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Abstract

Irradiation of materials such as iron and silicon with single nanosecond laser pulses
produces nanostructures on its surfaces. Nevertheless, the deposition before irradiation
of thin films on the surface of the silicon wafers can modify the shapes of these struc‐
tures. Upon laser irradiation, different effects are produced on the surfaces of monocrys‐
talline silicon wafers coated with a thin film of Si3N4 than on that of bare ones. After
irradiation with a Nd:YAG laser pulse of 532 nm, the coated silicon surface presents a
nanostructure that, due to its hydrophobic behavior, can be used for biological applica‐
tions such as cell growth. On the other hand, the nanostructures formed on the surface of
metals, such as iron, make them more resistant to oxidation processes by changing their
oxidation potentials.

Keywords: nanosecond laser ablation, nanoparticles, surface roughness, nanostruc‐
tures, laser micromachining

1. Introduction

The  surface  nanostructuring  and  the  generation  of  nanoparticles  by  laser  ablation  with
nanosecond lasers are subjects that have gained importance in the last 15 years [1]. These issues
were present since the early experiments with pulsed lasers because they are inherent to pulsed
laser interaction with matter, and researchers have made great efforts to get rid of them. In laser
ablation  micromachining,  these  effects  are  known as  HAZ (heat  affected  zone)  and are
undesirable [1, 3]. It was not until the explosive spring forth of nanotechnology in technologi‐
cal applications in several areas such as medicine and microelectronics among many others that
the appearance of different nanostructures in a wide variety of materials started to be report‐
ed in the literature.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



In this chapter, we will present a review of the nanostructures found by our research group
during the quality control of the surfaces of micromachined devices. On the other hand, a
method for generating metallic nanoparticles which was developed on the basis of the analysis
of the material ejected during the micromachining ablation process will be reported. Nano‐
particles were then generated in different media such as air, deionized water, isopropyl alcohol
and sodium dodecyl sulfate (SDS) solution. Preliminary results of the generation of Fe@Au
nanoparticles (core–shell nanoparticles) will be also discussed.

A brief summary of the fundamentals of laser ablation of solid substrates and of the theory of
the resulting ablation plume will be given in the next section. A large variety of studies in this
field including basic research and applications have been carried out worldwide by many
researchers. However, we will focus on the area of micromachining by laser ablation [1–4].

1.1. Laser ablation

The laser ablation mechanism is one of the most complex phenomena observed when laser
radiation interacts with a solid material [1]. Ablation may be produced either with pulsed or
with intense continuous wave (cw) lasers [1, 3]. For a given type of material, the onset of
ablation takes place around a threshold fluence (∅ th), which depends on absorption mecha‐
nisms and particular properties of the material, such as its microstructure, its morphology,
and the presence of defects as well as on laser parameters (intensity, wavelength, and pulse
duration) [1, 2, 5, 6]. When irradiation is performed with several consecutive pulses impinging
on the same sample’s area, ∅ th can vary due to the accumulation of defects in the previously
irradiated zone. At a given wavelength, the amount of material removed per pulse usually
shows a logarithmic increase with fluence in accordance with the Lambert–Beer law. On the
other hand, Villagran-Muniz et al. [7] reported heuristic equations to describe the fluence
dependence of the amount of removed material per pulse of a given substrate with parameters
that can be related to physical properties of the substrate.

In particular, for laser pulse durations larger than 10 ps, the laser beam will also interact with
the ablation plume as in the case of 10 ns Nd:YAG lasers. In these conditions, the plume will
also absorb and scatter radiation. In consequence, the amount of energy reaching the substrate
will be less since part of it will be absorbed by the plasma, generating a hot plasma. This excited
plasma will then expand and create shock waves in the molten substrate. Frozen shock waves
can be observed in the material when the irradiated zone cools [8]. Another effect produced
by the excited plume is the explosion of the remnant molten material, which produces splashes.
The expelled liquid will inevitably solidify around the irradiated area together with plume’s
material condensation. In addition, the rapid generation of large thermal gradients may induce
excessive thermal stress and thermoelastic excitation of acoustic waves. These stresses may
add hardening work, buckling, or cracking [1] to the response of the material, effects which
must be taken into account in each particular application.

