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Abstract: The current demand for fabricating optical and photonic devices displaying high
performance, using low-cost and time-saving methods, prompts femtosecond (fs)-laser processing
as a promising methodology. High and low repetition femtosecond lasers enable surface and/or
bulk modification of distinct materials, which can be used for applications ranging from optical
waveguides to superhydrophobic surfaces. Herein, some fundamental aspects of fs-laser
processing of materials, as well as the basics of their most common experimental apparatuses, are
introduced. A survey of results on polymer fs-laser processing, resulting in 3D waveguides,
electroluminescent structures and active hybrid-microstructures for luminescence or biological
microenvironments is presented. Similarly, results of fs-laser processing on glasses, gold and
silicon to produce waveguides containing metallic nanoparticles, analytical chemical sensors and
surface with modified features, respectively, are also described. The complexity of fs-laser
micromachining involves precise control of material properties, pushing ultrafast laser processing
as an advanced technique for micro/nano devices.
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1. Introduction: Fundaments of Femtosecond-Laser Material Processing

Advances in laser technology have produced lasers capable of emitting ultrashort pulses, with
duration at the scale of femtoseconds. This characteristic have revolutionized laser material
processing, a subject of research since the laser’s first demonstration, which opened new possibilities
for optical and photonic device development [1-3]. In femtosecond-laser micromachining, enough
energy from the laser light is deposited onto the material to cause superficial or volumetric
permanent change on the order of micro/nanometers. The specific features of the obtained
microstructures depend on experimental parameters, such as wavelength, pulse energy, repetition
rate, pulse duration, focusing objective numerical aperture and scan velocity. From a material
science point of view, its optical and thermal properties are crucial to determining how matter will
respond to intense light irradiation.

Once material modification at ultrashort pulse regime is related to aspects fundamentally
different from those that rule the micromachining process with longer pulses, an understanding of
light-matter interactions is of foremost relevance to understanding material processing. One of the
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main reasons for these differences lies in the fact that at an ultrashort pulse regime the laser energy
deposition occurs within the pulse duration, i.e. before any relaxation or thermalization processes
have been initiated. Material electronic configuration is responsible for the energy absorption and
primary heating, while the atomic lattice remains nearly unaltered. Heat transfer from highly excited
electrons to ions and further thermalization followed by diffusion begins long after the pulse has left
the material [4]. In this scenario of heavy non-equilibrium conditions, the decoupling between
electronic and lattice systems allows their temperatures to be treated independently according to the
well-known Two-Temperature Model [5-7].

Another main reason why femtosecond-laser micromachining provided new avenues for
material processing lies in absorption, which is governed by nonlinear processes due to the
extremely high peak intensities delivered by ultrashort pulses. Although the promotion of nonlinear
effects deeply influences the microfabrication of absorptive materials, the most striking
phenomenon is the nonlinear absorption in transparent materials. Linear absorption effect occurs
when an electron is promoted from the ground to the excited state by one-photon absorption.
Clearly, the energy hv of this single photon has to be enough to overcome the energy gap E; between
those states, otherwise absorption does not take place. In nonlinear absorption, a group of photons
with insufficient individual energy to perform the linear absorption acts together to produce
material excitation and, eventually, ionization. There are two regimes involved in the nonlinear
ionization: the photo-induced and avalanche mechanisms. The first one suggests that promotion of
electrons to the conduction band is due to the laser field, specifically by either multiphoton
ionization or tunneling. Multiphoton ionization is described by the simultaneous absorption of n
photons by a single electron, which is consequently excited from the valence to the conduction band.
Here, the energy combined of all involved photons has to exceed the bandgap energy in such a way
that ionization can occur, nhv > Eg. Photoionization can also be achieved by a tunneling process
facilitated by the distortion of the atomic potential caused by the laser electric field. Both previously
described ionization processes are, in fact, part of the same phenomenon modeled by Keldysh [8] in
1965, differentiating themselves by laser intensity level and wavelength.

Avalanche ionization is the result of a repetitive sequence of events, which includes free carrier
absorption and impact ionization. At first, an electron excited to the conduction band absorbs
subsequent photons raising its energy up to a level that exceeds the minimum of conduction band
energy. Later, this highly energetic electron collides with an electron occupying the top of the
valence band and, through this impact ionization, both electrons end up in the lowest level of the
conduction band [9,10]. The process repeats for the excited electrons, promoting new electrons from
the valence band to the conduction band. This mechanism continues to occur during the presence of
the intense laser light and leads to an exponential growth in the population of the excited electrons.
A requirement for the avalanche ionization is the presence of seed electrons in the conduction band
so that the process can start. In the case of femtosecond-laser pulses, these seeds mostly originate
from the photoionization mechanisms mentioned before, but defect states close to the conduction
band may facilitate the seed electron creation. The light absorption is strongly enhanced by the
plasma formed as the electron density in the conduction band increases drastically and its frequency
matches the laser frequency. At this critical point, plasma becomes nearly opaque to the incident
wavelength and absorbs a great amount of energy that later evolves to energy relaxation and
material modification.

In general, femtosecond-laser micromachining is classified into two major types of material
modification: ablation and damage. Ablation is the process that usually occurs at the surface of the
target material, in a timescale on the order of hundreds of nanoseconds, resulting in material
removal. The rule of nonlinear absorption in femtosecond (fs)-laser ablation has been recently
investigated [11]. The non-equilibrium condition brings extreme complexity to the physical
mechanisms involved during ablation. Among the most accepted ones are the Coulomb explosion [12],
material ejection, and evaporation [13]. One of the great achievements of the ultrashort pulse
ablation is the capability of producing a minimal heat-affected zone surrounding the laser spot
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region. It is because significant deposited energy is taken away with the early stages of the material
removal and less heat is diffused into the lattice.

The process of bulk damage takes place in transparent material. Once nonlinear absorption is
highly dependent on laser intensity, only at the focus there is enough intensity to produce ionization
leading to optical breakdown. Such a characteristic enables the microfabrication of
three-dimensional structures into the material bulk, without modifying regions outside the focal
volume of the laser beam, inscribing, for example, waveguides [14] and photonic crystals [15]. Novel
applications of fs-laser micromachining in micro-supercapitors [16], microlenses [17] and biosensors [18]
have also been proposed and demonstrated.

