 6. As these parameters change with different incident
wavelengths, a careful study is carried out to investigate the range of fluence over which
the best possible ladder structures are formed. The best possible ladder structure is the
formation of clear and smooth HSFL structures embedded in LSFL structures. We
noticed that the formation threshold is low for most of the incident wavelengths within
the fluence range of 0.8-25.1 J/cm? and keeps varying depending upon the incident
wavelength, as shown in Fig. 6. The ablation threshold of the material’s surface is the
minimum fluence of irradiation needed to ablate the surface, and the surface starts
interacting with the irradiated focused laser beam[52-54]. The LIPSS formation threshold
is the energy required to form LIPSS. The fluence of the incident-focused laser at which
the best possible combination of LSFL and HSFL start forming is defined as the optimal
energy for ladder structures (optimal fluence for LS). These optimal fluences for LS are
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a small range of incident fluences, and our reported energies are approximate values. We
did not use several small step fluence variations over the entire range; however, we took
fluence points on either side of the optimal energies. Finally, the destruction energy is the
laser fluence at which the LIPSS starts to disintegrate, become random, or form irregular
shapes. The summary of all these systematic studies is presented in Fig. 6. Note fluence
generally decreases with the increase in wavelength as focal spot size increases with

wavelength.
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Fig. 6. The incident laser fluence required for the threshold of LIPSS formation, the lower limit of the ladder
structure formation (LS), and optimal energy required for the formation of the best ladder structures
uniformly everywhere, an upper limit to see the LS and the LIPSS destruction energy as obtained for each
wavelength.

3.3.3. Systematic modulation of the LIPSS with the incident wavelengths

The polished stainless-steel surfaces respond differently with each wavelength of a laser
beam. The absorptivity of the different incident wavelengths is significantly different, and
the interaction mechanism depends upon this property[22]. The precise control of spatial
periodicity and their orientations is the most challenging aspect of the LIPSS. We showed
this could be manipulated using incident wavelengths, which is evident from the previous
sections describing LIPSS periodicity for three different incident wavelengths. Here, the
effect of incidents wavelength over 400-2200 nm is discussed. The Optical Parametric
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Amplifier generates this broad range of laser beams from the fundamental wavelength
800 nm. Fig. 7 shows the FESEM npictures, surface morphologies describing spatial
periodicity of ladder structure LIPSS using different incident wavelengths irradiated with
a fixed scanning speed of 0.2 mm/s. All the images are obtained when ablated with the
optimal fluences to form ladder structures. These optimal fluences and their
corresponding HSFL and LSFL periodicities are shown in Table 1. Fig. 7, the
magnification of each image is 100 kX, and the double arrows represent the incident beam
polarization for each wavelength. The orientations of LSFL are always perpendicular to
the incident polarization, and the LIPSS orientations can be changed according to the
beam polarization. However, embedded HSFL forms perpendicular to LSFL orientations
but parallel to the beam polarization; these ripples lie deep inside the grooves of the LSFL
LIPSS. The orientations of LSFL and HSFL are attributed to the electromagnetic origin
as reported in the literature[7,36,37]. The origin of HSFL periodicities is reported due to
the harmonics of the incident wavelength[5,6,24,42].

Table 1. Spatial periodicity of LSFL (Type-2s) and HSFL measured from FESEM images over the broad
incident wavelengths 400-2200 nm and their corresponding ratios to the incident wavelengths.

Incident Pylse Optimal ALsL AsrL
wavelength(}) | width fluence for MALsrL | MAwnskL

nm (fs) LS (J/cm?) nm nm

400 83 314154 238+26.6 456 1.68 8.88
500 73 31.445.2 304+39.4 44144 4 1.64 11.36
600 70 26.2+2.5 316+58.9 52+7.6 1.90 11.54
800 83 9.8+1.0 322+14.3 59+6.1 2.48 13.56
900 70 4.9+0.9 323£39.5 61+8.1 2.79 14.75
1000 67 3.9£0.8 399+46.2 63+7.7 2.50 15.87
1200 75 2.7£0.3 530£36.5 7911 2.26 15.19
1300 86 2.3£0.15 541168 73+9.5 2.40 17.81
1500 77 17.4+0.07 577+60 89+8.9 2.60 16.85
1700 86 5.4+1.5 612+18.4 7512 2.78 22.67
1800 91 2.4+1.2 776x53.9 94+13.7 2.32 19.15
2000 93 2.0£0.01 760£50 82+8.6 2.63 24.39
2200 88 0.8+0.02 466+28 74+7.6 4.72 29.73
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Fig. 7. Surface morphologies of the ladder structure of the stainless-steel surface with different incident
wavelengths at a constant scanning speed of 0.2 mm/s. These images are for those fluences where the best
possible ladder structures are formed.

Fig. 7 and Table 1 indicate that the spatial periodicity of LSFL increases as the incident
wavelength increases up to a particular wavelength and then decreases with a further
increase of wavelength. Spatial periodicity becomes highest at 1800 nm, and upon a
further increase in wavelength, the spatial periodicity starts decreasing. The behavior of

LSFL and HSFL will be discussed in detail in the following section.

3.3.4. Effect of periodicity with wavelength for the best ladder-like structures

The periodicities of LSFL and HSFL are discussed in this, and the following sections
correspond to the optimal fluences for the best ladder-like structures. One must remember
that optimal structures are produced at different fluences and the number of pulses per
spot for each wavelength. Controlling or engineering the required spatial periodicity of
LIPSS using different incident wavelengths is demonstrated in Fig. 7 and Table 1. In this
section, the effect of different incident wavelengths on spatial periodicity on both LSFL
and HSFL for optimal ladder structures is analyzed in detail. Fig. 8(A &B) show the
variation of spatial periodicity of LSFL and HSFL with changing incident wavelength
from 400 nm to 2200 nm. The variation of spatial periodicities of LSFL with the incident

wavelength is not a linearly dependent function throughout the entire range of the incident
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wavelength. The spatial periodicity of LSFL increases almost in a linear fashion in the
spectral range of 400 nm to 1800 nm; it may have a specific slope for the SS material.
The experimental results suggest that an upper limit of LIPSS spatial periodicity exists at
the incident wavelength of 1800 nm. Beyond 1800 nm, the LSFL periodicity is decreased
slightly at 2000nm, whereas at 2200 nm, the periodicity decreased almost by half, as
shown in Fig. 8(A). The current existing theories for the LIPSS formation do not suggest
this experimentally observed behavior. In the literature, it is commonly referred to that
the surface plasmons play a critical role in forming LSFL [55,56]. The surface plasmon
has resonance frequency and spatial length limit[57]. When the incident laser wavelength
is larger at 2200nm, the experiments suggest that it is not easy to drive the surface
plasmon modes with a larger scale of length. Instead, some smaller spatial modes are

sustained in the material at this wavelength.

For further understanding, the ratio of the incident wavelength (A) to the measured LSFL
periodicity (AvsrL) is presented in the fifth column of Table 1 and its corresponding plot
in Fig. 8(C). These figures show that the ratio (A /ALsrL) reaches the limit at 2000 nm, and
after that, this ratio remained constant between 2.5 and 2.75, considering the experimental
errors. At the incident wavelength of 2200 nm, the ratio (A /ALsrL) reaches 4.72 compared
to 2.6 (at 2000 nm), suggesting some harmonics of incident wavelength might be involved
in driving the natural surface plasmon modes. The literature cites that the LSFL
periodicities generally vary between A > ALSFL> /2, where most experiments are done
below the 1000 nm wavelength[7,58]. Our experiment suggests that this ratio at higher
wavelengths (up to 2000 nm) can be larger between 2.5 to 2.75. Further, this ratio reached
even higher to 4.72 for 2200nm. The experimental data of LSFL periodicity is fitted with
linear regression up to 1500 nm, R? regression coefficient of this fitting is 0.95 with a
slope of ~ 0.31 (periodicity variation to wavelength). From these slope values, one can
tune the laser wavelength to fabricate the LSFL periodicities anywhere in the range of

240 nm to 780 nm on a SS surface by optimizing the fluence.
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Spatial periodicity of ladder-like structure at the optimum fluence
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Fig. 8. Variations in spatial periodicity of (A) LSFL and (B) HSFL at optimal fluences with the incident
wavelengths. The red line is the linear fit to the experimental values up to specific wavelengths. Fig. 8(C)
and Fig. 8(D) show the ratio of incident wavelength to the spatial periodicity of LSFL and HSFL,
respectively.

3.3.5. The behavior of HSFL periodicities with incident wavelengths for optimal
ladder structures

The formation mechanism and behavior of HSFL are contrasting compared to LSFL in
many ways, such as orientation, spatial periodicity, the linewidth of HSFL ridges, formed
deep inside the grooves, response to the incident laser fluence and wavelength. The HSFL
starts forming at the lower values of the incident fluence and destroys at a higher fluence.
The combination of LSFL and embedded HSFL form like a ladder shape, and the high-
resolution ladder structures are shown in Fig. 9 for three different incident wavelengths.
The spatial periodicity of these embedded HSFL varies from 44 nm to a maximum of 95
nm. The HSFL periodicity also increases linearly with increasing incident wavelength up
to 1800 nm of incident wavelength and again decreased after a further increase in incident
wavelength, which is evident when we compare the plots of Fig. 8(A&B). This high
correlation of these HSFL periodicity patterns with LSFL primary structures suggests that
they are mainly dependent on the primary structures created by LSFL. The ratio of the
incident wavelength (1) to the measured HSFL periodicity (AnsrL) IS presented in the
sixth column of Table 1 and its corresponding plot in Fig. 8(D). This periodicity ratio (A
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/AHSFL) varies from 9 to 30, and these ratios do not show any peculiar points. The HSFL
periodicity data in Fig. 8(B) is fitted with a linear equation up to 1500 nm; the R?
regression coefficient of this fit is 0.95, and the slope is 0.04, which is one order slower
than LSFL spatial periodicity gradient. The physical origin for the formation of the HSFL
is well debated in the literature[37], such as the re-organization effect, harmonics of
incident wavelength produced on the top of the surface, etc. Our experimental studies
suggest that HSFL periodicities may depend on the primary LSFL structures rather than

the incident wavelength.
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Fig. 9. Shows the formation of Embedded HSFL between the two LSFL, WhICh Iook like a ladder structure.
HSFL formed with the incident wavelengths of 800 nm (A), 1200 nm (B), and 1500 nm(C).

3.3.6. Upper limit of LSFL periodicity
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This section discusses the abnormal changes of LSFL spatial periodicity for the incident
wavelength of 2000-2200 nm. It is noticed that the spatial periodicity of LSFL decreases

44



to 466 nm, from 760 nm. This abrupt decrease in spatial periodicity of LSFL seems to be
a puzzle and beyond our expectations. The comparative study of LSFL behavior between
two incident wavelengths (2000 and 2200 nm) with two different scan speeds (0.5 and
0.2 mm/s) and varying fluences is carried out to understand the behavior of spatial
periodicity of LSFL. These experiments are further performed only to confirm this abrupt
behavior. The outcome of these experiments is shown in Fig. 10. The spatial periodicity
for 2200 nm is less than 2000 nm for both scanning speeds and different incident fluences.
These experiments give confidence that there is an upper limit for forming the LIPSS
periodicity for a given material. Further theoretical and experimental studies on different
materials are needed to understand the physics behind the formation of LSFL-LIPSS and

the upper limit of periodicities.