However, this is not a general feature of all materials. The dynamics of the laser–matter
interaction starts with the electronic excitation and relaxation. For weak electric fields,
ionization of an atom occurs when the energy of the incident photon exceeds the binding
energy of the valence electron. Thus, unlike metals, in a large variety of materials with valence
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bands, such as dielectrics, electrons are not directly excited into the conduction band. In
Chapter 8 of reference [1], an extensive explanation of the differences in the absorption
processes of between metals and dielectrics is given.

Only the final results of the ablation process and perhaps some insights of the different
phenomena that can possibly occur are experimentally observed. When the material’s
processing involves a laser, the light–matter interaction mechanisms that simultaneously occur
will depend on the pulse duration. Thus, the most relevant mechanisms that take place on a
substrate according to the laser pulse duration are as follows: material melting with cw and
millisecond pulsed lasers, material vaporizing with nanosecond pulses, and finally, sublima‐
tion of material with femtosecond pulses [1]. It is worthy to note that short pulses (1 ns–1 μs)
emitted by lasers with Q-switch devices also reduce the thermal impact on the material.

1.1.1. Applications: Nanostructuring and manufacturing of nanoparticles

Nanomanufacturing was developed in the last decade driven by the nanotechnology progress.
Sub-micrometric structures in the irradiation zones or resulting from the ablation plume were
observed since the beginning of pulsed lasers applications to materials’ processing. However,
at that time, these were a problem and many attempts have been made to mitigate them. It
was only in the last decade that they were considered useful [9–12].

The large scope of applications of the sub-micrometric structures’ with unique properties that
have been lately found [13–15] contributed to this change of perspective. Although the
manufacture of nanometric structures and particles with pulsed lasers is quite simple and can
be applied to a large variety of materials, the phenomena involved are difficult to analyze and
simulate, resulting in a theoretical and experimental research field in continuous growth. In
particular, in this chapter, we will present a brief overview of the heuristic functions which
describe the laser fluence dependence of the removed material in laser ablation processes of
different substrates as well as the nanostructures and nanoparticles found in the analysis with
an electronic microscope of the quality of micromachined devices and of the material ejected
in the ablation plume, respectively.

1.1.1.1. Surface modification – nanostructuring

Nanostructuring by interaction with pulsed lasers is known since the beginning of lasers’
applications to machining. However, in recent years, it is an issue that is gaining large
importance due to its potential applications in various fields. Different types of nanostructures
(NS), named laser-induced periodic surface structures (LIPSS), have been reported. The low
spatial frequency LIPSS (LSFL) are characterized by a spatial period Λ of about the laser
wavelength (λ), that is, Λ ~ λ. Structures called high spatial frequency LIPSS (HSFL) have a
spatial period Λ shorter than the laser wavelength, Λ ≪ λ. So far, it is accepted that Λ depends
on the laser wavelength and on the radiation incidence angle. These LIPPS are generally
described by their period Λ and their orientation with respect to the polarization of the laser
[9]. However, the origin of the HSFL is still under debate and some theories have been
proposed.

Nanostructuring of Material Surfaces by Laser Ablation
http://dx.doi.org/10.5772/62638

433



Zhang et al. [10] report NS formed with ultrashort lasers pulses (Ti: Sapphire, 1 kHz, 800 nm,
120 fs). They describe the formation of both types of ripples: LSFL and HSFL. They explain
that LSFL arise from optical interference effects due to the coherent interaction between the
incident radiation and the electromagnetic wave scattered by the surface. Two main mecha‐
nisms are proposed for HSFL formation. One is related to the interaction of the laser pulse with
the surface plasma produced by the incident laser. The other mechanism is associated to a
combination of interference effects and second harmonic generation. For example, they have
experimentally found that the period of the ripples decreases with the increase of the laser
fluence on the surface. They report ripples generated perpendicular to the laser polarization
in the single-crystal superalloy CMSX-4. According to the experiments of these authors, HSFL
(Λ ≪ λ) are generated from LSFL (Λ ~ λ) with a period about half of the LSFL spatial period.
That is, while the period of the crests of LSFL is about the laser wavelength (λL = 800 nm, ΛLSFl

~ 760 nm), that of the HSFL is ΛHSFl ~ 360 nm, which is about half the laser wavelength.

