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Abstract 

Laser micromachining is a well-established industrial processing technique. 

Due to the performance attainable with modern lasers, like high power, coherence, 

and monochromaticity, it has been utilized for cutting, welding, and engraving 

various materials, including metals, polymers, and composites. However, besides 

its traditional use, advancement in the laser technology has enabled a new 

perspective for laser processing towards advanced applications like surface 

functionalization, precision modification, and chemical alterations at the micro- 

and nano-scale. The applications for such material modifications include thin film 

dewetting, microfluidic channels, 3D optical waveguides, cell scaffolds, drug 

delivery systems, and solar and fuel cell applications. 

Many of these advanced applications rely on ultrafast laser systems that use 

non-linear interactions to modify different materials in bulk with high precision. 

However, although several such applications have been demonstrated at a 

research level, an industrial-scale translation of these techniques has been 

dragging. That is due to the complexity, relatively slow processing, and expensive 

equipment involved with such ultrafast laser systems. On the contrary, long 

pulsed nanosecond lasers have been industrially established and could offer 

solutions to various advanced applications involving large-scale production. 

This thesis focuses on the use of an industrial grade fiber nanosecond laser 

system to push the boundary of laser surface modifications on different materials: 

from metals to ceramics, from glass to polymers. Leveraging on the flexibility of 
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this approach and based on extensive research on the laser material interaction 

conducted during the development of the thesis, different applications are 

proposed here. Those applications include the fabrication of superhydrophobic/ 

superamphiphobic surfaces, surface texturing for improved functioning of solid 

oxide fuel cells, precision modification of microstructures and optics on 

bioresorbable glass, and ultrahydrophobic high gauge factor strain sensors based 

on reduced graphene oxide.  

This research demonstrates that a high degree of control on the surface 

texture, like roughness or hierarchical structures, can be obtained by an accurate 

choice of laser parameters. For example, by appropriately adjusting the laser 

pulsewidth, aluminum can be made superamphiphobic. In another case, tunable 

surface roughness is achieved by varying the laser fluence obtaining an improved 

solid oxide fuel cell interconnect with the oxide glass sealant. Promising results 

have also been obtained by modifying glasses of biomedical interest like 

bioresorbable calcium phosphate glass. Indeed, in those glasses, the heat affected 

zones (HAZ) generally associated with nanosecond lasers can be reduced the 

resulting inverse Marangoni flow of the locally melted glass can be controlled to 

obtain microtextures on the glass surface. That enables to obtain e.g. micro-optics 

structures in the form of hyperbolic and spherical microlenses or diffraction 

gratings. 

In addition, this thesis’s work explored combining laser texturing capabilities 

with chemical surface treatments. Besides obtaining superamphiphobic surface 

with fluorosilane coatings, an eco-friendly rapid chemical treatment was 

developed using vegetable oil on the laser treated surfaces to achieve 

superhydrophobicity.  

Finally, even though nanosecond laser micromachining can’t reach all the 

capabilities offered by ultrafast lasers, several applications could use this former 
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as a powerful tool towards industrial scale processing for advanced applications 

and novel functional surfaces. 
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 Chapter 1 

Laser Interaction with Materials 

1.1 Background 

The study of laser micromachining for different material types has its basis in 
laser-matter interaction. In particular, within the realm of pulsed laser 
modification, a variety of factors contribute to the resulting surface modifications, 
such as pulsewidth, wavelength, pulse repetition rate, and pulse energy, to name a 
few. Before delving into the experimental findings of this thesis, it is essential to 
provide a concise introduction to laser-matter interaction and its primary 
mechanisms. Furthermore, it is helpful to review the different pathways for 
photon-phonon energy transfer, depending on the temporal characteristics of the 
laser pulse and the target material. This chapter elucidates the dynamics of 
material interaction with ultrashort and pulsed lasers, specifically nanosecond 
lasers. Additionally, we outline the crucial laser parameters that govern the 
material surface modification presented in the following chapters, covering the 
main aspects of the present research on nanosecond laser micromachining. 

 

1.2 Aim and Objectives 

The work discussed in this doctoral study takes advantage of the inherent 
effects associated with nanosecond pulse interaction with materials. The study 
uses an industrial grade nanosecond fiber laser for surface modifications on 
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different materials such as metals, polymers, glass, and ceramics for various 
applications ranging from surface modification for superhydrophobicity to 
fabrication of micro-optics and piezoresistive sensors. Apart from the laser 
modification of the surfaces, the study is also devoted to performing appropriate 
surface chemical treatments to realize the desired functional properties. According 
to the applications involved, the complete study could be separated into the 
following: 

(i) Controlled use of appropriate laser parameters and following surface 
chemical treatment to fabricate either superamphiphobic surfaces or 
eco-friendly superhydrophobic surfaces. In addition, to the commonly 
used silanization technique, this study aims to propose an alternative 
eco-friendly coating procedure that is rapid and inexpensive. 

 

(ii) Precision laser modification of an anti-bacterial bioresorbable glass 
leveraging the Inverse Marangoni effect. The ability for precise surface 
modification is to be tested through fabrication of micro-optics on the 
bioresorbable glass surface, which is interesting for in-vivo optical 
monitoring. 
 

(iii) Laser texturing of surface to enhance joining strength of 
similar/dissimilar materials. Controlled modification of surface 
roughness is to be studied, for the desired applications. Also, in the 
case of ceramic Si3N4, the silica generated during laser processing step 
is removed through HF etching, which is then to be evaluated for 
joining strength. 
 

(iv) Laser processing of a polyimide substrate to generate reduced 
graphene oxide for fabrication of a superhydrophobic strain sensor 
with a high gauge factor. The stability characterization of rGO and its 
possible transfer on different materials. 
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1.3 Introduction 

The current section introduces the basics of Light Amplification by 
Stimulated Emission of Radiation (LASER) through the fundamental working 
principle, the primary characteristics of a laser beam, and the different types of 
laser systems. A literature review is then provided on the laser-matter interaction 
of different materials, mainly using pulsed laser systems, and the evolution of the 
corresponding material characteristics resulting in structural/chemical 
modifications. Finally, the various structural modifications resulting from laser-
matter interaction are presented. This chapter aims to present a literature review 
and the state-of-the-art technologies required to introduce laser micromachining, 
especially using relatively long pulsed nanosecond laser systems in comparison to 
ultrafast pulses in the pico- and femto-second regimes.  

 

1.4 Laser – A Brief Introduction  

A laser system primarily consists of an optical cavity with a gain medium 
between the reflecting ends, forming a resonating optical cavity, as shown in 
Figure 1.1. Generally, both ends of the reflecting cavity consist of plane-
parallel/spherical mirrors or fiber Bragg gratings, where the latter is commonly 
used as the optical cavity of fiber lasers [1,2]. Also, one of the cavity end mirrors 
is partially transparent (output window), while the other end is highly reflective, 
thereby maintaining the optical resonance of the cavity. 

 

Figure 1.1. Illustration of the primary components of a laser system 
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The first laser was experimentally realized by Theodore Maiman in 1960, 
which was based on a ruby crystal with emission at 694.3 nm [3]. Following his 
invention, different laser systems were realized with gain medium-dependent 
emissions from ultraviolet to mid-infrared wavelengths. Various materials in 
different states of matter can act as the gain medium, providing corresponding 
emission wavelengths [4–6]. Even for a single state of matter, the gain medium 
can be of different forms, such as ceramic, single crystals, or an optical fiber, as 
shown in Figure 1.2.  

 

Figure 1.2. (a) Working principle of a fiber laser; [7](b) 3D printed transparent ceramic YAG laser rods with 
central Neodymium doping [8].  

The tabular information about the different laser types, emission wavelength, 
modes of operation, and their typical applications are shown in Figure 1.3.  

 

1.4.1 Principle of LASER  

In an atomic system, the electrons can occupy different energy states. Once the 
electrons absorb energy from an external source, such as through pumping, the 
electrons must eventually release energy to regain the lowest stable ground state 
of the system. The emission of the absorbed energy during the excited-to-ground 
state transition could occur through two different photon emission pathways, 
spontaneous and stimulated emissions [9,10]. 

The former is a quantum mechanical process wherein the excited state of the 
system transits from excited states to the lower energy levels through photon 
emission in a stochastic manner without any need for external stimulation [11]. 
The stimulated emission occurs in a timescale of about 10-8 s after excitation [10]. 
The number of photons in the excited state at time 𝑡 is given by the following: 
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(1) 

 

 

Figure 1.3. Different types of lasers with their output characteristics and common application. 
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On the other hand, when the excited electronic states interact with photons, it 

becomes possible to relax through an alternative mean, namely stimulated 
emission. The stimulated decay occurs only when the interacting photon has an 
energy difference equivalent to the energy difference between the excited and 
ground state. The above phenomenon results in the amplification of coherent and 
monochromatic photons. Therefore, if the atomic energy levels could be 
maintained to support stimulated emission, then it leads to light amplification by 
stimulated emission of radiation or LASER. 

For the stimulated emission to dominate, the gain medium must support 
population inversion [12,13]. For a material with 𝑁1 atoms in the ground state at 
energy 𝐸1 and 𝑁2 atoms in the higher energy level 𝐸2, the equilibrium Boltzmann 
distribution dictates a more significant population in the ground state given by the 
relation N1 > N2. These intermediate unique energy levels (E2) that could 
accumulate excited electrons are called metastable states, with a relatively long 
lifetime [14,15]. Therefore, the laser-active medium has to be carefully designed 
to include metastable states for the accumulation of electrons in the higher energy 
orbitals, which could result in stimulated emission in the presence of seed 
photons, as shown in Figure 1.4. The incoming seed photons of appropriate 
energy modify the probability function of the high-level orbitals, thereby 
temporarily destroying the metastability and increasing the probability of de-
excitation [16,17]. 

 

Figure 1.4. Illustration of pumping levels of a Ruby laser demonstrating metastable state [18]. 
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As previously shown in Figure 1.1, the amplified emission of coherent 
photons is by design situated in the optical cavity, which supports multiple passes 
through the gain medium. The following relationship gives the positive intensity 
variation of emitted photons along the laser gain medium, 

∆  (2) 

where the intensity variation 𝑑𝐼 is determined by the stimulated emission 
cross-section σ21 and Δ𝑁, which is the population inversion. 

The gain medium with the appropriate metastable energy level is excited 
(pumped) using an external energy source such as an electric discharge, flash 
lamp, or another laser source to obtain lasing [19,20]. The gain medium would 
support population inversion due to the available metastable levels with relatively 
large decay times [21,22]. Consequently, stimulated emission would be supported, 
leading to a cascade of photons in the process. This process reaches equilibrium in 
a resonant optical cavity, providing a stable output from the partially transparent 
cavity mirror/grating, as shown in Figure 1.5. 

To briefly summarise, the three fundamental requirements for the functioning 
of a laser are the following: 

(i) Pumping Source: An external source that is necessary to excite 
the gain medium, which is the primary step for the gain medium to 
perform lasing. 

(ii) Gain medium: As the heart of the laser, the gain medium is 
selected with appropriate metastable energy levels with a greater 
decay time that supports population inversion of excited energy 
levels, consequently resulting in stimulated emission. The desired 
output wavelength is the energy difference between the metastable 
and ground states. 

(iii) Optical resonator: An optical cavity arrangement with reflecting 
mirrors at the ends and the gain medium in between that supports 
optical gain. The optical setup is designed to support optical 
feedback so that the overall optical gain exceeds the cavity losses. 
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Hence, resulting in light amplification by stimulated emission of 
radiation (LASER). 

 

 

Figure 1.5. Principle of laser action from gain medium pumping to a stable optical output [23]. 
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1.5 Laser Beam Characteristics 

Laser technology is of prime importance today, with applications ranging 
from fundamental studies to daily life appliances. This importance is mainly due 
to the laser beam's unique characteristics that set it apart from any other light 
source. The main characteristics of a laser beam are detailed below. 

 

Monochromaticity and Line Broadening 

Monochromaticity is related to the fact that only photons matching the energy 
gap between excited and ground states can be amplified in the cavity. However, 
monochromaticity is a relative term, and in essence, the bandwidth of laser light is 
very narrow compared to broadband light sources like LED or solar radiation.  

Line broadening corresponds to the spectral linewidth, or the wavelength 
range emitted by the laser. A variety of factors could contribute to the line 
broadening. Overall, the broadening effect can be broadly classified into two 
categories, namely homogeneous and inhomogeneous broadening. They could be 
further subdivided based on the specific cause.  

(i) Homogeneous broadening occurs due to the local environment and 
interaction of atoms/molecules throughout the laser gain medium. 
The main causes are the following: 

• Natural broadening: Also called Lorentian broadening, it is 
caused by the uncertainty of atomic energy levels [24]. The 
broadening linewidth (Γ) is given by Γ=1/T2, where T2 is 
the radiative lifetime of the excited state.  

• Collisional broadening:  This occurs as a result of gain 
medium particle interaction, where the broadening 
linewidth (Γ) is given by Γ= γ × P, where γ is the 
broadening coefficient, and P is gas medium pressure [25].  

• Pressure broadening: This occurs due to the pressure 
variations in the gain medium [26].  
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(ii) Inhomogeneous broadening occurs due to the variation in the local 

environment within the gain medium. A common type is Doppler 
broadening, arising from the random thermal motion of the atoms 
and molecules. Also, Zeeman and Stark broadening exists due to 
local magnetic and electric field effects [26]. 

 

Coherence (Temporal and spatial) 

The coherence of a laser beam is associated with the correlation of its optical 
phase over the cross-section of the beam (spatial) or at different time intervals 
(temporal). More detailed definitions can be given as follows: 

(i) Temporal Coherence: Also known as longitudinal coherence, it refers 
to the degree of correlation at different points in the beam's temporal 
profile (waveform). A high temporally coherent beam would naturally 
imply consistent frequency or wavelength with minimal phase 
fluctuation [27]. High temporal coherence makes lasers ideal for 
interferometric or holographic applications. 

(ii) Spatial coherence refers to the consistent and predictable phase 
correlation between different points in the beam wavefront, 
characterizing the wavefront stability [28]. Practically, this translates 
to tightly focused and well-collimated beam properties. 

Laser beams are both temporally and spatially coherent. Figure 1.6 illustrates the 
concepts of spatial and temporal coherence for a laser wavefront. 
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      Figure 1.6. Illustration of spatial and temporal coherence of a wavefront [29]. 

 

Low divergence  

The low divergence of laser beams results in the high directionality of the 
laser beam. It is a direct consequence of the laser generation inside the resonant 
cavity, where only the wave propagation along the appropriate optical axis can 
result in the resonance property [30]. This directionality makes delivering optical 
energy over relatively long distances along a designed optical path possible. 

Radiance (Brightness) 

The radiance of the laser is defined as the power emitted per unit surface area 
per unit solid angle. The radiance of the laser beam is given by 

(3) 

where B represents the brightness or radiance, P is the beam power, D is the 
diameter of the circular beam cross-section, and θ is the beam divergence angle.  
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1.6 Modes of Laser Operation 

Apart from the materials that constitute the active medium, the configuration 
of a laser cavity gives different modes of laser operation. In particular, the 
temporal profile of the laser emission, even at the same wavelength, is paramount 
since it may determine different outcomes on its interaction with materials. 
Below, the main modes of laser operation are reported and described in their 
characteristics and features for materials processing. 

1.6.1 Continuous Wave (CW) 

In this operation mode, the optical output from the laser cavity is relatively 
constant in time for a continuously pumped cavity. Since the laser output is 
continuous, the mode is also known as free-running mode. They have wide 
applications in various fields, such as scientific research, materials processing, 
additive manufacturing, biomedical applications, communication, and fiber optics. 
For example, CO2 lasers are extensively used industrially for cutting, welding, 
surface heat treatment, and engraving on different material types [31]. Their high 
average power and long wavelength make them also ideal for medical 
applications such as dermatology, tumour ablation, dentistry, and surgery [32]. 

1.6.2 Pulsed Operation 

In this operation mode, the optical output is restricted to a specific timescale, 
generating an optical pulse. These optical pulses are separated spatiotemporally, 
and a pulse repetition rate defines the number of such optical pulses that cross a 
fixed point in space per unit of time. The temporal restriction of the pulse can be 
varied from milliseconds to femtoseconds, depending on the technique used for 
pulse generation. Due to the relatively short temporal width of the pulse, even 
microjoules of pulse energy can deliver a peak power of gigawatts range, in the 
case of femtosecond laser [33,34]. Pulsed laser systems have tremendous 
applications in micromachining and fundamental scientific research. Two 
techniques for the generation of short (nanosecond) and ultrashort (femtoseconds) 
pulses are described in the following: 
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Mode-locked Operation 

This operation takes advantage of multiple longitudinal oscillating modes in 
the laser cavity. The longitudinal modes are independent of each other and 
maintain a fixed phase relationship during the cavity round trip. Therefore, 
destructive/constructive interference amongst the longitudinal modes occurs 
spatially, as shown in Figure 8. An active (electro-optic) or passive (saturable 
absorber) modulation element in the cavity amplifies only the constructive 
interference amongst the modes [35]. The effect resembles an optical pulse 
performing round trips along the cavity. As a direct consequence of the 
constructive interference, this technique generates ultrashort pulses of 
femtosecond to few picosecond timescales [36]. The pulsewidth of the mode-
locked laser output is given by the following formula: 

Δ
( )

√
 

 

(4) 

where Δtpulse is the pulsewidth, and N is the number of longitudinal laser modes 
[37]. Figure 1.7 depicts the ultrashort pulse generation through constructive 
interference of the longitudinal modes. 

 

Figure 1.7. Constructive and destructive interference between different longitudinal modes in a laser cavity 
results in pulse generation [38]. 
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Q-switched Operation 

Q-switching is a standard mode used to generate nanosecond and long 
picosecond pulses. An additional attenuator in the optical cavity controls 
intracavity loss. Figure 1.8 illustrates the working principle of Q-switching in a 
schematic diagram.  

 

Figure 1.8. Schematic diagram representing the working principle of Q-switching in a laser cavity [39]. 

 

The attenuator, while in function, cause resonator loss and reduce the resonator 
quality (Q) factor. However, upon inhibition, the resonator Q factor increases, 
resulting in lasing and optical output. Also, when the attenuator is in function, the 
cavity is simultaneously pumped, resulting in maximum energy stored in excited 
states of the gain medium [38]. The frequency of active or passive modulation of 
the attenuator provides optical pulses of the corresponding timescale at the output.   

1.7 Laser-Matter Interaction 

Depending on the material type, the laser beam interaction with the material 
would result in reflection, absorption, and transmission. The material property 
defines the resulting propagation or energy transfer of the incoming beam. During 
beam propagation within the material, the Beer-Lambert law defines the optical 
intensity at a specific depth given by, 
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(5) 

where 𝐼0 is the incident beam intensity, and α is the material absorption coefficient 
[40]. The absorption coefficient of a material is a function of the wavelength of 
the incident light, as shown in Figure 1.9 and, generally, is higher for ultraviolet 
(UV) wavelengths followed by visible and near-infrared (NIR) wavelengths [41]. 

 

Figure 1.9 The absorption coefficient of different materials in (a) broad spectrum; (b) UV to NIR spectral 
region [42]. 

In the case of UV-pulsed laser interaction, the photon energy is relatively high 
and can cause direct interband energy transitions. This phenomenon facilitates a 
rather cold ablation of materials compared to infrared wavelengths with 
predominant thermal effects [43]. In addition, a short wavelength allows to 
achieve smaller focal spots, which can be of great interest for micromachining 
applications [44]. 

During the laser pulse interaction with the material, the first to respond to the 
intense electric field is the electronic system of the material through excitation 
from the valence to the conduction bands [45]. This event occurs in a very short 
timescale of tens to hundreds of femtoseconds, as shown in Figure 1.10. 
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Figure 1.10. Timescale of different phenomena and corresponding physics in volved in femtosecond laser 
interaction of solids [46]. 

 The rapid transition of valence electrons generate a non-equilibrium state in 
the material, instantly generating a separate electron and lattice (i.e., ions) systems 
in terms of energy, where the lattice is still cold as the hot electrons are generated 
[47]. This non-equilibrium results in a chain of subsequent processes that finally 
culminate in material ablation or melt-resolidification and is highly influenced by 
the intensity and temporal characteristics of the interacting pulse. Therefore, based 
on the temporal width of the interacting pulse, the material interaction dynamics 
are separately discussed as ultrafast (i.e., femto/picosecond) and long-pulsed 
(nanosecond) regimes in the following sub-section . The rapid thermalization of 
the electron sub-system and the eventual energy transfer leading to the thermal 
evolution of the lattice sub-system can be described by a two-temperature model 
given below [48]: 

(6) 

(7) 
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 (8) 

where 𝑧 represents the direction of laser propagation, perpendicular to the target 
surface, 𝑆 is the laser source term, 𝑄(𝑧) represents heat flux, 𝐶𝑒 and 𝐶𝑖 represents 
the heat capacities of the electron and lattice subsystems, respectively, 𝐴 is the 
surface transmittivity, γ is a parameter representing electron-lattice coupling, and 
α is the absorption coefficient of the material. 

1.7.1 Ultrafast Laser Interaction  

The advantage of ultrafast laser interaction is the ability to modify even 
transparent dielectric materials through non-linear photoionization mechanisms 
[49,50]. In the case of ultrafast optical pulses with photon energy below the 
material band gap, the non-linear photoionization occurs through multiphoton or 
tunneling ionization, as shown in the Figure 1.11. The Keldysh parameter defined 
the dominance of the corresponding ionization mechanism through the following 
equation [50], 

 
(9) 

 

 

Figure 1.11. Schematic demonstrating the different photoionization processes in ultrafast laser interaction 
with dielectric materials: (a) Multiphoton ionization; (b) Tunnelling ionization, and (c) Impact ionization 
[51,52]. 
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where ω represents laser frequency, 𝑚𝑒 is the effective electron mass, 𝐸𝑔 is the 
material band gap, 𝑛 represents the material refractive index, and 𝐼 is the incident 
laser beam intensity. In general, tunnelling ionization is dominant for high 
intensity and low frequency, whereas the multiphoton mechanism dominates for 
low-intensity and high-frequency laser pulse [53]. Once the conduction band is 
populated, a third ionization mechanism, avalanche ionization, becomes possible 
[54]. In this phenomenon, multiple photons are absorbed by the conduction band 
electrons. When the conduction electrons have energy beyond the band gap, they 
can impact ionize a valence band electron. As the name suggests, this process 
continues exponentially, increasing the conduction band's population. Figure 2.2 
depicts the three different mechanisms of photoionization in dielectrics. 

In the case of metals, due to the presence of conduction band electrons, direct 
photon absorption occurs through Inverse Brehmstrahlung and impact ionization 
effects [55]. Following the ionization, the material modification proceeds 
similarly independent of material type. In terms of temporal scale, following the 
optical excitation, the e-e interaction leads to electron thermalization in the order 
of a few tens of femtoseconds (fs). The electron thermalization is followed by the 
electron-phonon interaction up to a few picoseconds (ps), eventually elevating the 
lattice temperature. In commonly used ultrafast micromachining setups, the pulse 
duration is of the order of hundred femtoseconds to a few picoseconds. Therefore 
τ𝑒 ≪ τ𝐿 ≪ τ𝑖, where τ𝑒 is the electron cooling time, τ𝐿 is the pulse duration and 
τ𝑖 is the lattice heating time. Under such timescale consideration, the electron 
temperature can be considered quasi-stationary, while the pulse duration is much 
lower than the lattice heating time resulting in negligibly low lattice temperatures 
at the end of pulse interaction [56]. The electron and lattice temperatures are then 
derived from equations (2.3) and (2.4), resulting in the following equations:       

𝛼
(10) 

𝛼 𝛼  (11) 

where 𝐼 and 𝐹 represent material absorbed intensity and fluence, respectively. 
Figure 1.12 shows the electron and lattice temperatures and corresponding 
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electron-lattice equilibrium time with varying pulsewidth interaction on 
chromium. 

 

Figure 1.12. Electron and lattice temperature dynamics for different pulsewidth laser interactions on 
Chromium. The equilibrium time τeq which marks the intersection between the electron and lattice 
temperature is shown for the different pulsewidths. The lattice temperature is represented by the black curve 
that begins from below 500 K and rise with a relatively low slope to a maximum of about 2000 K [57]. 

1.7.2 Nanosecond Laser Interaction  

In the case of nanosecond pulses interacting with matter, the condition τ𝐿 ≫

τ𝑖 is applicable, and equations 6 and 7 reduce to the following equation, 

𝛼 𝛼
(12) 

In this pulse regime, the electron and lattice systems attain equilibrium early 
during the laser pulse interaction (tens of picoseconds). In the nanosecond case, 
the intensity of interaction is of the order of 108 − 109 𝑊/𝑐𝑚2 and consequently 
results in minimal ionization [58]. Therefore, unlike the ultrafast regime, 
transparent materials cannot be modified directly due to the linear photon 
absorption mechanism. 
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Due to the long pulsewidth and the linear absorption mechanism, the 

absorbed optical energy is translated into thermal energy on the interacting 
surface. The heat penetration depth 𝑙ℎ, defines the extent of thermal diffusion into 
the target material given by 𝑙ℎ~(𝐷τ𝐿)1/2, where D is the thermal diffusion 
coefficient [59]. 

1.8 Dynamic Processes During Nanosecond Laser 
Interaction 

1.8.1 Melt Formation 

The energy of the absorbed pulse has a major role in the resulting temperature 
increase of the surface, due to its ability to deliver greater optical energy that 
eventually gets transformed to thermal energy. At a specific laser fluence (pulse 
energy/area), the temperature rise surpasses the material's melting point, resulting 
in the onset of melt formation. Therefore, fluence above this threshold would 
induce transient molten material on the surface [60]. Because of this phase 
transformation, the molten state supports greater mobility of the component 
species and increased solubility compared to the solid state. Depending on the 
thermal energy transfer to the surrounding material, radial temperature gradients 
could develop in the molten region resulting in convection flow. The melt flow 
generally follows the Marangoni effect, where the liquid surface tension decreases 
with temperature, resulting in melt flow towards cooler surrounding regions, as 
shown in Figure 1.13. 
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Figure 1.13. Illustration depicting the interaction of nanosecond pulse with a metal (Ti) [61]. 

  

1.8.2 Ablation 

Ablation refers to the material removal at the surface following laser 
interaction. Material vaporization initiates the ablation phenomenon above a 
particular laser fluence threshold [62]. The fluence threshold is material 
dependent, and in the case of nanosecond pulses, the threshold fluence generally 
ranges from 1-10 J/cm2 [63]. With increasing laser fluence, the ablation 
mechanism could proceed through spallation and phase explosion. Each of these 
material removal mechanisms is described in the following. 

(a) Vaporization 

As a first step towards material removal, vaporization occurs when the melt-
zone temperature exceeds the material's boiling point. At such a material state, 
when the surface temperature is below the thermodynamic critical temperature, an 
intermediate region is formed just above the melt zone called the Knudsen layer 
[64]. The Knudsen layer is defined by a non-equilibrium distribution of the 
velocity components, normal to the surface. Above this Knudsen layer, the normal 
velocity components of vapor molecules possess a uniform distribution. In 
simulations regarding laser evaporation, the Knudsen layer is treated as a 
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discontinuity, where the boundary condition provides for coupling between the 
heat transfer equation of the surface with dynamic gas equations of the vapor 
phase. 

(b) Spallation 

This phenomenon is related to the melt dynamics of the target surface. The 
rapid temperature increase in a confined volume generates compressive stress in 
the material volume [65]. The propagation of a compressive pressure deeper into 
the bulk of the interacting surface relaxes the instability wave. Following the 
compressive wave, an unloading tensile wave is generated [66]. The tensile stress 
can have sufficient strength to cause solid fracture or sputtering of the molten 
layer, as shown in Figure 1.14.  

 

Figure 1.14. Snapshots of material configuration obtained through TTM-MD simulation of 50 fs laser 
interaction of Cr target. The dark blue region represents the bcc Cr structure, the molten region is shown in 
green, and the topmost layer and spalled region are represented in red [67]. 

 

The ejection of solid particles and liquid droplets due to the stress relaxation 
dynamics is called spallation or photomechanical ablation [68]. Pulse duration τ𝐿 
plays an important role in the case of laser-induced spallation. The spallation 
effect is dominant for the case where τ𝐿 is lower than the time required for 
mechanical relaxation of the heated volume (τ𝑠) [69]. The laser induced melting 
in a constant volume, thereby resulting in compressive stress build-up, is valid for 
the following condition, 
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(13) 

where max is to select the larger amongst the temporal values between pulsewidth 
and electron-phonon relaxation time. 

(c) Phase Explosion 

Incident laser fluence above the spallation regime reveals an abrupt change in 
the ablation behaviour [70]. A homogenous and rapid transition of the heated 
volume into a liquid-vapor mixture now takes over as the primary mechanism of 
material ejection. The phase explosion regime is closely correlated and occurs 
around the thermodynamic critical temperature of the material [71]. In the case of 
ultrafast pulse interaction, the phase explosion provides greater ablation yield in 
the region of stress confinement, as shown in Figure 1.15(a).  

 

Figure 1.15. Simulation results of total ablation yield on a Ni target as a function of laser fluence for (a) 1ps 
and (b) 50 ps. The ablation plumes are analyzed at a timescale of 500 ps and 620 ps, respectively [72]. 
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Figure 1.15 demonstrates the difference in ablation characteristics for laser 
pulses of different temporal widths. However, in the case of long pulse 
interaction, a direct transition from vaporization to phase explosion at the 
material's critical temperature is more probable due to the pulse's relatively low-
stress confinement ability. This is because the stress build-up in the confined 
region during initial pulse interaction is not maintained as the material expansion 
occurs during the later part of the pulse. The continuous heating by the long pulse 
ensures low-pressure build-up in the confined interaction region [73].  