3.4. Conclusion

Unique ladder types of LIPSS are fabricated on a stainless-steel surface by irradiating
with femtosecond laser pulses over a broad range of wavelengths from 400-2200 nm. We
could systematically control the periodicity of LSFL and HSFL by using the different
incident wavelengths. The energy optimization for the LIPSS formation threshold, range
of ladder structure formation, and destruction of LIPSS are presented for each
wavelength. These experiments pave a path to engineering the LSFL periodicity
anywhere between ~250 nm to ~800 nm on a SS surface. Also, we could control the HSFL
periodicities from ~45 nm to ~90 nm. The literature suggests that LSFL periodicities
vary linearly only at smaller wavelengths and periodicity A< A/2. For the first time, we
have shown the upper limit for the formation of the LSFL periodicity with the increase in
wavelength on SS substrates, ~1800 nm. We observed the LSFL periodicities decrease
with further increase in wavelength and can reach as low as A/4.7. The formation of
embedded HSFL is purely dependent on the primary pattern of LSFL. We observed it
might not be related to the harmonics of the incident wavelength. We printed these ladder-
like structures on a large area by iterative scanning as proof of principle. We showed these

surfaces have remarkable properties of superhydrophobicity and antireflection properties
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as examples. We demonstrated the controlled fabrication of nanostructures, which will

have many applications in science and industry.
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Chapter 4

Wavelengths dependent cubic-shaped copper nanoparticles formation
Abstract

The effect of changing the incident laser wavelength on the surface morphology is shown
via femtosecond laser direct writing on a copper surface. For the first time in the literature,
we demonstrated the formation of the cubic-shaped nanoparticles (NPs) on the laser-
irradiated copper surface at the incident wavelength of 860 nm. We observed the
formation of laser-induced periodic surface structures (LIPSS) are favorable over a broad
range of laser fluences at 900 nm irradiation wavelength. We presented the variation of
low spatial frequency LIPSS (LSFL) periodicity with the change of the fluence. We did
not observe clear LIPSS formation at 960 nm irradiation on the copper surface out of the
four wavelengths used. The energy dispersive X-ray (EDX) spectroscopic analysis on the
cubic nanostructures reveals the presence of oxygen on the copper surface. The specific

copper oxygen composite formation can be achieved at 860nm.
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4.1. Introduction

The fabrication and investigation of metallic nanoparticles (NPs) gained tremendous
attention from research communities due to their diverse applications in industry and
academia[1-3]. NPs can be used in energy storage and conservation devices[4-6], as
catalytic materials[3,7], in environmental technology[7-10], biological sensing
applications[11,12], surface-enhanced Raman scattering[13-15], and many more. NPs
use for catalyst activity triggered the research for synthesis of functionalized NPs
including graphene-based catalysts[16], nanocarbon-based catalysts[17], core/shell nano
catalysts[18], magnetic supported nano catalysts[19,20], etc. These various needs have
been justified by rapid synthesis and preparation of NPs with different-shapes, sizes, and
morphology using various methods such as solution-based preparation, e-beam
lithography, extraction from the natural biological plants, and laser-induced NPs
synthesis[21-25], etc. The fabrication of NPs using above mentioned conventional
methods involve multiple steps, complexity, skill dependence and time-consuming.
Fabrication of NPs using ultrafast laser irradiation provides a way for an easy, one-step,
and green synthesis of nanoparticles. It is reliable technique because of its repeatability,
controlled, precise fabrication and pollution-free method [13,14,22,26]. This process can

also be easily scaled up to an industrial production.

Ultrafast laser ablation of metallic surfaces was reported using nanoseconds, picosecond,
femtosecond pulsed lasers to fabricate superhydrophobic surfaces [27-29], antireflective
surfaces [30—32], and various functional surfaces [30,33]. The underlying mechanisms of
laser ablation depend on the materials used, irradiation parameters such as incident
wavelength, pulse width, repetition rate, scanning speed or number of pulses per spot, and

intensity of laser beams[34-38]. Among the class of nanoparticles, the copper NPs got
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special attention due to their good performance in heat and electrical conductivity,
catalytic activity, and cost-effectiveness compared to the other plasmonic metal NPs such
as gold and silver[3,5].

Many researchers use femtosecond lasers for laser writing either at its fundamental
frequency or at the second harmonic frequency. However, high-power lasers allow one
to tune the frequencies continuously over a broad range with the help of optical parametric
amplifiers. The effect of driving force frequency on the formation of the nanostructures
and morphology is a relatively unexplored area of research. In this work, for the first time
in the literature, we report the fabrication of laser-induced cubic shaped copper NPs
decorating the laser structured surfaces. Also, we reported the formations of laser-induced
periodic surface structures (LIPSS) with varying incident wavelengths. We observed that
cubic-shaped copper NPs can be fabricated at only particular incident laser wavelength
and at optimized laser parameters. The formation mechanism, properties of the

nanoparticles, and LIPSS are discussed in this work.

4.2. Experimental procedure

We used Ti: Sapphire femtosecond laser pulses of 75 fs time duration, at repetition rate
of 1 kHz, 800 nm central wavelength, and energy of 6 mJ per pulse. However, we used 3
mJ/pulse energy to pump commercially purchased optical parametric amplifier (TOPAS
Prime, Light Conversion) to generate tunable wavelength of the laser beam from 300 nm
- 2400 nm. After initial optimization, we chose to report four wavelengths, viz.: 800 nm,
860 nm, 900 nm, and 960 nm, to irradiate the copper substrate. A microscopic objective
of 10X with a numerical aperture of 0.25 is used to focus the laser beam on the substrate’s
surface, as shown in Fig. 1. The substrates were moved on raster scanning with the help
of the 3D Newport nano-positioner stage, which is controlled by the ESP motion
controller. The substrates were moved with a fixed scanning speed of 0.2 mm/s, and 100
pum spacing was maintained between the successive scanning. The surface morphologies
are characterized by Field Emission Scanning Electron Microscope (FESEM, Zeiss
Ultra55).
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Fig. 1: Schematics of laser direct writing set-up.

4.3. Results and discussions

Our initial goal is to study the variation of the LIPSS spatial periodicity over a broad

range of incident wavelengths from 400 nm to 2000 nm on different materials. While

working on copper surfaces, only at particular wavelengths, we found unique nano-

shaped surface features as serendipity. In this work, we report only those narrow range

of wavelengths. The femtosecond laser beam is focused with microscopic objectives

(10X/0.25) on copper substrates with four incident wavelengths viz.: 800, 860, 900, and

960 nm, at a fixed scanning speed of 0.2 mm/s. The incident laser fluences for each

wavelength are presented in Table 1.

Table 1: Laser fluences for each wavelength at which the laser direct writing experiments were performed

on the copper substrates.

Fluence (J/cm?)

800 nm 860 nm 900 nm 960 nm
25 31 2.7 13
4.1 3.9 35 24
4.9 4.1 3.9 2.9
5.4 7.1 6.7 3.7
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4.3.1. Surface morphology
4.3.1.1. Laser direct writing at 800 nm

Different surface topographical structures of laser-induced copper surfaces are shown in
Fig 2. On each image, the incident fluence used is indicated on the left top corner, and
all are irradiated with a fixed central wavelength of 800 nm (Fig. 2). The FESEM images
show that the low spatial frequency LIPSS (LSFL) are formed at 2.5 J/cm? and their
spatial periodicity of LSFL is 51514 nm. The magnified area of each surface is shown
in the bottom row of Fig 2. With the increment in fluence, LSFLs tend to get destroyed
at the center of the focused beam and form feeble structures at the edges. With further

increase of fluence, the LIPSS gets destroyed, and irregularly shaped particles are more

likely to form, and they are randomly distributed on the laser-irradiated surfaces.

Fig. 2. FESEM images of laser-induced copper surfaces for various fluences for the incident wavelength
of 800 nm. The scanning speed is fixed at 0.2 mm/s. Scale bars are equal to 1 pm and 400 nm of the images
in the first and second row, respectively.

4.3.1.2. Laser direct writing at the central wavelength of 860 nm

Fig. 3 represents the surface morphology of laser irradiated surfaces with the incident
wavelength of 860 nm. The fluence varies from 3.1 to 7.1 J/cm? with a constant scanning
speed of 0.2 mm/s. At this incident wavelength, the response of the copper surface is
significantly different in many aspects. There is the formation of LSFL with the spatial
periodicity of 732+35 nm at the incident laser fluence of 4.1 JJcm?. The most exciting

surface morphological features formed at the fluence from 3.1 to 3.9 J/cm?. Apart from
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the LSFL, we observe the formation of cubic-shaped copper nanoparticles of variable
sizes. The particle's average sizes are found to be 127 nm and 101 nm for the incident
fluence of 3.1 J/lcm? and 3.9 J/cm?, respectively. It indicates that the particle sizes are
reducing as the fluence increases. Upon further increase in incident fluence, the formation

of cubic-shaped particles reduced and distributed over the LSFL ridges.

L\ " s s

cm? |

Fig. 3. FESEM images of laser-induced copper surfaces for various fluence for the incident wavelength of
860 nm. The scanning speed is fixed at 0.2 mm/s. Scale bars are equal to 1 pm and 400 nm of the images
in the first and second row, respectively.

Fig. 4 depicts that the size of NPs change as the fluence increases; it also illustrates the
impact on the shape of the copper nanoparticles. The cubic nature is not completely
formed at lower incident fluences, and perfect edges are less prominent at 3.1 J/cm?. The
perfect cubic nanostructures are formed only at 3.9 J/cm?. Upon further increase in
incident fluence, the surface density of NPs appearance is reduced drastically and favors
the formation of LSFL ridges as primary feature. At the fluence of 4.1 J/cm?, the cubic-
shaped particles start disappearing, and few particles are scattered at the peripheral area
of the grooves and on LSFL ridges. Upon further increase in fluence, even the LSFL
structures are destroyed at the fluence of 7.1 J/cm?. The most important aspect of the
effect of fluence on surface morphology is the formation of highly regular cubic-shaped
copper nanoparticles. These cubic-shaped NPs are formed only at a particular fluence
range when the irradiated wavelength of 860 nm. This study suggests that one can tune

the formation of particle features on surfaces with incident laser parameters.
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Fig. 4. Distribution of particle for the incident wavelength of (A & B) 3.1 J/cm?, and (C & D) 3.9 J/cm? on
laser irradiated copper surfaces of the incident wavelength of 860 nm.

4.3.1.3. Laser direct writing at 900 nm
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Fig. 5. FESEM images of laser-induced copper surfaces for various fluence for the incident wavelength of
900 nm. The scanning speed is fixed at 0.2 mm/s. Scale bars are equal to 1 um and 400 nm of the images
in the first and second row, respectively.

Fig. 5 shows the surface morphological features of laser irradiated surfaces with the
incident wavelength of 900 nm. One can see that for each fluence, the formation of LSFL
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Is observed. As the fluence increases, the smooth LSFL are formed over a larger area.
The best regular LSFL formed at 3.5 J/cm? with a spatial periodicity of 662+8 nm.

There is a variation of LSFL spatial periodicity with the incident fluence on the copper
irradiated surfaces, with an incident wavelength of 900 nm. The spatial periodicity
increases from 632+20 nm to 693+13 nm as the fluence increases from 2.7 J/cm? to 5.0
Jlem?. As we increased the fluence further, the spatial periodicity remained close to
693+13 nm. This variation of spatial periodicity with respect to fluence is shown in Fig.
6. This analysis is presented only at incident wavelength of 900 nm as LSFL are forming

over a broad range of fluences, which is not the case for other wavelengths.
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Fig. 6. Variation of spatial periodicity of LSFL with incident laser fluence for the incident wavelength of
900 nm.

4.3.1.4. Laser direct writing at 960 nm

The effect of incident fluence on the surface morphology is shown in Fig. 7 for the
incident wavelength of 960 nm. One can observe the formation of particulate-type
features throughout the patterned surface for this wavelength. There is no signature of
LIPSS formation at this wavelength, even from low to higher fluences for this objective
type of focusing. For this incident wavelength, as the fluence increases, the depth of the
grooves increases. At the fluence of 2.9 J/cm?, the surface morphology at the center of
the laser-focused beam looks like a molten state with several cracks throughout the
grooves.
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Fig. 7. FESEM images of laser-induced copper surfaces for various fluence for the incident wavelength of
960 nm. The scanning speed is fixed at 0.2 mm/s. Scale bars are equal to 1 pm and 400 nm of the images
in the first and second row, respectively.
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In summary, the response of the surface to the incident wavelength is quite different. Each
incident wavelength interacted with the surface differently and led to the formations of
various surface morphology. At the incident wavelength of 800 nm, both the irregular
particles and LSFL formations are observed, whereas the formation of highly regular
cubic shaped NPs and LSFL are appeared for the incident wavelength of 860 nm only. At
the incident wavelength of 900 nm, only LSFL formed; no particulate type features nor
the regular cubic-shaped structures are formed. Finally, at the incident wavelength of 960
nm, irregular particles formed at the lower side of the fluence. The deep groove with

cracks is formed and depth of the groove increased with fluence.
4.3.2. Elemental Analysis on different surface structures

The EDX analysis is carried out to probe the elemental composition of LIPSS, cubic
features, and unpatterned surfaces. The EDX of the un-irradiated surface reveals the

presence of copper only, as shown in Fig. 8.
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Fig. 8. EDX analysis of the unpatterned surfaces. The scale bar is equal to 3 um.