There are two main structural changes observed in bulk damage experiments. By using laser
energy level close to the material threshold, changes in the refractive index [3,19] can be produced,
which is attributed to material melting and subsequent fast resolidification [20-22]. This variation in
the refractive index can be positive or negative, according to an increase or decrease in the material
density that is accompanied by the rapid cooling [23]. In the opposite energy level range, well above
the material threshold, the production of empty voids [24-26] due to microexplosions that lead to a
hollow or less dense regions in the focal volume (where material has been expanded) is observed [27,28].
When using an intermediate energy level, the induced modification can result in an alternated
composition variation, denominated nanograting, which leads to a birefringence in the
microstructured region [29]. Other review papers in this field, presenting not only applications but
also fundamental aspects of fs-laser micromachining, have been recently published [30,31].

As previously mentioned, produced damage depends on laser and material features, as well as
on the experimental conditions, thus, different results can be observed in fs-laser micromachining.
Optical and thermal properties of materials are crucial to determine how the material responds to
intense light irradiation. Experimental parameters, such as pulse duration, pulse energy and
numerical aperture of the focusing lens define the light intensity, which along with laser wavelength
define the induced optical nonlinearity. Among the experimental parameters, the laser repetition
rate plays an important role in thermal effects caused by fs-pulses. Because laser energy is first
deposited into the electronic system and because it is only after the highly excited electrons are
thermalized with the lattice that heat diffusion occurs, heat is carried away from the focal volume in
a time scale of the order of 1 us. Therefore, the interval between adjacent pulses directly influences
the microfabrication process, which can be carried out in two distinct regimes. When using
fs-oscillators that emit pulses with energy on the order of nJ at a repetition rate of MHz, the
micromachining exhibits a cumulative behavior, since pulses are separated by a time much shorter
than the characteristic time for heat diffusion. In this scenario, the energy deposited from a pulse
cannot be dissipated before the next pulse arrives at the same place. Therefore, after sequential
pulses, the accumulated heat inside and outside of the focal volume reaches critical level, leading to
structural change. The focal volume acts as a heat source of micrometer dimensions emanating heat
for as long as the laser exposure time. In contrast, amplified laser systems deliver pulses with energy
on the order of pJ and with repetition rate in the range of kHz. In this way, the micromachining takes
place in a repetitive regime, since pulses are separated by millisecond, which is significantly larger
than the heat diffusion time. As a consequence, the material returns to equilibrium at room
temperature before the next pulse strikes it again. This means that produced microstructures are
restricted to the focal volume, presenting very little collateral damage in its vicinity [32].

In the next sections, we present some details about how the fs-laser can be used to modify
distinct materials at surface/bulk, aiming particularly at applications in optical waveguides,
photonic structures and superhydrophobic surfaces.

2. Experimental Aspects of fs-Laser Material Processing

Although there are several fs-laser-based techniques employed for obtaining materials at micro-
and submicro scales, one of the most common approaches relies on focusing the fs-laser into the
sample, either in its volume or on its surface, depending on the desired goal. From the experimental
viewpoint, the laser light is focused into the sample using microscope objectives with different



Photonics 2017, 4, 8 4 of 25

numerical apertures (NAs), as shown in Figure 1. Alternatively, depending on the desired size of the
features, lenses with larger focal distances can be used. Hence, as illustrated in Figure 1, a specific
pattern is produced by either x-y sweeping the laser beam on the sample, which is kept fixed, with
the aid of galvanometric mirrors (Figure 1a), or by using a three-dimensional (x-y-z) stage to
translate the sample in respect to the fixed focusing lens (Figure 1b). In the first case (Figure 1a), the
movement in the z-axis is achieved by an additional translation stage. The choice of which approach
should be used depends on experimental details, such as processing time and area, laser repetition
rate, etc. The movement of the sample or laser beam deflection is computer controlled, which defines
not only the processing pattern on the sample but also the material processing speed, which is
directly related to the number of pulses per laser spot for a given laser repetition rate. In order to
visualize the material processing in real time, usually a CCD camera is coupled to the experimental
setup.
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Figure 1. Schematic diagram of the experimental setup for femtosecond (fs)-laser processing of
materials using (a) laser beam scanning mirror for beam deflection and (b) x-y-z translation stage for
the sample.

When fs-pulses are focused onto a material, the irradiance reached at the focal volume can be
high enough to induce optical nonlinearities, i.e., for intense and tightly focused laser pulses, the
corresponding electric field can achieve magnitudes comparable to the ones that bind the electrons
in atoms or molecules, leading to a nonlinear optical phenomenon (e.g. multi-photon absorption).
Because the multi-photon absorption is localized into the focal volume, the resulting structural
changes [33,34], photoreduction [35,36], degradation [37] and ablation [38], will also be confined to
the vicinity of the focus, which can be exploited to advance materials processing.

The light irradiance required to produce changes in materials is determined by three
experimental parameters: pulse energy (E), pulse duration (1) and numerical aperture (NA) of the
focusing objective. Usually, the highest value of E and the shortest pulse duration are specified by
the laser system being used. When t and NA are set, the nonlinear absorption will be exclusively
dependent of E. In this circumstance, the threshold energy is defined as the smallest value of E for
which changes in the material occur. When E is increased above the threshold, the sample-affected
zone is typically larger than the focal volume, whereas for E, close to the threshold, changes are
localized to the focal region. The feature size achieved by laser processing is essentially determined
by NA, which defines the focal width and depth. The geometry of the structured region is also
influenced by NA; while spherical features are obtained for high NA (typically higher than 0.6),
asymmetric structures are observed when small NAs are used.
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Fs-laser processing can be achieved in several types of materials, including polymers and
glasses, using energy per pulse on the order of nanojoules, which can be accomplished through
fs-laser oscillators that operate with repetition rate in the scale of MHz. When material processing is
carried out using such oscillators, the heat diffusion time is longer than the interval between
consecutive pulses, which confers a cumulative character onto the process [39,40]. On the other
hand, when amplified femtosecond sources are used, which generally operate with a kHz repetition
rate, the nature of the micromachining process is repetitive [39]. Ti:sapphire laser oscillators,
operating at a wavelength of approximately 800 nm and repetition rate of MHz, are still the most
used laser sources for fs-laser processing of materials, although other sources based on fiber
femtosecond oscillators have gained significant attention. The quality, resolution and properties of
the fs-laser-processed samples are usually evaluated by microscopy techniques, such as optical,
atomic force and scanning electron microscopy, as well as by standard spectroscopic tools, such as
UV-Vis, Fluorescence and Raman.