In the case of pulses longer than nanoseconds, the material removal dynamics 
follow the latter case of direct transition from vaporization to phase explosion. 
After laser ablation, plasma formation occurs and expands even after the laser 
pulse ceases.  

1.8.3 Laser-Induced Plasma   

The rapid energy transfer followed by an electron-phonon interaction results 
in the generation of neutral and ionic species. Ionized atoms, molecules, ejected 
metal vapor, and molten particles form the primary plasma above the interaction 
surface. After the primary plasma formation, the plasma dynamics involve the 
expansion process. The plasma expansion occurs in two stages: isothermal 
expansion and adiabatic expansion. In the case of isothermal expansion, the laser 
pulse interacts with the target surface. Consequently, the neutral/charged species 
comprising the primary plasma partially absorb the optical energy through inverse 
Bremsstrahlung and photoionization mechanism. Therefore, simultaneously, the 
target surface acts as a source for the expanding plasma while the laser absorption 
acts as the heat source for the expanding plasma. The convection pushes the 
plume forward because of non-equilibrium in temperature distribution, 
compressing the air and generating a shockwave. This debris causes a barrier in 
the case of multi-pulse interaction, where the plume partially absorbs the 
following pulse, creating a plasma shielding effect. However, once the laser pulse 
ends, the second stage of plasma expansion, namely adiabatic expansion, sets in. 
In this stage, due to the more significant plume pressure compared to the 
surrounding, the plasma front continues to expand with decreased temperature and 
density. This stage eventually leads to plasma cooling. Figure 1.16 shows the 
plasma plume evolution upon infrared nanosecond laser interaction with the 
aluminum target. 
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Apart from the plasma dynamics, laser parameters also influence the plasma 

characteristics. A study conducted by Bogaerts et al. reported that the plasma 
plume expansion increased from 0.1 𝑚𝑚 to 0.8 𝑚𝑚 at a corresponding irradiance 
increase from 3 × 109 𝑊/𝑐𝑚2 to 3 × 109 𝑊/𝑐𝑚2 [74]. Also, several researchers 
have studied the effect of laser wavelength on plasma formation and absorption. 
The plasma absorption at 1064 nm was found to be lower than at 532 nm and 
266 nm, even though the inverse Bremsstrahlung absorption coefficient was 
significantly higher at IR wavelengths [75]. This effect could be explained by the 
considerably low density of the plasma due to the low absorption of IR 
wavelength by the target material. 

 

 

Figure 1.16. Spatio-temporal evolution of plasma plume by nanosecond laser interaction with Al at a fluence 
of 2.3 J/mm2 [76]. 

 

1.9 Pulsewidth Effect on Precision Machining 

Because of the electron-phonon energy transfer dynamics, the surface 
modification features differ by a large extent between ultrafast and long-pulsed 
laser interaction. A critical evaluation factor for precision machining is the heat-
affected zone (HAZ). The long-pulsed laser modifications display strong evidence 
of HAZ, thereby generating detrimental effects on desired surface modification. 
The presence of an interacting laser pulse during lattice energy transfer causes a 
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temperature increase in the vicinity of the focal spot. This effect generally causes 
a gradient in surface modification features through the thermalization-induced 
melting and vaporization of even the surrounding regions to the focal spot. Figure 
1.17 shows the electron microscope images of surface modifications generated on 
a monocrystalline sodium chloride surface by a nanosecond laser (16 ns) and a 
femtosecond laser (300 fs), respectively. In the case of the nanosecond laser 
modification, cracks, roughness, recast, and irregular modification boundaries are 
usually observed. 

 

Figure 1.17. Scanning electron micrographs of laser ablation on crystalline sodium chloride (NaCl) using an 
excimer laser (248 nm) (a) nanosecond pulses (16 ns); (b) femtosecond pulses (300 fs) [77]. 

 

In addition to precise surface machining, ultrafast lasers hold the unique 
ability to process dielectric materials in the material bulk, opening a plethora of 
applications ranging from waveguide and microfluidic channel writing in glasses 
to micro-optics generation in bulk polymers. Another interesting ability of the 
ultrafast laser is the two-photon polymerization (TPP). TPP is a non-linear process 
that enables the creation of complex 3D architecture on polymer resins. The high 
intensity at the focal volume initiates the non-linear two photon absorption 
process. Following the excitation of the lattice system, the polymerization reaction 
occurs depending on the photoresist used. The interaction region at the laser focal 
spot is photopolymerized, and the non-polymerized photoresist is removed later. 
The above-mentioned abilities of the ultrafast laser interaction make this 
technique suitable for fabricating MEMS for lab-on-chip applications. Gregor 
Weisgrab et al. developed a special photosensitive resin for TPP to fabricate 
complex constructs for homogeneous cell invasion and matrix deposition, as 
shown in Figure 1.18. 
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Furthermore, the biodegradable scaffold fabrication technique with optimized 

laser parameters supports large-scale fabrication. Yanlei Hu et al. reported a 
highly efficient strategy to fabricate an aspheric microlens array using holographic 
femtosecond laser-induced photopolymerization [78]. In the above study, the 
characteristics of the spatial light modulator on the pattern reconstruction are 
analyzed to fabricate closely packed microlens arrays with desired optical 
properties. 

 

Figure 1.18. Design of a buckyball-based scaffold from poly (trimethylene-carbonate) using TPP. (a) SEM 
images of buckyball printed at optimum laser parameters; (b) 3D render of the scaffold to be printed in an 
8×8×8×3 array [79]. 

 

Compared to cleanroom-based complex fabrication techniques such as 
photolithography, ultrafast laser machining and lithography offer a relatively 
simple 3D fabrication technique with dimensional accuracy and excellent control 
of the shape and sizes.  

However, when it comes to surface fabrication, a few drawbacks need to be 
addressed by ultrafast laser machining to realize large-scale fabrication at an 
industrial scale. Firstly, ultrafast laser systems are still expensive (100s kEUR) 
when considering large-scale use; however, with the advancement in laser 
technology, these systems are becoming more and more inexpensive. Secondly, 
due to the low average power of the output, the processing rate and throughput of 
these laser systems is very low, which is yet another bottleneck toward large-scale 
implementation. Especially for generating micro-features, long pulsed laser 
systems offer an advantage in terms of processing speeds, trading off some 
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processing quality when compared to femtosecond systems. In this context, 
nanosecond laser systems provide an excellent alternative for surface processing 
of materials. These systems are relatively inexpensive (10 kEUR) and are well-
established in the industry. Although these systems generate thermal effects such 
as HAZ, with appropriate control of laser parameters, the modifications could be 
of desired quality in large-scale fabrication. Secondly, in specific applications, the 
thermal effects generated by nanosecond laser can be used to advantage for 
enhanced surface functionalities. The following section describes a few studies 
that have used nanosecond laser-based modifications for interesting functional 
materials applications. 

 1.10 Nanosecond Laser Micromachining: A Viable 
Alternative 

Nanosecond micromachining is generally considered for standard industrial 
processing requirements such as cutting and marking different materials. 
However, these systems can be a prominent alternative to ultrafast systems, 
especially in the domain of functional surface fabrication, such as 
superhydrophobic and anti-reflective surfaces. In the last decade, with the 
improvement in fiber laser technology and master oscillator power amplifier 
systems (MOPA), industrial laser systems with variable pulse width and high 
repetition rate (i.e., 500 𝑘𝐻𝑧) have been realeased in the commercial nanosecond 
laser segment. This tunability of the laser parameters enables to control the 
resulting thermal effects on the target substrate up to an appreciable extent, 
thereby facilitating a relatively precise modification with reduced HAZ. 

Broadband near completely absorbing surfaces offers a variety of applications 
for anti-reflecting surfaces, energy harvesting, and imaging in low light 
conditions. For example, antireflective surfaces can be useful for the conversion 
of photoelectric or photothermal conversion efficiency of solar installations, 
stealth properties of military devices, and low light imaging. The common 
approach of coating and deposition for anti-reflection on metallic surface face 
long-term performance challenges due to degradation with time. As an alternative, 
laser micromachining can be sued to fabricate micro-nano-structured surfaces 
directly onto the metal surface. Additionally, the natural hierarchical nature of the 
surface due to the thermal effect provides efficient light-trapping within the 
structures, as shown in Figure 1.19. Abu Taher et al. used a nanosecond laser 
(532𝑛𝑚) to generate hierarchical nanostructures consisting of nanorods, 
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nanoparticles, and nanocavities on a stainless-steel substrate. The hierarchical 
substrate displayed efficient anti-reflecting properties with less than 0.5% 
specular reflection in a broadband range of 250 − 1800 𝑛𝑚. In another study, 
nanosecond (532𝑛𝑚) was used to generate optimized surface features on copper 
with broadband absorption at 98.9% (220 − 800𝑛𝑚) and 91.9% (220 −

2500𝑛𝑚). The laser processed surfaces exhibit high photothermal conversion 
efficiency at 52% under 15 sun illuminations, which resulted in great 
improvement of desalination efficiency. 

 

Figure 1.19. SEM images of microstructures generated on a Ti-6Al-4V alloy using a nanosecond laser (532 
nm) at different scan intervals; (a) 30 µm; (b) 50 µm; (c) 70 µm; (d) 90 µm; (e) enlarged image of 
modification corresponding to (b); (f) comparison of the corresponding reflectance values [80]. 

In the domain of nanostructuring, laser-induced periodic surface structures 
(LIPSS) have generated tremendous interest for various functional applications 
ranging from anti-bacterial, improved cell adhesion, anti-icing, and drag 
reduction. Even though the formation mechanism of LIPSS has not been clearly 
understood, the surface plasmon polariton model is the widely used explanation 
for the phenomenon. Most studies involving LIPSS have generally focused on 
using ultrafast lasers with reduced thermal effects to generate self-arranged 
uniform surface nano-features. 



30 Laser Interaction with Materials 

 
Interestingly, nanosecond lasers are generally avoided for precision 

machining, and nanostructuring can generate LIPSS features, as shown in  Figure 
1.20. However, relatively few studies have reported using nanosecond laser-based 
LIPSS to fabricate functional surfaces. P Nürnberg et al. generated LIPSS on 𝑆𝑖𝑂2 
layers and reported a continuous transition from parallel to perpendicular 
orientations with increasing oxide thickness [81]. T Karkantonis et al. generated 
𝑠𝑢𝑏 − 500 𝑛𝑚 LIPSS on the stainless steel surface [82]. The effect of the 
processing gas environment was also analyzed in the above study, where the 
argon environment enhanced the LIPSS quality by minimizing laser-induced 
oxidation. 

 

Figure 1.20. (a) Optical image of diffraction colors from the LIPSS surface on stainless steel (SS); (b) SEM 
image of the LIPSS pattern at an effective pulse number of 209 at a pulse fluence of 17.1 mJ/cm2; (c) matrix 
showing color generation due to oxidation on SS at higher pulse fluences; (d) blue light diffraction image 
corresponding to (b) [83]. 

Another advantage of a relatively long pulsed nanosecond laser is in stealth 
dicing of silicon. It is well known that the ultrashort pulse duration is 
advantageous for bulk processing of dielectrics such as glass; however, the same 
does not translate well in the case of silicon. The extremely high non-linear 
coefficient of silicon cause filament formation along with prefocal absorption. 
This results in the formation of an under-dense plasma with insufficient electron 
density to cause material modification in the silicon bulk. However, long-pulsed 



1.10 Nanosecond Laser Micromachining: A Viable Alternative 31 

 
nanosecond laser does not exhibit such behavior and can be effectively used for 
wafer dicing, fabrication of microfluidics, waveguides, and holograms in the 
silicon bulk, as shown in Figure 1.21. 

 

Figure 1.21. Nanosecond laser (1.55 µm, 5ns) based bulk machining in silicon (a,b) Simulation of a binary 
image with high-frequency spatial components and corresponding holograms  written in silicon; (c,d) 
greyscale image of Mona Lisa by Leonardo da Vinci and the corresponding hologram written in silicon [84]. 

  

 

The work presented in this thesis consists study of laser interaction on 
different materials such as metals, glass, ceramics, and polymer. Since it would be 
confusing to have the materials and methods together in a single section, the 
major processing and analysis instruments and techniques used in this study are 
outlined in the Appendix section. However, specific materials and techniques are 
otherwise introduced in the appropriate chapter of description. 
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Chapter 2 

Laser Modification on Metals: 
Superhydrophobic Surfaces 

2.1 Superhydrophobicity: An Introduction 

 Various modern technologies have been inspired by nature. Nature’s ability to 
generate appropriate functional surfaces pushed by the need for survival has often 
been mimicked and translated by humans into functional material technologies. A 
couple of interesting examples of natural functional surfaces would comprise the 
gradient refractive index of the moth-eye for its anti-reflection property and water 
collection ability of the desert beetle, where tiny grooves and bumps on its skin 
condense and collect water to its mouth [1,2]. Another attractive, functional 
surface property is superhydrophobicity. i.e., extreme water repellency which 
allows e.g. the lotus leaf to optimize photosynthesis by keeping itself clean [3]. 
Considering the abundance of water on earth, various applications would require 
total repellence or the ability to manipulate water interaction with the surface. 

In nature, these surfaces are observed on lotus leaves, rose petals, water 
striders, and cacti, to name a few, as shown in Figure 2.1(a,b,c) [4–6].The extreme 
water repellency of the surface cannot be explained by surface chemistry alone; 
instead, it presents itself as a physico-chemical property comprising the dual 
aspects of surface chemistry along with surface texture [7]. With the advent of 
advanced surface micro-nano modification techniques as shown in  Figure 
2.1(d,e), superhydrophobicity has received renewed interest, not just to repel 
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water (71.9 𝑚𝑁 𝑚−1, 25∘𝐶), but also to lower surface tension liquids such as n-
hexadecane (27.5 𝑚𝑁 𝑚−1, 25∘𝐶) and even alcohols such as ethanol 
(21.9 𝑚𝑁 𝑚−1, 25∘𝐶). The former is termed superoleophobic and the latter as 
superomniphobic surfaces [8]. 

 

Figure 2.1. Natural and artificial superhydrophobic surfaces, (a) photograph of a lotus leaf; (b) microstructure 
of the lotus leaf; (c) nanostructure of lotus leaf; (d) superhydrophobic surface consisting of the SU-8 
micropillar array; (e) artificial raspberry like nanostructure with lotus leaf like superhydrophobicity [9]. 

  

  

2.1.1 Primary Aspects of surface wettability 

Thomas Young (1805) was the first to propose the relationship between 
interfacial energy and the interfacial area [10]. Therefore, surface free energy 
could provide a means to quantitatively assess the surface properties based on 
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liquid interaction with the surface in contact. Thomas Young presented an 
expression for the contact angle over a flat surface as follows: 

 

(1) 

where θ represents the contact angle, γ𝑆𝑉, γ𝑆𝐿 , and γ𝐿𝑉 are the interfacial surface 
tensions between the corresponding interfaces of solid-vapor, solid-liquid, and 
liquid-vapor, respectively. This defines the contact angle that categorizes the 
wetting behavior into the following: (i) superhydrophilic (0∘ < θ < 10∘); (ii) 
hydrophilic (10∘ < θ < 90∘); hydrophobic (90∘ < θ < 150∘), and 
superhydrophobic (150∘ < θ < 180∘). By definition, superhydrophobic surfaces 
have a water contact angle higher than 𝐶𝐴 > 150∘ and a sliding (roll-off) angle 
lower than 10∘ [11]. 

2.1.2 Dynamic Contact Angle and Contact Angle Hysterisis 

Another essential aspect defining the liquid-surface interaction is the dynamic 
contact angle measurements, termed contact angle hysteresis (CAH). It is defined 
as the difference between the advancing (θ𝐴) and receding (θ𝑅) contact angles 
[12]. The advancing contact angle measures the solid-liquid cohesion as it is the 
maximum contact angle value before the droplet advances. In contrast, the latter 
provides a measure of solid-liquid adhesion, as shown in Figure 2.2(a,b). Hence, 
in general, 𝜃𝐴 >  𝜃𝑅 where lower hysteresis values implies a better tendency of 
the droplet to roll-off, even at a slight tilt or perturbation of the surface [13]. 
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Figure 2.2. Depiction of dynamic contact angle for a droplet in motion at a sliding angle θS. The droplet 
slides from a to b in the figure. 

  

2.1.3 Wenzel and Cassie-Baxter States of Superhydrophobicity 

Amongst the different available models to predict the droplet contact angle 
over a rough surface, Wenzel and Cassie-Baxter models are the most popular and 
widely accepted. These models could well define the relationship of surface 
roughness with the droplet contact angle and the resulting superhydrophobicity. 
By definition, these models present the existence of two regimes: (i) the 
homogeneous regime with the existence of a two-phase solid-liquid interface; (ii) 
the heterogeneous regime with the existence of a three-phase solid-air-liquid 
interface. 

In the case of the former (two-phase solid-liquid interface), Robert N. Wenzel 
proposed a model for a rough interface with chemical homogeneity, where the 
liquid completely penetrates the surface features, as shown in Figure 2.3(a). 
Because of complete penetration into the surface grooves, the liquid adhesion is 
more significant, and the surface displays high CAH. The following equation 
gives the contact angle in this case [14]: 

(2) 

where θ𝑊 and θ represents Wenzel and Young's contact angles, respectively. On 
the other hand, Cassie-Baxter (CB) model proposes an alternative case in which 
the droplet moves atop the rough surface texture without being pinned to the 
surface, as shown in Figure 2.3(b). He explained this occurrence through the 
heterogeneous surface composition, where the composite surface comprises a 
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fractional area and the corresponding members' contact angle. In such a case, the 
apparent contact angle would be represented by an effective medium flat surface 
with a contact angle CB as follows [15]: 

(3) 

where (𝑓1, 𝑓2) for which 𝑓1 + 𝑓2 = 1 and (θ1, θ2) represent the fractional area and 
the contact angles, respectively. According to the CB model, the water droplet 
stays in contact with the tip of the surface texture features as the intermediate air 
pockets prevent the droplet adhesion deeper into the surface features [16]. In the 
case of air as the intermediate composite interface, as in most cases, the CB 
equation is modified to the following form, with 𝑓 as the solid-liquid contact area 
fraction: 

(4) 

 

Figure 2.3. Droplet on a textured surface in (a) Wenzel and (b) Cassie-Baxter state. The enlarged image 
depicts the complete wetting and air pocket presence in the Wenzel and Cassie-Baxter states, respectively 
[17]. 
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The droplet transition between the Cassie to Wenzel states has received 
significant attention recently. This transition is well established and could be 
triggered by external perturbations such as pressure, mechanical vibration, or 
condensation [18]. On the other hand, the Wenzel to Cassie transition remains 
unclear and is a current topic of research interest. This transition is relatively 
difficult to achieve due to the significant energy barrier associated with the 
transition. Such a transition is suggested to be due to the manipulation of adhesion 
forces at specific geometries that favor spontaneous transition from Wenzel to 
Cassie-Baxter state. 

2.2 Beyond Superhydrophobicity 

In recent times, the research on liquid-repellent surfaces is not just limited to 
superhydrophobicity but also to repel liquids with lower surface energy. To make 
that possible, controlling the surface features and using an appropriate low surface 
energy coating is crucial. The following section briefly describes the necessary 
surface features for superoleophobicity and superomniphobicity. 

 

2.2.1 Hierarchical Structures for Highly Liquid Repellent Surface 

Liquid-repellent surfaces in nature generally present a hierarchical surface, 
essentially consisting of a finer nano-texture on an underlying coarser micro-
texture, as shown in Figure 2.4. Such surface features have composite air-pockets 
present at both the micro-nano level, thus enhancing the liquid repulsion [19]. 
This higher fraction of trapped air results in higher contact angles, as evident from 
equation (3). These surfaces are, therefore, a minimal requirement to develop oil-
repellent surfaces. 

For superoleophobicity, the CB state can be defined in terms of two critical 
parameters, namely the apparent contact angle and the breakthrough pressure 
(𝑃𝑏𝑟𝑒𝑎𝑘) [14]. The breakthrough pressure defines a threshold value of the pressure 
difference across the composite interface that initiates the CB to Wenzel 
transition. A study conducted by Tuteja et al. has defined a parameter spacing 
ratio 𝐷∗ which is a dimensionless parameter as a measure of the surface porosity 
[20]. For cylindrical texture and the spherical texture, the parameter translated to 
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the following forms: 𝐷𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟
∗ =

𝑅+𝐷

𝑅
; 𝐷𝑠𝑝ℎ𝑒𝑟𝑒

∗ = (
𝑅+𝐷

𝑅
)

2

, where R represents the 

cylinder (sphere) radius, and 2𝐷 is the spacing between the cylinder (sphere). 
Based on the above description, the CB equation is modified to the following: 

(5) 

(6) 

 

 

 

Figure 2.4. Illustration depicting hierarchical three-scale structure on stainless steel generated by laser 
texturing followed by spin coating carbon black (CB) dispersed in PDMS solution [21]. 

  

The contact angle is directly proportional to the dimensionless quantity 𝐷∗, 
however, for relatively large values of 𝐷∗ ≫ 1, the surface cannot repel the 
droplet anymore, allowing the breakthrough to destroy the composite interface. 
The breakthrough pressure was parametrized by introducing a reference pressure 
𝑃𝑟𝑒𝑓, which was then used to define a robustness factor 𝐴∗, given by the 
following: 

(7) 
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2.2.2 Re-entrant Structures 

Re-entrant surface features are essential for a stable CB state with low surface 
tension liquids such as oils and organic solvents for which the Youngs contact 
angle θ𝑌 ≪ 90∘ [22]. Figure 2.5(a,b) shows two surface features with identical 
surface energy of the solid. In the first case, the geometry is concave with 
(ψ ≥ 90∘) whereas the latter (Figure 2.5 (b)) is convex geometry with (ψ < 90∘). 
A stable CB state occurs only when (θ ≥ ψ). The above property can be 
explained by the fact that if θ < ψ, the liquid-vapor interface is pushed down due 
to the capillary force and can easily undergo the Wenzel transition. Low surface 
tension liquids such as organic solvents with θ𝑌 < 90∘ cannot experience a stable 
CB on such surfaces. On the contrary, convex surfaces with θ > ψ are called re-
entrant surface features, necessary for obtaining a stable CB state with low surface 
tension liquids. J. Han et al. fabricated 3D re-entrant CuO nanograss on Cu 
microcones fabricated in a dual step using femtosecond laser micromachining and 
chemical treatment, as shown in Figure 2.5(c,d,e) [23]. The influence of the 
nanostructure types and the microcone distribution on the superamphiphobicity 
was studied, and the excellent mechanical durability of the fabricated surfaces was 
demonstrated. 

 

Figure 2.5. Schematics of a concave surface with ψ>90° that shows a liquid with θ>90°; (b) convex (re-
entrant) texture with ψ<90° that shows a low surface tension liquid with θ<90°; (c) Illustration of hierarchical 
micro-nano-structures; (e) SEM image of 3D-reentrant Cuo nanograss on CuO micro-cones; (e) Photograph 
of 5 µL droplets of water and dodecane on the superamphiphobic surface [23]. 
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2.3 Coatings for Superhydrophobicity 

The most popular coatings used for superhydrophobic surfaces are based on 
low surface energy silane agents, generally consisting of fluoro/chloro groups. 
The fluorosilane especially forms a covalently bonded self-assembled monolayer 
(SAM) over the target surface, along with the stable C-F bond of the fluorosilane 
is one of the strongest chemical bonds and is very stable [24]. Additionally, the 
carbon chain of the Fluorosilane shows a zig-zag structure producing a space 
shielding effect, protected further by other fluorine atoms [25]. The silane coating 
proceeds through four steps beginning with hydrolysis, followed by condensation 
and hydrogen bonding to the hydroxyl groups of the substrate. Finally, covalent 
bond formation occurs during the curing stage, accompanied by dehydration, as 
shown in Figure 2.6. 

 

Figure 2.6. Illustration of steps involved in self-assembled monolayer formation of silane precursor on an 
inorganic substrate [26]. 

  

Alternatively, hydrocarbon adsorption-based coatings have been used to 
attain superhydrophobicity on metals. The laser or plasma treated activated metal 
oxide surfaces automatically converts from superhydrophilic to 
superhydrophobicity through adsorption of volatile organic compounds [27]. 
However, this process takes weeks to complete. Many researchers have proposed 
alternative means to accelerate the adsorption process using thermal and vacuum 
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based treatments [28–30]. The hydrocarbon adsorption process is illustrated in 
Figure 2.7. 

 

Figure 2.7. Schematics of a hydroxylic acid chemisorption on a hydroxylated metal-oxide surface. M 
corresponds to metal [31]. 

  

Few researchers have used non-toxic silicone oil coatings to fabricate 
superhydrophobic surfaces on different metal substrates following laser treatment. 
A thermal treatment was devised to reduce superhydrophobic transition time to 
about 10 minutes. The silicone oil treatment was combined with laser texturing 
parameter of peak fluence to tune the water adhesion behavior [32]. 

  

2.4 Stability of Superhydrophobic Surfaces 

A large number of studies have demonstrated superhydrophobic surfaces on 
various substrates such as metals, polymers, glasses, and ceramics [33,34]. 
However, for a fabrication approach to be adopted for large-scale production and 
use, superhydrophobicity must be stable under extreme conditions such as high 
Laplace and hydrostatic pressure, mechanical abrasion, and chemical corrosion 
[35,36]. The current section, therefore, briefly introduces various functional 
stability assessment techniques for superhydrophobicity, along with examples 
from previously reported studies that have used them to assess the performance of 
their functional surfaces. 

2.4.1 Laplace Pressure Analysis 

Amongst the large number of studies involving superhydrophobic surface 
fabrication, relatively few have characterized the stability of the CB state [37,38]. 
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For a liquid droplet on a superhydrophobic surface, the Laplace pressure is given 
by 

(8) 

where γ is the liquid surface tension, and 𝑅 is the droplet radius of curvature. As 
the droplet evaporates gradually, its radius of curvature decreases, thereby 
increasing the Laplace pressure. For superhydrophobic surfaces, a critical Laplace 
pressure exists, beyond which the CB state transforms to the Wenzel state, 
pinning the droplet to that specific location [39]. In theory, the non-wetting of the 
surface is a force-balance phenomenon, where the capillary pressure overcomes 
the Laplace pressure of the liquid, as shown in Figure 2.8. However, beyond the 
critical Laplace pressure, the 𝑃𝐿𝑎𝑝𝑙𝑎𝑐𝑒 overcomes the capillary pressure and forces 
itself into the surface microfeatures [40]. Therefore, Laplace pressure analysis has 
been used as a simple characterization technique to analyze the stability of the CB 
state. At this point, it is worth pointing out a common misunderstanding regarding 
the CB transition during droplet evaporation. The CB transition cannot be defined 
by the contact angle alone, as it would need information regarding the three-phase 
contact line (TPCL), and the Wenzel transition occurs when the TPCL 
measurement displays a constant value [41]. As an example, during droplet 
evaporation, the contact angle can be 151∘, and be pinned with a constant TPCL 
signaling the Wenzel transition. 

 

Figure 2.8. Schematics of downward-acting Laplace pressure and upward-acting capillary pressure on a 
liquid droplet on micropillars; (a) side-view; (b) top-view [40]. 
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As previously mentioned, multi-scale hierarchical textures improve CB 

stability. Long et al. fabricated dual-scale structures comprising uniform micro-
pillar distribution decorated by nanoparticles through ultrafast laser fabrication 
[42]. The dual-scale structure displayed better CB stability compared to the 
single-scale structure at a Laplace pressure of about 400 𝑃𝑎. However, for 
outdoor applications, the superhydrophobic surface needs robust CB stability to 
withstand high-pressure impact, such as in the case of heavy rain droplet impact at 
a pressure of about 105 𝑃𝑎. Therefore, there is a need for higher critical Laplace 
pressure stability of the fabricated water-repellent surfaces. In this regard, Pan et 
al. [35] followed a hybrid fabrication strategy combining ultrafast laser interaction 
with a chemical treatment to generate triple scale texture comprising of laser-
generated micro-cones covered by nanosheets and finally dispersedly decorated 
micro balls, all on a copper substrate, as shown in Figure 2.9. The authors 
demonstrated extremely high critical Laplace pressure of about 1450 𝑃𝑎, the 
highest in comparison to state of the art. 

 

Figure 2.9. (a,b)SEM images of three-scale texture with a periodicity of 40 µm and height of 50 µm 
generated by ultrafast laser ablation and chemical treatment on a copper substrate; (c) camera images of the 
evaporation process of a water droplet on the three-scale structure; plots of (d) contact angle and (e) three-
phase contact line vs Laplace pressure for the same surface [35]. 
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2.4.2 Corrosion Resistance 

Another direct application of superhydrophobic metallic surfaces is for anti-
corrosion applications, especially in marine environments [7]. In the case of the 
bare metal surfaces in a chlorine environment, the metal ions are rapidly 
hydrolyzed, which initiates the chloride ions to cause pitting corrosion due to the 
hydration of the aluminum followed by its dissolution on attack by the aggressive 
chloride ions which finally forms the AlCl3 [43]. On the contrary, for 
superhydrophobic surfaces, the above situation is avoided by the water-repellent 
property, thereby blocking the infiltration from the ionic environment and 
providing corrosion resistance [44].  