In Fig. 9, the EDX is taken on two different portions of cubic features, (i) large area of
cubic structures and (ii) small area of cubic features. It is clear from the EDX analysis,
that the percentage weight of copper and oxygen is 95.51% and 4.49%, respectively, over
the large area (~36 pm?). Large area cubic features are dispersed on the copper surfaces

shown in the top row of Fig. 9.
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Fig. 9. Energy dispersive analysis of cubic copper features. The scale bar is equal to 3 um.

There is a slight change in elemental composition ratio when EDX is taken at a smaller
area (~0.09 pm?) close to single cube as show in the second row of Fig. 9. The presence
of oxygen increased compared to the earlier case; the percentage weight of copper and
oxygen are 93.59% and 6.41%, respectively. It clearly shows that oxygen is trapped on
the surface during the irradiation using 860 nm, only at lower fluences. In contrast, EDX
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analysis depicts completely different aspects of the elemental composition of LIPSS
features. The composition analysis reveals 100% copper on LIPSS surfaces, and oxygen

is null, as shown in Fig. 10.
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Fig. 10. EDX analysis on LIPSS formation on laser-irradiated surfaces. The X-ray signatures show it is
pure copper, and the result is the same even in the zoomed areas moved all over the surface. The scale bar
is equal to 3 um.

In summary, the compositions of LIPSS are purely periodic modulation of copper
materials itself, whereas cubic features are composites of copper and oxygen elements.
Further studies and experiments are needed to understand the underlying physics, why
the oxygen can gets trapped during the irradiation of 860 nm but not happening at other

wavelengths.
4.4. Conclusions

Controlled fabrication of cubic-shaped copper NPs on the surface of copper is shown for
the first time in the literature. This can be achieved uniquely via femtosecond laser
irradiation using a particular incident wavelength, scanning speed, and incident laser
fluence. We showed surface topological structures could be controlled or varied using
different wavelengths and irradiation energy. The ideal wavelength for the formation of
LIPSS over a broad range of energies is 900 nm. The variation of the LIPSS periodicity
with energy is presented for 900 nm; at higher fluences, the periodicities remain constant
until they get randomized at destruction energies. At 960 nm of irradiation wavelength,
we could not observe any LIPSS formation for any incident energy. Cubic-shaped
nanoparticles will have the maximum surface area with many edges can have several
potential applications, especially in catalytic reactions as electrodes. The formation of the
cubic structures is because of the oxygen being trapped; it is favored only at 860 nm
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central wavelength of femtosecond pulses. We believe this type of wavelength-dependent

surface structuring will have many more potential applications and new physics to be

explored in many more materials.
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Chapter 5

Broadband super black stainless-steel surface fabricated by

nanosecond laser irradiation

Abstract

Broadband absorbing surfaces covering the UV, visible, and near IR regions are of great
importance for the low light imaging devices, optical and optoelectronic devices. The
fabrication of absorbing stainless steel (SS) surfaces is carried out by Laser Direct Writing
Technique with an inexpensive and robust 532 nm ns laser. The nanostructured SS
surfaces are highly absorbing due to the presence of nanoflower-like cavity structures
along with micro-nano hierarchical surface features. These unique hierarchical structures
with nanorods, nanoparticles, and nanocavities completely trap the photon incident on
these surfaces due to multiple reflections. The measured specular reflectivity over a wide
spectral region (250-1800 nm) is less than 0.5%, over a large range of incident angles and
for both orthogonal polarizations. These surface structures and the presence of elemental
percentages are changing (especially oxygen) with time. We believe these antireflection
surfaces will play a vital role in many modern technological applications because of their

high absorption coefficient and long-term stability.
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5.1. Introduction

Many industrial applications, such as optical devices in sensing, light energy harvesting
devices, anti-reflective devices, low light imaging systems, demand broad band low
reflecting or near-complete absorbing surfaces. The study of these surfaces has been a
significant field of research for many decades. The destructive interference of dielectric
coating optimized for a certain wavelength range is a century-old and still widely used
technology. Several multilayers are used in modern technology to couple light over broad
wavelength ranges of the order of hundreds of nanometres. [1,2]. Surface structuring at
the nanoscale has recently become popular in applications where low surfaces, such as
display technologies [3] [4], solar cell panels [5-9], light-emitting diodes [10],
optoelectronics [11], etc. The researchers were inspired by nature to investigate these
interesting micro and subwavelength hierarchical structures like moth eyes [12,13], grass
wing butterfly (Greta Oto)[12,14], which are famous examples of the highly anti-
reflective surface formed due to structured surfaces. The antireflection surface of a moth's
eye comprises a sharp array of nipple-like protuberances that are packed hexagonally.
Exciting techniques in this direction have been explored with different perspectives such
as destructive interference coating[2,4], impedance or gradient refractive index
matching[1,15-18], lamellar or geometrical light trapping, selective absorption based on
surface plasmon polariton process[3,19-21]. The broad essence of these investigations is
that metal nanoparticles with a diameter smaller than the wavelength enhance light
coupling into the medium. [7]. The preceding efforts were carried out to obtain near-
perfect antireflection effects for narrowband applications.

In this work, we explored the broadband absorption of metal surfaces. Many ways have
been ascribed to suppressing reflectance from a metallic surface, such as the construction
of quarter-wavelength layers [22], plasmonic light trapping[23-26], and many other
chemical coatings [4,26]. Due to induced scattering by surface plasmon resonances,
nanoparticles (NPs) deposited on metal surfaces improve light confinement, whose
efficiency varies depending on the metal type, size, and shape. Due to backscattering

losses, NPs of a single size deposited on a flat surface is inefficient over broadband
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absorption. The heterogeneous metal nanoparticles produced by electron beam
evaporation, as subwavelength structures, can be used to form broadband absorbing
surfaces to some extent [25,27]. The most efficient broadband absorption from UV-
visible to near-infrared of any surface is still far from the practical reality with near-
complete absorption. Few experimental works have reported effective broadband
absorbing surfaces in the infrared region [28-30] and UV-visible [25,27-34] range. The
latest work reported by Brain and co-workers showed superefficient absorbing surface
effective over UV to THz by growing the carbon nanotubes (CNT) on the Aluminum
metal surface [35]. However, this process involves several steps and electro-deposition
of materials to form CNT on the surface of the metal, and coating thickness is very large
in the orders of ~100um. In general coating or depositing another material on surfaces,
do have a life time and their performance do degrade over a time. In the current work, we
present a different technique where no other external chemicals are used and the surface
modifications are limited to very few hundreds of nanometers not in the micron level
thick coatings.

Pulsed lasers have become a popular tool for fabricating interesting nanostructures on
metallic surfaces in recent times, surface modifications thickness of ~ 5 pum, having a
wide range of applications in controlling wettability and optical properties [36,37]. The
laser patterning is very effective for manufacturing AR surfaces, as it is a single-step
process, can be scaled to the industry with precise, controllable parameters. The
femtosecond laser surface patterning has demonstrated its ability in sub-wavelength
ripples [38], laser-induced periodic surface structures [33,39], non-periodic blackening
on semiconductors[30], blackening of metals surfaces [40,41]. Researchers reported the
use of picosecond lasers for the fabrication of absorbing copper surfaces[34,42,43].
However, in very few works, lasers with a pulse width in nanoseconds, where the thermal
effects are very prominent on the surface, are also explored for antireflective properties.
Surface coloring on SS substrates has been shown using nanosecond laser in the recent
past by H Liu and his co-workers [44]. Blackening of metals using inexpensive and
rugged nanosecond laser is demonstrated on copper[31], Ti surface[45], Nickel
surface[46] over 300 nm to 700 nm limited range with effective absorbance greater than
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95%. In all the above-presented literature using fs, ps, and ns laser ablation, the best
average absorbance is close to 97% over a broad spectrum covering 250nm to 1800 nm.
In our current work, we demonstrated near 99.5% absorbance over the range of 250 nm
to 1800 nm using the affordable nanosecond laser on the SS surface. This is the best
antireflective SS surface, fabricated using the nanosecond laser ablation to the best of our
knowledge. The observed efficiencies are due to the efficient light trapping in the
fascinating micro-nano hierarchal structures formed after the laser patterning. We
observed various types of morphology changes while varying the fluence of laser pulses
used for irradiating the SS surface. We observed phenomenally low reflectivity as less
than 0.14% in the visible region. We have observed the evolution of surface
morphological features over one year, where these surfaces have shown excellent stability

without any degradation in their performance.

5.2. Experimental Procedure

We employed a nanosecond pulsed Nd: YAG laser (Quanta-Ray INDI) second harmonic
with a central wavelength of 532 nm, 6 ns pulse width at FWHM, and 10 Hz repetition
rate for direct laser writing. As shown schematically in Fig. 1, we kept the substrates on
two-dimensional (XY) synchronized stepper motor stages that interface with the
LabVIEW software. We chose SS304 as the substrate for this work because of its
outstanding strength, corrosion resistance, metallic shine, and flexibility. Before the direct
laser writing, the substrates were polished with SiC sandpapers of grit size 600, then 1200,
and finally 1500 for a uniform surface finish. The substrates are then gently rinsed with
water, then distilled water before being sonicated with methanol for 10-15 minutes to
clean them thoroughly. We performed direct laser writing on five stainless substrates A1,
A2, A3, A4, and A5 at a fluence of 5.65 J/cm?, 7.07 J/cm?, 8.48 J/cm?, 9.90 J/cm? and
28.28 J/ cm?, respectively, presented in Table 1. After the direct laser writing, the
substrates were sonicated once more to remove any weakly bound particles and dirt from

the surface.
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Table.1: Laser irradiation parameters of substrates for surface patterning.

Substrate Energy per pulse (mJ) Fluence (J/cm?)
Al 4 5.65
A2 5 7.07
A3 6 8.48
A4 7 9.90
A5 20 28.28
M4 Ms

HWP Polarizer

. . M3

Laser

Fig. 1. Schematic of Experimental setup for laser surface structuring.

Surface morphology and elemental distribution were analyzed with a high-resolution
FESEM (Zeiss Ultra55) with an accelerating voltage in the range of 5-10 kV. The
reflectivity measurement is carried out using a commercial UV-Vis-NIR
spectrophotometer (JASCO V-670, ARN-731) in single beam mode with a variable angle.
XRD study was done using Xpert analytical (Cu source K,; = 1.540598 A).

5.3. Results and discussions

Reflectivity is described as the fraction of electromagnetic power reflected from a
material's interface, and it is highly dependent on the wavelength of the incident light,
angle of incidence, dielectric constants of the interfaces, and surface morphology. We
used a nanosecond pulsed laser to manufacture composite micro-nano structured metallic
surfaces to achieve a near-perfect absorbing surface over a wide wavelength range. Using

laser writing techniques, the macroscopic properties of the surface are generally

75



controlled by manipulating the surface morphological characteristics. Laser and
processing parameters such as pulse fluence, repetition rate, pulse width, wavelength,
and scanning speed are frequently exploited for surface patterning. This work
investigated laser pulse fluence's effect on surface topography SS substrates for five
distinct values, as shown in Table 1. The samples are patterned by raster scanning, with
a line spacing of 320 um and a scanning speed of 0.4 mm/s. In the first section, we will
discuss the impact of pulse fluence on the substrate's surface morphology; in the second
section, we will discuss incident angle dependence reflectivity; and in the third section,
we will discuss the effect of polarisation dependence reflectivity for each patterned

surface.

5.3.1. Surface morphology

Fig. 2 shows the optical microscope images of nanosecond irradiated substrates with
different fluences (A1-A5 as per Table 1). The FSESM images at 100 pm scale bar show
that all macroscopic surface morphologies of substrates were more or less similar to
having the same features, as shown in the middle column of Fig. 2; one can observe track
of the laser scanning. However, at higher resolutions. Surface morphologies reveal two
distinct regions: inside the irradiated focused beam and peripheral areas. There were
particulate types of features within the focused beam spot that appeared inside the beam
track, as could be seen from first column images as shown in Fig. 2 with 4 um scale bar.
One can observe near-spherical-shaped microparticles deposited in this region. With the
increase of fluence, the number of microscopic particles density is increasing from Al to
A4, average RMS roughness obtained by Gwyddion software is increasing from Al to
A4 as 42, 50, 50, and 57 nm, respectively. At A4, one can observe maximum density;
with the increase of fluence, these particles completely lost their features, as shown in the

first column of Ab.
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P A1

Fig. 2. FESEM images of the substrate fabricated by direct laser writing with nanosecond laser scanning
with periodical fashion and line spacing between two consecutive scans are 320 pum. Al to A5 are different
substrates (as per table) with a scanning speed of 0.4 mm/s. The red double arrow shows the laser scanning
direction.