NS in silicon were observed in areas up to 100 mm2 using a versatile laser machining station.
Experiences show that the morphology and frequency of the ripples of these structures do not
depend either on the focusing geometry, energy, scan rate, polarization, or incident angle of
the radiation [11]. It can be thus inferred that laser-based synthesis of nanomaterials is an area
that is in its beginnings.

1.1.1.2. Manufacturing of nanoparticles

The manufacture of nanoparticles by pulsed laser ablation is framed within what is known as
laser synthesis of nanomaterials (NM). The nanomaterials have extensive applications in
electronics, medicine, and energy generation and storage. The physical and chemical proper‐
ties of these materials strongly depend on their dimensions and shape. The most investigated
nanostructures are spheres (nanoparticles (NPs) and “quantum-dots”) and cylinders (nano‐
tubes, nanowires, nanorods). In particular, the nanostructures are made by pulsed laser
ablation (PLA). In the PLA of a solid, the NPs produced have the same composition of the solid
from which they come. If it takes place in air or vacuum, then thin coatings of NPs formed
from the ejected clusters can be generated on the surface. When PLA takes place in a liquid,
then a colloidal solution is obtained. On the other hand, there is also evidence that the
interaction of the laser radiation with nano- and micro-materials in solutions and/or in
suspensions in liquids/gases can produce new structures: nanostructures or alloys, as reported
in Chapter 7 of reference [1].

Pulsed laser ablation of materials was introduced with the advent of the ruby laser around
1960 [16]. Since then laser for machining research has been directed to obtain new emission
wavelengths, increase the repetition rate and output energy and, of course, decrease the pulse
duration, nowadays up to attoseconds (10−18 s). This research was mainly encouraged by the
fact that the laser processing is a powerful tool that does not wear during machining and, in
addition, does not produce pollution. On the other hand, in PLA, materials are subjected to
high temperatures and pressures, giving rise to a very particular chemistry with the production
of various compounds of oxides, carbides, and nitrides. Besides, since cooling rate is very high
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due to the rapid expansion of the plasma plume, metastable nanomaterials which are difficult
to obtain by other techniques can be produced.

PLA is conceptually simple. However, the material removal mechanisms extend over very
long intervals, from fs to ms, at least nine orders of magnitude. When the laser is focused on
the surface of a dielectric solid, wavelength dependent non-thermal effects take place. When
the solids are metals and semiconductors, thermal processes are also present. The mechanisms
and the characteristics of the ejected species strongly depend on the parameters of the laser
radiation (wavelength, pulse duration, and fluence).

With a nanosecond laser, PLA is basically a photothermal phenomenon. The incident energy
excites the electronic and vibrational levels of the substrate and, in consequence, the material
is heated, melted, and evaporated in the first 10–100 ps following the pulse arrival. For
relatively low fluence radiation (≤0.3–1 J/cm2), the ejected material, by desorption and evapo‐
ration, is mostly atomic size vapor. Then, the resultant vapor plume expands vertically and is
ionized by the photons that keep coming. For fluences near the ablation threshold, the amount
of ionized material can be calculated by the Saha equation [17]. If the fluence is larger than the
ionization threshold, then optical breakdown occurs and the degree of ionization can be
estimated from the Saha-Boltzmann equation.

The plasma role during the laser–matter interaction is not yet fully understood and has been
discussed over the past two decades. The plasma is composed of a set of atoms and electrons
that remain confined in a high energy field. The laser can produce plasma because during a
very short time lapse the photons that interact with the atoms of the solid target can strip off
about 15 electrons from each atom. Therefore, the photons that arrive after the solid has been
vaporized, contribute to increase the degree of ionization [1]. Ionization strongly influences
the dynamics of the plume’s condensation.

As the laser fluence increases (Φ ≥ 10 J/cm2), there is a remarkable increase in the amount of
ablated material suggesting that a different material ejection mechanism is taking place.
Experimentally, it is observed that the removed material consists of a mixture of vapor and
micron size droplets (≥10 μm). Different mechanisms have been proposed to explain this
behavior. Some suggest that temperature gets close to the critical temperature of the material
and then a phase explosion follows [1].

In general, it can be said that in the nanomaterials’ synthesis, clusters’ ejection and gas to
particles condensation, take place. The literature reveals that their final size varies within four
orders of magnitude [1]. However, Hubental et al. propose a tailoring method which can be
used to homogenize NPs’ size [18].