Guo et al. performed hydrothermal treatment on aluminum alloy followed by 
fluorosilane treatment to achieve superhydrophobicity [45]. The polarization 
curve obtained through potentiodynamic scanning in 𝑁𝑎𝐶𝑙 (3.5%) clearly 
showed the positive shift of the corrosion potential and the corrosion current 
density reduction by two orders of magnitude for the superhydrophobic surface. 
These measurements confirmed the superior corrosion resistance of the 
superhydrophobic surface compared to the bare metal surface. The corrosion 
inhibition efficiency of the superhydrophobic surface is given by the following: 

(9) 

where, in the above equation 𝐼𝑥 represents the corrosion current density of the 
substrate 𝑥. The corrosion inhibition was calculated to be 99.67 %, indicating the 
reduction in the corrosion rate of the superhydrophobic surface compared to the 
bare substrate. 

In another study, Feng et al. fabricated an eco-friendly superhydrophobic 
aluminum alloy surface through hydrothermal treatment followed by stearic acid- 
coating [46]. The superhydrophobic surface displayed excellent corrosion 
resistance in the electrochemical corrosion tests and even maintained a static 
contact angle above 150∘ for about ten days under immersion in 𝑁𝑎𝐶𝑙 solution, as 
shown in Figure 2.10. 
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Figure 2.10. Camera images of (a) untreated; (b) superhydrophobic samples with different saltwater 
immersion time. Corresponding static contact angle measurements on superhydrophobic surface with 
immersion time [47]. 

 

2.4.3 Mechanical Stability 

Preserving surface features is vital to the long-term performance of the 
superhydrophobic surfaces [48]. During their use, these surfaces are prone to 
mechanical damage, such as scratches and abrasion. Once again, hierarchical 
micro-nano structures provide an advantage in terms of mechanical durability 
[49]. The microstructures can withstand significant pressure and act as a cushion 
towards the more fragile nanofeatures. Wang et al. fabricated hierarchical 
superhydrophobic surfaces on stainless steel using ultrafast laser processing [50]. 
Figure 2.11 shows the laser-textured surfaces that could withstand mechanical 
abrasion of 800 grit SiC paper for a distance of 2.3 𝑚 at an applied pressure of 
5.5 𝑘𝑃𝑎, maintaining the superhydrophobic property. 
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Figure 2.11. SEM images of the laser-generated superhydrophobic stainless steel substrate, at different scan 
pitches of (from left to right) 80 µm, 140 µm, and 240 µm; (a,b,c) before; (d,e,f) after abrasion with 800 grit 
SiC paper for a length of 4.7 m [50]. 

  

2.5 Nanosecond Laser Micromachining for 
Superhydrophobicity 

This study aims to fabricate superhydrophobicity on metal substrates using 
laser micromachining and appropriate chemical treatment. The study can be 
divided into two major sections, as mentioned below: 

(i) Part I: Preliminary experimental trials study the laser-generated 
micro-nano hierarchical surface and its effect on superhydrophobic 
properties. Fluorosilane (FAS) coating is used as the surface energy 
reductant following laser texturing. A solely laser-generated 
hierarchical surface is compared to an alternate surface hierarchy 
comprising laser-based microstructure followed by hydrothermally 
generated nanostructure. Eventually, the ability of the nanosecond 
laser-generated surface to exhibit superoleophobicity is evaluated. 

(ii) Part II: Appropriate laser parameters and pattern design in selected to 
fabricate superoleophobic surfaces. The importance of laser 
pulsewidth as a defining parameter to fabricate superoleophobicity is 
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demonstrated experimentally. In addition, an alternate eco-friendly 
vegetable oil-based superhydrophobic coating is introduced, 
competing with the state-of-the-art eco-friendly superhydrophobic 
coating techniques. The eco-friendly coating technique is compared to 
the FAS coating through various stability analysis techniques. 

 

 2.6 Laser Fabrication of Superhydrophobicity Based on 
Hierarchical Aluminum Surface 

As previously mentioned, relatively long pulsed nanosecond laser machining 
induces rapid melt-solidification dynamics in the metallic material, accompanied 
by the ejection of micro-nano particles due to vaporization and re-deposition 
[51,52]. The phenomenon mentioned above results in a highly hierarchical surface 
texture with large microstructures decorated with smaller micro-nano particles. 
Even though the smaller surface feature generation cannot be controlled directly, 
the larger micro-features can be designed based on the laser parameters. 

The ability to tune laser parameters to vary the micro-texture has advantages 
for specific applications such as superhydrophobicity [53]. Firstly, variations in 
the laser parameters, such as pulsewidth, pulse repetition rate (PRR), and pulse 
energy, can modify the thermal effect on the surface [54]. The rough texture 
generated because of the thermal effect is beneficial for repelling the liquid by 
enhancing the presence of air pockets and surface area. Secondly, by modifying 
laser parameters such as scan speed and scan line spacing, the geometry of the 
micro-features can be manipulated, directly affecting the robustness and liquid 
repellency of the resulting superhydrophobic surface [55]. 

This study selected the pulse repetition rate as the first variable parameter to 
study the laser-generated texture on aluminum (Al 6013) for fabricating a 
superhydrophobic surface. The lowest available pulsewidth of 4 ns was selected to 
minimize the thermal effect on the surface modification. The average power of the 
laser output was fixed at 18 𝑊, and the scan speed at 10 𝑚𝑚/𝑠.  A specific triple 
scan geometry was selected as the design for surface modification. It includes 
moving the beam with a spot size of 60 μ𝑚 over three separate layered scan lines 
over the fixed area at angles of 0∘, 45∘ and 135∘, as illustrated in Figure 2.12. 
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Figure 2.12. Illustration of the nanosecond laser beam scanned on the aluminum substrate with the 
galvanometric scan system. The magnified image depicts the triple layer scan pattern at angles of 0°, 45°, and 
135°.  

2.6.1 Surface Analysis of Laser Modification 

As the only variable laser parameter, PRR was varied from 25 𝑘𝐻𝑧 to 
150 𝑘𝐻𝑧, in steps of 25 𝑘𝐻𝑧. Figure 2.13represents the field emission SEM 
(FESEM) images of the modified surfaces. As shown in the figure, the 
morphology of the surface resembles conical shapes. Interestingly, for the lower 
PRR of 25 𝑘𝐻𝑧 (Figure 2.13(a)), the conical features appear well-separated, and 
the adjacent tip-to-tip spacing is greater at ∼ 46 μ𝑚. However, as the PRR 
increases, the tip surface appears relatively blunt (Figure 2.13(b)), and the 
adjacent tip spacing decreases slightly. Eventually, at the highest PRR of 
150 𝑘𝐻𝑧, the surface features are not anymore completely separated cones; 
instead, they form an almost continuous line of microfeatures with minimal 
spacing between the adjacent features, as shown in Figure 2.13(c). The generated 
surface features are uniform throughout the laser-modified region, as shown in 
Figure 2.13(d). 
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Figure 2.13. FESEM images of the laser textured aluminum surface at different pulse repetition rates of (a) 
25 kHz; (b) 100 kHz; (c) 150 kHz; uniformity of surface micro-features generated in (b) shown at lower 
magnification. 

 

The surface morphology analysis from FESEM images is further confirmed 
by the 3D surface profilometer images, which provide the topographical 
information of the laser-generated surface features, shown in Figure 2.14(a,b).  
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Figure 2.14. 3D Profilometer scan images of the laser-modified aluminum at a pulse repetition rate of (a) 25 
kHz; (b) 150 kHz. 

 

Immediately after the laser treatment, the surface was highly water-attracting, i.e., 
superhydrophilic, due to the formation of aluminum oxide 𝐴𝑙2𝑂3 by oxidation 
induced by high-temperature generation in an open atmosphere [56]. Figure 
2.15shows the spectra of energy dispersive X-ray analysis performed on the laser-
modified surface and the corresponding elemental composition information. As 
shown in the figure, the oxygen content on the surface increases after the laser 
treatment. The alumina formed after the laser treatment is a polar compound. It is 
well accepted that the resulting superhydrophilicity is a combined effect of the 
polar nature of alumina and the laser-generated surface texture [57,58].  
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Figure 2.15. EDS spectra and corresponding composition information of Laser treated Al 6013 sample. 

 

After the laser surface modification of the aluminum alloy, a fluoroalkyl 
silane (FAS) based treatment was performed to render the surface 
superhydrophobic. As part of the FAS coating procedure, the laser-processed 
sample was first sonicated separately in ethanol and acetone solutions to remove 
contaminants and dust from the surface. The dried sample was then immersed in 
an ethanol solution of perfluorooctyl-triethoxy silane (POTES, 1.5 𝑤𝑡%) for two 
hours, after which the samples were washed with ethanol and finally placed in an 
oven to undergo thermal treatment at 120 ∘𝐶 for fifteen minutes to stabilize the 
SAM to obtain the superhydrophobic surface [59]. 

2.6.2 Superhydrophobic Surface Based on FAS 

Figure 2.16shows the obtained superhydrophobic surface following the laser 
modification and silanization treatment. All the laser modifications at different 
PRR exhibit high static water contact angles (160∘) as shown in Figure 2.16(a), 
compared to a contact angle of 115∘ for FAS silanized but plane metallic surface 
as shown in inset of Figure 2.16(a). For all the contact angle and roll-off angle 
measurements, a droplet volume of 5 µL was set. Moreover, the water roll-off 
angles are below 10∘, confirming the excellent superhydrophobicity, thanks to the 
laser-generated hierarchical surface features [49]. Furthermore, the 
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superhydrophobic surface is repellent to even relatively low surface tension 
ethylene glycol (47.3 𝑚𝑁 𝑚−, 25 ∘𝐶), shown in Figure 2.16(b).  

 

Figure 2.16. (a) Camera image of a droplet with high contact angle (167°) on laser-processed 
superhydrophobic Al; (b) water and ethylene glycol contact angle and roll-off measurements at varying pulse 
repetition rates for the laser-processed samples. 

  

However, it can be observed from the figure that the roll-off angle of ethylene 
glycol on the surface modification at PRR of 150 𝑘𝐻𝑧 is 20∘ which is beyond the 
maximum limit of 10∘ for super-repellent surfaces. A closer analysis of the 
microfeature, as shown in Figure 2.17, could explain this phenomenon. As 
previously mentioned, the microfeatures are no more separated conical structures 
for the highest PRR of 150 kHz. Consequently, it results in two possible factors. 
Firstly, as seen in Figure 2.17(b), compared to the lower PRR modification of 25 
kHz (Figure 2.17(a)), the tips of the microfeatures at PRR of 150 𝑘𝐻𝑧 have larger 
areas, thereby providing more contact area for the liquid droplet. Secondly, the 
micro features are relatively densely packed, and the spacing between the features 
is much smaller, as previously discussed. The above effect reduces the air pockets 
between the structures, increasing the solid contact area for the liquid. The factors 
mentioned above could increase droplet adhesion, resulting in relatively low 
contact angles and high roll-off angles for modifications performed at a higher 
PRR of 150 𝑘𝐻𝑧. 
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Figure 2.17. FESEM images of the conical surface features of the laser fabricated superhydrophobic Al at 
pulse repetition rates of (a) 25 kHz; (b) 150 kHz. 

 

2.6.3 Alternative Nanostructure by Hydrothermal Treatment  

In this study, the pseudo-boehmite (AlO(OH)) was generated on the laser-
processed aluminum samples by immersing them in boiling water (100 ∘𝐶) for 
different treatment times. Figure 2.18 presents the high magnification FESEM 
images of the pseudo-boehmite structure generated on the laser-textured alumina 
microfeatures. It is well known that the hydrothermal treatment of alumina forms 
the hydrated alumina/pseudo-boehmite almost immediately [60–62]. Due to the 
low solubility, the hydrated alumina precipitates as nano-flakes with a few tens of 
nanometers diameter and a shape resembling desert rose crystals, as visible from 
the FESEM images. These flakes are usually rolled up on the edges, making them 
appear needle-like [63]. 

The pseudo-boehmite nanostructure was generated to fabricate a hierarchical 
superhydrophobic surface and to compare the same with laser-generated natural 
micro-nano hierarchy. Based on the hydrothermal treatment time, the pseudo-
boehmite flake density varies, modifying the nanostructure, as shown in Figure 
2.18(b,c,d). Hence, as part of the study, the boiling treatment was performed on 
the laser-processed samples for a different time duration of 1 𝑚𝑖𝑛 and 20 𝑚𝑖𝑛, to 
fabricate superhydrophobic surfaces. 
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Figure 2.18. FESEM images of (a) laser textured sample; boiling water treated after laser texturing for a 
duration of (b) 1 min; (c) 4 min; (c) 20 min. Scale bar: (a) 1 µm; (b,c,d) 200 nm. 

 

Figure 2.18 shows the X-ray diffractogram for the laser-modified aluminum 
surface and the laser-treated surface followed by boiling water treatment. The 
XRD results confirm the presence of alumina on the laser-treated surface, as 
shown in Figure 2.19(a) corresponding to angles (2θ) of 33.2∘, 39.8∘, 59.5∘, and 
82.5∘, respectively [64]. The above results further confirm the EDS results of the 
laser-textured surface, as discussed in Figure 2.15. Also, the XRD analysis of the 
laser textured sample followed by hydrothermal treatment for 20 𝑚𝑖𝑛 is shown in 
Figure 2.19(b). The diffractogram of the same clearly shows the formation of a 
pseudo-boehmite structure corresponding to the nanostructure generated after 
boiling water treatment. Newly formed diffraction peaks observed at angles of 
13.5∘, 27.8∘, 48.9∘, 66.7∘, and 72∘ correspond to the pseudo-boehmite structure 
[65]. 
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Figure 2.19. X-Ray diffraction results of (a) laser textured aluminum; (b) 20 min boiling water treatment 
after laser texturing. 

 

The hydrothermally obtained pseudo-boehmite structure is a finely crystalline 
boehmite form with higher water content, either chemically bonded or adsorbed.  
Figure 2.20 depicts the chemical structural form of the pseudo-boehmite, which 
has shorter chains with terminal 𝐻2𝑂 groups, and therefore results in higher 
specific water content compared to boehmite [66]. The presence of hydroxyl 
groups in abundance makes them highly hydrophilic. Notably, unlike the laser-
treated alumina surface, which is well-known to gradually change from a 
superhydrophilic to superhydrophobic nature due to the adsorption of volatile 
organic compounds from the surroundings, the superhydrophilic boehmite 
structure is stable for a much longer duration (in terms of months) [67]. The 
chemical reaction involved in the formation of pseudo-boehmite is depicted in the 
equation below: 

(10) 
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Figure 2.20. Chemical structure of the pseudo-boehmite 

  

 

The previously mentioned fluorosilane (POTES) treatment was performed on 
the aluminum samples that underwent both laser processing and boiling water 
treatment (1𝑚𝑖𝑛, 20𝑚𝑖𝑛). Figure 2.21shows the resulting contact angle and roll-
off angle measurements on the boiling water treated samples, along with the 
camera image of droplets on the corresponding surfaces (Figure 2.21(b,c)). 
Interestingly, even though the boiling water treated samples had a porous and 
hierarchical micro (laser textured)-nano (pseudo-boehmite) structure, the water 
repellency property was relatively poor compared to the only laser-processed 
micro-nano texture. 

 

Figure 2.21. (a) Water contact angle and roll-off angle at varying PRR on laser processed and hydrothermally 
treated sample following laser processing; 5 µL water droplet on (b) laser processed; (c) laser processing 
followed by 20 min hydrothermal treatment. 

 

In fact, from the plot in Figure 2.21(a), it is observed that the 
superhydrophobic performance deteriorates with the hydrothermal treatment time. 
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The static contact angle for the sample with 20 𝑚𝑖𝑛 immersion in boiling water 
shows a drastic reduction in the order of ∼ 10∘ or more, in comparison to the 
laser-processed sample. Additionally, the roll-off angles reflect an identical 
behavior, wherein the hydrothermally treated samples exhibit greater roll-off 
angles. 

Interestingly, the 20 𝑚𝑖𝑛 hydrothermally treated sample displays a drastic 
increase in roll-off angles for the modifications performed at high repetition rates 
of 125 𝑘𝐻𝑧 and 150 𝑘𝐻𝑧. The micro and nanoscale factors could explain this 
behavior. Firstly, at the nanoscale, as shown in Figure 2.18, with the increasing 
hydrothermal treatment time, the porosity of the nano-flakes decreases while the 
flake density increases. This would correspond to a decrease in air-pocket 
presence, implying greater droplet adhesion to the substrate. Secondly, on the 
micro-scale, as previously discussed, the laser modifications performed at higher 
pulse repetition rates (PRR) have densely packed microfeatures with more surface 
contact area for the liquid droplet. The above reasons could result in an abrupt 
increase of droplet roll-off angles for modifications performed at both greater 
PRR and boiling time. 

Considering that laser texturing and boiling water treatment provide a micro-
nano surface hierarchy, it becomes important to investigate the surface functional 
groups after hydrothermal treatment and drying. The surface functional group 
investigation is crucial to assess the efficiency of the silanization treatment, which 
is highly sensitive to the presence of water. The silane polymerizes in the presence 
of water to form unstable multilayers that result in an inhomogeneous surface 
coverage [68]. Therefore, it is crucial that the hydrothermally treated sample has 
minimal water content after drying. 

To study the relatively low superhydrophobicity of the hydrothermally treated 
samples, FTIR spectroscopy was performed to investigate the surface functional 
groups. Figure 2.22 shows the FTIR spectra obtained from the laser-processed 
aluminum sample and the boehmite sample, which underwent 20 𝑚𝑖𝑛 boiling 
water treatment. 



66 Laser Modification on Metals: Superhydrophobic Surfaces 

 

 

Figure 2.22. FTIR spectra of laser textured and laser texturing along with boiling water treatment for 20 min. 

  

Interestingly, the FTIR spectra of the pseudo-boehmite sample show a strong 
and broad absorption band centered at ∼ 3300 𝑐𝑚− which well corresponds to 
the 𝑂 − 𝐻 stretching vibrations of hydroxide structure and water molecules. The 
absorption is broad due to the hydrogen bridging between the water molecules. 
Also, there is an enhanced absorption at 3099𝑐𝑚− in the 𝑂 − 𝐻 vibrations of 
𝐴𝑙𝑂(𝑂𝐻). The peak at 1639𝑐𝑚−1 is ascribed to the bending mode of water 
molecules. On the contrary, the fresh laser-treated aluminum surface does not 
show the presence of strong 𝑂 − 𝐻 adsorption to the surface [65,69,70]. 

The FTIR spectra reveal the relatively high-water content on the pseudo-
boehmite structure, thereby possibly hindering the successful SAM formation by 
the fluorosilane. Thus, it can be concluded as the primary cause for the relatively 
inferior superhydrophobic property of the hydrothermally treated substrate, even 
though the surface had a uniform hierarchical micro-nano structure. 
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2.6.4 Corrosion Resistance 

Anti-corrosion is an important functional aspect of superhydrophobic 
surfaces. A direct test through immersion in corrosive saline solution would help 
to understand the stability of the superhydrophobic coating before the 𝐶𝑙− ions 
would begin the corrosive reaction. Therefore, a saltwater immersion test was 
performed to experimentally investigate the anti-corrosion performance of 
fabricated laser-textured and hydrothermal-treated superhydrophobic surfaces. 
Figure 2.23 shows the plot of static contact angle measurements performed at 
various intervals over one month on the fabricated superhydrophobic surfaces 
immersed in the saline solution. 

 

 

Figure 2.23. Static contact angle measurements performed under continuous salt water (3.5 wt%) immersion 
on laser processed and laser processing with hydrothermal treatment over one month. 

 

As shown in the Figure 2.23, the laser-textured sample maintains the static 
contact angles above 150∘ even after continuous immersion in the saline solution 
for one month. On the other hand, the superhydrophobic pseudo-boehmite sample 
falls below the 150∘ mark at about 18 days into immersion. This result directly 
demonstrates the importance of durable superhydrophobicity for practical 
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applications despite the gradual decrease in contact angle values, which is 
expected due to the corrosive nature of the solution. 

The corrosion pathway for aluminum/alumina in NaCl solution has been well 
studied due to its importance in marine applications [71]. The corrosion begins at 
first by exposure of the oxidized aluminum to the solution. The alumina is firstly 
hydrolyzed by water, following which the aggressive 𝐶𝑙− ions dissolve the 
hydrolyzed alumina through the formation of 𝐴𝑙𝐶𝑙3 which is dissolved into the 
solution. The above cycle continues in the same manner through the exposure of 
fresh aluminum/alumina. The reactions mentioned above are shown in the 
following chemical reaction equations: 

(11) 

The resulting hydrolyzed aluminum is then attacked by 𝐶𝑙− ions sequentially, 

(12) 

(13) 

(14) 

On the contrary, in the case of a superhydrophobic surface, the corrosive ions 
cannot penetrate the surface due to water repellency. However, in the case of the 
boiling water-treated samples, the presence of water on the sample results in a 
non-optimal silane coating. This allows the chloride ion penetration much faster, 
resulting in deterioration in superhydrophobicity. 

2.6.5 Metastable Cassie State  

To repel low surface tension liquids such as oil and organic solvents like 
ethanol, the suspension or capillary force experienced by the liquid on the surface 
must overcome the penetration force. It is well-known that with certain surfaces, 
such as re-entrant ones, the appropriate geometry could repel even ethanol, 
resulting in omniphobic surfaces. Therefore, even if not for re-entrant surfaces 
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that need specific fabrication techniques, a suitable surface geometry can be 
fabricated to repel liquids with intrinsic contact angles below 90∘ (i.e., oil).  

Therefore, to study the ability of the laser-textured surface fabricated in this 
work to repel low surface tension liquids, an ethanol-water mixture of varying 
composition ratios was prepared, and the contact angle was measured. The reason 
behind the selection of such a mixture was due to the variability of the surface 
tension of the mixture, which ranges from 73 𝑚𝑁 𝑚− (100 % water - 0 % 
ethanol) to 22.3 𝑚𝑁 𝑚− (0 % water - 100 % ethanol), thereby providing a wide 
range of tunable surface tension values. Contact angle measurements were then 
taken for the different mixture ratios starting from 100 % water on all three 
silanized samples of well-polished aluminum alloy (𝑅𝑎 = 0.56 μ𝑚) as intrinsic 
contact angle reference, laser-treated surface, and laser-treated surface followed 
by 20 minutes of hydrothermal treatment. Figure 2.24 shows the corresponding 
measurement plot between the intrinsic contact angle (polished surface) and the 
superhydrophobic surfaces. 

 

Figure 2.24. Cosθ of contact angle measurements performed on textured superhydrophobic surface vs 
polished planar surface for different water-ethanol mixture. The measurements are performed for both laser 
textured and laser textured surface along with hydrothermal treatment (20 min). 
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Interestingly, as seen from the Figure 2.24, it is observed that even for 
intrinsic contact angle values below 90∘ (i.e., 𝐶𝑜𝑠θ >  0), the corresponding 
contact angle on laser textured surface stays > 150∘ (i.e., quadrant IV). The above 
situation is only possible for the case of metastable Cassie state, where the 
intrinsic contact angle < 90∘ but the textured surface behaves super-repellent 
towards low surface tension liquids [72]. Even though the boiling water treated 
sample exhibit slightly lower contact angle values, it follows a similar behavior 
where the hydrophobicity is lost at an intrinsic contact angle value of about 
60∘(𝐶𝑜𝑠θ = 0.5) which is still lower than the intrinsic contact angle of vegetable 
oils such as olive oil (74∘). This behavior confirms the ability of the laser-treated 
surface to repel even low-surface tension liquids. The above result can be 
interpreted as the following: 

(i) The nanosecond laser texturing technique can fabricate 
superoleophobic surfaces with the design of appropriate surface 
texture, letting the liquid stay in a metastable Cassie state. 

(ii) An appropriate low surface energy coating must be used apart 
from the surface texture. This is because the intrinsic contact 
angle corresponds to the highest possible contact angle on a flat 
surface and requires an appropriate low surface energy coating. 

2.7 A Necessary Choice Between Superamphiphobicity 
and Eco-friendly Superhydrophobicity 

The previous section concluded with the importance of surface texture and an 
appropriate coating for metals to repel low surface tension liquids. During the 
intended application lifetime of the superhydrophobic surfaces, there is a high 
possibility for the surface to encounter liquids with relatively lower surface 
tension than pure water, commonly used for characterizing Superhydrophobicity. 
Hence it becomes essential for the surface to exhibit superamphiphobicity, which 
refers to the ability to repel liquids with either high polar (e.g., water) or 
dispersive (e.g., diodomethane) components of surface energy [73]. Their need 
arises from various practical and industrial requirements, where such a surface 
property becomes essential to prevent oil spread on the surface which could even 
destroy superhydrophobicity. Especially for critical applications intended for 
long-term use, such as aerospace, marine, oil-gas, and chemical processing 
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industries, superhydrophobicity alone would not be enough; hence the need for 
oil-repellent surfaces arise [74]. 

On the other hand, there has been mounting interest in eco-friendly 
superhydrophobic surfaces. This is primarily because extreme water-repellent 
metallic surfaces are traditionally coated with low surface energy fluoro/chloro 
silanes. However, environmental protection agencies of several countries are 
introducing a ban on toxic chemicals such as fluoroalkyl substances (FAS) [75]. 
The use of FAS has been a topic of concern due to their toxicity and persistence in 
the environment, giving them the nickname ‘forever chemicals.’ These chemicals 

are known to cause bioaccumulation in living organism tissues and blood, 
harming the liver function, immune system, and reproductive system [76].  

Hence eco-friendly superhydrophobic surfaces, primarily dependent on 
hydrocarbon-based coatings, have been considered a possible alternative to FAS-
based coatings, as shown in Figure 2.25. Even though the Superhydrophobicity of 
these coatings are inferior to fluorosilanes, their eco-friendly nature makes them 
ideal for critical biomedical and food science and technology applications. 

 

Figure 2.25. Droplets of consumable liquids, strong acid, and strong alkaline solutions on superhydrophobic 
metal substrates fabricated using laser texturing and silicone oil thermal treatment [77]. 
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2.7.1 Need for an Alternative and Truly Eco-friendly Approach 
for Rapid    Fabrication of Superhydrophobic Surfaces 

The current state-of-the-art eco-friendly fabrication of superhydrophobic 
metallic surfaces relies on hydrocarbon adsorption on the surface metal oxides. 
Previously, after the surface treatment step, the sample would be exposed to open 
air, resulting in volatile organic compound (VOC) adsorption, which initiates the 
transition of surface property from superhydrophilic to hydrophobic and finally 
superhydrophobic, in a duration of a few weeks. 

As the above process is time-consuming and not industrially viable, several 
approaches to accelerate the adsorption process have been proposed by 
researchers, including thermal treatment, vacuum-based adsorption (Figure 
2.26(a)) and silicone oil coating [27,32]. Even though such techniques have 
reduced the superhydrophobic transition time to about tens of minutes for the best 
case, the techniques mentioned above still face some drawbacks for large-scale 
applicability. 

Firstly, despite the reduction in treatment time for the thermal treatment 
method, the whole duration of the procedure is still of the order of tens of hours. 
On the contrary, the high-vacuum treatment renders the superhydrophobicity in 
about an hour, as shown in Figure 2.26(b). Nonetheless, the requirement of a high 
vacuum makes the technique expensive. Also, the treatment naturally becomes 
complicated for large-size samples. 
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Figure 2.26. (a) Illustration explaining the vacuum treatment process after the laser surface texturing []; (b) 
plot representing contact angle vs laser scan pitch measurements on Ti-6Al-4V alloy for different vacuum 
treatment time [78]. 

 

The silicone oil treatment offers speed and a non-toxic approach to fabricating 
superhydrophobicity. However, the recent large-scale production of silicone as a 
replacement for plastic for various applications has posed a significant challenge 
due to its large carbon footprint during production. Also, research studies have 
suggested the transmission of toxic and persistent siloxanes from silicone products 
into food [79,80].  

Therefore, the need for an alternative, rapid, eco-friendly, and stable 
superhydrophobicity fabrication technique is compelling. 

2.7.2 Eco-friendly Oil-Vapor Treatment for Rapid 
Superhydrophobicity  

In this study, we propose an alternative method to fabricate superhydrophobic 
metal surfaces. After the laser surface treatment, the processed aluminum samples 
are sonicated in acetone, ethanol, and de-ionized water solutions for 5 min each to 
remove the loose debris. The procedure involves thermal treatment of the laser-
textured metallic sample along with vegetable oil enclosed in a sealed container, 
as depicted in Figure 2.27. The closed container comprised the cleaned metal 
sample along with the vegetable oil (flaxseed oil, 2 ml) placed in a small separate 
beaker. Before inserting the sample, the container along with the oil beaker is 
thermally treated in the oven at 150 °C for fifteen minutes, to saturate the 
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atmosphere. Upon thermal treatment at 120 °C for five hours, the vegetable oil-
based hydrocarbon source is expected to cause vapor saturation within the 
container. The saturated hydrocarbon atmosphere is expected to accelerate the 
superhydrophobic transition of the metal substrate. 

 

Figure 2.27. Illustration depicting the procedure used in this study for oil-vapor treatment on laser-textured 
aluminum surface to obtain superhydrophobicity. 

 

The superhydrophobic surface obtained with the oil-vapor treatment is 
compared to the superhydrophobic surface fabricated using the fluorosilane 
treatment discussed in the previous sections. The comparison would therefore 
provide means to simultaneously characterize the functional stability with respect 
to a frequently employed technique. 

2.8 Tunable Pulsewidth Nanosecond Laser Texturing 

Several studies have been previously conducted on superhydrophobicity 
based on laser micromachining. In these studies, different laser parameters, such 
as scan speed, fluence, and scan line spacing, were varied to tune the 
superhydrophobicity. Y. Lu et al. used UV nanosecond laser texturing followed 
by fluorosilane treatment on stainless steel to obtain superhydrophobicity [81]. A 
laser fluence of 8.14 J/cm2 at a scanning interval of 30 µm was determined to 
exhibit water repellency.  