Other experimental setups that include interference and diffraction processes have also been
developed, allowing the fabrication of complex microstructures without the need of scanning the
laser beam or translating the sample. For example, arbitrary shapes were microfabricated by using
Spatial Light Modulators, which are used to apply amplitude/phase masks to the beam prior to
focusing [41,42]. Diffractive optical elements (DOE), such as diffractive beam splitters play an
important role in the multifocal micromachining [43] and in the fabrication of periodic
microstructures [44-46]. The basic idea behind the use of DOE is to produce multiple laser beams
that are later focused at different angles, producing an interference pattern. Such modulation in the
laser intensity is then transferred to the structure micromachined in the sample.

Besides the micromachining setups mentioned previously, multiphoton polymerization (MPP)
can also be used to fabricate micro- and nanometer-sized three-dimensional structures. In this
approach, a photoinitiator molecule, when excited via multiphoton absorption, triggers a
polymerization reaction, allowing the fabrication of microstructures [47]. The spatial resolution
achieved in such microstructures can be drastically improved by incorporating the concept of
stimulated emission depletion (STED) [48], which can reduce the resolution to tens of nanometers
[49]. Many applications could benefit from the combination STED-MPP, particularly the fabrication
of photonic crystals operating in the visible range of the spectrum that require periodic structures on
the order of few hundreds of nanometers [50].

3. Fs-Laser Processing of Distinct Materials

3.1. Optical Waveguides in Polymers

Fs-laser microfabrication can be used for producing optical devices in several types of polymers
since they can present high optical transparency, good mechanical properties and feasibility for laser
processing. For instance, poly(methylmethacrylate) (PMMA) is a low-cost polymer that has high
optical transparency in the ultraviolet (UV) and infrared (IR) spectral regions and also presents a
refractive index similar to standard glass optical fibers. Such features make it quite suitable for
designing optical devices, including micro-optical lenses and waveguides. In addition, other organic
or inorganic compounds (such as chromophores) can be added to PMMA aiming at modifying its
linear and nonlinear optical properties.

For instance, the fabrication of tubular waveguides using a Ti:saphire oscillator fs-laser has been
reported in PMMA doped with Disperse RED 13 (DR13), which is an organic chromophore [51]. The
fabricated waveguides were characterized by optical microscopy, as the one displayed in Figure 2
(top view). The pulse energy employed during the fabrication process was of 42 nJ, and yielded
small black dots on its center, which were attributed to the thermal damage at the zone surrounding
the focus. The authors attributed the damaged zone to a carbonized portion of the material
originated during the fs-laser fabrication, due to the very high light intensities employed for the
fabrication. Figure 3a displays a top view image (by transmission optical microscopy) of an isolated
waveguide [51]. Using a HeNe laser beam, the authors coupled light to the waveguides, whose
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near-field intensity distribution is shown in Figure 3b. No light was guided through the waveguides’
central region due to absorption, although on the annular region (of higher refractive index), light

was reasonably guided with azimuthal symmetry. The total loss estimated for this waveguide was
0.8 dB/mm.
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Figure 2. Optical microscopy image of waveguides produced with an energy of 42 nJ and scanning
speed of 100 um/s. The inset shows a transverse image of a typical waveguide. Reprinted with
permission from [51]. Copyright (2014) Elsevier.

20pm

Figure 3. (a) Transmission optical microscopy image and (b) near-field intensity distribution of the
output waveguide at 632.8 nm. [51]. Copyright (2014) Elsevier.

The domain of experimental parameters along with the understanding of local refractive index
change has enabled the fabrication of waveguides in PMMA with a virtually symmetric
fundamental mode and a propagation loss of 0.5 dB/cm [52]. The guiding area is a consequence of
the beam refocusing, resulting in a secondary modification region where polymer damage or
negative refractive index changes are avoided. In order to improve the waveguide performance in

PMMA, a phase-retrieval algorithm has also been proposed to identify the internal structure and
modifications caused by laser pulses [53].

3.2. Fluorescent Polymeric Structures

Poly[2-methoxy-5-(2-ethlyhexyloxy)1,4-phenylenevinylene] (MEH-PPV) is a flexible,
easy-to-process [54] conjugated polymer with outstanding electrical and optical properties, which
are interesting for photonic applications [55]. Taking advantage of these features, fs-laser
micromachining of MEH-PPV films has been carried out by researchers, as reported by [56]. In that
study, the authors produced 14 um thick MEH-PPV films by casting a solution of this polymer on a
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Teflon recipient over a glass substrate. In order to create microstructures on the film,
femtosecond-laser micromachining was carried out using a Ti:sapphire laser that delivered 50 fs pulses,
centered at 800 nm, operating at a repetition rate of 5.2 MHz. The microstructured lines produced in
the film were measured via optical microscopy as a function of the pulse energy (0.2 to 2 nJ) for
scanning speeds of 20, 50, 75 um/s, yielding lines with widths from 0.6 to 10um. Two distinct
processes for the fs-laser processing were observed: (i) for lower energy regimes, only morphological
changes were observed, while (ii) for higher energy regimes, polymer removal was achieved.
Atomic Force Microscopy (AFM) images of the irradiated lines revealed that, for energy below the
ablation threshold, a protuberance was formed as a result of mechanical stress on the film due to
heating, melting and subsequent solidification. On the other hand, when laser pulses with energy
above 1.0 n] were employed, material removal on the film was observed. Figure 4 shows the sample
topography obtained with both energy regimes. Also, from AFM images, the average surface
roughness of specific areas was twice as large at regions close to the micromachined line, probably
because of debris expelled from the ablation process. Furthermore, it was observed that the average
roughness increased as a function of the pulse energy, since the material removal becomes more
efficient.

(a) (b)

0.78 pm 6.0 um

0.00 pm "~ 0.0pm

Figure 4. Sample topography from Atomic Force Microscopy (AFM) of structures induced on
MEH-PPV film by using laser pulse energy of 0.6 nJ (a) and 1.1 nJ (b) at scanning speed of 25 pm/s.
Reprinted with permission from [56]. Copyright (2014) Elsevier.

The influence of fs-laser micromachining on the MEH-PPV films’ optical properties was
evaluated by the absorption spectrum of areas containing microfabricated lines, separated by 4 um
and fabricated with distinct pulse energy at constant speed of 50 um/s. It was observed that the band
centered at 500 nm, which is characteristic of MEH-PPV absorption, decreased as a function of the
pulse energy due to a photobleaching process induced on the sample. Since this polymer is
transparent at 800 nm (excitation wavelength employed) but exhibits a strong two-photon
absorption cross-section [57], such bleaching was attributed to a multi-photon photo-oxidation [58].
In addition, the authors also showed the functionality of the microstructure by fabricating an
electroluminescent device based on a thin film (ca. 300 nm) of MEH-PPV spin-coated on Indium Tin
Oxide (ITO) substrate, which was partially laser ablated and presented electroluminescence under
applied voltage.