Regardless of the confinement in which the NPs are generated, certain steps taking place in
their formation may be outlined:

1. Vaporization (Nd:YAG lasers) and atomization (fs lasers).

2. Phase explosion.

3. Fragmentation.
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4. Mechanical exfoliation or chipping.

5. Hydrodynamic spraying.

The high temperature and density of the ejected material near the target’s surface develops a
pressure exceeding in several orders of magnitude the atmospheric pressure, leading to an
expansion of the vapor. During the adiabatic expansion (occurring at low pressure or vacuum)
that follows, the thermal energy is converted into kinetic energy, causing a very fast cooling
of the plasma (from 104 to 105 K in 1 μs for a ns laser). The extreme cooling rate leads the plasma
to a supersaturation condition in which nucleation becomes energetically favorable [19].

From nucleation theory [20], it is known that the nucleation barrier to form a spherical cluster
depends on the cohesive forces between the atoms in the liquid phase, the energetic barrier
due to the surface tension, and the plasma ionization (in dielectric materials the electric field
leads to polarization). If the radius of the particles with packed atoms is very small, the particle
will continue growing, while if it is large, the particle will stop growing and may even break
up. The laser beam polarizes the atoms and this effect tends to pack them, so that the critical
radius will be even smaller. So, the nucleation energy decreases and a higher amount of nuclei
to generate the nanoparticles are produced [21].

Nucleation is said to be homogeneous if clusters are produced from the vaporized material,
and the NPs are composed of a few tens of atoms. On the other hand, if clusters are already
present during the vapor plume condensation, it is considered a heterogeneous condensation.
The already existing clusters are considered nucleation centers and play a predominant role
in the condensation stage.

The number of particles is decreased both by collisions and coalescence producing an increase
of the NPs’ average size. Coalescence in a vapor–liquid medium spontaneously occurs as a
reduction of the total surface area during this process, corresponding to a reduction of Gibbs
free energy. It takes place up to a few ms after the laser pulse. Then, the NPs cluster due to
Van der Waals and electrostatic forces. Clustering is a characteristic feature of NPs’ synthesis
by laser ablation in gases or liquids that do not contain added stabilizing agents [21–24].

NPs suspended in transparent liquid media can be irradiated, too. Experiments show that
when NPs’ suspensions are irradiated with pulsed lasers, new structures [25] such as disks,
segments, cubes, and pyramids of nanoscale dimensions [26–29] are generated.

2. Research methods

The nanostructures described in this chapter were found when machining micro-devices with
a micromachining station based on laser ablation [30]. In particular, the monocrystalline silicon
nanostructure was obtained in wafers coated with a sacrificial layer. The nanoparticles were
found while analyzing the material ejected during the micro-devices’ machining. Later,
adequate containers for their generation were developed.

The micromachining station was composed of a laser and a substrates’ positioning system.
The laser was a frequency doubled Nd:YAG laser (532 nm) emitting pulses of 8 ns FWHM at
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a repetition rate of 10 Hz. The maximum achievable fluence, for this wavelength, was 250 mJ/
cm2. The substrates’ positioning system consisted of eight motors: six stepper motors with
micrometric resolution and two piezoelectric motors with nanometric resolution. A diagram
of the micromachining station is shown in Figure 1.

Figure 1. Micromachining system diagram.

Different samples of 2 cm × 2 cm of monocrystalline silicon were cut from c-Si wafers of 4”
diameter and 525 μm thickness. These samples were later coated with different films: Si2O,
Si3N4, positive photoresins, resins with dyes, or in some cases, a combination of these films.

The plasma-enhanced chemical vapor deposition (PECVD) technique [30–32] was used to
perform Si2O and Si3N4 films coatings. The effect of laser ablation on films of different
thicknesses such as 110, 300, 430, 510, 1220, and 2400 nm was studied. The c-Si samples coated
with Si2O were named c-Si + Si2O(x), where x indicates the film thickness in nm. The thicknesses
of the Si3N4 films were 180, 420, 500, 570, and 960 nm, and the naming: Si + Si3N4(x), x indicating
the film thickness in nm. Commercial grade c-Si wafers were also used. These wafers have a
50 nm thick Si3N4 film coating on either one or both sides.