However, very few studies have been reported on the effect of nanosecond 
laser pulsewidth on the superhydrophobicity of the surface. The advancement of 
MOPA fiber laser technology has enabled nanosecond laser systems to have 
adjustable pulse duration and high pulse repetition rates. The following study 
investigates the effect of nanosecond laser pulsewidth on the superhydrophobicity 
of the aluminum alloy samples discussed in this work. Following the laser 
processing of aluminum alloy at varying pulsewidths, one set of samples is treated 
with Fluorosilane and another set with the oil vapor treatment as discussed 
previously. 
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 Figure 2.28 shows the single laser line scan performed at an average power 

of 18 W, pulse repetition rate of 100 kHz, and different pulsewidths of 4, 8, 12, 
and 30 ns on the aluminum alloy (Al 6013). 

 

Figure 2.28. FESEM images of single laser line scans on aluminum surface at different pulsewidths of (a) 4 
ns; (b) 8 ns; (c) 12 ns; (d) 30 ns.  Scale bar: main image (40 µm); inset (300 nm). 

 

FESEM images of laser-induced surface modifications reveal a drastic variation 
amongst the generated microstructure with respect to the interacting laser 
pulsewidth. The long pulsewidth (30 ns) induced thermal effects are visible along 
the laser scan path in Figure 2.28(d). An interesting observation regards the re-
solidified melt recast around the laser modification edge for all the cases. Even 
though melt recast is present in all the modifications, however, for small 
pulsewidth modifications (4 ns), the recast formation is more uniform and 
predictable in shape, whereas with increasing pulsewidth, the recast formation 
becomes more non-uniform and random. The inset in the figure refers to the 
nanostructure for the corresponding modifications. The resulting nanostructure 
remains diverse; nonetheless, a strong surface hierarchy is visible for all the cases. 
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The pulsewidth, therefore, substantially affects the resulting laser 

modifications. For a constant pulse energy delivered by the laser system at a fixed 
focal spot size, the peak intensity is dependent only on the laser pulsewidth. For a 
Gaussian pulse, the peak intensity is given by the following formula [82]: 

  

(15) 

Where IP is the laser peak intensity, Fo is the pulse fluence, and Δt is the laser 
pulsewidth. Figure 2.29 shows the plot of pulse peak intensity vs the pulse fluence 
for different interacting laser pulsewidth, calculated using equation (15). The 
fluence range in the plot is selected based on the available range provided by the 
fiber nanosecond laser system used in this study. 

 

Figure 2.29. Calculated laser peak intensity vs. pulse fluence for different laser pulsewidth values. 

  

Interestingly, the peak intensity has a linear relationship with the pulse fluence, 
even still the peak intensity shows a drastic variation at different laser 
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pulsewidths. For example, at a fluence of 30 J/cm2, a 4 ns laser pulse delivers a 
peak intensity of about 7 GW/cm2, whereas the 30 ns pulse provides only about 
0.9 GW/cm2. The precision of laser micromachining depends on the ability of the 
interacting pulse to vaporize material compared to melt and solidification. In the 
case of long pulsed interaction, heat diffusion depth (ld) given by 𝑙𝑑 = √DΔt, 
where Δt is the laser pulsewidth and D is the heat diffusion coefficient of the 

material. The above equation shows that for the same interacting material, ld (30 
ns) = 5 ld (4 ns), explaining the relatively clean modification observed at Δt = 4 ns 

in Figure 2.28(a). Since the heat diffusion length is lower for the shorter 
pulsewidth, the delivered optical energy is concentrated near the focal spot and 
therefore predominantly vaporizes the material rather to generating melt and 
recast features. 

To further investigate the role of laser pulsewidth on superhydrophobicity, the 
previously used triple scale texture depicted in Figure 2.12 is once again selected. 
As previously mentioned, Fluorosilane (POTES) and oil-vapor treatments are 
separately performed on the laser textured surface to convert the surface from 
superhydrophilic to superhydrophobic. 

2.8.1 Surface Morphological and Topographical Analysis 

The laser textured surfaces were first analyzed using field emission SEM and 
contact profilometer. Figure 2.30- shows the FESEM images of the surface 
modifications taken at different magnifications. As expected, the laser pulsewidth 
had a strong influence on the resulting surface morphology, as shown in the 
figure. The surface morphology evolves from separated conical features to a more 
random morphology with the increasing pulsewidth. The FESEM and 3D 
profilometer images in the figure show the initial conical features with an adjacent 
tip-to-tip spacing of 50 µm, generated at a pulsewidth of 4 ns (Figure 2.30 
(a,d,g,j)) modify to separated line like features at pulsewidth of 12 ns (Figure 
2.30(b,e,h,k)) and eventually result in the random rough surface texture at 
pulsewidth of 50 ns (Figure 2.30(c,f,i,l)) 

Another interesting observation can be made from Figure 2.30(a,b,c), where 
with increasing pulsewidth, there exists a greater presence of small micro-sized 
particles atop the larger base microfeature. For all the laser modifications, a strong 
micro/nano hierarchy is observed, ranging from about tens of microns to few 
hundred nanometers and even lower with a strong resemblance to cauliflower at 
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the nanoscale. Such a complex hierarchy is well known to be beneficial for 
superhydrophobicity [83]. 

 

 

Figure 2.30. FESEM images of the laser modified surfaces at different pulsewidths of (a,d,g) 4 ns; (b,e,h) 12 
ns; (c,f,i) 50 ns. The corresponding 3D profilometer images are shown respectively in (j,kl). 

 

Furthermore, from the 3D profilometer image in  Figure 2.30(j,k,l) it is evident 
that the protruding conical like surface features have a higher density at the lower 
pulsewidth of 4 ns as compared to higher values of pulsewidth. For 
superhydrophobic surfaces, the surface roughness has proven to be a significant 
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factor of influence. Important roughness parameters of average roughness (Sa), 
and peak to valley height (Sz) were measured as shown in Table 2.1, for all the 
laser textured surfaces. 

  

Laser 

Pulsewidth (ns) 

Sa 

(µm) 

Sz 

(µm) 

4 3.6 29.7 

8 3.9 40.5 

12 4.5 46.0 

30 6.8 61.6 

50 7.45 77.1 

Table 2.1 Surface average and peak to valley roughness values of laser modified surfaces at different 
pulsewidth values. 

  

The thermal effect of the nanosecond laser is clearly observed from the 
surface roughness measurements shown in the table above. Post the electron-
lattice relaxation process at the picosecond timescales, the continuing nanosecond 
pulse interaction would result in thermal energy diffusion in the material, such as 
the formation of heat affected zones (HAZ). Therefore, with the increasing pulse 
duration, the enhanced thermal events produce a rough surface texture along with 
increased thermal diffusion. As a result, both the average roughness and the 
modification peak to valley height increases, as shown in Table 2.1. 

2.8.2 Characterization of Superhydrophobicity 

Following the laser processing, surface chemical modification was performed 
to reduce the surface energy and render the surface superhydrophobic. As 
mentioned previously, two sets of samples were prepared to treat them separately 
with perfluorooctyltriethoxy silane (POTES) and the oil vapor treatment. As 
expected, based on previous studies on superhydrophobicity, the POTES treated 
surface exhibited superior water repellency compared to the oil vapor treatment. 
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Nevertheless, the oil treated surface displays excellent superhydrophobicity for all 
the different surface textures, with static contact angles close to 160° and droplet 
roll-off angles below 5° for 5 µL water droplet. Figure 2.31 shows the plot of 
static contact angle and roll-off angle for a 5 µL droplet against varying 
pulsewidth for both POTES and oil vapor treated superhydrophobic surfaces. 

 

Figure 2.31. Water contact angle and roll-off angle measurements on both fluorosilane (POTES) and 
flaxseed oil vapor treated surface. 

 

As depicted in the plot above (Figure 2.31), the contact angle values of the 
POTES surface ∼170°, which is about 10° greater than the oil vapor treated 
surface. Moreover, the roll-off angle values follow the same trend of water 
repellence, where the POTES treated surface has lower droplet roll-off angles. 
The lower surface energy of the POTES coating compared to the carbon 
adsorption from the vegetable oil therefore results in the superior water repellence 
of the former.  

Since the superhydrophobic surfaces exhibit excellent water repellency, the 
next step was to characterize the liquid repellency of even low surface tension 
liquids. The contact angle measurements were then conducted with the chosen 
low surface tension liquids, ethylene glycol (47.3 mN m-1, 25°C), and olive oil 
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(33.3 mN m-1, 25°C). Figure 2.32(a) shows the plot of static contact angle values 
of the above-mentioned liquids on the POTES coated surface. The contact angle 
measurements with the low surface tension liquids revealed some interesting 
characteristics of the laser fabricated superhydrophobic surfaces. 

 

Figure 2.32. (a) Water, ethylene glycol, and olive oil contact angle vs laser pulsewidth for POTES treated 
surface; camera images of (b) consumable liquid droplets on oil vapor treated superhydrophobic surface; (c) 
corresponding liquid droplets in (a) on POTES treated surface. 

 

Firstly, the low surface tension liquids amplify the ability of the surface texture to 
repel different liquids. Even though for water, the surface textures generated at 
different pulsewidths showed excellent repellency, the same behavior was not 
translated with ethylene glycol and olive oil. Especially for the latter, as shown in 
Figure 2.32(a), only the laser modifications at a pulsewidth of 4 ns and 50 ns 
maintained their super-repellency. Apart from the modifications at pulsewidth of 
4 ns, the contact angle value of the low surface tension liquids (ethylene glycol, 
oil) increases with the pulsewidth, resulting in the best liquid repellence at 
pulsewidth of 50 ns. Figure 2.32(b,c) shows the camera images of common 
consumable liquids and low surface tension liquids on the oil vapor treated and 
POTES coated surfaces respectively. Contrary to the performance of POTES 
coated liquid repellent surface, the oil vapor treated superhydrophobic surface was 
unable to repel low surface tension liquids. Nevertheless, the oil vapor treated 
surface was still phobic to ethylene glycol with the highest contact angle of 140° 
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shown by the laser modification at 50 ns, as expected from the previous 
measurements. Figure 2.33 shows the camera images of the ethylene glycol 
droplet on the POTES and oil vapor treated surfaces. 

 

Figure 2.33. Camera images and corresponding contact angle values of ethylene glycol droplets on (a) oil 
vapor treated; (b) POTES treated surfaces. 

  

To the best of our knowledge, very few studies are conducted on the low 
surface tension liquid repellency of hydrocarbon adsorption based 
superhydrophobic surfaces. It is important to mention that for the oil vapor 
superhydrophobic surface, ethylene glycol had a low contact angle of 108° on the 
laser generated surface at 8 ns, whereas at 50 ns the contact angle increased to 
140°. The above variation in the contact angle for the hydrocarbon adsorbed 
surface treatment demonstrates the importance of the appropriate surface texture 
controlled by the laser pulsewidth. 

2.8.3 Laser Pulsewidth: A Deciding Parameter for 
Superamphiphobicity 

To better demonstrate the impact of laser pulsewidth, further studies were 
conducted with the POTES treated superhydrophobic surface. In the study, three 
different pulsewidth modifications at 4, 8 and 12 ns were selected as the 
pulsewidth parameters. Then for each of the selected pulsewidths, the laser scan 
line was varied from 20 µm to 140 µm in steps of 20 µm. The above study was 
designed to better depict the importance of laser pulsewidth as a parameter against 
another variable parameter such as scan line spacing, which has been commonly 
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reported in research studies involving nanosecond laser modification [84,85].  
Figure 2.34 shows the FESEM images of the resulting modifications.  

As shown in the FESEM images at different scan line spacings, at the largest scan 
spacing value of 140 µm, the surface features have either relatively greater 
unmodified triangular zones or random air gaps/holes. On the other hand, at lower 
scan spacing the surface texture maintains the conical shape at 4 ns and the rough 
hierarchical features at 50 ns. An important aspect of the surface regards the 
modifications performed at pulsewidth of 12 ns, where for both low and high scan 
spacings of 60 µm and 140 µm, there exists large random air gaps/holes and 
unmodified triangular zones respectively. 

 

Figure 2.34. FESEM images showing the surface measurements for all three different pulsewidths (4, 12, and 
30 ns), at varying scan line spacing (60, 100, and 140 µm). 
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Figure 2.35 shows the plot of contact angle measurements of olive oil on laser 

modifications performed at different pulsewidths and laser scan spacings. 

 

 

Figure 2.35. Plot showing contact angle vs laser scan spacing on the POTES coated surface for different 
pulsewidths. 

 

The most important observation regards the effect of pulsewidth on 
superoleophobicity. It is observed from the plot that only for certain pulsewidth, 
the surface maintains the superoleophobicity with varying scan spacing. To better 
elaborate, in the case of different scan spacings performed at a pulsewidth of 50 
ns, the surface remains superoleophobic for almost all cases except at 140 µm. On 
the contrary, for different scan spacings at a pulsewidth of 12 ns, the surface is 
almost never superoleophobic, except at a scan spacing of 100 µm. 

Therefore, irrespective of the scan spacing, if not for an appropriate 
pulsewidth, then the surface cannot attain superoleophobicity. In fact, it must be 
pointed out that the surface is not just superoleophobic, but superamphiphobic due 
to its ability to repel both polar and dispersive liquids such as water and vegetable 
oil. The results therefore confirm the importance of laser pulsewidth in the 
nanosecond regime for the fabrication of superamphiphobic surfaces.  Figure 
2.36(a) shows the camera image of different liquid droplets on the 
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superamphiphobic surface fabricated at pulsewidth of 50 ns and spacing of 60 µm. 
Indeed, the superamphiphobic property of the surface enables it to repel even the 
standard reference liquid used for oleophobic measurements which is n-
hexadecane with relatively low surface energy (27.6 mN m-1, 25°C) as shown in 
the figure below, exhibiting a contact angle of 151°C. Furthermore, due to the 
extreme repellency, the olive oil drops are totally repelled by the surface and stick 
on to the dispensing needle, as shown in Figure 2.36(b). This demonstrates the 
excellent superamphiphobicity of the laser fabricated POTES coated surface. 

 

Figure 2.36. (a) Camera image of different liquid droplets on the POTES treated superamphiphobic surface; 
(b) image sequence depicting 5 µL olive oil droplet approaching, contacting, and removed with the droplet 
intact and without wetting the POTES treated superhydrophobic surface. 

 

2.9 Chemical Surface Analysis 

At first, as part of the chemical analysis, surface elemental composition of the 
prepared superhydrophobic coatings were analyzed using energy dispersive X-ray 
spectroscopy.  Figure 2.37(a,b) shows the corresponding spectra of the oil vapor 
treated and POTES coated surfaces respectively. For the POTES treated surface as 
shown in  Figure 2.37(c) an increased carbon and fluorine content was observed. 
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This corresponds to the self-assembled monolayer of covalently bonded long 
chain silane molecules. 

 

Figure 2.37. Energy dispersive X-ray spectra corresponding to (a) Flaxseed oil vapor treated surface; (b) 
POTES coated surface; (c) corresponding quantitative measurements of fresh laser textured, oil vaopr treated, 
and POTES coated surface. 

Also, the quantitative EDS measurement in Figure 2.37(c) for the oil vapor 
treated surface, when compared to the fresh laser textured surface shows a high 
carbon content. This increase corresponds to the hydrocarbon adsorption during 
the oil vapor procedure. To further analyze the adsorbed hydrocarbon functional 
groups, FTIR spectroscopy was performed on the oil vapor-treated surface and 
was compared to that of pristine laser texture surface. Figure 2.38 shows the 
acquired FTIR spectra of the same. 
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Figure 2.38. FTIR spectrum comparing laser textured surface with oil vapor treated superhydrophobic 
surface. 

  

The oil vapor-treated surface showed new absorption peaks with respect to the 
pristine laser-textured surface. The absorbance peaks at 2958 cm-1, 2927 cm-1, and 
2858 cm-1 are signature peaks corresponding to the asymmetric stretching of CH3 
groups and symmetric and asymmetric stretching of CH2 groups. These peaks 
demonstrate the presence of hydrocarbon groups on the laser-treated alumina 
surface. Also, the peaks at 1465 cm-1 correspond to CH2 bending. The absorption 
at 1608 cm-1 and 1750 cm-1 could be associated with the C=C and C=O bond 
stretching, respectively. Finally, the absorption at 1200 cm-1 could be attributed to 
the C-O-C vibrations [86–88]. Hence, the above-mentioned absorption peaks 
confirm the postulation of hydrocarbon functional group adsorption on the laser-
modified aluminum because of the oil vapor treatment. 
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2.10 Droplet Bounce and Evaporation Dynamics on 
Superhydrophobic Surface 

Apart from the static contact angle and roll-off angle measurements, it is 
essential to characterize the surface through other means to perform a complete 
surface analysis. In this respect, the following tests assess superhydrophobicity 
through static and dynamic means. 

2.10.1 Dynamic Droplet Bounce Behavior 

As a direct consequence of the Cassie state with stable air pockets, the 
superhydrophobic surface possesses the unique ability to repel and cause rebound 
of the free-fall droplet upon surface contact. Once the droplet impacts the 
superhydrophobic surface, it deforms to a maximum diameter. Following 
achieving the maximum spread diameter, the droplet begins to recede and 
eventually bounce back from the surface [89]. An important parameter called the 
Weber number (Wen) characterizes the droplet rebound dynamics following the 
impact, given by the following equation: 

  

(16) 

Where ρ is liquid density, υnl represents the impact velocity, D is the drop 
diameter, and σ represents the liquid surface tension. Based on the Weber number 
of the impacting droplet, the further dynamics of the droplet are influenced. At 
lower Weber numbers (Wen < 5), the liquid is only slightly flattened before 
rebounding. At relatively larger Wen values, the liquid is flattened like a thin 
sheet, namely the lamella.  Figure 2.39 shows the droplet spreading on a 
superhydrophobic surface at different Weber numbers of 8 and 38, respectively. 
The difference in the droplet spreading can be observed from the image based on 
the corresponding impact velocity. During the droplet spread and rebound back, 
the liquid surface tension competes with the inertial forces. If the liquid surface 
tension sufficiently exceeds that of the solid surface energy, then the droplet 
rebounds. However, there is a possibility of an alternative scenario, wherein with 
sufficient impact force, the droplet could completely penetrate the rough surface 
features and expel air from the composite interface [90]. The above situation 
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would transform the surface to the Wenzel state and complete adherence of the 
droplet to the surface, either entirely or partially. 

 

 

Figure 2.39. High-speed camera images of droplet bounce on oil vapor treated superhydrophobic surface at 
different Weber number values. 

 

As previously mentioned, the droplet penetrates the surface partially or 
completely depending on the Weber number. The extent to which the droplet 
penetration occurs can be studied by defining the parameter coefficient of 
restitution (COR), which is given by the following [91]: 

(17) 

where hr is the maximum droplet rebound height and hi is the initial free-fall 
height. Therefore, analyzing the relationship between the Weber number and the 
COR would provide information about the extent of the droplet penetration. A 
lower COR value would result from decreased rebound height due to energy lost 
during liquid penetration. Figure 2.40 shows the relation between the Weber 
number and the COR for oil vapor and POTES treated surfaces. As discussed 
before, a negative correlation exists between the Weber number and the COR for 
both surfaces. Indeed, as observed from the figure, only a partial penetration 
occurs for the impacting droplet in the Weber number range due to non-zero COR 
values. Ideally, it would be difficult to have a COR=1 due to viscous and 
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vibrational energy losses. Therefore, the surfaces do not undergo Wenzel 
transition even at a relatively high impact velocity of 1.5 m/s (Wen=65), which 
confirms a stable superhydrophobicity. 

 

Figure 2.40. Power law fitting to COR vs. Weber number measurements for droplet bounce on oil vapor 
treated and POTES coated surfaces. 

 

The droplet bounce dynamics on the superhydrophobic surface in this study 
follow the general scaling law given by the relation of the form [92]: 

(18) 

where α=1 in this study, the coefficient value depends on the specific 

superhydrophobic surface. Also, no significant difference is observed in the COR 
values for both surfaces, corresponding to identical droplet bounce dynamics. 

2.10.2 Evaporation Triggered Transition of Superhydrophobicity 

For a droplet on the superhydrophobic surface, a Laplace pressure always acts 
downward on the droplet, increasing with the decreasing droplet diameter, as 
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shown in Figure 2.41(a). As discussed in the introduction section of the chapter, it 
is essential to assess the critical Laplace pressure to characterize the 
superhydrophobicity's stability. In this study, the evolution of the droplet contact 
angle and the three-phase contact line diameter (TPCL) was monitored during the 
droplet evaporation process on both POTES and oil vapor-treated surfaces.  

Specifically, the Wenzel state transition can be determined by the transition 
of the TPCL to a constant value and the reduction of contact angle values below 
150°.  Figure 2.41(b) shows that POTES treated surface could withstand higher 
Laplace pressure values, well beyond 600 Pa, where the droplet still maintains CA 
> 150°, with reducing TPCL diameter values. 

 

 

Figure 2.41. Camera images of droplet evaporation on oil vapor-treated superhydrophobic surface; (b) plot 
depicting static contact angle and TPCL diameter variation against Laplace pressure. The scale bar represents 
500 µm. 

 

On the other hand, the oil vapor-treated surface could withstand only about 
300Pa, where the TPCL values reached a steady state, confirming the Wenzel 
transition. Nevertheless, the Laplace pressure values are comparable to the 
superhydrophobic surfaces fabricated with Fluorosilane treatment and 
femtosecond laser micromachining [93]. 

2.11 Thermal and Temporal Stability 

For reliability of the fabricated superhydrophobicity, it must be stable with 
time and at extreme weather conditions. To assess the stability, contact angle 
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measurements were taken at varying temperatures and different durations after the 
sample preparation. 

2.11.1Thermal Stability 

The Fluorosilane coatings have been assessed previously for their thermal 
stability. Previous studies have reported their stability even at high temperatures 
of about 400°C. This could be attributed to silane covalent bonding to the surface. 
On the other hand, unlike the POTES coatings, the oil vapor-treated surface has 
only adsorbed hydrocarbon functional groups that are more susceptible to thermal 
damage. Therefore, this study’s oil vapor-treated superhydrophobic surface was 
thermally tested to assess its stability at higher temperatures.  

The prepared superhydrophobic surfaces were treated from 50°C to 300°C in 
an oven for one hour each. The static contact angles were measured immediately 
after removal from the oven and are shown in Figure 2.42. The superhydrophobic 
property is maintained up to about 180°C, after which the contact angle values 
deteriorate and transition to hydrophobic nature. In fact, at about 300°C, the 
surface turns superhydrophilic, signaling a strong reduction in hydrocarbon 
content from the surface and the resulting exposure of alumina. 

 

Figure 2.42. Evolution of contact angle variation with the temperature at a treatment time of 1 hour each. 

  

 



2.11 Thermal and Temporal Stability 93 

 
To better understand the variations in elemental composition due to the 

thermal treatment, energy dispersive X-ray analysis (EDS) was performed for the 
thermally treated surface (100°C, 1 hour) and compared to the thermally treated 
superhydrophilic surface (300°C, 1 hour).  Figure 2.43(a,b) shows the EDS 
spectra of the  thermally treated samples at 100°C and 300°C, grespectively. 

 

Figure 2.43. EDS spectra and corresponding compositional information on oil vapor treated surface after 
thermal treatment of 1 hr at (a) 100°C; (b) 300°C, respectively. 

 

The EDS spectra shows the reduction in carbon content with increasing 
temperature, confirming the postulation of desorption of hydrocarbons from the 
surface, thereby rendering the surface superhydrophilic at 300°C. Another critical 
point is the ability to switch between the superhydrophobic and superhydrophilic 
states with oil vapor treatment and high-temperature thermal treatment, as 
illustrated in Figure 2.44. 
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Figure 2.44. Illustration depicting the transition of laser textured superhydrophilic to oil vapor treated 
superhydrophobic surface and transition back to superhydrophilic on high-temperature treatment. Also, the 
superhydrophilic transition at high temperatures is repairable on oil vapor treatment. 

 

2.11.2 Temporal and Mechanical Stability 

The temporal and mechanical stability of the superhydrophobic surfaces are 
fundamentally critical for them to be even considered for real life applications 
[36]. Therefore, a stable superhydrophobicity with exposure to both open 
atmosphere and mechanical abrasion/scratches would be a desirable feature for 
long term use. 

To assess the stability of both the POTES and oil vapor treated surface 
with time, the samples were left exposed to open atmosphere, while their contact 
and roll-off angles were measured at various intervals over a duration of one 
month. As shown in Figure 2.45, the superhydrophobicity is well maintained for 
both the surfaces. However, there is a minute reduction in the contact and roll-off 
angles over the one-month duration. This could be the result of surface 
contamination by dust particles from the surrounding air.  
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Figure 2.45. Stability of the fabricated superhydrophobic surfaces with storage in open air. 

To assess the coating stability of both surfaces, a tape peeling test was 
conducted, wherein a scotch tape (Scotch 3M 810) was continuously stuck and 
gently pressed evenly to ensure uniform adhesion between tape-surface and then 
peeled out in a cyclic manner. After every 10 peeling cycles, the static contact 
angle was measured, as shown in Figure 2.46. 

 

Figure 2.46. (a) Evolution of contact angles with tape peeling cycles on superhydrophobic surfaces, (b) water 
droplet on oil vapor treated surface after 60 tape-peel cycles. 
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The droplet contact angle on the oil vapor treated surface went below the 

150℃ after 60 cycles, while the POTES treated surface was still 
superhydrophobic. 

Following the peeling test, knife-scratch test was performed on the surfaces, 
where crosshatches of varying intensities were marked on the superhydrophobic 
surfaces. Interestingly, even at high densities of the crosshatch pattern, the 5 µL 
water droplet failed to wet both the surfaces, as shown in Figure 2.47. 

 

Figure 2.47. Knife scratch test with high density cross hatch pattern still maintaining superhydrophobicity on 
the oil vapor treated sample. 

 The above tests confirm the mechanical robustness of the fabricated 
superhydrophobic surfaces. 

Another interesting property of the superhydrophobic surface is its ability to 
self-clean the surface from contaminants [94]. The liquid that is rolling off 
collects the dirt particles from the surface, thereby rendering it clean. The 
superhydrophobic surfaces fabricated in this study demonstrated the self-cleaning 
property. While the oil vapor treated surface was self-cleanable with water, the 
POTES treated amphiphobic surface was able to even self-clean with lower 
surface tension liquid ethylene glycol, As shown in Figure 2.48. 
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Figure 2.48. Self-cleaning of flaxseed oil with water (left) and of POTES coated laser treated 
superamphiphobic surface with Ethylene Glycol (right). 

 

The experimental findings discussed in this chapter has demonstrated the crucial 
role of surface micro- and nanostructures in achieving superhydrophobicity. By 
appropriately tuning the surface geometry, we have successfully created surfaces 
with high liquid repellence, effectively repelling even oil droplets and preventing 
wetting. Moreover, the experimental investigations have uncovered the intricate 
interplay between surface roughness, surface energy, and the different wetting 
regimes. This understanding has paved the way for design and fabrication of 
novel superhydrophobic materials with enhanced performance and durability 
using a relatively inexpensive nanosecond laser. 
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  Chapter 3 

Laser Surface Modification for 
Joining Enhancement 

3.1 Adhesive Bonding for Similar/Dissimilar Materials 

Dissimilar material joining is a challenging topic of huge industrial interest, 
especially in the automotive and aerospace sectors [1,2]. Adhesive bonding is a 
solution for joining dissimilar materials that offer a variety of advantages, such as 
uniform load distributions and improved joint stiffness [3]. Compared to the 
traditionally available joining techniques, adhesive joining offers reduced cost and 
joining weight while simultaneously protecting against galvanic corrosion through 
improved corrosion resistance properties [4,5]. 

In general, for adhesive-bonded joining, various factors control the effective 
performance of the joint such as adhesive, bond line thickness, and curing 
treatment parameters [6,7]. Nonetheless, an optimal surface condition of the 
adherent plays a crucial role in the bonding strength and fracture mode. Generally, 
interface, and cohesive fracture modes are commonly observed for joints, wherein 
the cohesive fracture mode is more desired as it signals the maximum joining 
strength of the used adhesive [8,9]. Cohesive failure represents the situation where 
a layer of the adhesive remains on the adherend surfaces. This indicates that the 
adherend failed before the adhesive, which is desired. Therefore, various surface 
modification techniques have been used to pursue the cohesive failure mode. The 
following section discusses some of the more common approaches: 
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Mechanical Abrasion 

To obtain ideal surface conditions, mechanical treatments could be used 
before the bonding process to eliminate organic and inorganic contaminants [10]. 
Different types of mechanical treatments, such as shot blasting, sandblasting, and 
grit blasting, support the formation of geometrical features with increased contact 
area and intermolecular interactions between the adhesive and adherent [11]. 
Amongst the different techniques, grit-blasting is considered the most effective 
due to its good surface roughness control. 

Chemical Etching 

As an alternative method, chemical etching removes the weak native oxide. It 
generates a newly formed oxide layer with microfeatures, as shown in Figure 3.1. 
Golru et al. investigated different chemical cleaning procedures on the epoxy-
aluminum (AA1050) substrates [12]. Even though the alkaline medium removed 
the native oxide layer, some additional corrosion oxide products were formed, 
which reduced overall bonding performance. However, acidic (50% HNO3) 
etching following the alkaline etching generated a strong oxide layer removing 
any contaminants and intermetallic particles, thereby increasing the overall 
surface energy and the joining performance. 

 

Figure 3.1. SEM images of acid etching on titanium surfaces (a) sandblasted sample; (b)H2SO4 for 10 min; 
(c) HCl for 10 min [13]. 