Femtosecond laser has also been applied to produce active microstructures via two-photon
absorption polymerization (2PP). This technique enables the fabrication of neat and doped
polymeric microstructures with high definition and virtually no shape constraints, finding
application in optical, electrical and biological devices [59-64]. For instance, [65] the fabrication of
three-dimensional microstructures based on triacrylate monomers and ZnO nanowires using a
fs-laser experimental setup delivering pulse energies of 0.5 nJ has been reported. The fabricated
composite microstructures containing 1% of ZnO dispersed in the polymeric matrix displayed good
structural integrity, as can be seen in the scanning electron microscopy (SEM) images displayed in
Figure 5.

Such microstructures are interesting for designing optical devices due to their intense
fluorescence. For this purpose, the authors employed a cw He-Cd laser operating at 325 nm with an
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average power of 12 mW to beam on the sample. Figure 6 reveals a broad and intense emission of the
ZnO nanowires/polymer composite microstructure, with the emission peak centered at
approximately 570 nm due to oxygen vacancy defects in Zn. The inset of Figure 6 shows the
fluorescence (top view) image of such a ZnO nanowires/polymer composite microstructure
containing 5 wt % of ZnO nanowires, which was excited using a cw laser at 350 nm.

Figure 5. SEM images of two-photon polymerized ZnO nanowires/polymer composite microstructures
containing 0.5 (a) and 1.0 (b) wt % of ZnO nanowires. Reprinted with permission from [65].
Copyright (2014) Wiley Online Library.
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Figure 6. Emission spectra of the ZnO nanowires/polymer composite microstructure containing 5 wt %
of ZnO nanowires (a) and for the ZnO nanowire powder (b). The inset shows the fluorescence image
(top view) of a cubic microstructure containing ZnO. Reprinted with permission from [65].
Copyright (2014) Wiley Online Library.

Two-photon polymerization was also employed by Otuka et al. [59] to fabricate concentric
cylindrical polymeric shells using a multi-step fabrication process. The outer cylindrical shell was
composed by undoped acrylic resin, while the inner one was composed of the same acrylic resin
doped with Rhodamine B. Figure 7a displays a scanning electron microscopy image of such
structure (top view), while (b) and (c) display optical and fluorescence microscopy images
respectively. In (b) it is possible to observe parts of the cylindrical structure; the center with air, the
inner cylindrical shell doped with Rhodamine B and the outermost with net polymer. This
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cylindrical microstructure, when excited with light at 450 nm from a LED source, exhibited a strong
fluorescence that was confined to the inner cylindrical shell containing Rhodamine, while only a
small scattering was observed in the outermost cylinder (Rhodamine-free region). Such polymeric
structures are interesting for fabricating optical microcavities with distinct dopants.

-
RN
Interface

Figure 7. (a) SEM and (b) optical image (top view) of the cylindrical microstructures (the external

diameter of the cylinder is 30 um with a thickness of 5 pm), displaying the interface between the
cylindrical shells. (c) Fluorescence image of the microstructure upon excitation with an LED centered
at 450 nm. The contour of the undoped region is represented by the dotted line. Reprinted with
permission from [59]. Copyright (2014), Materials Research.

Optical storage devices (OSDs) can also be achieved via 2PP. For instance, highly dense OSDs
were fabricated by de Miguel et al. by spatially selecting the fluorescence functionalization of doped
microstructures. The fluorescence images obtained from the structures revealed that the proposed
method was qualified for producing precise pixels as small as 0.24 um? by adjusting the pulse
energy, which enhanced the dye fluorescence due to an induced diaggregation effect caused by
thermal effects [66].

3.3. Superhydrophobic Polymeric Surfaces

Laser processing has also been employed for producing surfaces exhibiting dual-scale
roughness, aiming at applications from microfluidics to self-cleaning devices [67-70]. For instance,
Furstner et al. [67] investigated the wetting and self-cleaning properties of three types of
superhydrophobic surfaces. They observed that surfaces containing two levels of roughness
presented self-cleaning features under artificial rain. Jiang et al [71] fabricated superhydrophobic
surfaces based on polyorganosiloxane using a sol-gel and heat treatment process followed by
coating with a nanosilica (5102) sol and organosiloxane
1,1,1,3,5,5,5-heptamethyl-3-[2-(trimethoxysilyl)ethyl]-trisiloxane (3-HPEOs). The wettability of
polyorganosiloxane films changed from hydrophobic to superhydrophobic, presenting water
contact angles from 144.5 + 0.7° to 156.7 + 1.1°, while the hysteresis angle decreased from 6.5 + 0.6° to
2.5 + 0.6°. Wang et al. [68] applied superhydrophobic sol-gel on canvas to promote self-cleaning
ability. A solar cell device with nanoscale morphology was demonstrated by Zhu et al. [69], which
presented higher power efficiency than a flat film device and enabled self-cleaning due its
topological features. Guan et al. [72] used microinjection compression molding with dual-layer
molds to replicate a bio-inspired 3D topography. The micropattern was coated with submicro silica
particles that confer dual-scale topography on the mold. Furthermore, by modifying surface
topological features, one should expect to observe changes in the aerodynamic and hydrodynamic,
hydrophobic and hydrophilic properties, optical absorption, as well as van der Walls force
interaction, as observed in geckos’ feet [73].

Since the wettability of surfaces depends on their topology and chemical nature [74-78],
strategies combining both aspects have been developed to obtain superhydrophobic
materials [75,79-83]. As a natural example of a superhydrophobic surface, the lotus leaf has inspired
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the fabrication of synthetic superhydrophobic surfaces. One way to study the wettability properties
of surfaces is by measuring the contact angle with water, in which higher angles indicate higher
hydrophobicity. Therefore, the large water contact angle (CA) of the lotus leaf, on the order of 160°,
is attributed to the combined effect of its covering wax and surface structure [84]. In fact, the lotus
leaf presents a hierarchical surface structure that is composed of a dual-scale roughening at the
micro- and nanoscale [84,85].

The process of mimicking the lotus leaf pattern on an artificial surface is a complex subject, because
it involves precise control over surface microstructuring, while keeping the already obtained
nanostructure on the surface. In order to reproduce the lotus leaf’s superhydrophobic effect on synthetic
surfaces, a combination of chemical modification and patterning of the sample has been
employed [86-88]. Several methods, from extruding of polymers [89] to femtosecond-laser
microfabrication [74] have been proposed to design superhydrophobic
surfaces [67,74,75,79,81-83,88,90,91].