Metals such as Fe (99.9%), Ag (99.9%), Au (99.9%), Ta (99.9%), and Cu were other materials
processed. Results obtained on Tantalum coated with a 2.5 μm thick AZ1518 resin with the
spin-coating technique [33] will be also presented.

2.1. Heuristic equation and its correlation with the physical properties of the irradiated
substrate

Since the description of the different regimes observed in the ablation process was found to
be a logistic function of the laser fluence, an ad hoc plasma detector was designed based on
the works of Bredicce et al. [34] and M. Villagrán et al. [7]. This device, the working principles
of which are detailed in reference [30], was used to detect the plasma during the machining.
We found that for c-Si, the maximum value of the recorded signals was proportional to the
amount of extracted material in each laser shot during the ablation regime according to
references [7, 34]. Figure 2 shows a plot of the induced electric signal maximum amplitude as
a function of the incident fluence for c-Si and c-Si + SiO2(2400).
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Figure 2. Amplitude of the electric signal versus laser fluence fitted by the logistic function of Eq. (1). (a) For c-Si and
(b) for c-Si + SiO2(2400) along with the values of the fitting functions’ parameters.

The results were fitted with the heuristic function described by the following Eq.(1) that relates
its parameters to the physical properties of irradiated substrates [34]:

( ) ( ) ( ) ( )1 2
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(1)

where:

MJ(∅) is the amount of material removed per pulse which is proportional to the electric signal.
Its units are [mass/(area)(time)], and it is a function of the laser fluence.

∅ is in the laser fluence in mJ/cm2.

A1 and A2 represent the lower and higher plateau values related to the onset of the absorption
and ablation regimes, respectively. Their units are [mass/(area)(time)].

SC is a dimensionless fitting parameter related to the surface roughness.

∅C is the critical fluence. Its value indicates the onset of the true ablation process, that is, the
fluence value from which on the material removal occurs mainly through ablation. For
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example, values of ∅C = 127 mJ/cm2 and ∅C = 139 mJ/cm2 were found for c-Si and c-Si +
Si2O(2400), respectively (Figure 2).

Two plateaus were found for c-Si coated with thin films <1 μm. We postulated that these values
indicated whether the laser radiation had reached the substrate or not. Figures 3 and 4 show
the results obtained for two different thicknesses of two kinds of films: c-Si + Si3N4(70) and c-
Si + Si3N4(350), and, c-Si + SiO2(110) and c-Si + SiO2(220), respectively, along with the param‐
eters’ values.

Figure 3. Amplitude of the electric signal versus laser fluence fitted by the logistic function, Eq. (1) for Si3N4 thin films
thicknesses deposited with the EPCVD technique on monocrystalline silicon: 70 and 350 nm. The parameters of the
logistic function are shown too.

The fits show that the effect of the film is to change the surface roughness. This is evidenced
by the value of the Sc parameter. The larger the value of this parameter, the lower is the
roughness of the surface [7]. Thus, the film acts as a filter until the critical fluence, ∅ C, is
reached. At that moment, the material is ejected from the surface through ablation and
generates a nanostructure on the substrate.
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Figure 4. Amplitude of the electric signal versus laser fluence fitted by the logistic function, of Eq. (1) for two silicon
dioxide thin films thicknesses deposited with the EPCVD technique on monocrystalline silicon: 110 and 220 nm. The
parameters of logistic function are shown too.

2.2. Nanostructuring and nanoparticles manufacturing or generation

2.2.1. Nanostructuring on monocrystalline silicon (c-Si)

Nanostructuring on c-Si was observed during the manufacture of prototypes of nanopores and
micro-cavities used as molecules’ detectors, drug-delivery control, 2D microstructures,
replication matrices, etc. in biological applications. These devices were manufactured using
the following techniques in the specified order: (1) laser ablation micromachining (one laser
shot cavities), (2) selective chemical attack, and (3) ultrasound cleaning (sonication) [35, 36].
The c-Si nanostructuring was observed after the ns laser pulse impacts on the c-Si + Si3N4(370)
sample. The cavity formed and its nanostructured base can be observed in the SEM (scanning
electron microscope) micrographies shown in Figure 5. c-Si nanostructuring has been reported
in the literature only with sub-picosecond laser pulses [36–38]. The nanostructures produced
in the irradiated zones reduce the reflection of the silicon surface. This effect would be of great
interest in the manufacture of silicon photovoltaic cells.
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Figure 5. c-Si + Si3N4(370) nanostructuring obtained with a ns laser pulse (Nd:YAG, 8 ns, 532 nm). (a) Complete cavity.
(b) Magnification of the cavity base.