Plasma Treatment 

This is another popular technique for creating surface roughness on the treated 
samples, as shown in Figure 3.2. Saleema et al. used atmospheric pressure plasma 
to clean AA6061-T6 to improve the bonding durability [14]. The plasma 
treatment conditions could be tuned to render the treated surface with oxides and 
hydroxides, resulting in enhanced wettability and better bonding performance. 
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Figure 3.2 (a) SEM image of fatigue fracture on plasma nitrided Ti6Al4V; (b)crack initiation; (c) crack 
propagation; (d) final fractured surface [15]. 

3.2 Laser Surface Modification 

With the advancement of technology, lasers have increasingly been used for 
surface treatments of materials before bonding [16–18]. Compared to the 
techniques mentioned above, laser micromachining offers a variety of industrial 
advantages in terms of patternability, efficiency, automation, and eco-friendliness. 
Rechner et al. investigated the bonding strength of laser treated aluminum and 
reported increased strength and durability of the fabricated bonding [19]. Another 
significant advantage associated with laser treatment is the ability to protect 
against corrosive environments, which entails promising durability [20]. On the 
other hand, many treatments may provide good joining strength, but with time the 
joining fails due to corrosion. Furthermore, flexible laser processing parameters 
could be controlled depending on the desired applications. For example, low 
energy parameters could be used for cleaning the surface, whereas for strong 
bonding performance, a rough surface texture could be generated [21]. 
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3.2.1 Morphological Evolution 

On laser surface modification of the target substrate, the physical and 
chemical aspects of the surfaces are altered depending on the selected laser 
parameters [22]. The laser generated morphology includes features such as 
grooves, holes, melt-recast, etc., that increase the contact surface area and material 
interlocking at the adhesive/substrate interface, contributing to enhanced joining 
strength. Therefore, surface roughness is a quantitative reference parameter to 
assess the resulting modified surface [23]. Laser parameters such as fluence 
(power/area) are considered to have a strong fluence on surface modification. 
Spadaro et al. modified aluminum AA2024 using laser ablation with variable 
beam diameter and fluence ranging from 1-2 mm, and 0.5-10 J/cm2, respectively 
[24]. Analyzing the resulting surface morphology, it was observed that there 
existed a strong difference between the modification patterns at the largest fluence 
value of 10 J/cm2. However, for all the higher fluence modifications, the outer 
modification region displayed a highly corrugated surface.  

3.2.2 Chemical Composition Modifications 

Depending on the surrounding atmosphere in which the modifications are 
performed, the surface chemical composition is altered [25]. In particular, to 
perform the surface modification, a threshold fluence value exists depending on 
the laser pulse characteristics and the material type [26]. Below threshold fluence 
values are typically selected to clean the surface from contaminants, especially 
adsorbed organic compounds. Beyond the threshold fluence values, visible 
surface modification is observed, and for modifications performed in an open 
environment, the oxide thickness increases with the fluence values [27]. Material 
ejection could occur through vaporization, spallation, and phase-explosion 
processes on further increase of the laser fluence beyond the melting regime. 

 

3.3 Laser Surface Processing for Solid Oxide Fuel Cell 
Applications 

The first part of this chapter is devoted to discussing results obtained from the 
study on laser surface treatments on a steel employed in solid oxide fuel cell 
(SOFC) interconnect and the resulting enhancement in the glass sealant-
interconnect joining strength. Solid oxide fuel cells are electrochemical devices 
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that are used to convert the oxidation of a fuel to electricity [28–30]. This type of 
fuel cell's advantages includes high power efficiency, long term stability, fuel 
flexibility, and relatively low cost [31,32]. The functional efficiency of the fuel 
cell relies critically on the joining between the interconnects and the adjacent 
ceramic components to form the SOFC stack, as shown in Figure 3. 3.  

 

Figure 3. 3. Schematic illustration of SOFC stack components [33]. 

In particular, the glass based sealings between the corresponding interfaces 
plays a crucial role in the long-term performance and durability of the cell stack 
[34,35]. In this context, the glass sealing and the metallic interconnect interface 
have received considerable attention with the evaluation of the bond strength 
through the bending and tensile tests [36,37]. However, the glass sealant is also 
exposed to significant shear stress, and therefore it is critically necessary to 
evaluate the shear strength of the glass sealant and interconnect joining. 
Therefore, this study mainly uses laser surface modification to generate variable 
surface morphology and modify the chemical composition of the as-received 
special stainless-steel sample (Crofer), which is specially designed for high 
temperature fuel-cell applications [38]. Apart from the morphological and 
compositional analysis, the ability to tune the laser parameters appropriately to 
obtain the desired surface features, such as average roughness, is demonstrated. 
Finally, two laser parameters are selected to modify an hourglass-shaped 
interconnect sample to be tested for torsional strength by our colleagues and 
collaborators, who are in charge of the study. 
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3.3.1 Laser Surface Patternability 

The ability to perform selective and precision patterning on the target surface 
sets laser micromachining apart from other surface modification techniques [39–

41]. Especially for the applications in SOFC, interconnect texturing is required 
along a specific pattern on the interconnect following that of the glass sealant, as 
shown in Figure 3.4(a). The galvanometric scan system enables the patterning of 
any complex design by the nanosecond fiber laser with precision in the 
micrometer regime. Figure 3.4(b) shows the university logo (Politecnico di 
Torino) printed on the stainless-steel substrate to demonstrate the ability to 
pattern. Apart from the flexibility for pattern generation, the processing time can 
be reduced by the appropriate choice of laser parameters resulting in strong 
modifications yet fast laser scan speeds and lower processing times. 

 

Figure 3.4. (a) Schematic illustration of a solid oxide fuel cell with the glass sealant [42]; (b) University logo 
(Politecnico di Torino) pattern printed on a stainless steel substrate using the nanosecond fiber laser used in 
this study. 

3.3.2 Laser Surface Modification Control 

The choice of appropriate laser parameters is critical to perform the desired 
surface modification [43]. The variable laser parameters include average power, 
scan speed, pulse repetition rate (PRR), scan spacing, and pulsewidth. As part of 
the preliminary study on the crofer sample, the average laser power and the pulse 
repetition rate were varied to observe the resulting surface modifications. Figure 
3.5 shows the camera image of the single laser scan line modifications at different 
laser parameters performed on the crofer sample to evaluate the extent of laser 
modification visually. 
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Figure 3.5.  Camera image of the single laser scan lines written on the crofer sample using different laser 
parameters and the corresponding laser parameter table. 

From Figure 3.5, it can be observed that the laser parameters have a strong 
influence on the resulting surface modifications. The initial observation regards 
the importance of the fluence as a laser parameter to generate surface 
modification. As observed from the table inFigure 3.5, the low fluence values in 
modification index 2,3, and 4 (blue color cells) cause no visible laser modification 
on the crofer sample. However, this is not a general case because even at low 
fluence values, if the pulse repetition rate is sufficiently high, a visible surface 
modification is observed, such as in the case of modification number 8 (1.4 J/cm2, 
100 kHz). This is due to the high pulse repetition rate effect, since at high PRR 
values, a combination of low pulse temporal spacing and greater pulse deposition 
at a single spot. Indeed, in that case the thermal energy deposition at the focal spot 
increases and produce the modification [44,45].   

An interesting observation regards the laser processing of stainless steel at 
lower fluence values, as shown in Figure 3.6. This phenomenon on stainless steel 
substrates using a long-pulsed laser has been previously reported. Unlike the 
nanostructure coloring based on incident light interference with surface feature 
size comparable to the visible wavelength, the surface coloring, in this case, is 
primarily due to the inherent color variation dependent on the content of the Fe2+, 
Fe3+, and Cr3+ states [46]. Reportedly, even a minor change in the composition 
could cause a drastic variation in the color. However, we do not further dwell into 
the responsible parameters and composition for the color formation as this study is 
out of scope. 
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Figure 3.6. Nanosecond laser induced coloration of the crofer sample. 

Besides the pulse repetition rate and the average power, the laser scan speed 
also wields importance for defining the surface features.  Figure 3.7 shows the 
plot of average surface roughness (Ra) vs laser average power for two different 
scan speeds of 50 mm/s and 100 mm/s. 

 

Figure 3.7. Variation of average line roughness value of laser modified crofer sample with varying average 
power at two different scan speeds of 50 mm/s and 100 mm/s. 
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As the plot above shows, the single line scan average roughness Ra value 

increase at a lower scan speed of 50 mm/s. The scan speed essentially controls the 
temporal presence of the beam focus at a given focal spot, thereby controlling the 
pulse deposition per spot [47]. Therefore, increased pulse deposition results in 
stronger surface modification and greater surface roughness. 

Depending on the material substrates and the applicational requirements, the 
appropriate laser parameters could be selected to cover a whole range of surface 
roughness values for joining strength enhancement. Figure 3.8 shows the 
tunability of the obtained surface features based on the appropriate combination of 
laser parameters of laser scan speed and average power at a constant pulse 
repetition rate of 25 kHz. In the same study, while the effect of variable scan 
speed was studied, the average power was kept constant at 15 W, whereas while 
the average power was varied, the scan speed was kept constant at 1 mm/s. 

 

Figure 3.8. Plot of laser average power and scan speed vs average surface roughness. The scan speed was 
varied at constane average power of 15 W (blue), and the average power was varied at constant scan speed of 
1 mm/s (red). 

Figure 3.8 shows that the tunable laser parameters enable intermediate 
average surface roughness values in the range of 1-9 µm. This demonstrates the 
ability of laser patterning to generate variable surface roughness for joining 
applications. 
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3.4 Morphological and Compositional Analysis 

Scanning electron microscopy was used to analyze the morphological features 
of the laser modification. The mechanism of nanosecond laser interaction has 
been discussed in detail in the previous chapters, therefore, only a brief 
description is provided in the current section. Figure 3.9 shows the SEM images 
of the laser modified crofer at an average power of 18 W, pulse repetition rate of 
25 kHz, scan speed of 3 mm/s, pulsewidth of 4 ns, and scan spacing of 40 µm. 

 

Figure 3.9. SEM images of laser modification on crofer sample at different magnifications and an average 
power of 18 W, PRR of 25 kHz, scan speed of 3 mm/s, scan spacing of 40 µm, and puilsewidth of 4 ns. 

The SEM images show a complex surface morphology as a result of the rapid 
melt-solidification of the metal surface. The laser scan path is visible as a groove 
where the maximum material removal has occurred. As shown in Figure 3.9(b), 
along the groove, there are holes representing the concentrated energy deposition 
at the beam center, hence more vaporization at the center. Beside the groove are 
large microfeatures that could represent the recast material deposited because of 
the Marangoni convection of the generated melt [48,49]. The central groove 
region is formed because of rapid vaporization at the Gaussian center due to phase 
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explosion [50]. The phase explosion leads to rapid vaporization, melt ejection and 
micro/nano-particle material redeposition on the laser treated surface, as seen 
from Figure 3.9(b,c,d). The rough surface morphology would be ideal for 
providing an interlocking mechanism resulting in a successful bonding and 
improved joining strength in comparison to the plane surface. The effect of laser 
interaction on the chemical composition of the surface is investigated using 
energy dispersive X-ray spectroscopy. Figure 3.10 shows the obtained EDS 
spectra on the as-received crofer sample and the laser textured surface. 

 

Figure 3.10. EDS spectra of the crofer sample (a) as received; (b) laser processed. 

  

  

Table 3.1 Elemental composition information of EDS from Figure 3.10. 

Elements As received Crofer  (At%) Laser textured Crofer (At %) 

C 8.1 11.1 

O 4.6 58.2 

Cr 19.8 10.3 

Mn 1.0 0.3 

Fe 64.6 19.5 

Cu 0.7 - 
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The corresponding quantitative information of EDS analysis is shown in 

Table 3.1. As expected, the laser processing resulted in strong oxidation, evident 
from the dominating presence of oxygen on the laser processed sample. Apart 
from iron, there is visible reduction in the presence of other alloying elements 
such as chromium and manganese. Interestingly, the carbon content on the laser 
treated sample is particularly high. This could result from organic compound 
adsorption from the atmosphere by the activated metal oxide structure [51,52]. 
Since the EDS measurements were not immediately performed on the laser 
processed samples, the VOC adsorption could have resulted in increased carbon 
content. The above results provide a preliminary set of results for the laser 
processing of crofer. 

3.5 Joining Strength Test for Laser Processed Crofer 

3.5.1 Fluence Based Roughness Characterization on Torsion Test 
Samples 

After performing a preliminary study on the laser processed crofer samples, the 
interconnect samples as an hourglass were designed for torsional analysis, as 
shown in Figure 3.11.  

 

Figure 3.11.  Laser modified crofer interconnect sample for torsional analysis in an hourglass shape. 

A roughness characterization was performed on the crofer sample with only laser 
fluence as the variable parameter to select the roughness parameters for the 
torsional analysis. The laser scan speed was set at 5 mm/s, pulse repetition rate at 
25 kHz, scan line spacing of 40 µm, and laser pulsewidth of 12 ns. To have 
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complete information about the surface roughness, both average roughness (Sa) 
and the maximum peak to valley height (Sz) were considered. Post laser 
processing, the crofer samples were sequentially sonicated in acetone and ethanol 
to remove any undesirable loose debris. 

Figure 3.12 shows the variation of surface roughness parameters with the 
laser fluence. 

 

Figure 3.12. Plot of roughness parameters (Sa, Sz)of laser textured crofer with varying laser fluence, to select 
laser parameters for the torsional test analysis samples. 

 

Both the surface roughness parameters increase with the laser fluence due to 
greater delivered pulse energy causing enhanced vaporization and melt formation. 
The enhanced vaporization result in deeper groove formation, which is reflected 
in the increasing Sz values [53]. A pair of low and high average roughness values 
shown in Table 3.2. 

 

Table 3.2 were selected for the laser processing of the torsional test samples. 
Also, the 3D surface profile of the selected modifications is shown in Figure 3.13. 
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Table 3.2. Selected laser fluence values based on Figure 3.12, and the corresponding roughness values. 

Fluence (J/cm
2
) Sa (µm) Sz (µm) 

14.1 4.6 39.7 

28.3 8.8 61.6 

 

 

Figure 3.13. 3D surface profile of the crofer surface processed with the selected laser parameters (a) 14.1 
J/cm2; (b) 28.3 J/cm2. 

The profilometer maps clearly show the laser grooves generated on the 
modification at a lower fluence of 14.1 J/cm2. In contrast, for the higher 
roughness, the excessive thermal effects and the resulting melt formation resulted 
in random peak distribution on the surface.  

3.5.2 Mechanical Characterization of Joined Samples 

The morphological tests on the provided laser processed and glass-joined 
samples suggests a better bonding of the glass with the interconnect without 
defect formation. Based on the SEM observations of the joined and thermally 
cured samples, our collaborators chose the lower average roughness sample 
generated at a fluence of 14.1 J/cm2 for the final torsional test analysis. Indeed, the 
laser processed interconnect samples demonstrated a greater shear strength of 
32±5 MPa compared to the as-received glass-joined crofer samples with 24±7 
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MPa. Interestingly, the laser processed joints on torsional analysis showed a 
different fracture mode, where the fracture propagation is mainly through the 
sealant in a desirable cohesive mode. The glass presence within the laser 
microfeatures provides an interlocking that supports the cohesive failure mode. 
Therefore, the glass sealant is present on both the fracture surface, as shown in  
Figure 3.14. 

 

Figure 3.14. SEM images of the samples after the fracture test where the composition was investigated with 
the help of EDS analysis (a) as received samples (b) laser processed samples. The difference in the fracture 
surface for both samples are clearly visible, where glass is present on both surfaces for laser processed 
samples suggesting a cohesive failure mode [54]. 

The laser processing of the metallic interconnect with the appropriate parameters 
has resulted in a cohesion failure mode, whereas the as received sample 
underwent an adhesive failure mode, suggesting an enhanced bonding 
performance in case of the former. 

 

3.6 Silicon Nitride Ceramics 

Silicon Nitride has drawn tremendous attention for its properties as a ceramic 
material [53,55,56]. Indeed, it has a low thermal expansion coefficient and 
displays high thermal shock resistance properties [57,58]. Additionally, it has 
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other properties such as chemical inertness, high temperature stability (up to 
1800℃), and high strength. However, a major problem that Si3N4 faces relates to 
fracture behavior [59]. Crack generation in the material could rapidly propagate, 
leading to material failure. That is a problem of paramount importance when 
joining silicon nitride applications with similar/dissimilar materials. In this thesis, 
a preliminary study was started on the laser processing of Si3N4 ceramic sample 
and following morphological, topographical and elemental composition analysis. 

3.6.1 Laser Processing of Si3N4 Ceramics 

The average surface roughness of the as-received silicon nitride sample was 
300 nm based on profilometer analysis. The first step of the study would be to 
laser process the ceramic sample with variable average surface roughness values. 
Therefore, laser scan speed was set as the variable parameter with values of 1, 5, 
15, and 20 mm/s, while rest of the laser parameters were fixed as follows: laser 
average power at 20 W, scan line spacing at 40 µm, pulsewidth of 4 ns, and pulse 
repetition rate of 20 kHz.  Figure 3.15 shows the SEM image of the laser 
processed silicon nitride sample at the slowest scan speed of 1 mm/s. 

 

Figure 3.15. SEM image of laser processed silicon nitride sample at scan speed of 1 mm/s. 

The slowest scan speed is expected to have the highest roughness due to the 
greater thermal effect at the laser focus. The figure shows a very rough surface 
morphology with the laser scan path barely visible due to the redeposition of 
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ablated particles and melt solidification. Previous reports on laser ablation of 
Si3N4 in air have reported silica formation on the surface due to surface oxidation 
supported by the high temperatures achieved at the laser focus [60]. The 
redeposited particles on the surface would be mainly silica, which will be 
investigated using elemental composition analysis.  

The plot in Figure 3.16  clearly demonstrates the effect of the laser scan 
speed, where the Sa value varies from about 6.8 µm at 1 mm/s to about 2.6 µm at 
a scan speed of 20 mm/s. The scan speed is therefore sufficient as a parameter to 
vary the average roughness for preliminary joining trials. 

 

Figure 3.16. Average surface roughness of the laser processed sample against the laser scan speed. 

  

In fact, the effect of laser parameters and appropriate scan pattern for specific 
microstructure shape would be later steps of this ongoing study, all based on 
preliminary results from the joining tests. Following the SEM analysis, EDS 
analysis was performed on the laser modified samples and compared to the 
pristine silicon nitride samples. Table 3.3 displays the obtained EDS results on the 
different samples. 

The EDS data shows decreasing nitrogen content with reducing scan speed, 
while the opposite is true for elemental oxygen content as shown in the table 
below. The EDS results, therefore, confirm the silica formation on laser 
processing. The strong laser interaction at low scanning speed would enhance the 
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silica formation, hence the increased oxygen content. On the other hand, the 
nitrogen would be removed by forming N2 gas, escaping the surface [61]. 

  

Table 3.3. EDS quantitative elemental compositional information of laser processed samples at different laser 
scan speeds. 

Scan Speed 

(mm/sec) 
Nitrogen 

(mass%) 
Oxygen 

(mass%) 
Silicon 

(mass%) 

As received 39.6 11.4 48.9 

1 - 53.2 46.7 

5 1.6 52.3 45.9 

15 22.8 41.1 36.0 

 

3.6.2 Silica Removal Through Chemical Etching 

Hydrofluoric acid etching of silica is a widely used and established process, 
especially in the glass industry. In the case of the laser processed silicon nitride 
surface, the effect of silica formation on the joining strength needs to be 
investigated. Therefore, it is important to remove the silica formation on the 
surface following which joining strength analysis must be conducted on laser 
processed ceramic samples with and without the silica formation. To this aim, 
dilute HF (3.5%) was selected as the etchant to treat the laser processed samples. 
An etching time of 8 min was selected for the treatment.  Figure 3.17 shows the 
SEM and profilometer images of the fresh laser textured samples (1 mm/s) to that 
of the HF treated sample.  
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Figure 3.17.  SEM images of the laser processed silicon nitride sample at scan speed of 1 mm/s (a) before HF 
etching; (c) after HF etching; correspondign 3D profilometer images (b) for surface in (a); (d) for surface in 
(c). 

Indeed, the surface morphology exhibit a drastic modification after the acid 
treatment. After the removal of the laser deposited debris through the etching 
process, the laser modified grooves are visible, and the profilometer images also 
reflect the same, as shown in Figure 3.17(c,d). These images therefore suggest a 
strong removal of the laser generated silica which is to be verified through EDS 
analysis. Table 3.4 shows the average surface roughness values variation for the 
laser processed samples after the HF etching. 

Table 3.4. Average surface roughness (Sa) values before and after etching for the different laser processed 
surfaces. 

Laser Scan Speed 

(mm/sec) 
Sa Before Etching [μm] Sa After HF Etching 

[μm] 
8 minutes 

1 6.6 6.2 
5 4.7 5.5 

15 3.15 3.10 
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Figure 3.18 shows the complete EDS results of the measurements performed 

on the as-received, laser processed, and HF etched samples are compared to better 
visualize the variations in elemental composition. 

 

Figure 3.18. EDS data plots for the different compositional elements for all the different stages of the 
ceramic surface processing in this stuidy, which includes, as received sample, laser processed, and laser 
processing followed by HF etching. 

The EDS results in Figure 3.18 clearly demonstrate the reduction in oxidation 
in the HF treated samples as compared to the laser textured ceramic surface. The 
drastic increase in the nitrogen content of the HF etched surface further confirms 
the exposure of the non-oxidized silicon nitride surface.  

Therefore, the study has successfully used selected laser parameters to texture 
the silicon nitride surface with variable surface roughness, and the laser generated 
silica is removed through a HF acid based chemical etching following the laser 
processing step. Further joining strength tests are ongoing to assess the possible 
enhancement of the joining strength for the laser treated surfaces. 
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 Chapter 4 

Laser Micromachining of 
Bioresorbable Glass 

4.1 Glass Processing: A Brief Introduction 

Glass production has long been practiced by humans, with the earliest known 
reference dating back to 5000B.C. in Syria by Phoenician merchants [1]. 
Archeological surveys suggest the presence of man-made glass as early as 1500 
BC In Egypt and Mesopotamia [2]. Since then, glass materials have been present 
for various applications, ranging from household, building, and industrial 
applications. Their optical transparency, chemical inertness, and hardness make 
them attractive for various applications [3]. 

The most common glass types comprise soda-lime, quartz, and borosilicate. 
Due to its large presence in our daily life, glass processing is a well-established 
sector with many available techniques to bulk process glass materials through 
cutting and machining. Common industrial scale techniques for glass processing 
include abrasive jet machining, milling, laser cutting, diamond cutting and dicing, 
as shown in Figure 4.1 [4–6]. 
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Figure 4.1. Micrographs of glass cutting performed with different conventional techniques [7]. 

Apart from the traditional use, the past few decades have seen glass materials 
receive a renewed interest for their applications in the fields of fiber optical 
communications, micro-electromechanical systems (MEMS), opto-electronics, 
microfluidics, and biomedical applications [8–11]. These applications are 
relatively new and drove the need for better, more precise, and scalable micro-
/nano-fabrication techniques. In this aspect, the conventional glass processing 
techniques manifests significant drawbacks such as brittle fractures and micro-
cracks along the machined path [12]. The formation of these features is highly 
detrimental to the intended performance quality of the product. Therefore, serious 
attention has been devoted to developing new competent techniques for the 
microfabrication of glass materials. 

In this context, some of the non-conventional techniques used for the 
microprocessing of glass materials are briefly discussed in the following: 

Photolithography: It is an established technique for micro processing of glass 
substrates [13,14]. The technique involves using short-wavelength UV light to 
transfer a specific pattern using a photomask onto a light-sensitive photoresist 
with which the glass surface is coated. A treatment is then used to either 
chemically engrave the exposed pattern or deposit a thin film in a desired pattern. 
However, the fabrication process involves a relatively complex, multi-step 
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procedure to obtain the desired features, hence time-consuming and expensive. 
Furthermore, the technique also requires a dedicated clean room environment for 
fabrication [15,16]. 

Micro-milling: As a widely used fabrication technique, it is a direct scale-down 
of the macro-scale milling process. It is a precise technique offering flexibility in 
the type of processing materials ranging from metals, composites to polymers 
[17]. However, the technique faces a few disadvantages, such as tool wear or 
breakage, large processing time, burr formation, and inadequate finishing surface 
quality [18]. 

Ultrasonic machining: The technique is widely used for micro-processing hard 
and brittle materials [19]. This technique uses an abrasive material suspended in a 
solution forming a slurry that locally performs glass etching, in the presence of an 
ultrasonic source/head. The major drawback associated with this technique is the 
processing time and tool wear, as the abrasive particle is in contact with both the 
workpiece and the tool [20]. 

Electrochemical discharge machining (ECDM): In this technique, an 
electrochemical reaction is facilitated between the electrode and the workpiece, 
which generates a spark on the latter. The workpiece is immersed in an 
appropriate electrolyte, and the applied potential difference cause the formation of 
an oxide layer on the workpiece surface that cause micro-explosions resulting in 
material removal from the surface [21], as shown in Figure 4.2. This technique, 
however, faces the disadvantages of inaccurate and inconsistent machining as the 
depth increases and high-power consumption. 
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Figure 4.2. Micro-grooves; (c) micro-pillar; (d) micro-walls machined on a glass substrate using the ECDM 
method (KOH 30%) [22]. 

 

Compared to the techniques mentioned above, laser micromachining offers a 
flexible and relatively inexpensive method for the microfabrication of glass 
materials [23,24]. The industrial setting has long used laser machining for drilling, 
cutting, and welding applications. Most common among the different available 
laser types are the CO2 and NIR fiber laser systems that have high average power 
and can generate sufficient thermal energy to perform the machining of materials 
[25]. However, in the case of machining transparent glass materials, traditional 
laser processing using long wavelength beams cannot achieve high precision 
machining. The following briefly points out the challenges involved in machining 
glass using conventional laser machining:  

(1) Glass materials have a broad transparency window, especially in the 
visible and NIR region. Thus, the linear optical processing of glass would 
therefore resort to the ultraviolet wavelength for precision laser glass processing. 

(2) The hard and brittle nature of glass makes it difficult process it with 
continuous lasers due to the generation of local mechanical stress caused by 
thermal gradients formed even over short time scales. 

(3) Glass based functional devices are of recent interest for lab on a chip 
application. The fabrication of microfluidic and optical components on glasses 
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requires clean surface/bulk processing, therefore the use of common industrially 
used CO2 and IR lasers is a challenge by itself due to the nature of glass materials. 

Ultrafast lasers offer an excellent solution to the challenges mentioned above 
through their precise and bulk processing ability, as shown in Figure 4.3 [26,27]. 
However, the cost and processing speed factor hinders their large-scale fabrication 
use. Therefore, many applications have resorted to nanosecond ultraviolet lasers 
for glass processing [28]. Alternatively, researchers have used relatively 
transparent NIR wavelength with an intermediate absorbent medium, such as a 
metal thin film or ions dispersed in a liquid medium, which acts as a sacrificial 
layer for energy absorption and thermal transfer to the nearby glass material 
[29,30]. The following section describes the direct and indirect techniques for 
processing glasses using UV-VIS-NIR wavelength-based nanosecond laser. 

 

Figure 4.3. Optical micrograph of an oscillator-only femtosecond laser machined waveguide inside 
borosilicate glass. Inset shows the waveguide end-face [6]. SEM image of a micro-actuator fabricated on a 
fused silica by femtosecond laser and chemical etching [30]. 

 

4.1.1 UV Nanosecond laser modification of glass 

Typically, oxide glass materials have absorption bands in the UV region. This 
corresponds to a linear absorption process that UV lasers can exploit for 
processing. Amongst the different glass compositions known, silica-based glasses 
are the most used. Pure silica shows good UV transmittance properties, with first 
absorption occurring at about 10.2eV (122nm). Thus, laser modification of fused 
silica glasses is generally performed through a non-linear absorption process using 
ultrafast laser systems [31]. However, in the case of addition of modifier oxides 
such as Na2O, BaO, CaO, Li2O, the modifiers break up the glass network, 
simultaneously increasing the concentration of non-bridging oxygen atoms and 
the relatively mobile metal ion. The introduction of various metal oxides, alkali 
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ions, and transition metal atoms causes the shifting of absorption peaks towards 
the longer wavelengths, hence the possibility of machining at UV wavelengths. 
For example, the band gap of soda lime glass is ~3.5eV(355nm). The greater 
absorption at the UV wavelengths would cause the material modification to 
proceed through melting, vaporization, and plasma formation, as shown in Figure 
4.4. 

 

Figure 4.4. SEM image of groove generated on soda-lime glass through multiple scans using a UV 
nanosecond laser (355 nm) [32]. 

 

4.1.2 Laser-induced plasma-assisted ablation 

Laser-induced plasma-assisted ablation (LIPAA) was introduced to perform 
quality micromachining on glass substrates even with visible and infrared 
wavelengths. For linear absorption-based modification, the transparency window 
would need high laser power and intensity to perform modifications which would 
invariably cause micro-cracks and unpredictable surface damages. The principle 
of LIPAA leverages the laser beam passing through a transparent material and 
focusing on an absorbing substrate, e.g., a thin metal sheet, close to its surface. 
The plasma generation resulting from metal ablation in the vicinity of the 
transparent material would interact and, in turn, modify the transparent material, 
as shown in Figure 4.5 [33,34]. As a direct consequence of the processing 
settings, along with the laser parameters, the distance of the transparent substrate 
from the metal target would influence the dimension of the generated micro 
features. T.U. Rahman et al. studied the effect of laser fluence on the variation in 
the size of micro-craters during LIPAA. The plasma characteristics were 
investigated using optical emission spectroscopy, and the laser fluence effect on 
micro-feature was demonstrated to be dependent on electron temperature and 
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electron density in the plasma [35]. C. Pan et al. combined LIPAA along with 
chemical etching to fabricate microfluidic channels on soda lime glass [36]. 