At even higher magnification (400 nm resolution bar) in the peripheral areas, we could
observe superfine features, and the surface morphologies are significantly different at
different fluences, as shown in the last column of Fig. 2. At a lower fluence (A1, 5 .65
Jlem?), the surface morphologies at the periphery of the grooves have composite
nanoparticle types of features. Each of the particulates are connected with nanowires at
the surface level, cactus spine-like futures. These surfaces act as a three-dimensional

77



mesh for the incident photons. At slightly higher fluence (A2, 7.07J/cm?), nano-rods
turned into the molten state features having several cracks at the peripheral area, and more
nanostructures are formed with reduced air gaps. At higher fluences for A3 and A4, those
molten state again turns into flower-type features with very sharp boundaries, no air gaps,
and depth, which is more suitable for acting as a nanocavity to trap the incident photons.
Also, surface plasmons get excited by the incident light on these nanocavities and
propagate along the substrate's surface. This leads to an efficient absorption of the
incident photons[3,23,24,26,27]. When we further raise the fluence in A5, the sharpness
of these flower-like futures has been destroyed, as evident from Fig. 2. The best micro-
particles and the nano-flower-like features are observed in the A4 substrate, and we treat
this as optimized laser energy for obtaining these hierarchical structures. These surface
morphologies are ideal for better trapping the photons incident on them over broad

wavelength ranges, which can be realized from the discussions in the following sections.

5. 3.2. Reflectivity

The FESEM images for different samples are shown in Fig. 2, giving an insight into the
plenty of nanoscale spatial features such as the nanoparticles, nanocavities, etc., along
with hierarchical macro structures formed during the grove patterning of the laser. These
images are taken after substantial time to allow the samples to undergo an oxidation
process to form finer structures. Time evolution details are discussed in detail in a later
section. These micros-nanostructures have large size distribution varying in the length
scale of UV, visible, and near IR wavelength orders. These structures can act as cavities
for the geometrical light trapping due to multiple reflections and possible coupling to the
surface plasmons. By properly tuning the laser parameters for surface patterning, we

could optimize to achieve the best anti-reflective nature of the surfaces.
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Fig. 3. The reflectivity of laser-irradiated stainless-steel surfaces. The wine-colored curve shows the
reflectivity for the unirradiated surface in the main plot, whereas other curves show the reflectivity for the
substrate irradiated with five different substrates A1, A2, A3, A4, A5, respectively, with corresponding color
code. Inset shows the magnifying image for the reflectivity of nanostructured SS surfaces.

Reflectivity spectra have been taken individually for each patterned surface for several
incidence angles for both S and P polarization for samples described in Table 1. The
reflection spectra of polished SS surfaces have been shown in Fig. 3 as maximum values,
along with reflectivity spectra of nanostructured stainless surfaces with different
irradiation fluence at an incidence of 3.3°. From the figure, it is evident that the specular
reflectivity from these surfaces is predominately decreased compared to the polish
surface. Here we report, these surfaces are the best anti-reflection surfaces or highly
absorbing nanostructured SS surfaces. The anti-reflectivity of the A4 sample achieved the
best values over a broad wavelength range from 250 to 1800 nm; these are the lowest
reflectivity values reported using laser ablation compared with the existing literature to
the best of our knowledge. Over the entire broadband from 250 nm to 1800 nm, the
reflectivity of the A4 sample is less than 0.14 %. This surface absorbs >99 % of the
incident light at smaller wavelengths in the UV and visible region. As concluded from
the earlier section, the A4 has the best surface morphological features for better trapping
of the incident photons is also evident from Fig. 3. As discussed in the above section, the
efficient trapping of the photons on the A4 sample is due to the nanoscale features.
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5.3.2.1. Effect of pulse fluence
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Fig. 4. The reflectivity of the nano-structured SS surface for the substrates Al, A2, A3, A4, and A5
(indicated by the color bar on the plot) for P polarized intensity of light at the incident angle of 3.3°.

Reflectivity spectra of nanostructured SS substrates are shown by Fig. 4, from UV to near
IR (250-1800 nm), for different laser irradiating fluence values at a fixed angle of
incidence 3.3°. One can notice that reflectivity decreases with laser fluence and then
increases after optimum value. The three-dimensional figure, Fig. 4, shows the necessity
to optimize the laser energy for achieving the best anti-reflection properties for a given
material. These optimal values for laser energy could vary from material to material and
depend on the pulse characteristics, which are beyond the scope of this article. As
concluded from the earlier sections, the A4 laser fluence parameters are ideal for the
antireflection properties.

5.3.2.2. Effect of incidence angle

This section presents the reflectivity spectrum of the SS textures surface irradiated with
optimized pulse fluence of 9.90 J/cm? (A4) for several angles of incidence to the surface
normal. Fig. 5 shows the reflectivity spectrum with 3.3°, 15°, 30°, 45°, 60°, and 75°

incident angles for P polarized incident beam. The trend of the curves indicates that the
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reflectivity coefficients increase as the incident angle increases. We also observed the
higher reflectivity for the incident angle of 75 © as compared to other reflectivities for the
lower incident angle, which is according to the theory of Fresnel’s coefficient of
reflection. The reflectivity of the substrate A4 is efficient up to the incident angle of 45 °,
which is less than 0.1%, and the values are much better for the range of 250-850 nm,
which is less than 0.03 %. We conclude that for normal to 45 ° angle of incidence, there
are hardly any reflections out of the surface; the surface is completely absorbing the
incident light. At the higher wavelength range of 850 to 1800 nm, we observed more
reflectivity where the surface features size distribution is going out of order of the incident
wavelength.

2.0
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1.2-

tivity (%)

2 0.8 1
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0.0 — T T T T T T T T T T T T T T 1
400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

Fig.5. The reflectivity of the nano-structured SS surface at the incident angle of 3.3°, 15°, 30°, 45°, 60°
and75 ° for the substrate A4 as described in Table 1 for P polarized incident beam.

5.3.2.3. Effect of incidence beam polarization

It is essential to understand the reflectivity of the sample with different polarizations. This
section presents the reflectivity of S and P polarization for all the samples from Al to A5,
as shown in Fig.6. The solid line curves for the P polarization and the dashed lines for
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the S polarization. For the samples Al to A3 and A5, the S polarization is slightly higher
than P polarization which could be coming due to the slight anisotropy of the surface
during the laser grove patterning. However, for the optimized fluence values of A4 both
S and P polarization are minimized indicating the patterned surface is behaving close to
isotropic material in terms of surface reflectivity, which is ideal for the real-time

applications where both S and P polarized lights are together incident on the surface.
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Fig. 6. The reflectivity of surface irradiated with a fluence of the substrates A1, A2, A3, A4, and A5 as per
Table.l S polarized and P polarized for the incident angle of 3.3°.

Fig. 5 investigated the reflectivity changes with incident angles for only P-polarized light.
However, to compare the reflectivity of S and P polarization for different angles, we
presented the reflectivity of the A4 sample in Fig.7. We presented the reflectivity curves
at 3.3° and 45° incident angles in these two graphs. At a lower angle of incidence, there
is no difference in the S and P polarization reflectivity, but at a 45° angle of incidence,
the surface shows a very minute difference in the S and P polarizations. This difference

can be neglected for real-time applications.
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Fig. 7. Differential Reflectivity of the nano-structured SS surface at the incident angle of 3.3° and 45° for
the substrate A4 for P polarized incidence beam.

5. 3. 3. Elemental distribution

Upon irradiation of pulsed laser on the material surface, the materials get ablated in the
laser track and redeposit the metallic particles in the adjacent areas. In this process,
surface nanostructure features formation occurs rapidly, and as a result, the surface area
increases in different morphological features, as discussed in earlier sections. In this
section, we are investigating how the elemental composition changes or distributing on
the SS. Also, after the time evolution by oxidation of the surface, how the elemental
distribution changes and leads to unique features formation. To purview this, we took
EDX (energy-dispersive X-ray) analysis on the FESEM images, inside the laser-
irradiated grooves, and in the peripheral area surface as shown in the 1%t and 2" row of
Fig. 8, respectively and compared with the unpatterned surface shown in the third row of
Fig.8. The weight percentage of the elements present in the laser-irradiated surface is
depicted in Table 2. The elements are distributed over the different regions of the
irradiation are presented in the elemental distribution micrograph along with the electron
micrograph and mix spectrum in Fig. 8. We have noticed that the percentage of elemental
weight is quite different within the two different regions of the substrate compared with
the unpatterned surface. There is a significant weight percentage of the oxygen inside the
grooves (22.9%) and peripheral area of the grooves (16.84%) compared with the

unpatterned surface with mere 5.5% oxygen. Therefore, the oxidation rate is not the same
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throughout the microscopic area, and it is obvious because of groove depth and the surface

area.

Table 2. The weight percentage of elements presents at the laser-irradiated surface.

Elements Weight percentage Weight percentage unpatterned
(Inside the grove) (Peripheral area) surface
O (Oxygen) 229 16.84 5.15
Fe (Iron) 55.39 61.65 65.15
Cr (Chromium) 11.24 13.01 19.7
Mn (Manganese) 9.68 7.79 9
Si (Silicon) 0.79 0.71 1

11.24% 9.68%
0.79%

22.9%

55.39%

19.7%

9%

1%
5.15%
o 4
Ful Scale 3890 cts Cursor: 0,000

Fig. 8. Elemental analysis using dispersive energy X-ray (EDX) on FESEM images. 1 row: elemental
distribution inside the focused laser beam, 2" row: Elemental distribution on the peripheral area of laser
scanning lines, and 3™ row: elemental distribution of the unpatterned SS substrates.

Upon further scrutiny, one can find the presence of the other compositional elements (Fe,
Cr, Mn, and Si). Their percentage weight of presence is 61.65%, 13.01%, 7.79% and
0.71% and 56.39%, 11.24%, 9.08% and 0.79% peripheral area and inside the grooves
respectively. One has to understand the crystal structure of these elements for further
analysis, which is beyond the scope of this work. The reason behind the different weight
percentages of elements is may be the fact that during the interaction of high intensity

focused laser pulse and the material's surface, the efficiency of materials being

84



redistributed is different for different elements[47]. In other words, the threshold for
material removal is different for different elements for a given laser fluence at the same
ambient condition. This analysis can conclude that the oxygen percentage is quite

different from unpatterned and patterned surfaces.

5.3.4. X-ray diffraction analysis
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Fig. 9. X-ray Diffraction patterns of (a) unpatterned SS surface displaying four crystalline phases of
Tetrataenite (FeiNis, Tetragonal), Manganese Cobalt (C0oo.1sMng.gs), Iron (Fe1, Cubic,) and Chromium (Cry,
Cubic)) and (b) nanosecond laser irradiated SS surface displaying five crystalline phases of Jacobsite,
Chromium (CrosFe1sMn104, Cubic), Iron Manganese Nickel (FeqsMno2Nios Cubic), Magnetite (FesOa,
Monoclinic), Iron Nickel (FesNii, Cubic) and Chromium (Cry, Tetragonal). Different peaks are marked
with the miller indexes and the phases present by different colors and symbols.

X-ray diffraction analysis of unpatterned and nanostructured SS (A4) substrates was
carried out using a commercial XRD instrument (X’pert PANalytical) with Cu source
K, = 1.540598 A. We observe two important aspects: (1) The unpattern specimen
shows broad features compared to the irradiated sample, and when analyzed through the
Debye-Scherrer formula, the corresponding widths are found to be 16+1.7 nm and 39+3.0
nm average size approximately; (2) Few new peaks appear indicating the formation of

nanocrystals of the alloys. These peaks have been identified and indicated in Fig. 9.