A hierarchical structuring process that combines stamping (nanoscale) and laser
micromachining (microscale) has been performed by Cardoso et al. in order to create highly
hydrophobic surfaces [92]. This approach combined advantages of both methods, such as the
flexibility for the nanoscale fabrication, provided by stamping, and the selectivity of fs-laser
micromachining. Furthermore, both methods can be applied to a large range of materials. For
example, the surface pattern of ZnO nanowires was transferred to polydimethylsiloxane (PDMS) by
stamping, which resulted in a nanostructured PDMS surface. Subsequently, this film was
micromachined by femtosecond-laser pulses in order to create a periodic microstructured surface,
using 150 fs pulses from a Ti:sapphire-amplified laser, operating at 780 nm with a repetition rate of 1 kHz
and pulse energy of about 0.5 pJ [92]. The fabricated samples presented good uniformity, thanks to
the consistency of stamping and laser micromachining. The resulting surfaces were composed of
pillars with squared cross-sections, with periodicities of 10, 20, 30, and 40 pm. Figure 8 shows AFM
micrographs of the hierarchical surface (micro- and nanostructures) produced on the PDMS sample.
The depths of the grooves produced by micromachining, determined by AFM, are on the order of 4 um.

7.3 pm
0.0 pm

9.2 pm
0.0 pm

Figure 8. Atomic force microscopy (AFM) images of nano/microstructured polydimethylsiloxane
(PDMS) films with periodicities of 10 um (a), 20 pm (b), 30 um (c) and 40 pm (d). Reprinted with
permission from [92], Copyright (2015), Wiley Online Library.

The hierarchical surface structuration, achieved by stamping and subsequent laser
micromachining, presented an increase of nearly 49° (from 121° for the flat surface to 170° for the
structured one), while the contact angle hysteresis (CAH) was determined as 3° [92].
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3.4. Superhydrophobic Metallic Surfaces

The irradiation of solids with linearly polarized Ti:sapphire femtosecond-laser pulses under
normal incidence can result in laser-induced periodic surface structures (LIPSS). For metals or
semiconductors, LIPSS has been observed with a period close to or slightly smaller than the
irradiation wavelength and an orientation perpendicular to the laser beam polarization. The
generation of the LIPSS is due to an interference of the incident laser beam with the surface
electromagnetic wave generated at the rough surface, which might include the excitation of surface
plasmon polaritons [93]. Similarly to fs-laser processing of polymers, femtosecond-laser pulses have
also been used to make silicon surface hydrophobic. Baldacchini and co-workers used a train of
100 fs-laser pulses from a Ti:sapphire laser system focused at normal incidence on the surface of
n-doped Si (100) wafers aiming to produce superhydrophobic surfaces [74]. They obtained different
surface morphologies depending on laser fluence. The features of the surface topology for a range of
fluence from 2.2 to 9.0 kJ/m? changed from laser-induced periodic surface structures to a coarsened
surface to an array of cone-shaped spikes. All these surfaces, after laser micromachining, were
treated with air plasma and terminated with fluorosilane to decrease the surface energy. The latter
procedure allowed them to study the hydrophobic effect of roughness produced by laser
structuring. The authors analyzed the effects of surface modification with different laser fluence
upon the static and dynamic wetting properties. They found a superhydrophobic behavior for all
laser micromachined samples with water contact angle of 160° and less than 3° contact angle
hysteresis. They also measured contact angle for hexadecane on the microstructured silicon surfaces
and observed that the microstructuring changed the contact angle from a wetting value of 79° on flat
silicon to a nonwetting value between 105° and 129° on the laser-microstructured surface.
Hexadecane exhibited a contact angle hysteresis between 22° to 33°, in contrast to water. For this
work, the authors concluded that wetting properties of these surfaces followed the Cassie-Baxter
model [94].

Zorba et al. [95] have achieved a similar change in the wetting properties of silicon by
femtosecond-laser structuring. They used femtosecond laser to simultaneously create micro- and
nano-patterns in silicon surfaces, whose wetting properties were investigated without any coating
deposition. By increasing the fs-laser fluence from 0.17 to 1.8 J/cm?, they achieved an enhancement of
the water contact angle from 66° to more than 130°. One important contribution of that investigation
was to show the possibility to use the femtosecond laser to fabricate a gradient of wettability on a
silicon surface, which resulted in a spontaneous motion of water droplets. They have structured a
series of successive regions with a number of laser fluences, resulting in different morphologies,
consequently inducing a wettability gradient [95].

Kietzig et al. [96] have irradiated different metallic alloys with 150 fs-laser pulses from an
amplified Ti:sapphire laser system that delivers pulses centered at 800 nm with a repetition rate of 1 kHz.
A rough structure containing dual scale was created on the alloy surface immediately after laser
irradiation. Using different laser fluences (0.78, 2.83 and 5.16 J/cm?), distinct structures were
obtained, as presented in the SEM images in Figure 9. In this figure, it is possible to see the polished
surface and the regular protuberances after the laser process. It is clearly observed that surface
roughness increased with laser fluence. Moreover, a dual-scale roughness is observed in the SEM
images. For all fluences and materials, a periodic ripple structure (submicro scale) was observed on
the disordered protuberances (micro scale). Wetting properties of the micromachined metal alloys
were determined by contact angle measurements. Immediately after laser micromachining, samples
presented superhydrophilic behavior, with water spreading out on the surface. Nevertheless, an
increase on the contact angle was observed over time. The changes in wettability were attributed to
the presence of carbon and its compounds on the laser-irradiated surfaces [96].

Similarly, Wu et al. [91] used femtosecond-laser pulses to structure stainless steel and
subsequently cover the surface with silane agent to obtain superhydrophobicity. The authors
observed the formation of 0.5 pm LIPSS [93] using laser fluences between 0.08 and 0.2 J/em?. Ripples,
with periodicity of about 3.5 um, started to appear with laser fluence of 0.24 J/cm? presenting
smaller LIPSS structures with periods of approximately 0.35 um. By increasing the laser fluence,
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periodic ripples and cone-shaped spikes at the micro scale were created. The base of the conical
spikes presented an asymmetric feature, with the short axis of the base parallel to the direction of the
laser polarization. In addition, the height of the spikes and distance between them increased with the
laser fluence. With femtosecond-laser micromachining and subsequent silanization, stainless steel
became superhydrophobic with the maximum contact angle with water of 166.3°. More recently,
Li et al. [97] demonstrated the fabrication of rough hierarchical structures on Ti plates using
femtosecond-laser pulses and achieved superhydrophilicity. After silanization, the previous
structured Ti surfaces were converted to a superhydrophobic one displaying contact angle with
water of 163.7°.