 

Figure 4.5. (a,b) Schematic illustration depicting LIPAA (a) laser ablation of the target material; (b) 
isothermal plume expansion and subsequent interaction with the glass substrate ; (c) cross-section SEM 
images of laser engravings on sapphire substrate at different pulse number; (d) magnified image depicting 
debris and accumulation [36]. 

  

4.1.3 Laser-induced backside etching 

Laser-induced backside (LIBE) etching works on a principle similar to 
LIPAA. However, in this case, the absorbing material is in contact with the 
backside of the transparent substrate. Based on the absorbing medium, the LIBE 
technique can be of two types: LIBDE or LIBWE, where DE and WE stand for 
dry etching and wet etching, respectively. In the LIBDE technique, the absorbing 
material is in the form of a metal film. In contrast, in the latter case, the 
transparent substrate is placed in contact with an absorbing liquid for the 
corresponding laser wavelength. Kwon et al. proposed a novel laser scanning 
method along with the LIBWE process avoiding the detrimental effect of bubble 
formation and geometrical error caused such as overlapping of scan lines and 
uneven laser irradiation distribution. The finally generated micro-structures 



142 Laser Micromachining of Bioresorbable Glass 

 
exhibited minimal shape errors and desired surface roughness [37]. Another study 
proposed an enhancement in the quality of the NIR laser based LIBWE of 
microstructures by adding phosphoric acid to the absorbent to prevent crack 
generation in the laser modification. As a result of phosphoric acid addition, the 
maximum machining depth could be increased fivefold, generating high aspect 
ratio micro-features, as shown in Figure 4.6.  

 

Figure 4.6. SEM images of LIBWE machined channels in soda lime glass substrate using copper sulfate 
absorbent solution with varying concentrations of phosphoric acid content [37].  

4.1.4 Infrared nanosecond laser processing of calcium phosphate 
glass 

The techniques presented so far enable surface modifications on transparent 
materials in a relatively inexpensive manner, being also more suitable for large-
scale fabrication. In this context, the study of the current thesis is focused on the 
use of an infrared nanosecond laser to perform surface modification. This type of 
laser processing is the cheaper and more viable option in an industrial scenario. 
Moreover, the laser employed in this work is a commercial model normally used 
for marking in production lines.  

The material used for processing is a Cu-doped bioresorbable calcium 
phosphate glass (CaPh). The CaPh glass has been developed by our research 
group over the last decade [38–40]. Its potential use in biomedical applications 
and its antimicrobial properties drove the research towards the study of 
microfabrication of this type of soft glass. The thesis work on this topic can be 
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divided into two phases: a fundamental and an application phase. In the first stage, 
a primary study was conducted to explore the laser induced modifications on the 
CaPh glass and to identify the suitable laser parameters for controlled fabrication 
of surface microfeatures in any desired pattern. In the second stage, appropriate 
laser parameters were used to fabricate high quality micro-optics on the anti-
bacterial and bioresorbable CaPh glass surface. The ability to generate precise 
micro-features such as scaffolds and micro-optics on the glass surface, coupled 
with the interesting application prospects offered by the fiber drawable phosphate 
glass system, can represent a step towards to add to the devices based on this glass 
functionalities towards in-vivo theranostics. 

4.2 Phosphate Glasses 

Before diving into the experimental aspects of phosphate glass modifications 
with laser, we’ll present an introduction to this material with an accent on its 

properties that will be useful to explain its behavior in the interaction with a laser. 
Glass systems based on silica matrix are the oldest and most common glass 
materials. Even though pure silica glass (fused silica) is available, silicate glasses 
generally have compounds such as soda, alumina, and potassium carbonate as part 
of the glass composition to increase their processability. These glasses represent 
the majority of manufactured glasses and have well-established applications in 
optics, fiber communication, construction, storage, and many more daily life 
applications. Even though silicate glasses are widely used, certain applications 
where characteristics like biocompatibility, resorbability and optical amplification 
demand better performance are pushing for specialty glasses [41–43]. Hence, 
research on alternative glass compositions is an active topic of interest to the glass 
community. 

 

4.2.1 Composition 

In the phosphate glass system, phosphorous pentoxide (P2O5) is the primary 
glass former. Similar to the case of silicate glasses, depending on the intended 
application, various oxide compounds can be added during the preparation stage. 
However, an interesting difference between the phosphate and silicate-based glass 
systems is in the melting point. In fact, while additional components are typically 
added for silicate glasses to reduce the processing temperatures, in phosphate 
glasses other components are mixed to increase the durability of the glass system 
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[44,45]. Indeed, phosphate glasses exhibit the distinctive property of complete 
dissolution in aqueous media, offering use in biomedical applications [46]. 
However, their dissolution rates can be tailored through the addition of oxides 
[47,48]. 

P-tetrahedron PO4 is the fundamental unit of the phosphate glass. The 
different properties of the resulting glass is primarily controlled by the number of 
bridging-oxygen atoms, which gives rise to the popular Qn terminology, as 
depicted in Figure 4.7(a), where n represents the number of bridging oxygen 
atoms per tetrahedron. The structure of phosphate glasses could be depicted 
through various arrangements of the tetrahedron shown in the Figure 4.7(b). The 
vitreous form of phosphate glass is formed by the Q3 groups where the  
bonds make the structure hydrophilic in the form of 𝑃 − 𝑂𝐻. In the presence of 
modifier oxides, 𝑃 − 𝑂 − 𝑃 bonds cleave to form 𝑃 − 𝑁𝐵𝑂, where the modifier 
cation link to the terminal oxygen. Depending on the quantity of the modifier 
oxide, the metaphosphate form with 𝑂/𝑃 ratio as 3 is reached (𝑀𝑃𝑂3 , where M 
is a modifier). In this phase, only the 𝑄2 form exists. As the modifier content 
increase, 𝑄2 changes to 𝑄1 to eventually cause depolymerization of the structure 
until the orthophosphate (𝑃𝑂4

3−) remains [49,50]. 

 

 

Figure 4.7. Representation of the building Qn units of the phosphate tetrahedron (a) and the corresponding 
matrix network based on differing O/P ratio [1]. 
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4.2.2 Applications of Phosphate Glass 

Silicate-based bioactive glasses have traditionally been used for orthopedic 
and dental applications [51]. However, they face major limiting factors such as 
high crystallization tendency, limiting their use in porous scaffold fabrication. 
Also, these glasses were found to have low biodegradability, an undesirable factor 
for use in medical applications [52,53].  On the other hand, phosphate glass can be 
prepared to have a chemical composition mimicking parts of the mineral bone, 
and as shown in  Figure 4.8 [54], they exhibit strong prospects for biomedical use, 
thanks to their biocompatibility and bioresorbable nature. A significant interest for 
phosphate glass involves their use in targeted tissue healing applications. The key 
benefit of phosphate systems is their regulated degradation rates, ion release, and 
cytocompatibility [55]. Apart from the variation of dissolution rates based on their 
composition, surface modifications were found to influence their dissolution rates 
to some extent [56]. 

Wettability and surface texture significantly influence protein adsorption or 
bacterial adhesion to a bioactive glass surface. In this approach, patternable 
surface texture could facilitate scaffolding by enabling the selective growth of a 
certain cell strain, such as organoids, while inhibiting the growth of potentially 
hazardous bacteria. Sol-gel-based bioactive glasses can be prepared with 
functional surface properties, besides the commonly available surface texturing 
techniques such as chemical etching, lithography, sandblasting, and 
electrochemical treatments [57–59]. In fact, they have micro-nano pores that 
increase surface area to better interact with the surrounding biological 
environment. However, compared to melt-quench synthesized glasses, sol-gel 
derived glasses exhibit significantly lower mechanical strength, which hinders 
their usability.  

Phosphate glass systems present as an interesting host for laser gain medium. 
Their relatively open structure allows large amounts of rare earth ions to be 
incorporated without any clustering effects [60,61]. Also, they are well suited as 
solid-state matrices for laser emission due to their large emission cross-section 
and low nonlinear refractive indices [62]. Due to their interesting properties, 
neodymium-doped phosphate glasses have been successfully used for crucial 
projects such as National Ignition Facility (NIF, USA) and the Shenguang project 
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(China). Furthermore, the possibility of fiber-drawing phosphate glass makes 
them interesting for fiber laser fabrication. Fiber laser technology has witnessed 
tremendous improvements in their efficient gain medium, innovative feedback 
loop based on Bragg gratings, and robust optical cavity. The high ionic solubility 
in the glass matrix supports reducing the device dimension for the same emission 
characteristics. 

 

Figure 4.8. (a) Phosphate fibers in the subcutaneous tissue of a male rat; (b) micrograph of the implanted 
fiber bundle extracted after 4 weeks [63]. 

 

4.2.3 Cu-doped antibacterial bioresorbable glass preparation 

Biofilm formation on the surface of phosphate glass could hinder their 
dissolution rate in an aqueous solution posing chemical and technological 
limitations and eventually compromising the biological device. Thus, 
bioresorbable devices that can release anti-bacterial ions would be necessary to 
avoid such functional compromise. 

The Environmental Protection Agency acknowledged copper as a metallic 
anti-microbial agent in 2008 [64]. Cu-doped materials provide interesting 
prospects and have seen a strong research interest for their use in bio-ceramics, 
biocomposites, biometallic materials, and bioactive glasses. Cu-doped phosphate 
glasses are an excellent platform for their use in biomedical applications, 
especially for implantable devices and bioscaffolds that can inhibit bacterial 
development and can support specialized cell cultures [65].  

Another important factor is the quantity of antimicrobial ions since large 
numbers could significantly impact the dissolution rates and other thermo-
mechanical and optical properties. Also, beyond a certain amount, the ions could 
be toxic to the surrounding tissues. 
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During this thesis work, the antibacterial glass was prepared using the 

conventional melt-quench technique, as shown in  Figure 4.9. The weighing and 
mixing of the high-purity oxide and carbonate powder reagents were performed in 
the dry box under 𝑁2 atmosphere to minimize the 𝑂𝐻− and impurity content 
during the glass preparation procedure. The weighed powder was then mixed 
overnight using an automatic mixing system to maintain the compositional 
homogeneity of reagents. The batched powder mixture was then placed in a quartz 
crucible. The quartz crucible was then heated to a temperature of 1200 ∘𝐶 for one 
hour under constant 𝑁2 flux, to ensure complete fusion and homogenization of the 
formed glass mixture. The melt was then cast onto a cold metal plate (melt-
quench) or a 8 mm diameter steel pre-heated mold. In case of the latter, it is 
important for the mold to be pre-heated to the precise temperature to prevent 
thermal stress formation in the final casted glass. Once cast into the final mold, 
the glass is annealed, which involves re-heating to the glass transition temperature 
𝑇𝑔 = 443∘𝐶 , and then stabilized at that temperature to release the generated 
internal thermal stress during the melt-quench procedure. The annealing was then 
performed at about the glass transition temperature for about 5 ℎ and was 
eventually cooled down to room temperature. 

 

Figure 4.9. Schematics of the melt-quench technique from powder making to casting. 

 

 The molar composition of the Cu-doped CaPh glass used in this work is as 
follows (composition in 𝑚𝑜𝑙%): [(50 𝑃2𝑂5 − 25𝐶𝑎𝑂 − 8𝑀𝑔𝑂 − 11.5𝑁𝑎2𝑂 −

2.5𝐵2𝑂3 − 3𝑆𝑖𝑂2 )𝑥 −  (𝐶𝑢𝑂)𝑦, with 𝑥 = 1, when 𝑦 = 0 and 𝑥 = 0.99 when 
𝑦 = 1. Figure 4.10 shows the prepared Cu-doped and undoped CaPh glass discs, 
obtained from the glass rods. 
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Figure 4.10. Circular disk-shaped samples of undoped (white) and Cu-doped (blue) calcium phosphate 
glasses, obtained from their corresponding glass rods. 

 After providing a brief introduction on various available techniques for glass 
processing, composition and application of phosphate glasses, the following 
sections focus on the obtained results and discussions based on nanosecond laser 
micromachining of the bioresorbable calcium phosphate glass fabricated by our 
research group.  

4.3 Glass Characterization 

After the glass fabrication, a primary optical and thermal characterization of 
the glass was performed. As previously mentioned, silicate glasses require either 
UV or nonlinear optical interaction, resulting in absorption and substrate 
modification. An understanding of the UV-to-NIR absorption by the glass system 
would help to determine the feasibility of laser processing at 1064nm. This is an 
important factor towards laser modification of glass in a precise and controlled 
manner using the optimal laser processing parameters. UV-VIS-NIR absorption 
spectroscopy was performed on both the Cu-doped and undoped glass substrates. 

Figure 4.11 represents the UV-VIS-NIR absorption spectra of both glass 
samples. The undoped calcium phosphate glass does not absorb appreciably in the 
NIR wavelength. However, introducing the copper metal ions into the phosphate 
glass matrix would essentially reduce the bandgap. The enhanced absorption at 
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the infrared wavelength could be attributed to the 𝐶𝑢2+ ions in the octahedral 
coordination and facilitating intra-configuration 𝑑 − 𝑑 transitions [66,67]. The 
NIR absorption for the doped glass in  Figure 4.11 is coherent with the above 
explanation. The absorption characteristics of the doped glass confirms the 
possibility of processing the Cu-doped CaPh glass with the IR (1064𝑛𝑚) 
nanosecond (ns) laser mentioned in this work. As for any glass system, the UV 
absorption edge is visible in the absorption spectra for both phosphate glasses. 
However, this thesis’s work has focused on the possibility of using an industrial 

laser system to fabricate microstructures on the glass surface, compared to more 
expensive UV ns or ultrafast laser systems. 

 

Figure 4.11.  UV-VIS-NIR absorption spectra of the undoped and Cu-doped calcium phosphate glasses. 

 

Choosing the right composition of the glass system is pivotal for its intended 
performance. Our research group has been working towards optimizing the 
phosphate glass composition for various optical and biomedical applications. As a 
result, the thermal analysis of the fabricated glass has been previously performed.  
Figure 4.12 shows the DTA analysis curve of the different antibacterial ion doped 
CaPh glasses. In the case of Cu-doped glass, the glass transition temperature (𝑇𝑔) 
is 443 ∘𝐶, whereas the undoped CaPh has a 𝑇𝑔 of 437 ∘𝐶 with an error of ±1 ∘𝐶. 



150 Laser Micromachining of Bioresorbable Glass 

 
The metal ion doping does not cause a major change in the glass transition 
temperature. Therefore, a combination of improved NIR absorbance along with 
glass transition temperature below 500 ∘C would make it possible for laser 
ablation of the glass through a linear absorption mechanism at a wavelength of 
1064 𝑛𝑚, corresponding to the laser emission. 

 

Figure 4.12. DTA curves of the bioresorbable phosphate glass with 1 mol% doping of different antibacterial 
metal ions. The shaded area represents Tg of the glasses. 

 

4.4 Surface modification of Cu-doped CaPh glass 

As a first step, the minimum required average laser power to cause visible 
modification on the glass substrate was determined. A pulsewidth of 4 𝑛𝑠 was 
fixed throughout the study to minimize the thermal effects and the HAZ [68], 
taking a cue from the optical and thermal characteristics of the glass previously 
discussed. Also, the pulse repetition rate (PRR) and the laser scan speed were 
fixed at 20 𝑘𝐻𝑧 and 3 𝑚𝑚/𝑠, respectively. As reference geometry, single scan 
lines were drawn on the glass surface to study the effect of the laser parameters on 
the surface modification. 

An interesting feature was observed on inspection of the laser generated 
modification under optical microscope, as shown in Figure 4.13. At the power of 
laser operation, unlike the more common laser-induced effects [69], material 
removal did not occur in the laser interaction with the Cu-doped CaPh glass. On 
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the contrary, micro-protrusions were observed above the reference glass surface, 
all along the laser scan path. The formation of such micro-protrusions are 
previously reported in a few materials that experience a positive temperature 
coefficient of surface tension 𝑑γ/𝑑𝑡, also known as the Inverse Marangoni effect 
[70,71]. 

 

Figure 4.13. Micrographs of the laser modification on the CaPh glass at the same region but different focal 
planes. (a) focus on the laser modification above the glass surface; (b) focus on the unmodified glass surface. 
The scale bar represents 50 µm. 

 

 

The laser pulse has a Gaussian profile at the focal spot, as shown in  Figure 
4.14(a,b). Therefore, beyond the minimal energy to cause glass melting, the 
gaussian distribution would invariably generate the highest temperature at the 
center of the focal spot/molten pool. Simultaneously, the positive 𝑑γ/𝑑𝑡 would 
result in the highest surface tension at the center of the molten pool. Hence, the 
temperature gradient would cause a radially inward flow of the glass melt towards 
the spot center, as depicted in Figure 4.14(c). Due to the volume constraint, the 
melt collected at the center rises upward, resulting in a micro-protrusion. Also, an 
inward recoil pressure effect exists due to the rapid vaporization of the melt as a 
result of the highest temperature at the center of the Gaussian [72]. To observe the 
micro-protrusion, the radial inward flow must overcome the recoil pressure effect 
that forces the rising liquid meltdown. 
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Figure 4.14. (a) Representation of the laser intensity distribution at the focal plane (colorbar represents 
normalized intensity); (b) plot of normalized intensity along the focal spot cross-section; (c) mechanism of 
the micro-protrusion formation: (i) laser energy transfer and melt formation; (ii) inward melt flow leading to 
uoward expansion; (iii) resulting micro-protrusion on rapid cooling. 

  

For a limited range of parameters, controlled surface modifications can be 
accomplished for laser interaction with materials. Since the pulsewidth is longer 
than the electron-phonon interaction timescale, the thermal effects play a 
significant role dominating the process dynamics [73]. Therefore, it has become 
crucial to determine the ideal laser parameters to limit undesirable effects such as 
HAZ and thermally generated fissures in glass materials. 

4.2.4 Characterization of glass with laser parameters 

Average power and laser scan speed were set as the dynamic parameters to 
study their influence on the resulting modified surface features.  Figure 4.15 
shows the phase contrast micrographs of laser modified scan lines at increasing 
average power at a constant scan speed of 3 𝑚𝑚/𝑠. The micro-protrusions begin 
to appear from an average power of 16 𝑊. From the figure, it is observed that the 
modification width increases with average laser power. The low power 
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modification presented irregular edges, whereas at the highest power of 20 𝑊, a 
crack formation was observed. On the other hand, a relatively clean modification 
was observed at an average power of 18 𝑊 as seen in  Figure 4.15(c).  

 

Figure 4.15. Micrographs of the laser modifications at varying average power at a fixed scan speed of 3 
mm/s (a) 14 W; (b) 16 W; (c) 18 W; (d) 20 W. Scale bar represents 50 μm. 

 Figure 4.16 shows the height and width of the protrusions generated at different 
laser average power, measured by the contact profilometer. Increasing average 
power at constant PRR implies greater pulse energy, resulting in greater melt 
formation and enhanced fluid flow towards the Gaussian center, thus increasing 
the height and width of the modifications. The unevenly distributed and random 
crack formation can be attributed to the thermal stress generated due to excessive 
heating and cooling in a rapid manner [74]. At this point, it is worth mentioning 
that the Inverse Marangoni based effect would inherently minimize the HAZ 
generally observed with nanosecond laser glass modification. Therefore, the sides 
of the laser modified regions are free of thermal effects such as HAZ and thermal 
melt effects. 
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Figure 4.16. Plot representing surface modification characteristics at varying laser average power and a fixed 
scan speed of 3 mm/s. 

 

   Figure 4.17 shows the 3D and cross-section profilometer image of the laser 
scan line written at an average power of 19 𝑊. The 1D cross-sectional view 
clearly depicts the Gaussian nature of the pulse. 

 

Figure 4.17. 3D surface view of the laser modification generated at 19 W and 3 mm/s obtained from the 
profilometer (a) and cross-section view of the same (b). 

 

Following the study on the influence of average laser power on surface 
modifications, laser scan speed was varied to study its effect on the topography. 
More pulse deposition occurs per spot for lower scan speeds at a constant PRR. In 
this study, the scan speed was varied between 1,3,5 𝑎𝑛𝑑 7 𝑚𝑚/𝑠.  Figure 4.18(a) 
shows the plot of microstructure width and height against laser scan speed at a 
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constant average power of 19 𝑊. The width and height of the features steadily 
decrease with scan speed as fewer pulses per spot are deposited. The micrographs 
of the laser modification are reported in  Figure 4.18(b,c,d). As expected, crack 
formation was evident at slow speed of 1 𝑚𝑚/𝑠 because of greater energy 
deposition. The laser scan speed of 3 𝑚𝑚/𝑠 at 19 𝑊 was determined to be 
optimal for fabrication of microfeatures. 

 

Figure 4.18. (a) Plot representing height and width of the laser modifications at different scan speeds and a 
constant average power of 19 W. Micrographs of the same laser modifications at a scan speed of (a) 1 mm/s; 
(b) 3 mm/s and at (c) 5 mm/s. 

 

Following the characterization of surface modification with laser parameters 
of average power and scan speed, an optimal processing regime is defined, 
considering both parameters. This provides a complete characterization for 
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controlled surface modification devoid of cracks and undesired thermal effects. 
Here, we also describe in terms of the more commonly used parameter of laser 
fluence (𝐹), given by the following, 

(1) 

(2) 

where 𝐸𝑝 is the pulse energy, 𝐹𝐴 represents the focal area, 𝑃𝑎𝑣𝑔 is the average 
power, and 𝑃𝑅𝑅 is the pulse repetition rate.  Figure 4.19 represents the plot with a 
defined region of optimal processing parameters. 

 

Figure 4.19. Optimal IR ns-laser processing region (green) of the Cu-doped calcium phosphate glass at a 
PRR of 20 kHz. 
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The laser modifications performed at non-ideal processing parameter range 

had chances of either cracking or no modifications.  Figure 4.20(a,b) shows the 
laser modifications performed at the parameters of (17 𝑊, 1 𝑚𝑚/𝑠), and 
(19 𝑊, 2 𝑚𝑚/𝑠) respectively. The modifications show micro-crack formations 
around the laser processed region. Therefore, optimal processing parameters 
provide the means for advanced patterning complex surface textures for functional 
surfaces.  

 

Figure 4.20. SEM images of laser modified phosphate glass surface with non-ideal processing parameters. 

To demonstrate the ability to use an optimal parameter for a clean surface 
processing, we demonstrate the texturing of the glass surface in a grid pattern at 
an average power of 17 𝑊, at a scan speed of 2 𝑚𝑚/𝑠, well within the optimal 
processing regime of  Figure 4.19.  Figure 4.21 shows the SEM and profilometer 
images of the grid pattern. Surface features with an average height of  ∼ 7 μ𝑚 
could be obtained. The laser texturing technique therefore provides a powerful yet 
inexpensive approach for the Cu-doped bioresorbable glass modification with a 
strong prospect for in-vivo medical applications. These microstructures could be 
used as cell scaffolds or to enhance antibacterial properties of the glass surface by 
increasing the effective area. 
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Figure 4.21. (a) SEM image of the cross-pattern written at a fixed laser average power of 17 W and 2 mm\/s; 
(b) 3D surface view of the same obtained from the profilometer analysis. 

  

4.5 Fabrication of micro-optics on Cu-doped CaPh glass 

In the following sections, the application of laser patterning on the glass is 
demonstrated through the fabrication and characterization of microlenses and 
diffraction gratings on the glass surface. The feasibility of leaving behind the 
biomaterial after the intended function strengthens the possibility towards the 
fabrication of microfluidic and micro-optical devices for theranotics [75,76]. In 
recent years, there has been a tremendous research interest in biopolymers and 
natural silk as an alternative to bioresorbable glass materials [77,78]. Biopolymers 
have been previously used to fabricate optical components. Still, hydrogels have 
become a viable biopolymeric material thanks to their properties such as 
reversible volume change and analyte-specific structural modifications [79,80]. 
However, some of the common hydrogels, including polylactic and polyglycolic 
acids, have the potential to degrade into dangerous crystalline particles, hindering 
their bioresorbability [81]. On the other hand, natural silk fiber offers good 
biocompatibility and superior mechanical property. Amongst various silk 
materials for deep tissue light delivery is best demonstrated by spider based 
spidroin protein [82]. Nonetheless, obtaining spider silk in large quantities for 
industrial-scale production is difficult.  

Fabrication of micro-nano features on biomaterials offers a variety of 
applications, such as in-vivo imaging, sensing, and optical manipulation [83,84]. 
The common approach to fabricating these structures uses complex techniques 
such as lithography, ultrafast laser micromachining, hot embossing, and 
nanoimprinting, to name a few [85,86]. However, this study work offered an 
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inexpensive alternative to such complex surface processing techniques through a 
single-step direct fabrication of micro-optics on the Cu-doped bioresorbable glass 
substrate. The generated micro-optics can be finely tuned with respect to their 
shape and size and are free from the impact of HAZ and other thermal effects. 
Firstly, their optical characterization demonstrates the feasibility of fabricating 
micro-optics. 

4.5.1 Morphological and topographical analysis 

Micro lenses were fabricated by fixing the laser focal spot at a single location. 
The pulse deposition time was set at 1 𝑠 throughout this study and therefore, 𝑃𝑅𝑅 
decides the number of pulses per spot. In the case of the diffraction grating, the 
focal spot was scanned at 3 𝑚𝑚/𝑠. The 𝑃𝑅𝑅, average power and the spacing 
between scan line were set at 23 𝑘𝐻𝑧, 13 𝑊and 40 𝜇𝑚, respectively. 

 Figure 4.22 shows the SEM images of the microlens and diffraction gratings 
on the Cu-doped phosphate glass. The fabricated features do not show any evident 
defects that could harm the optical performance. As discussed, the rapid melt 
formation and cooling mechanism and the Inverse Marangoni flow results in the 
final microstructures. At this point, it is worth highlighting that the single step 
direct fabrication is advantageous, particularly compared to the usually adopted 
approach where a primary modification is performed by the appropriate surface 
modification technique, such as ultrafast laser modification, followed by a 
secondary process such as thermal reflow or wet etching [87].  

The feature size can be varied with the PRR due to greater melt pool 
formation due to enhanced thermal effect as shown in  Figure 4.22(c), where PRR 
is varied between 20 and 23 𝑘𝐻𝑧 at an average power of 11 𝑊. However, Figure 
4.22(d) shows the SEM images of the microfeatures fabricated at an average 
power of 16 𝑊 at a 𝑃𝑅𝑅 of 20 𝑘𝐻𝑧. Even though the 𝑃𝑅𝑅 is relatively low, the 
increased pulse energy cause a slight depression at the tip of the microstructure, 
resembling red blood cells. This observation is attributed to the effect of the rapid 
vaporization induced recoil pressure at increased pulse energy which forces the 
liquid to melt at the gaussian center inward, and hence the depression. 
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Figure 4.22. SEM images of the micro-optical structures on the Cu-doped CaPh glass: (a,b) 1D diffraction 
gratings at different magnifications; (c) microlenses fabricated at average power of 11 W and varying PRR of 
20 kHz (above row) and 23 kHz (below row); (d) tilted view of the micro-features with a dip on the tip 
written at 16 W and 20 kHz. 

 

In agreement with the SEM images, the 3D profilometer image shows the 
smooth and regular optical features depicted in Figure 4.23(a,c). Interestingly, for 
the microfeatures, the average power could control the shape and size of the 
microlens.  Figure 4.23(b) shows the profilometer trace of the microlens generated 
at fixed PRR of 20 𝑘𝐻𝑧 at varying average power. As for the further studies on 
the 𝑃𝑅𝑅 is fixed at 20 𝑘𝐻𝑧. The height and diameter of the microlens increased 
up to 12 𝑊, beyond which the height and width showed a negative correlation, as 
observed for 14 𝑊. This trend is due to the recoil pressure effect. The tunability 
of microlens features in a single step process on the same substrate would be 
advantageous for compact optical system with tunable imaging properties [88,89].   

 Figure 4.23(c) shows the profilometer image of the diffraction grating on the 
glass surface written at an average power of 13 𝑊. In this case, the moving laser 
beam causes the glass beam formation along the laser scan path. As shown in 
Figure 4.23(d), the gratings had a pitch of  and height of about 
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. The obtained features confirm the ability to achieve tunable and precise 

micro-optical devices on a bioresorbable calcium phosphate glass using the 
nanosecond IR laser. 

 

Figure 4.23. 3D and cross-sectional view of the micro-features generated by the profilometer: (a) microlens 
fabricated at 12 W; (b) 1D trace of microlens fabrication at different laser average power; (c) 3D image of the 
diffraction gratings; (d) corresponding 1D cross-section of the same. 

 

4.5.2 Optical characterization 

The final step to assess the functionality of the micro-optic devices was the 
optical characterization.  Figure 4.24 depicts the optical set-up used to determine 
the focusing performance of the microlens array (MLA). As depicted in the figure, 
an optical mask comprising the letter ‘A’ was fabricated on a transparent soda 

lime glass substrate. The mask was inserted in between MLA and the illumination 
source below. The former was placed on a translation stage which was then 
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moved along the illumination axis to determine the focal length of the fabricated 
MLA. The focused image of the mask was then captured by an objective coupled 
to a CCD. 

 

 

Figure 4.24. Illustration of the set-up used for the optical characterization of the MLA. 