Fig. 9(a) shows the unpatterned SS comprised of four phases, viz.: Tetrataenite (FeiNis,
Tetragonal), Manganese Cobalt (Coo.15sMnoss), Iron (Fe1, Cubic,) and Chromium (Cry,

Cubic) and the peaks of the corresponding phases are identified with cross-reference
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number ICSD: 190821, ICSD: 163415, ICSD: 185754 and ICSD: 426936 respectively
which are available in X Pert HighScore Plus software. From Fig. 9(b), one can notice
a few extra peaks in the x-ray diffraction of the nanostructured stainless-steel surface.
There are the compositional changes induced due to high-intensity laser pulses (fluence
9.90 J/cm?). Jacobsite, Chromium (CrosFe1sMniOs, Cubic), Iron Manganese Nickel
(FeosMno2Nio.3 Cubic), Magnetite (FezO4, Monoclinic), Iron Nickel (FesNi1, Cubic), and
Chromium (Cry, Tetragonal) phases have appeared newly on the nanostructured surface.
The corresponding cross-reference numbers to identify the peaks of the phases present
are ICSD: 44409, ICSD: 103522, ICSD: 164814, ICSD: 188233, and ICSD: 625712,
respectively. All the diffracted peaks are marked with the miller indices and the phases
present by different colors and symbols in Fig. 9. The average crystallite sizes using
Debye-Scherrer equation of unpatterned and nanostructured stainless-steel surfaces are
found to be 16+1.7 nm and 39+3.0 nm, respectively which is in good agreement with
FESEM images. Nanostructure nucleation growth with time is beyond the scope of the
current work.

5. 3.5. Evolution of surface morphology over time

After the laser irradiation, the surface area of the substrate increases due to ablation and
redisposition of the particles. The newly formed surface properties are quite different
from the bulk material. We observed their ability to oxidize is extremely high, and these
structures evolve with time to form fascinating structures under ambient atmospheric
conditions. During this process, their antireflection properties do get enhanced. To
understand these aspects, we present our investigation of the samples fabricated using the

laser parameters of A4.
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presented in each row, respectively.

Fig. 10 presents the FESEM images of micro-nano structuredA4 samples after 7, 21, 52,
and 365 days in each row, respectively. Immediately after the laser ablation, there are no
fine structures on the samples, which are efficient in trapping the photons. From the
second row of Fig. 10, the fine nanostructures just started evolving. After giving sufficient
time, about 50 days, one can visually see the eruption of nanostructures on the surface of
the SS substrate. Their reflectance properties get much better within the 50 days’ time, as
evident from Fig. 11 and Fig.12. These figures show the evolution of reflectivity with
time. After a year, the microscopic surface morphology gets completely changes. One
can observe much efficient nano-flower-like cavities on a micro-scale if one allows the

surface to oxidize over a year; refer to the last row of Fig. 10. The main underlying reason
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behind the composite micro-nanoscopic surface morphology change can be due to slow
oxidation processes occurring over time [48].
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Fig. 11. Evolution of the reflectivity with a period (in days). Left plot: comparison of the reflectivity of
unpatterned (Solid wine curve) SS surfaces with hanosecond patterned surface of A4 substrate with time
evolution depicted for the first 60 days. The right plot shows the evolution from 60 days to year with a
much-reduced y-axis scale. All the reflectivity measurements have been taken at an incident beam angle of
3.3° and a P polarized beam.

The FESEM images at different times give a clue that the surface can effectively trap the
incident photons on it by multiple reflections like a cavity. As anticipated, the reflection
patterns change drastically with time, as shown in the first picture of Fig. 11. The surface
evolves very fast in the first 60 days to reach its overall reflectivity under 0.5% over the
entire broad wavelength region. By further allowing the surface to oxidize, the reflectance
gets further reduced with time. We presented the data for one year of evolution in Fig.11.
These surfaces are highly stable with time, and they are better in their properties. One can
further see how the reflectivity decrease with oxidation for three particular wavelengths
from Fig. 12, presented for 500 nm, 1000 nm, and 1500 nm. The visible part reaches 99.9
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% absorption within two months of oxidation, but the substrate takes a little longer for

higher wavelengths to be super-efficient.
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Fig. 12. Time evolution of the reflectivity of the substrate A4 for different wavelengths. The presented data
is taken on 21, 35, 60, 134 155, 277, and 365 days, respectively. The complete analysis we presented in the
above sections was done during 277 days.

5. 4. Conclusions

We showed that nanosecond pulse laser irradiation enables the formation of composite
micro-nano hierarchical surface structures and the surface appears completely black after
laser patterning. By laser irradiation, surface nanostructure formed on the surface will
increase the area compared to the bare polished SS surface. This study shows that the
nanosecond pulse laser irradiation can be used as a scientific tool to create peculiar types
of features such as superfine rods and flowers structure with appropriate control of laser
fluence. We could achieve the near-complete absorption of the surfaces 99.9 % over a
broad wavelength region covering UV, visible, and near IR. These surfaces are very
efficient antireflection over a wide angle of incidence +75 ° to the normal. Also, the
optimized surfaces are isotropic for both S and P polarizations, ideal for solar illumination
optical systems. We achieved less than 0.14% surface reflectivity in the visible range
(250-850 nm) and less than 0.5 % in the infrared region (900-1800 nm). These robust
pulsed textured metal surfaces show extremely low reflection and find application as
super absorbers of light in many optical devices, space applications, lowlight imaging,

etc.
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Chapter 6

Anisotropic non-wetting metallic surfaces: triple contact line theory
approach

Abstract

The anisotropic droplet formulation is generalized from hydrophilic to superhydrophobic
surfaces. An experimental approach for calibrating the ellipsoidal droplet volume is
described on both hydrophilic and hydrophobic surfaces. Using femtosecond laser
patterning, a wide range of contact angles of the ellipsoidal droplets are achieved on
copper and stainless-steel surfaces. On establishing anisotropic contact angles, the
impacts of line spacing between laser scanning are addressed. The evolution of
anisotropic contact angles and the spreading dynamics of droplets are investigated on
both metallic surfaces. According to the Triple Contact Line (TCL) theory, contact angles
are determined by the triple contact line between droplet and surface rather than the
contact area. We demonstrated the mathematical formalism and experimental validity of
the TCL theory over a broad range of contact angles on ellipsoidal droplets, from 37° to

172°.
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6.1. Introduction

A liquid droplet on an isotropic surface takes the form of a spherical droplet, with contact
angles (CAs) depending on the surface properties. As the surface roughness increases, the
CA can behave as a superhydrophobic surface if the CAs are greater than 150°. Water
droplet rolls off on these surfaces with little disturbance, and this kind of behavior is
called the "lotus leaf effect.” Nature made this kind of surface for self-cleaning
applications in plant leaves, flower petals, gecko pads, insect wings, legs [1-4]. The
ability to mimic these surfaces has been exhibited on a variety of surfaces, notably ZnO
nanorods [5], metallic surfaces[6-8], polymers[9], semiconductors[10], etc. Wenzel[11]
and Cassie- Baxter models[12,13]intensively refer to liquid wetting behavior on two-
dimensional symmetric surfaces. According to the Wenzel model, a liquid droplet
penetrates the surface's micro-cavities. In the Cassie-Baxter model, an intermediate
interface is filled with air between the water droplet and substrate; the air in the surface
valleys suspends liquid droplets. Some intermediate models in which droplets will be
partially in the Cassie state and partially in the Wenzel state[14-16]. These models
suggest that CAs are influenced by surface roughness. However, the contact angle
formation is a one-dimensional problem suggested by D. C. Pease and demonstrated by
Gao et al.[17]. According to Gao, the CA behavior (advancing, receding, and hysteresis)
is solely governed by interactions between the liquid and the solid at the three-phase
contact line, with the interfacial area within the contact perimeter being immaterial. H. Y.
Erbil examines the dependence of contact angles on a three-phase contact line in detailed
[18]. Liu looked further into Gao's investigations to examine the wetting behavior of
spherical droplets[19]. This theoretical work relates the droplet's effective volume and

contact angles, expressed in terms of physical dimensions/parameters of the triple contact
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line of a spherical droplet. All of the references above are for isotropic surfaces with
spherical drops. The formation of spherical sessile droplets on a smooth surface is far
from feasible; instead, gravity pulls droplets to develop an ellipsoidal shape [20,21]. This
paper formulates and experimentally validates the TCL model on asymmetric droplets
over a broad range of CAs.

Because the laser-patterned surfaces are anisotropic, the droplet takes on an ellipsoidal
rather than a spherical shape. Anisotropic droplet formation with lower CAs (< 150°) has
been reported previously[22—-28]. Anisotropic wetting characteristics on various materials
have many potential advantages in manufacturing [29,30]. The study of longitudinal and
transverse contact angles of a droplet on micro-grooved surfaces has gained immense
attention to researchers due to its potential applications. Some of the areas of applications
are movement dynamics[31], transporting droplets through the anisotropic surface[32],
spreading dynamics of the ellipsoidal droplet[33], anisotropic flow behavior on
corrugated semiconductor surface[34], sliding dynamics of the droplets on
microgrooves[35], icephobicity[36], the controllable valve in microfluidics[30],
photothermal control of micro fluids[37], directional anchoring of patterned super-
amphiphobic surfaces[38], droplet bouncing hydrodynamics[39], mechanoresponsive
tuning[40], harvesting of dew droplets[41,42], etc.

In the literature, there are numerous approaches for artificially simulating
superhydrophobic surfaces [43,44]. For these significant industrial applications, laser
direct writing is widely used [45-49]. The production of superhydrophobic stainless steel
and copper surfaces using femtosecond laser direct writing is demonstrated in this paper.
These surfaces form anisotropic droplets with CAs as high as 172°.

Because of the parallel groove structures, the femtosecond laser patterned surface
displays inherent asymmetry. The anisotropy of surface morphology has two orthogonal
directions of geometry, along the line of laser writing (along the grooves) and orthogonal
to the laser writing (perpendicular to the grooves). Higher CAs were observed in the
orthogonal direction of laser grooves than CAs along the groove. Water droplets formed
on these surfaces are not spherical; they get stretched in the groove direction because
there is no barrier to liquid flow, but they are compressed in the perpendicular direction
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owing to groove barriers [50,51]. In this analysis, we developed mathematical formalism
to test this idea from hydrophilic to superhydrophobic surfaces. We could observe the
droplets with CAs ranging from 37° to 172° and we have taken these sessile droplet

images for the volume estimation.

6.2. Experimental Procedure

Femtosecond fiber laser (Satsuma HP2, Amplitude system) is used to surface processing
on stainless steel (SS304) and copper (Cu) substrates. Its central wavelength is 1030 nm,
with a pulse duration of 350 fs, and is operated at a 200 kHz fixed repetition rate. The
substrate is mounted on a motorized XYZ stage (Newport), of which movement is
controlled by an ESP motion controller (ESP300) for precise patterning with 1um
accuracy, as shown in Fig. 1. Laser patterning is performed in a raster fashion over the
entire surface, as shown schematically in Fig. 1(B), in the case of single scan substrates.
For double scan substrates, a second scan is performed in the orthogonal direction to the
first scan (this will overwrite the earlier scan). In the case of the double scan, the second
scan direction is considered along the groove direction. The scanning speed of 4 mm/s is

fixed in this work, and the area covered is 1.0 x 1.0 cm2 for all the substrates.
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Fig. 1: Schematics of (A) laser direct writing setup and (B) periodic raster scanning processes.

We have used two different focal lengths of plano-convex lens to carry out two different
kinds of investigation: one is for the fabrication of superhydrophobic surfaces and another
for hydrophilic to superhydrophobic surfaces. The pulsed laser beam was focused using
the plano-convex lens of 6 cm focal length. The estimated beam waist at the focus is 26+1

pum, while our incident laser beam diameter is 3.5+ 1 mm. Two different sets of fluence
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values (1.2 J/cm? and 0.5 J/cm?) are used for laser direct only on copper substrates and
are presented in Table 1. Two different sets of successive line spacing of 15 um and 20
um are employed during laser patterning for the single and double scan copper substrates.
A plano-convex lens of 5 cm focal length is used to focus the laser pulses at the normal
incidence on the substrate. The approximate spot diameter at the focus is 22+1 pm, with
an input beam diameter of 3.5+ 1 mm. Two different kinds of substrates, stainless steel
(SS) and copper (Cu), were fabricated with line spacing from 15 pm to 60 um at a fixed
fluence of 1.3 J/cm2 and for each spacing in single and double scan modes (see Table 2).
Substrates are ultrasonically cleaned in distilled water after irradiation treatments. As
reported in the literature[43,44], these substrates change their wetting properties with time
and become more stable. All droplet static contact angles presented in this work are made
after the stabilization of the sample, and for statistics, measurements were performed
several iterations after the stabilization. Surface morphological characterization of laser
patterned surfaces was performed by FESEM (Zeiss Ultra) and atomic force microscope
(AFM, VEECO diNanoscope V). One-dimensional root means square surface height
deviation (1D RMS SHD) was analyzed using the Gwyddion software on AFM with a
strip size of 0.4 um by 94 um. CA measurements were performed using home-built CA
measurement equipment, as shown in Fig. 2A. This comprises a Canon EOS 700D
camera positioned in the same plane as the water droplet-containing substrate. We took
droplet pictures in two orthogonal directions for anisotropic CA measurements, keeping
the camera positions at the same distance from the droplet lying on the substrates, as
shown in Fig. 2A. For example, we provided one of the sets of CAs observed in Fig. 2B.
The droplet-substrate system was illuminated with diffused source from the opposite side
of the camera position for high contrast. Using the ImageJ software, the acquired image
was processed and analyzed using an active contour-based method [45]. This approach,
based on active contours, can accurately estimate CA with an error of less than 0.1° for a

particular droplet formation.
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Fig. 2. A: Schematic home-built CA measurement set up. B: Droplets resting on the surface of substrate vi,
one of the statistical sample data with the highest observed contact angle measurement, is presented.