Nanostructuring was also observed in the machining of a micro-chromatographic column in
a c-Si + Si3N4(50) commercial wafer [30]. The roughness of the grooves, inherent to the c-Si—
laser interaction—was found to be very useful to increase the sample concentration. The micro-
column was manufactured as a sequence of straight lines. Part of this micro-chromatographic
column and the roughness of the walls of the grooves is shown in Figure 6. The larger channels’
depth was 50 μm. Devices used for separating substances require roughnesses similar to those
of the sample’s channels [39].

Figure 6. SEM micrographies of (a) the c-Si sample surface after machining. (b) Magnification of part of the machined
channels to show the deeper channels. In order to observe the roughness of the channel’s wall, the sample’s surface
was placed forming an angle of 20° with electron beam.

Finally, microstructures and nanostructures were obtained on the walls of cylindrical and
conical cavities. For this purpose, the machining station was used with either both percussion
and trepanning drilling modes.

In the percussion drilling mode, the laser pulse always impacts in the same sample’s area
removing material until the desired depth is reached. Grooves of several microns width are
obtained as can be seen in Figure 7a.
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In the trepanning technique, a rotating movement is generated by applying sine wave voltages
to the piezoelectric motors with coordinate phases associated to the XY axis of the positioning
system. This circular nanometric movement produces a sand-down effect which decreases the
drilled cavity walls’ roughness. The misalignments of the laser beam focusing system as well
as the beam’s inhomogeneities are averaged and holes with controlled walls’ shapes and
roughness can be drilled. As a result, well-controlled circular holes with sub-micrometric
structures on the wall can be drilled.

The SEM micrographies of Figure 7 show cavities drilled on a sample of c-Si + Si2O(300) with
different number of laser pulses of 110 mJ/cm2. A drilling performed with 2400 pulses with the
percussion method can be seen in Figure 7a. The grooves on the walls and the debris can be
also observed. The debris tower several microns over the silicon surface. A cavity drilled by
trepanning with 200 pulses is presented in Figure 7b. Marks left by single pulses can be also
seen on the sides. In this case, the field of view of electronic microscope allows observing the
cavity bottom. Micrography (Figure 7c) corresponds to a cavity drilled by trepanning with
2000 laser pulses, the bottom of which can no longer be seen due to its depth. The walls of the
cavities of Figure 7b,c, show the typical smoothness of the trepanning mode.

Figure 7. SEM micrographies of (a) c-Si wafer drilled by percussion with 2400 pulses. The sample was inclined 45° to
observe the cavity’s walls were grooves of ~10 μm are seen. (b, c) Micrographies of cavities drilled by trepanning with
200 and 2000 pulses, respectively. The effect of increasing the laser pulse number for a fixed sample-lens distance and a
laser fluence of 110 mJ/cm2 can be compared. A sine wave voltage of 10 V and 3 Hz was applied to the piezoelectric
motors.

2.2.2. Nanostructuring in metals

The micromachining experiments in metals were performed with the machining station of
Figure 1. Nanostructuring on the surface of the devices machined on metallic substrates was
observed by electronic microscopy [30]. In this section, the most relevant results obtained are
presented.

2.2.2.1. Cavities in Ta(99.9%)

Porous tantalum is an alternative metal for the manufacture of total joint arthroplasty com‐
ponents that offer several unique properties since it has excellent biocompatibility and is safe
to use in vivo [40]. Upon direct irradiation with several pulses impacting on the same area of
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a Ta(99.9%) sample, formation of air bubbles of sub-micrometric dimensions gives rise to a
porous coating of tantalum and tantalum oxide of the surface. Figure 8 shows cavities drilled
on a Ta sample with 1, 500, and 1000 laser pulses of 200 mJ/cm2.

Figure 8. SEM micrographies of cavities drilled on a Ta(99.9%) sample with (a) 1, (b) 500, and (c) 1000 laser pulses of
200 mJ/cm2.