 

 Figure 4.25(a,b) represents the corresponding images of the MLA and the 
images mask ‘A’, as captured by the CCD. The laser fabricated microlens 

exhibited excellent uniformity along with good focusing performance. As 
previously mentioned, the direct laser fabrication technique allows tuning the 
microlens features and hence the focal length on a single substrate.  Figure 
4.25(c,d) demonstrates the ability to both pattern and tune the microlens by 
fabricating their shape as ‘S’, ‘A’, and ‘T’, wherein each pattern was written at a 
different average power of 12,13 and 14 𝑊 respectively. In Figure 4.25(c), the 
mask is focused by the microlens belonging to the letter ‘S’, whereas in Figure 
4.25(d), the micrograph taken on a different plane shows the focused mask by the 
microlens belonging to a pattern of letter ‘T’. This clearly demonstrates the multi-
focal imaging performance on a single platform, an interesting aspect for 3D 
imaging optics. 
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Figure 4.25. Optical micrographs of (a) MLA; (b) mask ‘A’ imaged by the MLA; (c,d) mask imaging 

performance of the patterned MLA, where each microlens letter pattern has a different focal length Scale bar 
represents 100 μm. 

  

The focal length of the fabricated microlens were then measured 
experimentally. To measure the focal length, the distance between the microlens 
based on the glass surface and the focal plane was considered. 

 

4.5.3 Shape tunable microlens   

An interesting aspect of the microlens fabricated in this work involves shape 
tunability with variation in the average laser power. The geometric feature 
dependence on average laser power was previously discussed using image Figure 
4.23(b). Specifically, the microlens shape could be tuned between the more 
commonly fabricated spherical microlens at higher average power. And the 
hyperbolic shape was obtained at a lower average power of 10 and . 
Hyperbolic microlens receives special interest in optics due to their ability to 
overcome spherical aberration and achieve improved imaging performance 
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[90,91]. However, the hyperboloid microlens are challenging to achieve through 
the common fabrication techniques involving thermal reflow or chemical etching, 
which inherently render a spherical profile. 

Figure 4.26 represents the profilometer trace of the microlens with a fitting of 
an ideal hyperbolic line following the below equation, 

(3) 

where 𝑎 and 𝑏 are the hyperbolic profile parameters with the appropriate values 
given by: (a) ; (b) . The figure shows that the 
hyperbolic profile fits well with the measured profilometer trace. The resulting 
focal length can be calculated using the below relation: 

 

(4) 

where 𝐹 represents the focal length, 𝑟, and ℎ are the lens radius and height, 
respectively and n is the refractive index of the calcium phosphate glass, 
experimentally determined as . 

 

 



4.5 Fabrication of micro-optics on Cu-doped CaPh glass 165 

 

 

Figure 4.26. Hyperbolic line fitting to the profilometer measured lens profile fabricated at (a) 10 W and (b) 
11 W. 

 

Similarly, in the case of the spherical microlens generated at higher average 
power, the plano-convex lens formulation of the following form was used: 

 

(5) 

The calculated and experimentally measured focal length of all the fabricated 
microlens at varying laser average power is depicted inFigure 4.27. The focal 
length of the fabricated microlens could be tuned from  to , which 
makes it interesting for in-vivo optical diagnosis applications. An interesting 
observation regards the relatively larger deviation between the estimated and 
experimental focal length values of the microlens fabricated at 14 𝑊. 
Additionally, the focusing performance of the microlens is relatively poor, in 
terms of image sharpness as previously demonstrated in Figure 4.25(d). This 
effect could be attributed to the deviation from the ideal spherical nature of the 
microlens due to the recoil pressure effect that generates a depression at the tip of 
the microstructure. Therefore, the 14 W modification acts as the upper limit to 
obtain microlenses of reasonable good performance. 
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Figure 4.27. Calculated and experimental focal length values of the microlens fabricated at different laser 
average powers. 

  

In Figure 4.28(a), a collimated diode laser beam is diffracted by the gratings 
on the CaPh glass, while the optical power of the appropriate diffraction order is 
measured by the power meter. The higher order diffraction patterns are easily 
recognizable and exhibit an excellent diffractive characteristic, as seen in the 
Figure 4.28(b). It should be noted that the groove spacing decides the spatial 
propagation of the diffracted wavefront. The spatial properties of the diffraction 
pattern can therefore be tuned based on the spacing between the laser scan lines 
during the fabrication. Additionally, the optical performance of the fabricated 
gratings was quantitatively assessed by determining the diffraction efficiency, 
which is provided by the following relation: 

 

(6) 
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where  is the optical power measured at the mth order, while  is the input 
optical power. The diffraction efficiencies measured for the first, second, and third 
order were  and , respectively. 

 

Figure 4.28. (a) Diffraction pattern generated from the Cu-doped CaPh glass with an input from a fiber fed 
collimated laser beam (660 nm) used for experimental measurement; (b) Close range image of the resulting 
diffraction pattern. 

  

4.6 Dissolution characteristics 

The dissolution characteristics of the fabricated laser microstructure were 
studied by immersion in PBS solution (pH=7.4). For the dissolution experiments, 
microlens features fabricated at an average power of 10.5 𝑊 and a PRR of 
20 𝑘𝐻𝑧 was considered, and the topography was analyzed with dissolution time, 
as shown inFigure 4.29. In agreement with previously reported results, the 
microlens’ height decreased by about  [92]. However, since the cross-
sectional diameter of the microlens is not uniform with the height, a specific rate 
cannot be defined. Another interesting aspect is that a preferential dissolution 
occurs along the laser modified region compared to the pristine glass surface. 
Hence, the rate of dissolution along the laser-modified region proceeds faster. 
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Figure 4.29. 1D profilometer trace of the microlens generated at an average laser power of 10.5 W taken at 
different dissolution time intervals in PBS solution. 

  

The hydrolysis of the glass modifier cation, which fills the gap between 
[𝑃𝑂4] units, is a crucial element in the phosphate glass dissolution. According to 
our research groups previous investigation on the dissolution dynamics of the 
CaPh glass which begins with the hydrolysis of the modifier cation, the 
dissolution in aqueous solution is further sustained by the bonding of the hydroxyl 
group to the phosphate network [93]. The bridge can be broken down 
to the form , or through cation chain breakage 
as in , where M is the modifier 
cation. The de-polymerization of the glass network caused by the cleaving of the 
𝑃 − 𝑂 might be the reason for increased dissolution rate of laser modified region. 
Figure 4.30(a,b) shows the 3D profilometer images of the preferential etching at 
the laser modified region after 72 ℎ𝑟𝑠 immersion in the PBS solution. 
Interestingly, the laser modifed region could be etched to remove a depth of about 
3 μ𝑚 in a timescale of about 72 ℎ𝑟𝑠. This demonstrates the ability of laser 
processing to generate both positive and negative dimensional structures in the 
doped CaPh glass. 



4.6 Dissolution characteristics 169 

 

 

Figure 4.30. 3D profilometer images of the preferential etching on the laser modified region after immersion 
in PBS (pH=7.4) for a total time of 72 hrs. 

Finally, in addition to the bioresobability of the glass system, the anti-
bacterial property is also present due to the 𝐶𝑢+ ions. A multifunctional capability 
in both diagnostics and the distribution of therapeutic drugs or ions upon 
dissolution after the intended optical functionality would all be simultaneously 
fabricated on a Cu-doped CaPh glass. This study also combines the control of 
positive or negative volume modifications on the Cu-doped glass surface to 
fabricating shape and dimension tunability of the micro-optics, all in a single-step 
fabrication procedure. Furthermore, the fabrication process is affordable, relying 
on an industrial grade nanosecond laser system. A potent combination of precision 
surface texturing on the glass surface with fabrication of micro-optics could 
combine the biomedical applications of scaffold fabrication for tissue engineering 
along with in-vivo optical imaging and focusing performance for minimally 
invasive diagnostics and treatment.  
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 Chapter 5 

Polymers: Laser Induced 
Graphene 

5.1 Graphene: A Brief Introduction 

Graphene has been receiving prime attention in the past couple of decades in 
scientific research. This allotrope of carbon has a 2D arrangement of carbon 
atoms. As a 2D material, graphene possesses multiple desirable functional 
properties, such as good electrical conductivity, thermal conductivity, mechanical 
stability, and biocompatibility, to name a few.  Another interesting property of 
graphene is its zero bandgap, as shown in Figure 5.1. The planar carbon atoms 
share 𝑠𝑝2 electrons with their neighboring three members. Perpendicular to the 
𝑠𝑝2 hybrid orbitals, there exists 2𝑠𝑝 orbitals which have delocalized π bonded 
electrons that contribute to electrical conductivity [1]. Furthermore, the 𝑠𝑝2 
hybridization forms a strong binding, hence the high mechanical strength. 
Specifically, the unique electronic properties in combination with good 
mechanical stability has resulted in enhanced interest for their application in the 
field of electronics for integrated circuits as electrodes and sensors [2]. Moreover, 
its high surface area and the possibility to functionalize with selective chemical 
groups provide an efficient platform to detect adsorbed molecules, especially for 
biosensing. Recently, apart from graphene, graphene oxide (GO) has also been 
receiving interest for a variety of reasons. The oxygen functional groups make GO 
polar and therefore excellent dispersibility in a variety of solvents. Additionally, 
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the oxygen functional groups can serve as reactive sites for functionalization of 
GO. Eventhough, GO does not conduct well, the reduced form of GO conducts 
well enough for it to mimic applications of graphene, such as in strain and gas 
sensing. Moreover, GO has the advantage of possibility for large scale production 
at relatively low cost when compared to graphene. 

 
Figure 5.1. Lattice structure and associated band diagram of graphene, graphene oxide, and reduced graphene 
oxide [3]. 

   

5.1.1 Applications Using Graphene/Graphene oxide 

The interest surrounding graphene is primarily due to the possibility of 
employing this single material for various applications. Herein, some of the many 
applications of graphene are briefly mentioned. 

 

  Graphene Field-Effect Transistor 

The band structure of graphene renders it a semiconductor with zero bandgap. 
Interestingly, the carrier density of graphene could be tuned based on the applied 
gate voltage. This property of graphene makes it an able competitor to the most 
popular semiconductor material, i.e., silicon. Besides the zero bandgap, in 
comparison to silicon, the charge carriers can travel much faster without 
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interaction with surrounding atoms or defects. Therefore, they are an ideal 
candidate for field-effect transistor fabrication, as shown in Figure 5.2, with 
switching speeds of more than twice the current silicon-based transistors [4]. 
Also, the switching speed remains significantly high even at high carrier densities. 
Along with electrical conductivity, the thermal conductivity of graphene would 
make it ideal for dissipation of excess heat generated in electronic components 
[5]. 

 

Figure 5.2. Illustration of a Graphene-FET functionalized by a pyrene-conjugated peptide probe binding to a 
bacterium surface [6]. 

 

Gas Detection 

Molecular adsorption on graphene layers modifies the conductance/resistance 
of the material in a significant manner. Once adsorbed, the gas molecules could 
create scattering centers leading to a fluctuation in charge transport properties. 
Apart from the sensing property by itself, the long mean free path of the charge 
carriers sets graphene apart from traditional solid-state devices where the inherent 
thermal noise acts as a barrier towards single molecule level detection. The carrier 
density of graphene-based gas sensors linearly increases with adsorption 
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providing a predictable trend up to saturation wherein the sensor property can be 
restored by thermal annealing, causing desorption of the gas molecules [7]. 

Biosensors 

The biocompatibility, high surface area, and enhanced signal response of 
graphene-based materials make them an ideal candidate for detecting 
biomolecules such as DNA, antibodies, and proteins, as shown in Figure 5.3[8]. 
The conjugated graphene structure is ideal for electron transfer from the bio-
receptor molecules resulting in high sensitivity. Also, the members of the 
graphene family are efficient quenchers for fluorescent molecules compared to 
metals. That is especially interesting for studying protein interactions and 
biomolecular level changes. However, the graphene property such as layer 
numbers, functionalization, and oxidation state would dictate the selectivity 
towards the bio-receptor molecules. 

 

Figure 5.3. Schematics of a graphene based sensing platform demonstrating potential applications in 
detection of biomolecules, organic molecules, microbial cells and nanoparticles [9]. 
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5.1.2 Graphene Preparation 

Graphene and its related forms can be produced through various techniques, 
as illustrated in Figure 5.4. These multiple approaches offer specific advantages in 
terms of quantity, quality, and cost. The single application requirements drive the 
choice of the most appropriate fabrication technique. 

 

Exfoliation 

This method for graphene preparation can be broadly classified into 
mechanical and chemical exfoliation methods. The former approach is suitable for 
generating high-quality graphene, especially for research purposes. In mechanical 
exfoliation, the Van der Waals attraction forces between adjacent layers of bulk 
graphene structure are overcome by the applied mechanical force. However, the 
yield is relatively low, so it is not suitable for large-scale production. Common 
mechanical techniques include micromechanical cleavage, sonication and ball 
milling [10,11]. 

In the case of chemical exfoliation, the yield is relatively higher and is 
feasible for large-scale production. Common techniques include liquid-phase, 
electrochemical, and supercritical fluid exfoliation. However, the disadvantage of 
this technique lies in the low quality of prepared graphene in terms of oxidation, 
defects, and inhomogeneous nature [12]. 

 

Chemical Vapor Deposition 

 Large graphene sheets can be produced through electrochemical deposition 
of graphene onto transition metal substrates such as copper and nickel. This 
occurs through the simple thermal decomposition of hydrocarbons on the metal 
surface [13]. To be used for electronic sensing or flexible substrates, the graphene 
must be transferred on substrates such as 𝑆𝑖𝑂2 and 𝑆𝑖𝐶. After linking of generated 
graphene to polymers such as PMMA and PDMS, the transfer can be performed 
by wet etching of the substrate metal and the transfer of the graphene onto the 
target. Eventually, the polymer can be removed in acetone. Recent advancements 
in this technique yield graphene with remarkable electronic properties. 
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Figure 5.4. Schematic illustration of different graphene production techniques [14]. 

  

Reduction of Graphene Oxide 

Bulk production of graphene is a current hot research topic towards a more 
scalable fabrication process. Amongst different available methods, graphene oxide 
(GO) reduction is considered the most feasible method. GO intrinsically contains 
hydrophilic functional groups. The oxygen-containing functional groups, such as 
hydroxy, carbonyl, and carboxy groups, are removed to provide the intrinsic 
properties of graphene, especially in terms of electrical conductivity. Therefore, 
reduced graphene oxide (rGO) quality is generally assessed through electrical 
conductivity measurements. The different approaches to generating rGO are 
briefly described below: 

  

• Chemical: The most widely used chemical reduction method involves the 
use of hydrazine monohydrate (𝑁2𝐻4. 𝐻2𝑂). rGO prepared using this 
approach most closely resembles pristine graphene. Other chemical 
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alternatives include using catalysts such as aluminium and zinc in acidic 
environments and organic solvents like DMF and alcohols [15]. 

 

• Photoreduction: Plasma and photocatalysis methods are two major 
mechanisms of photoreduction of GO. In the case of plasma-mediated 
reduction, multiple mechanisms were suggested, such as rupturing of 
oxygen functional groups through collision with ions. The released oxygen 
ions form oxygen molecules through covalently binding with other oxygen 
species. Another possibility involves the formation of nitric oxide (𝑁𝑂) 
Through reaction with atmospheric nitrogen and oxygen. The NO further 
reacts with oxygen functional groups to form 𝑁𝑂2 and rGO [16]. On the 
other hand, photocatalysis mainly involves the generation of radicals and 
electron-hole pair, which cause the reduction of GO, as illustrated in  
Figure 5.5[17]. 

 

Figure 5.5. Schematic illustration of photoreduction process of graphene oxide where CdS nanoparticle 
provided electrons for reduction under visible-light radiation [18]. 

  

 



5.1 Graphene: A Brief Introduction 187 

 
• Thermal: This approach involves the removal of oxygen functional groups 

as 𝐶𝑂/𝐶𝑂2 gas at different annealing temperatures. The removal occurs in 
the order of intercalated water molecules followed by carboxyl groups and 
eventually epoxide groups at high temperatures of about 1000∘ 𝐶 [19]. 
Microwave has also been used to rapidly reduce rGo [20]. Nonetheless, 
the removal mechanism is similar to the thermal annealing case. 

This chapter uses a photothermal approach based on pulsed laser interaction to 
generate rGO from a polymer material (polyimide). A more detailed description is 
provided in the following sections. 

5.1.3 Laser Induced Graphene 

Laser induced graphene is a relatively recent technique and was first 
demonstrated in 2014 using a 𝐶𝑂2 laser to photothermally transform commercial 
polyimide (PI) into rGO [21]. This technique has garnered tremendous attention 
from this initial demonstration due to its ability to to possess different 
functionalities such as piezoresistive, biosensing, gas sensing, and many more, 
resulting in a truly multifunctional nature with excellent mechanical, electrical, 
and thermal properties. 

The flexibility in fabrication offered by laser processing in terms of the ability 
to pattern makes it possible to print the laser induced graphene (LIG) onto any 
substrate for the intended functionality, either for physical/chemical sensing or to 
improve the mechanical strength. In a single fabrication step, this technique 
combines large-scale patterning without the need for a clean-room environment, 
wet chemical treatment, or toxic solvents. Consequently, this technique has 
stimulated interest in fundamental and applied research areas. The application of 
LIG forms a substantial set, ranging from chemical sensing of analyte molecules 
such as glucose and dopamine, gas sensing to energy storage devices and speech 
recognition systems [22–25]. 

Depending on the interacting laser wavelength, the formation mechanism can 
be either photochemical or photothermal [26] in the case of infrared and visible 
laser wavelengths. In the infrared wavelength, 𝐶𝑂2 laser (10.6 µm) remains the 
most popular choice for LIG formation. In photothermal ablation, due to the low 
photon energy, insufficient to directly break atomic bonds, absorbed light is first 
converted to thermal energy which enables the carbonization of the polymer 
material. The transformation involves thermal induced breaking of the 𝐶 − 𝑁 
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bonds in the polymer chain and conversion of 𝑠𝑝3 hybridized carbon atoms to 𝑠𝑝2 
hybridization, along with the formation of side products such as 𝐶𝑂, 𝐶2, 𝐶𝑁 AND 
𝐻𝐶𝑁, as shown in Figure 5.6[27]. 

 

Figure 5.6. Mechanism of formation of LIG. Chemical structure of polyimide film (a) before and (b) after 
ablation process [28]. 

 

In the case of UV laser (i.e. 𝜆 < 400 𝑛𝑚), the mechanism proceeds via 
photochemical ablation, where the photon has sufficient energy to perform direct 
chemical bond cleavage resulting in a minimal thermal effect on the sample [29]. 
The photochemical ablation route is especially beneficial for applications that 
require minimal thermal damage to the substrate material. Also, the relatively low 
wavelength makes obtaining smaller focal spot size possible. 

In this thesis’s work, a NIR nanosecond laser (1064 nm) was used to generate 
LIG from polyimide starting from a commercial Kapton tape. The galvanometric 
scan system of the laser enables LIG formation in any pre-designed pattern as 
exemplified in Figure 5.7. The laser interaction with polymers presents a complex 
process. For polymers, the NIR laser wavelength has relatively low absorption 
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compared to UV and mid-infrared wavelengths. Therefore, the laser interaction 
process can be expected to proceed via a photothermal ablation mechanism, as 
described before. 

 

Figure 5.7.  Laser patterning of LIG on polyimide tape adhered to a CFRP substrate. 

 

5.2 Results and Discussion 

5.2.1 Surface Morphology 

The ablation characteristics evolve along with the material modification for 
ablation at a single spot. Due to chemical structure alteration induced by the 
primary pulse, the ablation characteristics from the following consecutive pulses 
can significantly differ. Especially for transparent polymer materials, the 
incubation effect plays an important role by increasing the material absorption 
coefficient during the multi-pulse interaction [30]. 

Such an absorption enhancement can be explained through the carbonization 
of the polymer material caused by thermal reactions. Moreover, nano-scale 
absorbing particles can strongly influence the absorption properties through local 
temperature spike induced carbonization [31]. Figure 5.8demonstrates the 
incubation effect during IR nanosecond laser modification of the Kapton tape 
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material at a scan speed of 1 mm/s and an average power of (9𝑊). Two laser line 
scans were performed using identical laser parameters with slight difference in the 
scan approach. Interestingly, LIG was generated for only one line scan. For the 
first case involving a direct line scan, the LIG transformation ceased to occur due 
to insufficient energy deposition. However, for the latter case prior to line scan, 
the laser spot was made stationary at a single spot for 1 sec to deposit larger 
number of pulses (20 kHz), causing greater localized thermal effect which induces 
carbonization of the polyimide. With this carbonized spot as the starting point, the 
LIG transformation proceeds along the laser scan path, thereby confirming the 
influence of incubation effect [32]. In the second case, carbonization at the 
starting point of the scan enhanced the absorption and thermal effect, inducing the 
LIG transformation for the neighboring regions. 

 

 

Figure 5.8. Modifications performed on Kapton substrate at an average power of 9 W and scan speed of 1 
mm/s (a) direct laser written scan line (no incubation); (b) laser scan line written after initial stationary spot 
(white dot circle) inducing carbonization (incubation). 

 

The carbonization of the transparent polymer has a dual role in this case. As 
mentioned before, during the initial phase of interaction and modification, 
carbonization enhances optical absorption. However, at the later stage of material 
modification, the carbonized layer becomes increasingly resistant to further 
ablation, making it difficult to etch deep modification features. 

Laser ablation of the polyimide presents a hierarchical surface morphology. 
The interaction and optical absorption by the polymer cause complex thermal 
events such as swelling and bubble formation during rapid polymer melt-cooling 
and material removal due to ablation at higher intensities [32–35]. These events 
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form the micro-features along the laser-processed region. Figure 5.9shows SEM 
images of the laser-processed region on the polyimide surface. From Figure 
5.9(a), a combination of different surface modifications can be observed along the 
laser scan path. Following the Gaussian intensity distribution of the pulse, the 
central region is completely removed through ablation. Apart from the material 
removal, micro-surface features such as swelling and bubble formation exist. 

 

Figure 5.9. FESEM images of the fabricated LIG, (a,b) Side view of the laser ablated region at different 
magnifications; (c,d) porous and fiber like LIG nanostructure at different magnifictions. 

  

As shown in Figure 5.9(a,b), besides the ablated region, the polymer material 
appears to be swollen, representing a convex structure. At regions close to the 
Gaussian wings, the laser fluence is below the ablation threshold of the polymer. 
The swelling indicated decreasing material density because of laser interaction 
and melt formation. The laser induced electronic excitation is transferred as intra-
/inter-molecular vibrational and rotational energy. The photo-decomposition 
mechanism causes volume expansion through the formation of small fragments 
with high kinetic energy. Apart from the non-equilibrium melt-cooling due to 
photothermal interaction with the polymer, gaseous compounds are generated, 
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resulting in increased pressure and eventual expansion, leading to swell formation 
[36–38]. 

Apart from swelling, random bubble formations can be observed besides the 
ablated region. Such bubble formations could be attributed to first-order phase 
transitions, commonly observed with laser interaction of relatively transparent 
polymers. As a result of the rapid phase transformation, bulk boiling and rapid 
cooling resulting in a bubble like structural features [39]. The above-mentioned 
microfeatures confirm a photo-thermal ablation mechanism for the polyimide 
substrate modification. These microstructures are not commonly reported during 
LIG fabrication as either 𝑈𝑉 or 𝐶𝑂2 sources are mostly sought and have a better 
absorption cross-section for polyimide material. However, the former is rather 
expensive, and the latter has MIR wavelength emission, resulting in a relatively 
large focal spot size which might be a limiting factor for certain applications [40].  

Besides the microstructure, a porous and fibrous network like nanostructure 
exists as shown in Figure 5.9(c,d). This nanostructure agrees well with LIG 
generation reported in previous studies, which have confirmed a heptagon-
pentagon and hexagon hybrid lattice due to laser induced temperature and 
pressure at a short timescale [41,42]. 

 

5.2.2 Raman Spectroscopic Characterization 

Raman spectroscopy is one of the most employed techniques for graphene 
characterization. Information about structural defects and number of layers can be 
obtained through the Raman analysis. The Raman spectra obtained from the LIG 
samples in this work, shown in Figure 5.10, suggests the presence of reduced 
graphene oxide. The two peaks of relatively higher intensity, typical to 
carbonaceous materials correspond to the characteristic G and D Raman bands. 
The graphitic lattice stretching of 𝑠𝑝2 carbon atoms result in the G band at 
1580 𝑐𝑚−1, whereas the breathing vibrations of the 𝑠𝑝2 hybridized carbon is 
responsible for the disorder (D band) at  1335 𝑐𝑚−1 [43]. As the name suggests, 
the latter arises mainly because of hampered carbon vibrations due to the oxygen-
containing functional groups acting as defects in the material structure. The 
analysis of disorder and defects in the graphene structure can be performed 
through the intensity ratio measurements of D and G bands. The value of 𝐼𝐷/𝐼𝐺 
ratio at about 0.99 is typical of graphene and reduced graphene oxide. 
Specifically, unlike graphene oxide (GO), reduced graphene oxide (rGO) is 
conductive due to the removal of oxygen containing functional groups [44]. 
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The removal of oxygen functional groups as gases proceed at first through the 

detachment of oxygen functional groups and the formation of radicals at high 
temperatures (∼ 1000 𝐾). These radicals, along with the atmospheric oxygen, 
interact with defects of graphene oxide, resulting in the release of 𝐶𝑂 or 𝐶𝑂2 
gases. The thermal-based events that control the graphene oxide reduction occur 
in the picosecond timescale [45]. A broadened 2D region exists in the Raman 
spectra, apart from the D and G bands. The 2D band is another signature of 
graphene, which denotes a second-order process of double resonance Raman 
scattering causing two phonon emissions near the K point of the Brillouin zone 
and is strongly dependent on the graphene phonon structure. The monolayer 
graphene has a rather symmetrical Raman shift peak at about 2700 𝑐𝑚−1, and 
therefore the broadening in the 2D region confirms the presence of a multilayer 
structure, as reported in previous studies [46,47]. In addition to the broadening 
effect, the presence of oxygen functional groups prevents efficient stacking of 
graphene layers, thereby causing a slight shift in the peak [48]. Interestingly, there 
exist Raman shift peaks at 2930𝑐𝑚−1 and 3165𝑐𝑚−1. The former has been 
previously reported to be caused by 𝐶 − 𝐻 bond presence. The latter Raman shift 
is due to the presence of hydroxyl and carboxylic functional groups [49]. 

It is important to reiterate that the LIG mentioned in this study solely refers to 
the conductive rGO resulting from the laser ablation of polyimide-based substrate. 
However, the conductive and piezoresistive properties of the LIG makes it an able 
large-scale application-oriented alternative to monolayer graphene or other 
carbonaceous forms such as carbon nanotubes, which are yet to be realized for 
large-scale production in an affordable manner [50].  
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Figure 5.10. Raman spectra of the generated LIG. 

  

5.2.3 LIG Strain Sensor Fabrication and Analysis 

LIG can be generated on the polyimide material (Kapton) attached to any 
substrate, ranging from glass, polymers metals, and composite materials. 
Specifically, LIG fabrication on composite materials is interesting to fabricate 
inexpensive strain sensors taking advantage of their piezoresistive properties. 
Fiber-reinforced polymer substrates have been considered an ideal replacement 
for conventional metals and ceramics in aerospace, construction, and maritime 
industries [51,52]. However, these composite materials are prone to operational 
failures in their matrix phase and can also cause debonding [53,54]. Therefore, it 
becomes important to perform structural health monitoring to prevent failure 
accumulation of the composite materials, leading to catastrophic events [55]. 

Therefore, LIG generation is used in this study to fabricate a strain sensor on 
a CFRP composite material. Furthermore, the laser parameters are selected such 
that the fabricated strain sensor has superhydrophobic properties, which will be 
discussed in the following sections. The LIG pattern consists of a simple 
serpentine design of about 2 cm in length between the inner contact points, as 
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shown in Figure 5.11(a). The contact points were prepared on the LIG pattern 
using fast-drying silver paste and copper lead wires to measure the four-wire 
resistance using a Keithley multimeter, as shown in Figure 5.11(b). 

 

Figure 5.11. (a) Image of the serpentine LIG pattern with silver paste contacts; (b) LIG sensor on CFRP 
substrate connected to the multimeter in a four-wire setup. 

 

In piezoresistive materials, the application of strain causes resistance to 
change. The relation between the applied strain and the resulting resistance 
variation is represented by gauge factor (GF) given by, 

(1) 

where Δ𝑅/𝑅 represents the normalized resistance change, and ε represents the 
mechanical strain.  

A standard three-point bend test was performed under flexure, as shown in 
Figure 5.12(a) to characterize the piezo resistivity and obtain the gauge factor of 
the sensor. The mechanical test was performed at an ambient temperature 
(22 ± 1 °𝐶) with a Zwick Roell Z100 machine. A load cell of 5 𝑘𝑁 was applied 
at a rate of 0.5 𝑚𝑚/𝑠 and edge-to-edge spacing of 10 𝑚𝑚. The test was 
performed up to a maximum loading nose deformation at 1𝑚𝑚. The copper 
contact leads of the LIG sensor were connected to the Keithley multimeter to 
record the change in resistance during the bending test. 

The flexural strain during the bending test was calculated using the following 
formula, 
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(2) 

where ε𝑓 is the flexural strain, 𝐷 is the deflection at the CFRP plate centre, 𝑑 
represents the plate thickness and 𝐿 is the distance between the support spans. 

The normalized resistance changes during the bend test exhibited a linear 
relationship up to a maximum test strain of 0.16%. As shown in Figure 5.12(b), a 
linear fit to the obtained data provides a GF value of 40. 

 

Figure 5.12. (a) Three-point bend test setup with the LIG sensor generated on CFRP substrate as the 
specimen; (b) Obtained normalized resistance change vs applied flexural strain. 