6. 3. Results and Discussion

6. 3.1. TCL theory on superhydrophobic substrates

Six Cu substrates were patterned under different experimental conditions and their
corresponding experimentally observed measurements are presented in Table 1. Laser
fluence used for four substrates is 1.2 J/cm? and for another two substrates, 0.5 J/cm?, as
shown in Table 1. CAs of the droplets on patterned substrates were measured and
presented in Table 1, 6x & 6y are CAs along the groove and perpendicular to the groove,
respectively. All the measurements were made in a static condition with a fixed volume
of the water droplet of 5 puL. Substrate (ii) and substrate (vi) showed CAs greater than
150° satisfying the criteria of superhydrophobic nature of the surface. These substrates
were laser patterned at a higher laser fluence of 1.2 Jem™ using double scan or grid
spacing of 15 um and 20 pm, respectively. For substrate (vi), we observed the maximum
CA of about 164° perpendicular to the grooves formed along the direction of the second
scan, and in another orthogonal direction, measured CA was 157°, the schematic of CAs

measurements is shown in Fig. 2B.
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Table 1: Laser textured Cu substrates with different experimental conditions and CAs of the droplets on
surfaces. The 6y and 6y are the CAs along the grooves and perpendicular to the grooves respectively
and4 6 =6, — 0,. CAs and surface roughness parameters of the textured Cu surfaces with different
experimental conditions. Sqyand Sy are the average of 1D slope along and perpendicular to the grooves
on laser textured surface respectively and 4S5, = |S;, — Sgl-

Subst | Fluence | P3N | cA @) | CA @) A® AS Surface
rate (J/cm?)) (um) and degrees degrees degrees e o \ roughness
scan type g g g (nm) (nm) (nm) Rq (nm)
15,
i 1.18X103 Single 142.3+2.2 | 143.0+2.2 | 0.6+0.16 | 3915 | 364.9 26.7 428
scan
15,
i 1.18X103 Double | 155.1+3.4 | 157.843.2 | 2.740.67 | 1036.0 | 537.9 | 498.6 931
scan
15,
iii 4.7 X102 Single 119.442.2 | 120.9+2.2 | 1.5+0.22 | 239.0 | 180.3 88.7 273
scan
15,
iv 4.7 X102 Double | 134.5+2.1 | 136.0+2.2 | 1.5+0.05 | 716.5 | 500.0 | 216.5 777
scan
20,
v 1.18X103 Single 147.142.2 | 148.5+2.2 | 1.5+0.14 | 309.3 | 289.4 19.9 352
scan
20,
vi 1.18X103 Double | 153.0+2.7 | 158.2+3.5 | 5.24+0.89 | 1713.1 | 414.2 | 1298.9 2109
scan

The FESEM images of all the substrates (presented in Table 1) are shown in Fig 3. These
pictures are presented in different scales to emphasize the different macroscopic and
microscopic features. In Fig. 3, the first and second columns show the single scan and
double scan images, respectively. The scales of inset images are chosen to emphasize
particular secondary features that are forming for those experimental conditions. We
could tune the CAs between 115° to 164° due to different primary and secondary
microstructures forming under different experimental conditions, as shown in Fig. 3. The
first and third rows of the images are for surfaces patterned with a common fluence of 1.2
Jlem? and spacing of 15 pm and 20 pm between successive laser scans, respectively.
Images in the second row are patterned with a fluence of 0.47 J/cm?and 15 um successive
line spacing. More prominent primary and secondary structures are forming at higher
fluence and double scanning. One can observe that there are no proper grooves in the

single scan images compared to the double scan, as shown in the first column of Fig. 3.
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Single Scan Double scan

EHT 500kV P
Mag 5.00 K X 2%

20 pm EHT=5.00 kV

Fig. 3: FESEM |mages of laser patterned Cu surfaces with different experlmental condltlons (see Table 1).
Images in the first column are for a single scan, and the second column is a double scan which is patterned
orthogonal direction to the first scan. Blue arrows show the first and second scanning direction for single
and double scans, respectively. Insets show surface morphology at a higher magnification (100 kX)
corresponding to each substrate’s surface. The bars are equal to 20 um and 400 nm in the main and inset
images, respectively.

It takes different elongations in different directions of the droplet, leading to an ellipsoidal
shape formed approximately over a macroscopic contact diameter of 400 um. We present
the corresponding CA measurements of the droplet in orthogonal directions in Table 1.

When one compares the CAs and surface roughness of samples (iv) and (v) in Table 1, it
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can be seen that higher roughness has a lower contact angle and vice versa. We are in the
quest to find the correlation between the measured anisotropy CAs (A6) and other
parameters that dictate the anisotropy. For further investigation, we performed a 3D
surface profile of the substrates using AFM. These AFM images are presented in Fig. 4
in two columns similarly as explained in Fig. 3. AFM image data is further analyzed for
a parameter to correlate the anisotropy, A0 of droplets. Our previous discussion of
FESEM images shows that the larger the groove depth and better the secondary structures,
the higher the observed CAs. These primary and secondary structures form peaks and
valleys at different length scales. To quantify these peaks and valleys, we analyzed a one-
dimensional root mean square surface height deviations (1D RMS SHD) parameter. This
parameter is measured from AFM data over a small area covering 0.4 um width and 90
um length, using Gwyddion software that gives the RMS variation over the selected
region. A small selected strip is translated along the length of the substrate and obtained
1D RMS SHD values for each translation. The plots of the 1D RMS SHD vs. position of
the substrates are presented in Fig. 5, for both cases where the one-dimensional translation
strip is along the groove and across the groove.

For substrate (vi), where well-defined grooves are formed, as anticipated along the
groove, the magnitude of 1D RMS SHD will be smaller, and this magnitude of variations
gives insight about the secondary structures such as cauliflower structures as shown in
the FESEM images. On the other hand, 1D RMS SHD magnitude for substrate (vi) will
be large when translated perpendicular to the grooves; these are evident from the last plot
of Fig. 5.
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Fig. 4: AFM height sensor of laser patterned Cu surfaces with different irradiation parameters as shown
in Table 1. Arrows show the first and second scanning directions in each image.

These higher 1D RMS SHD will also account for a higher barrier for the liquid flow and
allow for better pinning of the boundary to exhibit the highest CAs on both directions for
sample (vi). For the substrates (ii) and (vi), the groove depth is higher; hence, the 1D
RMS SHD separation along the groove and across the groove is larger, as shown in Fig.
5. For other substrates, this difference is not large or equal, which essentially shows the
surface is random rather than anisotropic. One has to pay attention to the magnitude of
variation on the Y-axis scale, which gives an insight into how the secondary and primary

structures are forming.
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Fig. 5: 1D RMS SHD as a function of sample position over the laser patterned Cu surfaces with different
sets of irradiation parameters along with two perpendicular directions. The first and second columns of
plots are for single and double scan patterned surfaces, respectively.

To quantify this, we took an average value of the 1D RMS SHD for each substrate to give
two values along the grooves (Sqi) and perpendicular to the grooves (Sq1). A parameter
ASq = Sq1- Sqi, defined as the difference of the 1D RMS SHD in the two orthogonal
directions, was obtained for all the substrates [46]. The plot of ASqVs. A, from Table 1
values, is shown in Fig. 6. The correlation value for the linear fit for ASq and anisotropy
in CAs A0 is found to be 0.98; this parameter predicts the anisotropy to the best accuracy.
Also, from Table 1, it is clear that the droplet assumes a nearly circular shape at low ASq.

Thus, ASq determines the shape of a droplet on an anisotropic rough surface.

105



AB

0 200 400 600 800 1000 1200 1400

AS,

Fig. 6: Change in CA of the ellipsoidal water droplets on laser-irradiated Cu surfaces as a function of
change in average 1D RMS SHD along with two perpendicular directions. Error bar represented in the
plot is obtained from the measurement statistics.

In Table 1, the last column gives the average RMS roughness of each substrate over the
entire surface. One can notice that the CAs have no proper correlation with the roughness
of the surface, which is predicted by TCL theory. The CAs in such a state are well
explained using triple contact line theory proposed by Liu [39] based on the spherical
droplet assumption.

3Ve _ (1—cosB)(2+cosH)
nr3  sin6(1+cos 0)

1)

Where Ve = V-V, is the effective volume of the droplet on the patterned surfaces, V is the
total volume of the droplets V fraction of the droplet that penetrates the micro-structures
of the patterned surface, and r is the contact radius of a sphere the liquid-solid interface
as shown schematically in Fig. 7A. As there is no liquid penetration into the
microstructures in Cassie state, therefore effective volume of the droplet is V itself. We
have investigated the TCL theory with our experimentally observed anisotropic CAs. The
black dashed curve represents the theoretical TCL plot for the spherical droplet

assumption [39]. Our experimentally measured CAs are not obeying spherical droplet
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TCL theory predictions. The reasons are a) the patterned surfaces are no longer isotropic;
b) droplets are ellipsoidal rather than spherical. Hence this model based on a triple contact
line may not apply to anisotropic water droplets, and further investigation is required. We
derived an equation that can relate the ellipsoidal cap volume of the droplets to the
anisotropic CAs (which is the actual volume of the droplets resting on the patterned
surfaces). The direction of semi-axes and orientation of the CAs are shown in Fig. 7(B-
D). We derived the relationships between anisotropic CAs in two orthogonal directions
and their semi-axes (a, b, & c) along with the elliptical liquid-solid interface as shown in
Fig. 7(C-D). Semi axes ‘a’ are along the groves, ‘b’ is perpendicular to the groove and

‘c’ is along Z-axis, as shown in Fig. 7(B-D).

A B Y'\

— X

Fig. 7: Schematic of spherical water droplets on copper irradiated surfaces. A: Schematic spherical water
droplet resting on the isotropic surface. B: The axis orientation shows which X and Y axes are along the
grooves and perpendicular to the grooves, respectively. C: Ellipsoidal water droplet resting on the
anisotropic surfaces. Ox and major axis are measured along the grooves. D: 6y and minor axis are measured
perpendicular to the grooves.

The following function expresses an ellipsoid,

Z+i 4+ =1 1)

Where a, b, and ¢ are the semi-axes with atbtc, a>0, b>0, and ¢>0.

The volume of the ellipsoidal cap of height h is given by

mabh?(3c—h)
3c? (2)

VC ==
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We derived the following relations between the semi-axes and anisotropic CAs, as shown
in Fig. 7(C-D).

2
c_|c?2—z§ cot By

gj

a= 3(a)
c ,cz—z2 cot@

b= +—— 3(b)

h=c+z, 3(c)

Where Ox and 6y are the CAs along X-axis and Y -axis, respectively, Zo is the perpendicular
length from the center of the droplet to the midpoint of the liquid contact of the surface.
We arrived at the following equation for the droplet volume in terms of anisotropic CAs

and droplet parameters.

m(2ch3—h*)(3c—h) cot Oy cot B,
3(h—c)? (4)

VC =

We define a dimensionless volume function f(6x, 6y) by arranging the variables in
equation 5.