630

T-6-4

Figure 9. SEM images of polished and laser-structured surfaces with fluences 0.78, 2.83 and 5.16 J/cm?.
Reprinted with permission from A. Kietzig et al. 2009, Copyright (2009), ACS publications.

3.5. Optical Waveguides

3.5.1. Optical Waveguides in Glasses

Among inorganic materials, glasses have been one of the main targets for fs-laser processing.
Such interest is based on the ability of causing permanent changes in the glass bulk, which can be
used to provide active or passive functions to optical devices. The interaction of ultrashort laser
pulses with the network results in nonlinear optical effects responsible for the local modification of
glass properties. Usually, glasses used for fs-laser micromachining are transparent to the laser
wavelength employed, but multiphoton absorption can occur, promoting electronic transitions from
valence to the conduction band and/or new electronic configurations. This is the starting point for
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further nonlinear optical phenomena, such as tunnel, impact and avalanche ionizations, that lead to
microscopic modification in glasses [39,98].

Alteration of the refractive index of glasses by fs-pulses stands out compared to other induced
effects because the modified glass can act as optical waveguides, according to the illustration in
Figure 10, which shows top and cross-section views of waveguides in a boron-based glass, as well as
the light guided at 632.8 nm [99]. The first report on the fabrication of waveguides within the glass
bulk revealed an increase in the refractive index ranging from 0.01-0.035 depending on the
irradiation in pure and Ge-doped silica glass [1]. The same achievement was demonstrated for
borosilicate, chalcogenide and fluoride glasses, in which structures with lower increase in the
refractive index, on the order of 10-3, were able to guide light at 800 nm, supporting propagations of
mono- and multimodes [19]. These pioneer works gave rise to a large number of investigations
about the physical processes behind the fabrication of waveguides in glass by fs-laser. It has been
proposed that the formation of microplasma induces structural changes in the focal volume due to a
non-elastic thermomechanical stress, affecting the local density [100]. Furthermore, the temperature
may achieve values above the glass transition, resulting in melting and rapid quenching, which also
changes the density and consequently the refractive index [1]. More recently, it has been
demonstrated that the ultra-densification of porous glass using fs-laser may lead to refractive index
change on the order of approximately 0.1 [101].

(a) (c)

Termm— SeTo—
20 pm 30 um

Figure 10. Images of waveguides produced in boron-based glass by femtosecond-laser pulses. Top
(a) and cross-section view (b) of two parallel waveguides are illustrated along with the near-field
output profile of the light guided at 632.8 nm (c). Reprinted with permission [99]. Copyright (2015),
Elsevier.

The experimental parameters have a fundamental role over the fabrication process and
waveguide features, in which the laser repetition rate directly affects the temperature at the
irradiated region, whereas the average power, scan direction and numerical aperture of the objective
lens mainly influence the waveguide size and shape [39]. Concerning the waveguide cross-section,
elliptical or cylindrical structures are obtained when the sample is translated transversally or
longitudinally to the laser beam, respectively [1]. This observation persists since the first developed
waveguide and it is related to the beam intensity profile at the focus. This is the region where
nonlinear interactions take place; thus the confocal parameter (b = 2rw§/A) defines the waveguide
cross-section when the sample is moved transversally to the beam propagation direction. On the
other hand, when the translation is performed longitudinally to the beam propagation, the
waveguide assumes the shape of the beam diameter, 2w,, featuring a circular profile [102].
Although it appears to be the optimized condition for producing symmetric structures, the
longitudinal micromachining is usually avoided, once the waveguide length is limited by the
working distance of the objective lens (ordinary close to 1 mm). In order to address this issue, the
transversal writing has been used along with a cylindrical lens or slit that induces astigmatism in a
proper direction to correct the asymmetry [102-104].

Even though femtosecond lasers are known for avoiding thermal effects in material processing,
elevated repetition rates can make it considerable. Figure 11 illustrates the effect of repetition rate on
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the temperature during waveguide fabrication in alkali-free borosilicate. The irradiation condition
(A = 1045 nm, 375 fs, NA = 0.65) was used in the finite-difference thermal diffusion model, and a
delta function in time was applied as the heat source, because the timescale for electron heating and
electron-phonon coupling (<1 ps) is much shorter than the thermal diffusion time (>0.1 us),
according to the literature [100]. As one can see, for a repetition rate of 100 kHz, the temperature
oscillates below and just above the working point of the glass (dashed line) each time a laser pulse
achieves the network. For higher repetition rates, 0.5 and 1 MHz, there is a fast and significant
increase of the temperature with the number of laser pulses, which keeps rising slowly with
additional pulses. Thus, considering the time interval between consecutive pulses, the temperature
behavior can be split into two regimes: (1) at low repetition rates, the thermal effects are repetitive
and minimized because the heating follows the energy deposition by the laser pulses; and (2) at high
repetition rates, there is not enough time for the lattice to cool down before the next pulse, resulting
in heat accumulation and further increase of the temperature. Some researchers [105] found that the
threshold between repetitive and cumulative effects is around 200 kHz for alkali-free borosilicate
and low-alkali boroaluminosilicate glasses [100]. Conversely, Schaffer et al. obtained 1 MHz for a
zinc-doped borosilicate glass, but they employed lower pulse energy and tighter focusing [106]. It is
worth pointing out that there is a strong dependence on the experimental conditions and waveguide
features. In general, the cumulative heating effect is favored by high pulse energy, high repetition
rate and short wavelength that facilitate nonlinear interactions.
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Figure 11. Finite-difference model of glass temperature versus laser exposure, at the position of 2 um
away from the center of the laser beam. Horizontal dashed line represents the 1225 °C working point
of AF45 (alkali-free borosilicate) glass. Reprinted with permission from [105]. Copyright (2005), OSA.