2.2.2.2. Nanostructuring in Cu

Micro-ionizer prototypes to be used in an ion mobility spectrometer [41] were machined on a
printed circuit board (PCB). The thickness of the copper coating of these boards is about 300
μm. Direct irradiation of the Cu coating of the PCB was performed by the trepanning method
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with 200 mJ/cm2. The SEM micrographies are shown in Figure 9a. It shows a sequence of
contiguous cavities each drilled with 25 laser pulses each. Figure 9b,c shows the details of the
cavities at different magnifications.

Figure 9. SEM micrographies (a) contiguous cavities machined on the copper coating of a PCB with 25 pulses each. (b,
c) Micrographies at larger magnifications to show the porosity.

The appearance of a porous coating of copper and copper oxide is observed as the number of
laser pulses impinging on the same sample area is increased. The lower density of porous
copper makes it suitable to be used as a lighter material for electrodes and catalysis.

Figure 10 shows the superficial modifications originated by laser irradiation of sub-micro‐
metric structures of copper oxide. Figures 10a,b are SEM micrographies of the surface before
irradiation; Figure 10c,d after irradiation with one square laser shot.

Figure 10. SEM micrographies of a copper oxide surface: (a, b) before irradiation; (c, d) after irradiation with one
square laser shot. Cu nanoparticles of lighter color than the rest of the surface due to their larger conductivity can be
appreciated.
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2.2.2.3. Nanostructuring in Fe(99.9%)

The nanostructuring found in Ta and Cu encouraged the irradiation of Fe(99.9%) samples.
Only sub-micrometric structures in Fe obtained with sub-picosecond laser pulses have been
reported in the literature. The HAZ effect produced on the surface of steel plates is used as
anticorrosive. In reference [41], Yang et al. report that the zones in the surroundings of a folding
axis are more liable to corrosion due to the larger mechanical strains to which they are
subjected. On the other hand, the authors found that steel plates which had been irradiated
with laser pulses before being folded became more resistant to oxidation. Figure 11 shows the
surface of a Fe(99.99%) plate after irradiation with laser pulses of 200 mJ/cm2 in which details
of the induced surface nanostructuring can be observed.

Figure 11. Fe (99.99%) plate surface after irradiation laser pulses of 200 mJ/cm2. The magnification of the electronic mi‐
croscope (SEM) increases from left to right disclosing details of the surface nanostructuring.

2.2.3. Fe(99.9%), Au(99.9%), Ag(99.9%) nanoparticles in different media

The manufacture method of NPs of different metals and the diverse analysis performed will
be described in the following. The first NPs were generated in air in an ad hoc chamber suitable
for obtaining metallic NPs in gaseous media. The substrate was fixed to the container which
was then fixed to the machining system. The laser was focused on the surface of the substrate,
and the movement of the positioning system of the substrate was controlled by a PC. To ease
the subsequent analysis with an electronic microscope, the NPs formed were stuck on carbon
tapes.

Figure 12 shows the Fe NPs generated in air at ambient temperature and pressure with two
different irradiation processes. Those shown in Figure 12a were generated by drawing lines
with a speed of 10 μm/s with pulses of 70 μm spot size. The irradiated zones and the number
of pulses are detailed in Figure 12b. The NPs shown in Figure 12c,d were generated by drilling
holes by percussion with 1000 pulses. The difference between both methods is the generation
of clusters of NPs. The size of the NPs generated by overlapping pulses on the substrate’s
surface (Figure 12a) is ~200 nm, and, as can be seen, they are grouped in clusters. On the other
hand, the size of the NPs generated by drilling is ~50 nm and they are also grouped in clusters.
In addition to NPs clusters, the formation of dense spherical microparticles is observed
(Figure 12c). This effect could be produced by the change of the superficial crystalline structure
introduced by the ns 532 nm laser pulse on the metal surface, Fe(99.9%) in this case [43, 44].
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Figure 12. (a) Fe NPs manufactured by drawing lines with up to seven contiguous pulses, (b) Fe NPs generated by
percussion (1000 pulses in the same sample area). In both processes, the laser fluence was 220 mJ/cm2. All microgra‐
phies were obtained by SEM.

The generation of NPs in liquid media was performed at ambient temperature and pressure.
The substrate was immersed in the liquid contained in a beaker. Laser pulses were focused on
the substrate’s surface, while the position of the substrate was continuously being changed so
that each pulse would impact in a non-irradiated surface area. Metallic NPs dispersions in
different liquid media such as ultrapure H2O, isopropanol, and a solution of sodium dodecyl
sulfate (SDS) were obtained following this method.