_ 3Vc(h—c)? -
f(Hx, Hy) = GG cot 6, cot 6, (5)

This function is plotted and shown in Fig. 8 by a solid dark cyan curve along with the

experimentally measured data points.
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Fig. 8: This graph shows the variation of f(ex, Gy) = cot 6, cot 6, as a function of two anisotropic CAs,
the Black dashed, and dark cyan curves are the variations of CAs (theoretically) of the TCL model based
on spherical and ellipsoidal water droplets, respectively. The red stars and blue squares show the

experimental data points corresponding to the CAs along the grooves and perpendicular to the grooves,
respectively. A total of 48 measurements was made on all the substrates from (i) to (vi).

One can observe, our experimental data points match very well with the theoretical model
represented by the solid line with a very slight deviation. For an elliptical droplet, the plot
of Fig. 8 is not a true representation; it is just a special case where 0x and 6y have equal
values (a slice of Fig. 9(ii), however it is not equal to the spherical case as (“a="b # ¢”).
It has been presented only to compare with the previous spherical model. The fitting
appears very close because of anisotropy in CAs is within 6°. The effective volume
function should be represented as a 3D picture with f(6x, 0y), 6x,& 6y as three axes. The
dimensionless volume function is plotted as contour plot and 3D surface plot along with
our experimental data points as shown in Fig. 9(i) and Fig. 9(ii), respectively. The average

relative error of the experimental value of f(6x, 6y from the theoretical is 4.74 %, which
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Is within the experimental errors. These experiments and the fittings strongly support the
TCL theory, where the contact line pinning dictates the contact angle of the water droplet.

12

e

150 » ‘ _ _ .
100 470 460 150 140 130 120 110 100

CA (0

Fig. 9: TCL model for Ellipsoidal droplet with experimental data points for CA along the minor axis (in
degree). Plot (i) and (ii) show the contour and surface plot, respectively.

6.3.2. Validity of TCL theory from hydrophilic to superhydrophobic surfaces

In the earlier section, the TCL theory is experimentally verified only for
superhydrophobic surfaces (Cu substrates only), and contact angles were more than 100°.
This section will extend the work over the large range contact angle from 37° to 172°.
The qualitative approach of spreading dynamics of the droplets on the anisotropic
surfaces is discussed. The evolution of contact angle on the surfaces is provided. Total 16
substrates of Cu and SS were fabricated with the fixed fluence of 1.3 J/icm2, with line

spacing of 15, 30, 45, and 60 um. Each spacing set is with both single and double laser
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scan methods, as presented in Table 2. Anisotropic CAs are shown in Table 2 for Cu and
SS substrates. Using a commercial Eppendorf micropipette, we used a fixed droplet
volume of 7 uL for each CA measurement for Cu and SS. Our laser fabricated surfaces
yield a very high CA as much as ~172° on Cu for C5 substrate, as shown in Table 2. All
these surfaces evolve with time due to oxidation of the surface under ambient laboratory
conditions. The CAs presented in Table 2 are the final values after 125 days of evolution.

After this time, the surface behaves very stably in terms of wetting properties.

Table 2. Laser parameters and corresponding CAs on the Cu and SS substrates.

Line Cu substrates SS substrates
. Type of
spacing Sean

(hm) No. 0x 0y A0 No. 0x 0y AQ
15 Single C1 167.7+1.2° 170.5+2.7° 2.8+1.5° S1 164.1+0.8° 165.1+0.6° 1+0.2°
30 Single Cc2 166.4+2.5° 168.6+1.8° 2.4+0.7° S2 134.8+2.1° 141.6+1.5° 6.8+1.3°
45 Single C3 165.1+2.4° 166.5+2.3° 1.4+0.1° S3 163.2+0.1° 165.9+0.1° 2.7+0.0°
60 Single C4 162.8+5.4° 166.1+3.5° 3.3+1.9° S4 162.7+1.1° 164.6+1.4° 1.940.2°
15 Double C5 169.3+1.4° 172.4+2.1° 3.1+0.7° S5 164.8+0.9° 167.6+0.9° 2.840.0°
30 Double C6 167.6+2.7° 169.2+2.7° 1.6+0.0° S6 167.5+2.2° 168.4+2.1° 0.9+0.1°
45 Double Cc7 167.1+1.2° 168.1+1.5° 1.0+0.3° S7 168.3+1.9° 169.6+2.4° 1.3+0.5°
60 Double C8 169.3+0.6° 171.0+0.7° 1.740.1° S8 168.6+0.8° 171.1+1.0° 3.5+0.2°

The FESEM images are shown in Fig. 10 and Fig. 11 for Cu and SS substrates,
respectively. Each substrate's FESEM image is presented in two different magnifications
to understand their macroscopic surface morphologies (scale bar is 20 um) and
microscopic nanostructures (scale bar 500 nm). In Fig. 10 and Fig. 11, the first and second
columns show the single and double scan images, respectively, with corresponding line
spacing. The first scan of direct laser writing increases the surface roughness and optical
absorption compared to the un-patterned surface [47,55]. It is easier to ablate a rough

surface than a smooth surface. Therefore, the second scan (orthogonal to the first scan)
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generates higher and smoother groove depth due to increased efficiency in material
ablation. The combination forms a very clear macroscopic square grid structure, with the
second scan groove being deeper over and on top of the first scan groove. The
macroscopic surface morphologies of double scan substrates are different from single
scan substrates, which can be observed from the lower magnified FESEM images. The
cauliflower-like hierarchical micro-nano structures are observed only with line spacing
45 and 60 um for double scanned substrates but not prominent in single scan substrates.
The hierarchical structures of grooves and cauliflower-like secondary nano shapes offer

a better barrier against the liquid flow, which is evident from observed higher CAs.

Double Scan

A
R
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30 pm

45 pm

I
i

i b
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i1 e Lt , a_‘,_'_‘_‘ - c - R
Fig. 10. Optical micrographs of the laser-irradiated Cu surfaces. The single and double scanned images
are represented in two columns for the line spacing of 15, 30, 45, and 60 um. The magnified images with a

scale bar of 500nm are shown next to each substrate’s main images (20 um scale bar), and the arrows
represent the scanning direction.

60 um
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Fig. 11. Optical micrographs of the laser-irradiated SS surfaces. Notations are similar to Fig. 10.

6.3.2.1. Spreading dynamics of the droplet immediately after fabrication

The comparative study of the evolution of CAs with time (in the scale of days) on
nanostructured Cu and SS surfaces is carried out. Contrasting results were observed
between the Cu and SS substrates immediately after the laser writing. We present the
qualitative spreading characteristics of water droplets on C1, C5, S1, and S5 substrates.
As presented in the earlier reports, the surfaces become hydrophilic immediately after
laser writing[53]. Our experiment observed that the laser patterned SS surfaces become
hydrophilic immediately after the laser writing, both in single and double scan cases. We
investigated the droplets' spreading behavior on these substrates and found the difference
in droplets’ spreading rate in the two orthogonal directions. The liquid water starts
spreading quickly when we place the droplet on S1. The spreading rate is faster along the
direction of the grooves and is slower in the perpendicular, which is also consistent with

earlier reports[56].

Similarly, the liquid starts spreading immediately after placing the liquid droplet on S5.
The spreading rate is the same in two orthogonal directions of the surfaces. But in contrast
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to the SS surfaces, the Cu surface behaves differently. The liquid does not spread on the
surface of C1; instead forms an ellipsoidal droplet with CAx 110° and CAy 113°. In the
case of C5, the surface gets wet, and water starts spreading homogeneously after being

placed on the sample. But the rate of spreading is much slower than S1 and S5.

The polished SS substrate, which is intrinsically hydrophilic, becomes super hydrophilic
immediately after the laser patterning[57]. On the other hand, the unpatterned Cu surface
has CAs greater than 90°. The laser patterned surfaces do evolve with time due to the
oxidation process. They form the secondary structures on top of the primary structures of
laser grooves, as shown in Fig. 10 and Fig. 11. As they evolve, their wetting properties
also evolve to form stable superhydrophobic surfaces nearly after 90 days. The evolution
of the SS and Cu surface's wetting properties is presented in Fig. 12. Typically, this
evolution pattern is observed on all surfaces. Cu surface is observed to evolve faster than
SS surface. Note: in this process of evolution, the droplets take different shapes from
hydrophilic to hydrophobic. These droplet parameters of different wetting properties on
the surface are taken as data for the TCL theory validity, which we shall discuss in the

following sections.

180 - 180
*  CAX|On S$3 substrate . . * CA,| On C3 Substrate
160 = CAy = CA .y . "
160 4 g x *
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60 1 . * 100
40 *
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0 |. : / : 60 T T 7 T T
0 20 100 120 0 20 100 120
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Fig. 12. CA evolution on two different substrates (stainless steel and copper) for 125 days. A: the evolution
of CAs on S3. B: the evolution of CAs on C3. The red stars and blue squares represent the CAs along the
grooves and perpendicular to the grooves, respectively.
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6.3.2.2. Surface evolution from Petal effect to lotus leaf behavior

It is observed, despite high CA (~122.9°) on copper (on the 11'" day after the fabrication);
still, the droplets are not rolling off from the surface even when the substrate is held
vertically in the upside direction or even inverted. The adhesive force of the surface to
the water droplet is so high that droplets cannot roll-off due to gravity or external
disturbances. This behavior is popularly known as the petal effect. We have observed this
behavior on substrates C1, C5, S1, and S5 on the 11" day after laser fabrication. The S1
and S5 have the CA of 164.9° and154.1°, respectively, but droplets did not roll off even
at a 90° tilt angle. Similar behavior was observed in C1 and C5 on the 11" day of
fabrication, CAs with 122.9° and 168.9° respectively but did not roll off at any tilt angle.
The kind of surface chemistry that leads to these strong adhesive forces needs to be further
investigated,; it is beyond the scope of this paper. This behavior changes within a few days
after this, and even with slight tilt angles, they get rolled off, leading to the lotus leaf
effect. Note that the petal effect is observed only from the 11" day, and slowly within a

few days, they lose this property and turn to the lotus leaf behavior.
6.3.2.3. The effect of line spacing and multiple scans on the anisotropic CAs

The CAs can be tuned with line spacing [57], the effect of line spacing between two
successive scans is presented. Fig. 13 presents the holistic results we observed with
variation of line spacing. The first and second columns of Fig. 13 show the copper and
the SS substrates, respectively. The upper row shows the change of the CAs with the line
spacing, while the bottom row shows the change of anisotropy of the droplets with line
spacing. The data is plotted from Table 2, whose CAs were obtained after 125 days of
evolution and stabilization. The line spacing experiments are performed at 15 pm, 30 um,
45 um, and 60 um. Only in the case of 15um spacing, the laser beam overlaps with the
following scan by approximately ~32%; in all other cases, there is no overlap region of

laser spots between the successive scans.
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Fig. 13: Variation of CAs and anisotropy in CAs to line spacing on copper and stainless-steel irradiated
surfaces for single and double scans. A: CAs on copper substrates, B: CAs on stainless steel substrates, C:
anisotropy of CAs on copper, D: anisotropy of CAs on SS.

One can observe in Fig. 13(A) and Fig. 13(B), black squares are consistently below the
red circles in both Cu and SS substrates. Single scan along x-direction creates groove
along the x-axis, the 0x will be lower along the groove direction as it does not have a large
barrier against the flow of liquid, compared to orthogonal direction @y is perpendicular to
the groove the barrier will be high. With the increase of spacing for a single scan in Cu
surfaces, the CAs consistently decrease due to the rise in the non-irradiated area.
However, this scenario for the single scan is similar for the SS surface, except for 30 um
spacing (in Fig. 13(B), the scale on the y-axis is different from the adjacent figure). One
can get a hint from Fig. 11 (S2 substrate) that the lower CA is due to the long
perpendicular cracks almost reaching the other line cracks. These cracks might reduce the

barrier or support the flow of fluid, leading to smaller CAs.
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Similarly, for the double scan case (Fig. 13(A) and Fig. 13(B)), blue triangles are
consistently below the green inverted triangles for both Cu and SS substrates. Also, in all
the cases, the double scan CAs are always higher than the single scan as they offer a larger
barrier for the liquid flow due to their surface morphology. One must remember that the
droplet base area is much bigger than the groove spacing approximately by magnitude.
For double scan, increasing spacing for Cu substrates results in a decrease of CAs till 45
pum spacing and increases for 60 pum spacing. But in SS substrate, it is a slight monotonous
increase in CAs. This may be due to the Cu and SS surfaces' morphological or surface
structural differences. Fig. 13(C) and Fig. 13(D) give the water droplets’ anisotropy
formed for Cu and SS surfaces under different writing conditions. In general, for the
spacing greater than the laser's spot size (22 um), the anisotropy is more significant in the
single scanned substrates due to the inhomogeneous surface created by the single scan.
For the spacing less than the focal spot size, for 15 um, the anisotropy is larger in the
double scanned substrates. However, one exception is 60 um of SS case, which has shown

more anisotropy in the double scan.