 

The LIG strain sensor fabricated in this study displays good sensitivity with a GF 
of 40, in comparison to the commercial strain sensors with a GF < 5 [56]. Recent 
studies have fabricated strain sensors based on different carbonaceous materials, 
such as carbon nanotubes and graphene nanoplatelets [57]. However, in the 
above-mentioned studies, the fabrication process is relatively complex and 
involves multiple steps with chemical reagents. Zhen Pei et al. fabricated silver-
coated carbon nanotubes based wearable strain sensor with a GF of 62.8 [58]. In 
comparison, the LIG based sensors offer a rapid fabrication and inexpensive 
alternative to large-scale production of piezoresistive sensors. Previous studies on 
LIG based strain sensors have demonstrated high GF > 100 [59,60]. As strain 
sensors have many outdoor applications, the sensor needs to maintain its 
functional stability under conditions such as high humidity or even complete 
immersion under water. Therefore, this study also demonstrates the 
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superhydrophobic property of the fabricated strain sensors. Also, the 
superhydrophobic LIG can be transferred to different substrates ranging from 
metals, glass, semiconductors, and polymers. Furthermore, the stability of the 
superhydrophobicity is assessed through complete immersion under water. The 
following sections provide results and discussions on the superhydrophobic 
property of the generated LIG. 

 

5.3 Superhydrophobic LIG 

The carbonaceous nature of graphene would naturally result in hydrophobic 
properties. However, in the case of LIG generation in an open atmosphere, 
oxygen could cause strong oxidation of the rGO, thereby rendering the surface 
hydrophilic [61]. Li et al. directly fabricated superhydrophobic LIG by performing 
the ablation in a controlled argon environment [62]. Few other studies have 
fabricated superhydrophobic (SH) LIG by laser ablation in open air followed by 
fluorosilane coating [63]. Alternatively, researchers have used tunability in laser 
parameters to minimize surface oxidation to result in SH surfaces [64,65]. 

The last-mentioned approach was followed in this study to generate SH-LIG 
directly. The laser parameters for the strain sensor fabrication were selected to 
result in superhydrophobic properties and piezo resistivity. In fact, the SH-LIG 
exhibited ultrahydrophobic properties with high contact angle (165∘) and low 
roll-off angle (5∘) for a 6 μ𝐿 droplet on the surface, as shown in  Figure 5.13(a). 
Additionally, forceful impinging water droplets from a syringe needle are 
completely repelled due to the minimal surface interaction resulting in droplet 
bounce and exit, as shown in Figure 5.13(b). The above observations confirm 
single step fabrication of an extremely water-repellent surface. It is worth 
mentioning that the contact angle values obtained in this study remain greater than 
previously reported SH-LIG fabrication, with water contact angle values at about 
155∘ [66,67]. 
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Figure 5.13. (a) 6 μL water droplet on the SH-LIG on a glass substrate; (b) Water jet bouncing off from the 
SH-LIG. 

  

5.3.1 Substrate Independent SH-LIG 

The laser ablation of the polyimide tape deposits the LIG well adhered to the 
substrate. The laser itself can then be used to create a sharp boundary cut between 
the modified and unmodified regions. Hence, after the modification, the 
unmodified tape can be simply peeled off as shown in  Figure 5.14(a,b,c). 
Following the above method, the generated LIG was transferred to different 
substrates such as aluminum alloy Al6061, low-density polyethylene, soda-lime 
glass and silicon. Therefore, the possibility to combine complex patternability 
offered by the laser system with a simple transfer process onto different substrates 
makes the LIG fabrication process a truly large-scale fabrication technique. 
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Figure 5.14. (a,b,c) Generated SH-LIG transfer from the Kapton tape to the glass substrate by tape peel-off in 
the corresponding sequence; (d)Water droplets on the SH-LIG fabricated on different substrates in a one-step 
laser ablation process. 

 

The laser modification parameters for LIG fabrication on different materials 
were fixed as constant throughout this study. As shown in Figure 5.14(d), LIG 
exhibits superhydrophobic properties on all the substrates. 

At this point, it becomes important to characterize the surface both 
chemically and topographically to support the claim of substrate-independent 
superhydrophobicity. The SEM images have already provided information 
regarding the nano-porous and fibrous nature of the LIG. However, 
ultrahydrophobic surfaces must have a hierarchical surface texture previously 
demonstrated by several studies on superhydrophobicity [68]. Therefore, it 
becomes important to analyze the micro-surface topography using the surface 
profilometer. Figure 5.15, presents the 3D surface map of the SH-LIG on glass 
surfaces whereas Table 5.1 shows the average surface roughness values (𝑆𝑎) of 
the LIG obtained on different samples, 
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Figure 5.15. 3-D surface profile of the SH-LIG generated on soda lime glass substrate. 

  

  

Table 5.1. Profilometer analysis results of average surface roughness of SH-LIG on different substrates 

Substrate Roughness [Sa (µm)] 

Al 6061 6.22 

Silicon 1.81 

Glass 4.58 

The above table shows that the average surface roughness varies drastically 
between samples. Nevertheless, the static contact angle and roll-off angle on all 
the SH-LIG substrates remained above 150∘ and below 5∘, respectively. The 
above result confirms the contribution of hierarchical surface nature towards 
ultrahydrophobicity rather than micro or nano texture alone. 

5.3.2 Surface Chemical Characterization 

After the topographical characterization, the elemental composition of the 
SH-LIG surface was analyzed. Figure 5.16, shows the EDS spectra collected on 
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the SH-LIG generated on Al6061, silicon, and soda lime glass. Table 5.2 displays 
the corresponding quantitative values obtained from the EDS spectra. As 
expected, in all the cases, the carbon content was relatively high compared to 
below 8% (atomic) in pristine samples. 

 

Figure 5.16. EDS spectra obtained from SH-LIG on the following substrates, (a) Sodalime glass; (b) Al 
6061; (c) Silicon. Gold coating was used for the measured sample. 

 

  

Table 5.2. EDS elemental composition analysis on different SH-LIG substrates in atomic % 

Element Al 6061 Silicon Glass 

Al 40.5 - - 

Si - 69.2 18.7 

C 28.5 23.3 45.9 

O 29.1 7.4 35.5 

The above EDS results confirm carbon as a major elemental component of all 
the SH-LIG samples. Hence, it can be concluded that the SH-LIG completely 
covers the surface and therefore, the superhydrophobicity is solely due to the LIG 
without any interference from the substrate. 

To understand the chemical composition of the surface which contributes to 
the superhydrophobicity, FTIR spectroscopy was performed on the SH-LIG on a 
flat aluminium substrate in reflection mode. Furthermore, to compare the effect of 
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laser parameter on the resulting surface energy of the LIG, FTIR measurement 
was also performed on another sample with LIG formed at a higher average 
power (16𝑊), in comparison to the low power (9𝑊) used for SH-LIG 
fabrication.  Figure 5.17 represents the FTIR spectra of the samples mentioned 
above.  

 

Figure 5.17. FTIR spectra comparison between superhydrophobic LIG (9W) and superhydrophilic LIG 
(16W). 

 

Interestingly, the LIG modification performed at 16𝑊 was superhydrophilic 
in nature. For the SH-LIG, the spectrum shows an absorption peak centered at 
about ∼ 1290 𝑐𝑚−1 which corresponds to the presence of 𝐶 − 𝑂 bond of the 
alcohol groups or 𝐶 − 𝑂 − 𝐶 functional group [69]. The absorption at ∼

1630𝑐𝑚−1 could be attributed to the 𝐶 = 𝐶 stretching of the aromatic ring 
members [70]. Another absorption peak located at ∼ 1690𝑐𝑚−1 could be 
associated with 𝐶 = 𝑂 carbonyl stretch [71]. Finally, the minor absorption peaks 
at ∼ 2880𝑐𝑚−1 and ∼ 2960𝑐𝑚−1 corresponds to the 𝐶𝐻2 and 𝐶𝐻3 stretching 
respectively [72]. Interestingly, the LIG modification performed at 16𝑊 does not 
show any significant peaks at the above-mentioned wavenumbers. As previously 
mentioned, the surface energy transition could be a result of relatively strong 
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photothermal ablation inducing greater oxidation and superhydrophilicity of the 
LIG. 

The surface compositional analysis reveals the presence of carbonaceous 
material on all the substrates, contributing to the SH-LIG. The ability to transfer 
the SH-LIG on different substrates, along with the inherent hierarchical surface 
texture and reduced surface energy, proves to be an interesting alternative to toxic 
chemicals or complex fabrication processes. 

 

5.3.3 Functional Stability 

An important aspect of superhydrophobicity is the stability of the surface 
property while in use. However, previous studies on superhydrophobic LIG have 
seldom assessed the fabricated surface's functional stability. The stability proves 
to be an important factor for use in actual applications. As a comparison, the water 
repellence based on volatile organic compounds on laser textured metals loses its 
functional property by immersion under water for about two hours. On the other 
hand, the fluorosilane coatings remain stable even after immersion under water for 
days altogether [73,74]. Therefore, it becomes important to assess the stability to 
be fit for applications. 

To test the stability of the SH-LIG, water immersion test was performed on the 
samples. The dynamic contact angles and the change in resistance was measured 
at regular intervals over a period of 24 hours. To measure the dynamic CA 
stability, 8 𝑚𝑚 × 8 𝑚𝑚 area of SH-LIG was prepared on a glass substrate, 
whereas for the resistance measurement, a single LIG line was written on the 
CFRP material as the substrate. The laser parameters to fabricate the SH-LIG 
remained the same as before. 

As shown in  Figure 5.18, the variation in dynamic contact angle with immersion 
time demonstrates the stability of the SH-LIG surface. Both the advancing and 
receding contact angles (CA) are greater than 155∘. An important aspect of the 
dynamic contact angle measurements involves the CA hysteresis, defined as the 
difference between the advancing and receding contact angles [75]. Low contact 
angle hysteresis is necessary for the superhydrophobicity to be in a Cassie-Baxter 
state with very low adhesion to the surface. 
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Figure 5.18. Measurements of dynamic contact angle for SH-LIG area on glass substrate and resistance of 
SH-LIG circuit line on CFRP substrate performed at different time intervals during complete immersion 
underwater upto 24 hours. 

 

As shown in the Figure 5.18, even after continuous immersion for about 24 
hours, the hysteresis remains ∼ 6.8∘, which confirms the excellent stability of the 
superhydrophobic surface. The stability of the superhydrophobic surface is a 
combined effect of the hydrophobic carbonaceous LIG and the hierarchical 
surface texture. Indeed, the hierarchical surface features provide an efficient air-
trapping system that repels water penetration over time [76,77]. 

In coherence with the stability of the contact angle hysteresis measurements, 
the resistance of the LIG line (1.5 𝑚𝑚) almost remained constant after the total 
duration of water immersion, also shown in Figure 5.18. The resistance 
measurement results of water immersion provides direct evidence of the 
applicability of the SH-LIG even under extreme conditions.   

Superhydrophobic surfaces, especially in the Cassie-Baxter state, has trapped 
air layer within the hierarchical surface features. This thin air covering the 
superhydrophobic surface features, repelling water droplets, is termed a surface 
plastron [78]. This thin air layer is responsible for the shiny appearance of 
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superhydrophobic surfaces upon immersion underwater due to total internal 
reflection, as shown in Figure 5.19(b). 

 

Figure 5.19. Depiction of total internal reflection of surface thin air film (plastron) for the SH-LIG on silicon 
surface (a) before immersion; (b) after immersion. 

 

The water droplet bounce dynamics provides information about the 
superhydrophobic property of the surface. The droplet contact time with the 
surface decreases with an increase in superhydrophobicity due to the minimal 
energy exchange involved during the droplet-surface interaction. Especially for 
pagophobic applications, it is desirable for a water droplet to have minimal 
contact time with the surface to avoid droplet freezing [79]. As a result, the 
droplet dynamics can be used to study the superhydrophobic state. Figure 
5.20(a,b) shows the high-speed camera images of the droplet (6μ𝐿) bounce on the 
SH-LIG surface before and after immersion in water for 24 hours. In both the 
cases, the droplet spreads like a thin sheet to a maximum diameter on surface 
contact, followed by recoil and surface exit, as usually observed on conventional 
biomimetic surfaces [80]. The freshly prepared SH-LIG has a contact time of 
11.2 𝑚𝑠 whereas for the immersed SH-LIB, the contact time slightly increased to 
12.1 𝑚𝑠. Indeed, this confirms the excellent stability of the superhydrophobicity 
on the LIG surface, bolstering the applicational prospects of a rapid, inexpensive, 
and eco-friendly approach to fabricate electronic sensors and functional surfaces. 
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Figure 5.20. High speed camera images of impact, spread and bounce of 6 μL water droplet on the SH-LIG 
surface (a) before water immersion (b) after 24 hours of immersion in water. 

 

5.3.4 Superhydrophobic LIG for Gas Sensing 

Graphene-based materials are also of great interest for their gas sensing 
capability. The gas molecule adsorption on the graphene surface cause variation in 
the electrical conductivity due to a change in the local carrier concentration 
induced by the adsorbents taking the role of electron donors or acceptors. Unlike 
pristine monolayer graphene, graphene oxide has oxygen groups, defects, and 
vacancies. The density of the oxygen functional groups is expected to negatively 
affect the conductance response of the rGO. Hence, the response and recovery 
also improve with the increase in the reduction levels, i.e., reduced presence of 
oxygen functional groups. Robinson et al. [81] have demonstrated ppb level 
sensing of toxic gases such as hydrogen cyanide (𝐻𝐶𝑁) and 2,4 −

𝑑𝑖𝑛𝑖𝑡𝑟𝑜𝑡𝑜𝑙𝑢𝑒𝑛𝑒 using reduced graphene oxide. 

These gas sensors, however, face difficulties in high humidity (𝑅𝐻 50% −

95%) environments due to water molecules occupying active sites of the gas 
sensor [82]. Several research works have sought to improve the sensing 
capabilities by using hydrophobic coatings based on self-assembled monolayer, 
heating elements or moisture barrier layers [83]. These methods, however, result 
in complex fabrication procedures and increased production cost. 

The SH-LIG fabricated in this study can become an inexpensive alternative 
for gas sensing with stability under high humidity conditions.  Figure 5.21(a) 
shows the gas sensing capability of the SH-LIG through the detection of human 
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breathe. The sensor exhibited good repeatability and recovered after each breathe, 
as shown in Figure 5.21(b). The breath analysis sensors are especially interesting 
for sensing nitric oxide (NO), varying from ten to hundreds of ppb between 
healthy and asthma patients [84,85]. The SH-LIB based sensor fabricated in this 
work could provide a simple and non-toxic approach towards reduced graphene 
oxide-based sensors. 

 

Figure 5.21. (a) SH-LIG on the CFRP substrate performing sensing of human breathe; (b) obtained relative 
resistance change for the performed six breathe cycles. 
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 Chapter 6 

Conclusion and Future Perspective 

6.1 Contributions and Achievements 

In this thesis, we have successfully investigated laser micromachining for 
surface modification of different material types: metals, glass, ceramics, and 
polymers. More importantly, the tunability of the laser parameters was 
appropriately used based on the material absorption characteristics to result in 
controlled surface modifications. Apart from the laser surface modification of the 
materials, further intermediate fabrication procedures such as chemical treatments 
were performed, and new techniques were proposed and demonstrated resulting in 
biomimetic functional surfaces from superomniphobic surfaces to laser induced 
graphene smart materials. 

Therefore, this study provided a multidisciplinary approach based on the 
following techniques: 

(i) Laser surface modification and following morphological-topography-
chemical analysis to select ideal surface processing parameters for the 
corresponding material. 

(ii) Perform appropriate chemical treatment, if needed, to result in desired 
surface functional properties. 

(iii) Characterization of the fabricated functional surfaces and the 
demonstration for applications. 
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In the following sections, the achievements from this study are outlined based 
on the specific applications and a perspective on the outlook of the present 
research is envisaged. 

6.1.1 Superhydrophobic Metal Surfaces 

 Superhydrophobicity in general is undergoing a major transitional phase. While 
the techniques to render the surface hierarchical or re-entrant are ever-improving, 
there is a rather sudden deficiency of appropriate coating techniques. Since the 
ban on toxic silane coatings that have been widely used to achieve 
superhydrophobicity, a renewed research is on for alternative eco-friendly and 
sustainable coating strategies. 

This study proposes a simple and eco-friendly vegetable oil based treatment 
for achieving superhydrophobicity on metal surfaces. Apart from the chemical 
characterization to elucidate the involved hydrocarbon adsorption phenomenon, a 
complete static, dynamic and mechanical characterization was performed to 
compare the superhydrophobicity to that of a reference Fluorosilane coating. 
Indeed, the proposed approach combines fabrication speed, low cost, and a simple 
treatment procesdure when compared to the existing state-of-the-art eco-friendly 
superhydrophobic surfaces. This work has been presented in a conference (ICASS 
2022), and later published in the journal Applied Surface Science [1]. 

Furthermore, the generally overlooked parameter of laser pulsewidth in the 
nanosecond regime is studied to demonstrate its importance to achieve 
superamphiphobicity. In fact, it was observed that if not for an ideal pulsewidth, 
the surface does not achieve superamphiphobicity even if other laser parameters 
such as scan spacing are varied. This study on superhydrophobicity on metal 
surfaces is expected to be a major step towards the transition to highly stable and 
eco-friendly superhydrophobicity, as a replacement to FAS coatings. 

 

6.1.2 Laser Texturing for Joining Enhancement Applications 

The chapter presents a study on laser modification of metal and ceramic 
surfaces to appropriately texture the surface for enhanced joining strength. The 
target substrate was a stainless steel (Crofer) for texturing a metal surface. The 
application of interest involves solid-oxide fuel cell (SOFC), for which an 
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efficient joining between the metallic interconnect and glass sealants is critical for 
the long-term functioning of the fuel cell stack. In this study, laser fluence is set as 
a variable parameter to control the surface roughness of the laser textured surface. 
Finally, two laser fluence parameters were selected to generate average surface 
roughness (Sa) values of 4.6 µm and 8.8 µm on an hourglass shaped Crofer 
samples. Following this, a torsion test was performed on the Crofer samples 
joined by the glass sealant. The test results confirmed a 30% increase in the 
torsional strength of laser processed sample (32 ± 5 MPa), as compared to as-
received Crofer sample (27 ± 7 MPa), due to the mechanical interlocking effect as 
the glass infiltrates into the laser textured microfeatures [2]. 

In the second part, a silicon nitride (Si3N4) sample was laser modified to 
generate surface texture for joining applications. Post laser processing, the surface 
has high silica content, which could be detrimental to the joining applications. To 
remove the surface silica content an HF etching treatment was performed and 
surface elemental compositional analysis was performed to confirm the obtention 
of a textured silicon nitride surface. The reduced silica content is expected to 
enhance the joining performance and the work is still ongoing. 

  

6.1.3 Laser Processing of a Bioresorbable Anti-bacterial Glass 

 This chapter demonstrates the precision fabrication of microfeatures on a 
bioresorbable glass substrate, in a single step fabrication process. The Cu doping 
of the bioresorbable cacium phosphate glass enables to absorb the infrared 
wavelength of the interacting nanosecond laser. Moreover, abnormal positive 
volume modifications are observed on the laser interaction zone attributed to the 
unusual positive temperature coefficient of surface tension, resulting in 
eliminating the typical HAZ associate with the long pulsed laser interaction on 
materials. A preliminary study has been conducted to select a suitablw range of 
laser parameters to result in modifications without micro-crack inititation on the 
glass surface. The ideal laser parameter regime was then selected to perform 
precision modification of complex microfeatures on the glass surface. This part of 
the study has been published in the journal Applied Sciences [3]. 

As a demonstration of a possible application, micro-optical features 
comprising of microlenses and diffraction gratings tunable in shape and size are 
fabricated on the Cu-doped CaPh glass surface in a single step process. The 
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fabricated micro-optics are characterized morphologically and optically. 
Interestingly, hyperbolic and spherical microlens profiles were obtained to 
demonstrate the shape tunability, and specifically the former is highly desired for 
applications to overcome spherical abberations and sharp focusing capabilitieS. 
Additionally, preferential etching is observed on the laser modified glass region in 
a PBS solution (7.4 pH), that eventually result in negative surface features 
demonstrating flexible surface modification capabilities of the laser 
micromachining [4]. Finally the ability to microstructure and generate optical 
features on the bioresorable glass substrate is expected to combine  applications 
such as scaffolds fabrication for tissue engineering coupled with in-vivo optical 
diagnosis. 

 

6.1.4 Laser Induced Graphene from Polymer Substrate 

This part of the work involved the fabrication of the well-known laser induced 
graphene (LIG), which consists of reduced graphene oxide (rGO) obtained from a 
polyimide substrate (Kapton) through laser exposure. The contribution from this 
work regards the fabrication and characterization of a superhydrophobic form of 
LIG (SH-LIG) through a single laser fabrication process. The SH-LIG parameters 
are used to fabricate a strain sensor with a high gauge factor of ~40. Raman, FTIR 
and EDS spectroscopy techniques were used to characterize the generated reduced 
graphene oxide. Additionally, we demonstrated the ability to pattern transfer the 
SH-LIG on substrates of different materials including metals, polymers, and 
glasses, all in a single step transfer patterning. The stability of the SH-LIG was 
assessed by immersing the sample under water for 24 hours and measuring the 
dynamic contact angle, resistance, and droplet bounce at different time intervals 
[5]. 

6.2 Outlook and Perspective 

In this section, based on the obtained results, we present the future research 
path that have the potential for impactful scientific and technological 
advancements. Once again, the section is divided, matching the achievements as 
reported above. 
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6.2.1 Superhydrophobic surfaces on metals 

Stability and fabrication time are two critical features that define the 
functional attractiveness for the superhydrophobic surfaces. Therefore, the future 
work should address the points mentioned below regarding eco-friendly 
superhydrophobic surfaces. Taking cue from the vacuum based superhydrophobic 
fabrication technique, the presence of H2O could strongly impact the hydrocarbon 
adsorption onto the metal substrates as the water molecules compete in the 
adsorption process on the metal-oxide substrates [6]. Possible research activity 
can be taken to further reduce the fabrication time as follows: 

(i) Evading the cleaning procedure by sonication in water and alcohol 
solutions post laser processing could be a mean to remove possible 
residual water molecules prior to oil vapor treatment. 

(ii) A high temperature thermal treatment (200℃ - 300℃) could help to 
desorb the already present water molecules before the sample insertion 
into the oil container. 

To be an ideal replacement to the fluorosilane coating for 
superhydrophobicity, it is of utmost importance to increase the functional 
stability, especially to be able to withstand greater impact and Laplace pressure 
from the droplet. To further improve the stability of the superhydrophobicity, 
laser induced periodic surface structures (LIPSS) could be generated during a 
second scan step with relevant laser parameters on the already present laser 
textured micro surface. Initial trials have already been conducted to generate 
LIPSS on polished stainless-steel substrates, as shown in Figure 6. 1. We should 
also underline hereby that the majority of studies on LIPSS generation has been 
performed with ultrafast lasers, whereas in this study the IR nanosecond fiber 
laser has been employed to generate LIPSS. 
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Figure 6. 1. Bright colours generated at different orientations of the stainless-steel sample with LIPSS 
generated using the IR nanosecond laser (1064 nm). 

LIPSS has been well studied and reported to improve the stability of the 
superhydrophobicity through the uniform presence of a hierarchical nanostructure 
[7]. The further steps would be directed towards finding the suitable laser 
parameters to translate the LIPSS on even other metal substrates followed by 
stability analysis tests such as Laplace pressure and droplet bounce. 

6.2.2 Laser Texturing for Joining Enhancement Applications 

For this application, the possible future research directions are mentioned based 
on the substrate types. After selecting suitable laser parameters based on the 
torsional tests, the ideal parameters are used to process the final interconnect 
design to build the SOFC stacks. The stacks are then to be tested for long term 
performance to assess the functional enhancement provided by the glass sealant-
laser textured crofer joining. Simultaneously, further laser texturing patterns are 
being explored to design laser generated microfeatures for improved joining 
strength. As mentioned previously in the chapter, the laser textured silicon 
nitride (Si3N4) with reduced silica content after the HF etching are to be tested for 
their joining strength to obtain conclusive remarks on the effect of surface 
microfeatures towards joining enhancement. 

6.2.2 Laser Processing of Bioresorbable Glasses 

Laser processing of the calcium-phosphate glass offers further interesting 
research steps to be explored. Calcium-phosphate nanoparticles are highly 
interesting for medical applications due to their promising ability to act as 
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efficient vaccine carriers and protein/peptide carriers [8]. They have been known 
to provide protection against undesirable premature enzymatic and proteolytic 
degradation [9]. Laser processing of the calcium-phosphate (CaPh) bioresorbable 
glass can be used as a means to generate CaPh nanoparticles. Depending on the 
ablation conditions, these nanoparticles could either be deposited onto another 
transparent substrate or be dispersed in a liquid solution and used for e.g. drug 
delivery. 

Another research direction can be devoted to a better understanding of the 
Inverse Marangoni dynamics through simulation tools, especially to understand 
the influence of the Cu dopant in the corresponding effect. Also, it would be 
important to experimentally explore the possibility of the Inverse Marangoni flow 
occurrence in other glass compositions, especially commercial-grade glass 
compositions. 

6.2.3 Pushing Laser Induced Graphene Forward 

As a vibrant research topic with multifunctional applications, LIG offers 
various research pathways to pursue. The primary step in the following studies 
would be to fabricate an integrated multifunctional sensor platform, with the 
ability to perform liquid solution sensing, gas sensing, superhydrophobic/philic 
patterns, and joule heating. The final aim is to integrate the individual sensor 
elements onto a single substrate such as PDMS in a single fabrication step, thanks 
to selective laser patterning.  

In essence, laser micromachining has emerged as one of the leading 
processing methods for functional materials, and it has revolutionized surface and 
volume material processing with an ease that was inconceivable a couple of 
decades ago. The field of laser-material interaction has a lot to offer with 
unexplored interaction mechanisms. It could also provide innovative solutions to 
solve current research problems that could be part of future technological 
advancements. 
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Appendix 

Materials and Methods 

A.1 Infrared Nanosecond Fiber Laser 

 The laser system used in this study is an industrial grade fiber laser (AREX 
20MW, Datalogic, Bologna, Italy) with Neodymium-doped yttrium orthovanadate 
(Nd:YVO4) as the gain medium with an emission wavelength of 1064 nm. The 
laser system has a master oscillator power amplifier configuration enabling it to 
achieve variable pulsewidth (4-250 ns) and high pulse repetition rate (20-500 
kHz). The output laser beam is scanned along the substrate using a galvanometric 
scan system coupled to an F-Theta lens configuration providing a focal spot size 
of 60 µm and a maximum scan area of 10⨯10 cm, at a focal length of 16 cm.  

To perform the modification, the appropriate design can be uploaded to the 
assigned software (LIGHTER MARVIS, Datalogic, Bologna, Italy) that controls 
the laser system marking. The galvanometric scan system enables complex pattern 
design in a designated order of laser modification. 

A.2 Surface Contact Profilometry 

The surface topographical information of the laser textured surfaces were 
obtained using a contact surface profilometer (Intra touch, Taylor Hobson, UK). 
In general, the average surface roughness (Sa), and the maximum peak to valley 
height (Sz) were analyzed to obtain information from the modified surface. The 
profilometer supports two different scan modes namely single line scan and 3D 
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surface map. For the majority of the study, the 3D map was used for more 
complete information of the surface. Specifically, for the line scan, the average 
roughness and the maximum peak to valley height were represented by Ra and Rz 
respectively. The obtained profilometer data were analyzed by the Talymap 
Analysis software(Taylor Hobson, UK). 

 

A.3 Fourier Transform Infrared Spectroscopy 

To investigate the surface composition of laser treated and chemically treated 
surfaces, Fourier transform infrared spectroscopy was performed in the reflection 
mode with a Shimadzu Tracer 100 FTIR Spectrophotometer coupled with a 
Shimadzu AIM-9000 Infrared Microscope. The atmospheric corrections are 
performed using the inbuilt software and are separately baseline corrected for 
better data representation. 

A.4 Scanning Electron Microscopy and Energy Dispersive 
X-Ray Spectroscopy 

The morphological analysis of all the samples were performed using the 
scanning electron microscope. Two different electron microscope systems were 
used during the doctoral studies. The first one is a tabletop SEM (JEOL-6000 
Plus, Akishima, Japan) based on a thermionic emission source (Tungsten). For 
higher resolution surface analysis, a field emission source was used (FESEM; 
SupraTM 40, Zeiss, Germany). As required, the energy dispersive X-ray analysis 
system coupled to the SEM instrument was used for measurements (EDS, Bruker, 
Germany). 

A.5 X-Ray Diffraction Analysis 

The crystalline phase analysis of the laser processed samples were analyzed 
using PanAlytical X’Pert Pro (Netherlands) with Cu Kα from 10°-80°, with a step 
size of 0.02°, and a time per step of 18 s. 

A.6 Surface Wettability Analysis 

The surface wettability of the fabricated superhydrophobic surfaces were 
analyzed through the contact angle and roll-off angle measurements using a Drop 
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Shape Analyzer (DSA 100, KRÜSS Scientific, Germany). For the contact angle 
measurements, the droplet volume was set to 6 µL, unless specified otherwise. 
The recorded values are an average of three different measurements. For the roll-
off angle measurements, the system has an in-built goniometer system for tilt until 
droplet roll-off. Finally, for all the laser treated samples, except for laser induced 
reduced graphene oxide (LIG), the processed samples are cleaned to remove 
debris by sonication in solutions of acetone, ethanol and water followed by drying 
using a nitrogen flush. 

 

  

 

 

  

 

 

 

   

 

 

 