3.5.2. Optical Waveguides in Glasses Containing Metal Nanoparticles

Optical waveguides containing metal nanoparticles can also be produced by taking advantage
of the local heating caused by the cumulative effect from high repetition rate lasers, which makes it
possible not only to change the local density, but also to crystallize the glass matrix. Crystalline
phases, from nanoparticles (NPs) to monocrystals, can be controlled inside the glass using a
single-step laser processing. As mentioned before, the interaction between ultrashort laser pulses
and the network leads to free electron generation. Cations in the glass matrix can react with these
free electrons resulting in their reduction. Therefore, if the glass is doped with, for instance, Ag?,
Au®, Cu? ions, photoreduction reactions promote the formation of neutral atoms that further
aggregate on account of the atomic mobility provided by the increase of temperature [35,36,107].
This procedure is summarized through Equations (1)—(3), which elucidate the formation of metallic
silver nanoparticles by femtosecond-laser micromachining [36,108]. The same mechanism can be
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applied to other metals; nonetheless, one must consider the number of electrons involved in the
photoreduction reaction.

hv
Glass matrix — hole + e~ 1)
Agt+e - Ag° )
A
nAg® - nAg, 3)

It is important to emphasize that the fs-laser is fundamental for the nucleation process, while
the growth is achieved by some heating stage. Thus, if low repetition rate lasers are applied,
annealing is required, configuring a two-step processing. Figure 12 clarifies the effects of high and
low repetition rate lasers on the precipitation of copper and silver NPs in borosilicate glass [107,109].
The absorption spectra of pristine samples are represented by solid curve, while dotted and dashed
curves display the absorbance after the irradiation using fs-lasers of 5 MHz (800 nm, 50 fs) and 1 kHz
(775 nm, 150 fs) of repetition rate, respectively. Details about sample composition and experimental
setup are described in Refs. [107,109].
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Figure 12. Absorption spectra of (A) copper-doped borosilicate glass and (B) silver-doped
bariumborate glass. Solid lines represent the glasses as prepared, while dotted and dashed lines are
the spectra after the irradiation with fs-lasers of 5 MHz and 1 kHz repetition rate respectively.
Surface plasmon resonances of Cu® and Ag® nanoparticles are seen, respectively, at (A) 570 nm and (B)
410 nm. The insets show the sample picture containing the NPs. Reprinted with permission
from [107,109]. Copyright (2012), OSA (for figure (A)) and Copyright (2013), Elsevier (for figure (B)).

Copper-doped sample originally presents a wide absorption band from 550-1000 nm due to the
presence of Cu? ions, as seen in Figure 12a [107]. After receiving a dose of 1.5 x 106 pulses/spot,
corresponding to a fluence of 1.6 MJ/cm? (5MHz laser), the surface plasmon resonance associated
with Cu® NPs is seen at 570 nm (dotted curve), assuring the nucleation and growth of the
nanoparticles using a single laser scan. In fact, the observation of the plasmon band in the absorption
spectrum is a practical way to check if the precipitation of metallic nanoparticles has occurred. On
the other hand, when the same sample was irradiated with 1 kHz repetition rate laser ( delivering 30
pulses/spot, in which each spot experiences a fluence of 0.17 MJ/cm?), instead of the plasmon band,
an increase of the absorbance is observed. This increase for wavelengths shorter than 700 nm
(dashed spectrum in Figure 12a) is related to electronic states created by the multiphoton absorption
and ionization. They represent color center formations as well as photoreduction reactions, which
lead to a preferential light absorption. Particularly, Cu® atoms cause a broad absorption band around
450 nm, indicating that the irradiation with 1 kHz laser induced the nucleation but not the growth of
copper nanocrystals. The diffusion and aggregation of Cu® species was further achieved by a heat
treatment at 600 °C for 1 h. Then, surface plasmon resonance was observed only in the irradiated
region, resulting in an absorption spectrum quite similar to the one described for the case in which
the irradiation was performed with high repetition rate.



Photonics 2017, 4, 8 16 of 25

Silver nanoparticles were produced and controlled three-dimensionally by direct laser writing
in the same way [109]. The influence of low and high repetition rate lasers is shown in Figure 12b
and can be explained following the previous example of copper NPs. In summary, Ag® nanoparticles
readily precipitate when thermal effects associated with high repetition rates are presented, whereas
lower repetition rates resulted in nucleation centers that subsequently grew on account of an
additional annealing (400 °C for 1 h). In this case, the plasmon band of silver NPs is located at 410 nm,
and effects caused by kHz laser pulses in a wide wavelength range, centered at 600 nm, are
illustrated by dotted and dashed spectra of Figure 12b, respectively. A detailed study about the ionic
species and clusters of silver induced by femtosecond laser was recently reported in the literature [110].

The interest in metallic nanoparticles in glass is based on the enhancement of optical properties
provided by the surface plasmon resonance [111,112]. Therefore, the control of nanoparticle
precipitation in very confined regions by fs-laser micromachining might be an important advance
towards the development of metamaterials for all-optical devices. The growth of metallic NPs in the
core of femtosecond-laser micromachined waveguides was recently demonstrated [36], according to
the optical microscopy images in Figure 13. It has been discussed that the formation of Ag NPs,
along with the waveguide fabrication, helps to improve the refractive index change, since an increase
of 4.6% (or An = 0.07) has been reported due to the presence of silver NPs in silicate glasses [113].

a)

Figure 13. Optical microscopy images of the waveguide fabricated by fs-laser direct writing
micromachining in silver-doped tungsten lead-pyrophosphate glass. Figures (a,b) show the top and
end views respectively, while (c) displays the near-field output profile of the light guided at 632.8
nm. The scale bar for (b,c) is the same of (a). Reprinted with permission from [36]. Copyright (2014),
AIP Publishing LLC.

Not only nanoparticles, but also nonlinear optical crystals have been grown by fs-laser writing
in glasses. For instance, phase transition and growth of (-BaB:0: (BBO), which is a
frequency-conversion crystal, was demonstrated in glass [114]. Similarly, single crystal of
lanthanum borogermanate (LaBGeOs) with waveguide capability was also demonstrated [115].
Because of the lack of grain boundaries, this crystalline waveguide in glass displayed a good
performance, yielding loss of 2.64 dB/cm at 1530 nm. While metallic nanoparticles in amorphous
waveguides are important for the third-order optical nonlinearities, the crystalline phases enable
the second-order properties. Also, laser-induced controlled crystallization has enabled the growth
of phases not obtained by standard heat treatment, as in the case of euhedral crystal of 3PbO-H20
octahedrons, improving the architecture of microcrystals on glass surface [116]. Thus, fs-laser
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writing is a versatile and powerful tool for the development of photonic integrated circuits,
configuring an important single-step processing of glassy materials.

Aiming the expansion of mid-infrared technologies, recent studies have focused on the
fabrication of 3D waveguides in chalcogenide glasses, which combine the wide transparency over
Mid-IR with higher optical nonlinearities, making them promising for supercontinuum generation,
and light sources for mid-IR [117]. Because chalcogenide glass can present both negative and/or
positive index change, different fs-laser writing methods have been proposed, as the helical
trajectory which provides a negative cladding and positive waveguide core [118], or the hexagonal
lattice, composed by several individual cores, allowing the tailoring of the refractive index contrast [119].
However, not only bulk chalcogenide glasses have been exploited for waveguides devoted to
mid-IR region, but also chalcogenide thin films, in which bidimensional curved waveguides have
been performed by fs-laser micromachining. These materials demonstrated significant spectral
broadening [120], thereby assuring their potential for nonlinear optics and new infrared
technologies.