Figure 13. NPs generated in air and in different liquid media. (a) Tyndall effect in dispersions and solutions: (from left
to right) Ag NPs in ultrapure H2O, ultrapure H2O, Fe NPs in isopropanol, Fe NPs in SDS, and Fe NPs in ultrapure
H2O. (b) Characterization of the Fe NPs in a SDS solution by microscopy (HR-TEM).

Different methods were used for the NPs characterization:
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1. Tyndall effect for a rapid verification of the NPs’ generation in liquid media. In order to
observe this effect, the dispersion is illuminated with a cw laser. For example, in Fig‐
ure 13a, a 98 mW cw laser @405 nm was used. The presence of NPs disperses the laser
beam and makes it visible at simple sight. This effect is not observed in solutions or as in
the case of ultrapure H2O in the second beaker from left to right of Figure 13a.

2. High-resolution transmission electron microscopy (HR-TEM), which allowed studying
the NPs’ appearance, form and size (Figure 13b).

3. UV–visible light absorption spectrophotometry for the analysis of suspensions.

The advantage of this last method is that it allows preserving the NPs’ properties in situ,
avoiding alterations due to drying effects. Clustering or oxidation effects usually appear when
the NPs are separated from the medium in which they were originated (Figure 14).

Finally, the size distribution of the NPs in their original medium was estimated from the
absorbance spectra of the dispersions and their comparison with those calculated with the
MiePlot algorithm (Appendix E, reference [30]).

Figure 14. (a) Absorbance spectrum of a dispersion of Au NPs in ultrapure H2O compared to that of the same disper‐
sion diluted 10 times, (b) comparison of the absorbance spectrum of Ag NPs in H2O experimentally obtained with that
calculated for Ag NPs of 20 nm of radius in H2O with a log-normal distribution with different standard deviations.

2.2.3.1. Core–shell nanoparticles (preliminary results)

Nanoparticles of different nucleus’ materials and core–shell were produced as prototypes for
drug delivery. The particles were required to have a ferromagnetic nucleus to be able to be
delivered with magnets to the desired zones and a core–shell of a material assimilable by the
organism so as not to be rejected by it.

The following method was used for the synthesis of core–shell NPs. First, a suspension of Fe
NPs in ultrapure H2O was obtained by laser ablation of a Fe(99.9%) plate. An Au(99.9%) plate
was subsequently irradiated in the Fe NPs suspension. The Fe NPs acted as nucleation centers
for Au crystallization according to the nucleation principles described in Section 1.1.1.2.

The absorbance spectrum of the final suspension obtained, shown in Figure 15, resulted in
very good agreement with those reported by other authors in references [45, 46].
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Figure 15. Absorbance spectrum of dispersions of Fe NPs, Au NPs, and Fe@Au NPs in ultrapure H2O.

3. Conclusions

Laser ablation allows numerous technological developments ranging from laser-induced
breakdown spectroscopy (LIBS), pulsed laser deposition (PLD), laser propulsion, to surface
modification and generation of nanoparticles, NPs. In this chapter, we have presented a review
of the results obtained with these two latter processes. However, it should be noted that these
effects or phenomena were found to occur during the implementation of the micromachining
processes and have gained relevance since their observation by means of electron microscopy
in its different forms SEM and TEM. The possibility of producing nanostructures on surfaces
opens up new possibilities for studying their effects on physicochemical surface phenomena.
These effects, mentioned in the Section 1.1.1, as laser-induced periodic surface structures and
the increase of roughness in the generation of channels for chromatographic columns will
allow the production of cheaper systems based on these principles. On the other hand, the
heuristic model presented in Section 2.1 to explain the phenomenon of laser ablation allows
us to understand the effect of surface modification and use it as a tool to transform surfaces
by coating them with thin films. Another very important issue is the possibility of producing
core–shell nanoparticles of the type shown in the Section 2.2, using different metals. In our
case, the production of Fe@Au NPs resulted a very convenient way to unify in a same material
the magnetic properties of Fe with the biological properties of Au. As a final remark, as it was
our intention to put forward throughout this chapter, we would like to emphasize that
nanosecond lasers are still a very important source for the modification of surfaces for
technological uses.
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