6.3.2.4. Triple contact line theory and its approach to the hydrophilic surfaces

After the evolution for more than three months, the anisotropic CAs were presented for
Cu and SS substrates in Table 2, derived from a large data set. Also, during the evolution
process, we measured CAs periodically. In each measurement, we got the CAs along the
direction of the grooves and CAs orthogonal to the grooves. Apart from the CAs, we also
measured the droplet dimensions in orthogonal directions. Note that even when the
droplet formation is homogeneously along the surface, the semi-third axis along the
height is not equal to the semi-major and minor axis due to the gravity effect on the
droplet. Fig. 14 gives the schematic illustration of the measured ellipsoidal dimensions
or parameters. The semi-major axis length along the groove is 'a’, and the corresponding

CA is ‘@x’ is measured.

Similarly, the length of the semi-minor axis perpendicular to the groove is ‘b,” and the

corresponding CA is ‘6y’. Also, we measure the height of the droplet ‘h”’ and derive the

117



value of ‘¢’ from droplet parameters. These parameters are shown in Fig. 14; our length
measurements are calibrated with a reference of the substrate’s length. The ellipsoidal
cap volume ‘VC’ is given by equation (1) in terms of the droplet’s physical parameters
and anisotropic CAs [52]. The dimensionless effective volume function ‘f(@, 6y)’ is

expressed by equation (2).

_mabh*(3c —h) _ m(2ch® — h*)(3c — h) cot b, cot b, )
€ 3¢2 B 3(h—c)? M

£(6,,6,) = % = cot 6, cot 6, @)
The primary purpose of this dimensionless volume function, f (6x, 8y) = coté&xr coté,is to
relate the ellipsoidal droplet’s parameters with the CAs in orthogonal directions for CAs
greater than 90°. These droplet parameters must be unique for given CAs determined by
the droplet’s pinning line boundary at the air, solid, and liquid interface. This function
consists of the parameters a, b, ¢, and h (where h is the height of the droplet). These
parameters are experimentally measurable for a given sessile droplet. We calculated the
functional values and compared them with f (6x, 8y). We observed an excellent fit
between the experimentally derived values of f (&x &) using droplet’s physical
dimensions and the theoretically estimate value of f (6x, 8y) = coté&. coté,[52]. This is

experimental evidence supporting the TCL theory.

In contrast to the widely accepted Wenzel and Cassie models, TCL theory predicts that
the CAs depend only on the droplet’s pinning boundary and are irrelevant to the surface
roughness of the interfacial area droplet. However, surface roughness plays a vital role
in forming sessile droplets on the patterned substrates as it offers a barrier against the
flow of the liquid. We create anisotropic surfaces by laser writing techniques, the surface
offers two different barrier conditions against the liquid flow in the orthogonal directions

to form ellipsoidal droplets.

For water droplets having CAs less than 90°, all the ellipse parameters ‘a’, ‘b,” and ‘c’

cannot be obtained directly. Experimentally, the base of a droplet ‘2x:” along the x-axis,
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2y1” along the y-axis, and the height of a droplet ‘h’ along the z-axis are measurable
parameters. Taking the XZ plane of the ellipse, one can arrive at the following equations.

_ xqhTan 6,— h?
- x1 Tan 6,—2 h

©)

2 6
q? = S0t o ";_C‘}’f x @)

Similarly, taking the YZ plane of the ellipse, one can arrive at the minor axis of the

ellipse

2y Cot 6
b2 =2 (5)

For hydrophilic cases, the ellipse parameters ‘a’, ‘b’, and ‘c’ need to be estimated from
the measurements of xi1, y1, h, &, and &y. The ellipsoidal cap volume ‘Vc’ and
dimensionless effective volume function ‘f{@x, 6y)’ is expressed in equations (1) and (2)
are valid for the hydrophilic case as well. Using the above equations, we tested this theory
over a larger spectrum of contact angles (hydrophilic to superhydrophobic CAs). The
theoretical values of the function ‘f{@x, 6y)’ is treated as ‘Cot 6x Cot 6,’. That is for any
ellipsoidal droplet characterized by its contact angles of #x & 6y in orthogonal directions,
will have a unique theoretical functional value of ‘f(@, 6y)°. If 6, & 6, are taken as
continuous variables, the theoretical functional values are represented as a solid line in
figure 7A, or it can take the shape of a surface in a three-dimensional plot, as shown in
figure 7B. The experimentally measured values of this function ‘f(@x, 6y)’ are obtained

from the droplet physical dimensions as given in equation (2).
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Fig. 14: Schematic of anisotropic (A) superhydrophobic and (B) hydrophilic water droplets on laser-
irradiated substrates. 8x & major axis “2a”, is measured along the grooves, and 6y & minor axis “2b”,
are perpendicular to the grooves.

6.3.2.5. TCL analysis for droplets on the patterned Cu and SS surfaces

The CAs given in Table 2 is the statistical average of several droplets formed on each
substrate, both Cu and SS. Each droplet formed is taken as a data point for obtaining a, b,
¢ h, xand &, parameters of an ellipsoidal droplet. A 2D plot of dimensionless effective
volume function f(y, 6y) is shown in Fig. 15(A), where dimensionless function f{6y, 6y)
is plotted on the y-axis, and the CAx and CAy are in the x-axis, for all the droplets formed
on patterned Cu and SS substrates. The data points in this graph include the points
obtained during the evolution of CAs on both surfaces. The red-colored stars and blue-
colored squares represent the CAx and CAy, respectively. For a given set of the CAs (6,
6y), there is a unique value for the function f(6, 6y). Hence, a given droplet along the
grooves and across the grooves will have the same y-axis value on these plots. In other
words, each droplet has a unique value in the y-axis with the corresponding pair of 0x &
6y values. The solid line represents the theoretical value of TCL theory based on the
ellipsoidal droplet. The actual functional value always lies between the star and square
points along the y-axis. There is a unique value of f(6x, 6y) for a given 6y, 6y value, hence
this 2D figure is a projection of the actual 3D plot in the diagonal plane. The 3D plot of
these values is shown in Fig. 15(B). In this, each water droplet condenses to a single

circular point in this graph having a unique function value (6, 6y) for a fixed 6x & 6y
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value. All the points correlate to the functional value, color grid surface, with an R2-

regression coefficient of 0.81.
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Fig. 15: Combined data from Cu and SS substrates are presented in these figures. (A) Two-dimensional
plot of the f{6y, 6,) vs. Cas. The red-colored stars and blue-colored squares represent the CAs along the
grooves and perpendicular to the grooves. (B) Three-dimensional plot of the f(6x 6y) VS. 6x & 6y. The red-
colored symbols represent the experimental value of the f(0x, 0y).

6.4. Conclusions

We have engineered Cu and SS wetting properties using femtosecond laser direct
writing. By varying the laser writing line spacing, we optimized the best conditions for
the Cu surface to behave as superhydrophobic with CA as much as 172°. Droplets formed
ellipsoidal shapes due to the anisotropic surface morphology of the surfaces. The
evolution of the CAs due to the oxidation process on both these surfaces is presented. We
experimentally measured the dimensions of these ellipsoidal droplets from hydrophilic to
superhydrophobic cases. Expressions for the ellipsoidal droplet volume estimations were
presented for the entire range of CAs. A dimensionless volume function, f(6x 6y),
uniquely depends on the droplet’s dimensions is presented. The experimentally measured
data and theoretically predicted values of this function show an excellent correlation over
a broad range of CAs. This is a direct experimental validation of the Triple contact line
(TCL) theory for the most generalized form of ellipsoidal droplets. We believe our work
will help develop new kinds of functional surfaces with intrinsic anisotropy and the

droplet’s non-contact volume calibration for many quantitative measurements.
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Chapter 7

Summary and future work

This thesis aims to engineer material surfaces and study their property using different
pulsed laser parameters and processing conditions. Dual-scaled laser-induced periodic
surface structures are fabricated using the femtosecond laser irradiation wavelength over
a broad range from 400-2200 nm on stainless steel surfaces. We have optimized the laser4
processing parameters for fabricating ladder-like structures where both low spatial
frequency LIPSS and High spatial frequency LIPSS simultaneously formed in a clearer
and regular fashion. Apart from that, for each wavelength, we have investigated the
fluence range for ablation threshold, optimal fluences for favoring the ladder-like
features, and fluence at which the LIPSS got destroyed. We have investigated the
maximum limit of LIPSS periodicity for the incident wavelength range. This work has
opened a new horizon for laser experimentalists and theorists to carry forward to the next

level by thoroughly investigating existing theoretical models of LIPSS.

Controlled fabrication of cubic-shaped copper NPs on the surface of copper is shown for
the first time in the literature. This can be achieved uniquely via femtosecond laser
irradiation using a particular incident wavelength, scanning speed, and incident laser
fluence. We showed surface topological structures could be controlled or varied using
different wavelengths and irradiation energy. The ideal wavelength for the formation of
LIPSS over a broad range of energies is 900 nm. At 960 nm of irradiation wavelength,
we could not observe any LIPSS formation for any incident energy. Cubic-shaped
nanoparticles with the maximum surface area with many edges can have potential
applications, especially in catalytic reactions as electrodes. The formation of the cubic
structures is because of the oxygen being trapped; it is favored only at 860 nm central
wavelength of femtosecond pulses. This work can be extended to fabricate different sizes
and shapes of the nanoparticles, investigate the mechanism behind the origin of a

particular type of shape, and apply it in sensing and industrial applications.
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We showed that nanosecond pulse laser surface irradiation enables the formation of
composite micro-nano hierarchical surface structures, and the surface appears completely
black after laser patterning. By laser irradiation, surface nanostructure formed on the
surface will increase the area compared to the bare polished SS surface. This study shows
that the nanosecond pulse laser irradiation can be used as a scientific tool to create
peculiar types of features such as superfine rods and flowers structure with appropriate
control of laser fluence. We could achieve the near-complete absorption of the surfaces
99.9 % over a broad wavelength region covering UV, Vis, and near IR. These surfaces
are very efficient antireflection over a wide angle of incidence %75 ° to normal. Also,
the optimized surfaces are isotropic for both S and P polarizations, ideal for solar
illumination optical systems. We achieved less than 0.14% surface reflectivity in the
visible range (250-850 nm) and less than 0.5 % in the infrared region (from 900-1800
nm). These robust pulsed textured metal surfaces show extremely low reflection and find
application as super absorbers of light in many optical devices, space applications,
lowlight imaging, etc. There’s a lot of scope in this work. Using more advanced
spectroscopic analysis would be an excellent deal to investigate flower-like features
formed by nanosecond laser irradiation. Anisotropic reflectivity can be developed by
modifying the surface morphology. Surface morphology can be engineered to absorb
electromagnetic waves over a particular wavelength band.

We have engineered Cu and SS wetting properties using femtosecond laser direct
writing. By varying the laser writing line spacing, we optimized the best conditions for
the Cu surface to behave as superhydrophobic with CA as much as 172°. Droplets formed
ellipsoidal shapes due to the anisotropic surface morphology of the surfaces. The
evolution of the CAs due to the oxidation process on both these surfaces is presented. We
experimentally measured the dimensions of these ellipsoidal droplets from hydrophilic to
superhydrophobic cases. Expressions for the ellipsoidal droplet volume estimations were
presented for the entire range of CAs. A dimensionless volume function, f(6x, 6y),
uniquely depends on the droplet’s dimensions is presented. The experimentally measured
data and theoretically predicted values of this function show an excellent correlation over
a broad range of CAs. This is a direct experimental validation of the Triple contact line
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(TCL) theory for the most generalized form of ellipsoidal droplets. We believe our work
will help develop new kinds of functional surfaces with intrinsic anisotropy and the
droplet’s non-contact volume calibration for many quantitative measurements. The
feasibility of this work in the future could be to investigate the miniature lens droplet. It
can lead to breakthroughs in optical fields as the high contact angle droplets can
substantially bend the beam. This work can also be extended to investigate the droplet’s

evaporation rate on different surfaces.
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