3.6. Gold Ablation for Designing Microelectrodes

Fs-laser processing can also be used to fabricate interdigitated electrodes (IDEs) in metals for
analytical chemical sensors, such as electronic tongues (e-tongue) [121-124] with high definition and
accuracy. An interesting study on laser-induced heating, melting and ablation of metals, specifically
aluminum, with a fundamental approach, has been recently published in Ref. [125]. In respect to
IDEs, Manzolli et al. [126] reported the use of fs-laser-induced ablation for such a purpose. For that,
glass substrate hosting a deposited bilayer film of chromium and gold with a thickness of 5 nm and
100 nm, respectively, were used as samples to be micromachined by a Ti:sapphire laser oscillator
that emitted 50 fs pulses with energy up to 100 nJ at a repetition rate of 5.2 MHz. The samples were
mounted in a motorized xy stage computer-controlled and positioned at the focus of a microscope
objective, and parameters such as scanning velocity, objective numerical aperture and pulse energy
were optimized. Analysis from optical and scanning electron microscopy showed that the coating
material removal was uniform, accurate and continuous during the ablation process. Optimal
experimental parameters included scanning velocity of 20 um/s and pulse energy of 70 nJ focused by
an objective of x40 (NA = 0.65), which yielded 3.2 um-wide fingers separated by a gap distance of 7.4 pm,
according to scanning electron microscopy (SEM) images shown in Figure 14. Micromachining using
higher pulse energies showed less control of the features fabricated, since with approximately 200 ns
of pulse separation the heat accumulation became relevant. Novel techniques have also been
developed in order to achieve higher resolution and control in nanowire fabrication. For example,
Wang et al. added a spatial light modulator in the micromachining setup to overcome the diffraction
limit and produce gold wires at nanoscale [127].

Figure 14. SEM images of interdigitated gold electrode fingers microfabricated using
femtosecond-laser pulses. An overview image (a) and finger details (b) with distance measurements
are shown in the figure. Reprinted with permission from [126]. Copyright (2015), Elsevier.
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The comparison between the laser-ablated and conventional photolithography IDEs was
evaluated using electrical impedance spectroscopy [128]. The IDE microfabricated via laser ablation
showed better results, displaying lower resistance and higher capacitance. In addition, producing
IDE via fs-laser processing is useful, since it is a reproducible, maskless and a single-step technique
that is usually faster and versatile than traditional photolithography [129,130].

3.7. Micromachining Silicon Surfaces

Femtosecond-laser microstructuring can also be applied to microstructure silicon surfaces
aiming at photovoltaic applications. The self-assembled conical structures formed at silicon surface
after fs-pulse irradiation presents a significant increase in absorption and a decrease in reflectance in
the visible and infrared spectra [131]. Such characteristics are addressed to a chemical composition
change and an efficient light-trapping phenomenon due to the induced surface morphology. Thus,
silicon-based devices, such as photodetectors and solar cells, are directly improved by the new
optical properties achieved in microstructured silicon [132,133]. As of yet, solar cell devices
fabricated using laser-textured silicon with efficiency as high as approximately 18% have been
developed [134,135].

Silicon also presents an amorphous phase that has interesting applications in technology and
opto-electronic devices. For instance, Almeida et al [136] reported structural modification caused by
femtosecond pulse irradiation on hydrogenated amorphous silicon (a-Si:H) films. Samples of a-Si:H
films, with a thickness of 532 nm, were deposited over glass substrate by low-frequency glow
discharge technique and further microstructured using a Ti:sapphire-amplified laser which
delivered 150 fs pulses centered at 775 nm at 1 kHz repetition rate. A pair of galvanometric mirrors
was used to scan the laser beam at the sample surface with a constant speed of 5 mm/s, while it was
focused by a lens with focal distance of f = 20 cm yielding a 20 um spot. At these conditions, two
pulses were irradiated per area. The microstructuring of 4-Si:H thin films led to surface texturing
observed on scanning electron microscopy (SEM) images and visual color change resulted from a
light-trapping phenomenon previously seen in crystalline silicon [137,138]. Raman spectra from
crystalline silicon presented a sharp peak at 520.6 cm™, while 4-Si:H films showed a broadband
centered at 479 cm™! before laser irradiation. Both spectra were used as reference to analyze the
Raman signal from areas irradiated with different fluences, ranging from 1.8 to 6.2 MJ/m2. As fluence
increased, a small peak near 520 cm™ was observed, indicating a laser-induced crystallization [139].
The crystallization phenomenon was later investigated by Belik et al. regarding its dependence on
the fs-pulse central wavelength, where better results were achieved for pulses centered within
740-760 nm [140]. From such irradiated areas, atomic force microscopy (AFM) images revealed the
formation of nanoscale spikes that increased in size for higher fluence until the point at which
aggregation (globules) dominated the surface topography. With the aid of dedicated software [141],
spikes were accurately identified by applying the Voronoi diagram, generating height and radii
histograms. a-Si:H films, which were not micromachined, presented a Gaussian distribution in their
height histogram centered at 22 nm. For laser irradiation with fluence low enough to prevent spike
aggregation, two overlapping Gaussian distributions were observed in its height histogram, one
being the reminiscent distribution from the original sample and the other centered at 15 nm. The
results indicate that laser-induced spikes are formed with smaller average height than original
surface irregularities. For a higher fluence condition, a broader distribution centered at 40 nm agreed
with the aggregation scenario, where structures with a higher and wider range of height are found.
Radii histograms for non-irradiated films and a sample irradiated with low regime fluence (without
inducing aggregation) presented the same characteristics of a Gaussian distribution centered at
about 45 nm radius. This suggests that, at the early stage, laser-induced spikes are formed in
domains already existing on the original sample surface and mainly change their height. Similar to
the height histogram, radii distribution for the aggregated spikes is wider and centered at a higher
value of radius.
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4. Summary

In summary, femtosecond-laser micro/nanostructuring of materials has been proven to be a
powerful tool for fabricating a variety of technological devices, from optical waveguides to surfaces
with designed properties. This approach has enabled the modification of a wide range of materials at
the surface and in the bulk with micro/nanometric resolution, with or without minimal undesirable
features, such as debris and a heat-affected zone surrounding the focal volume. The several possible
applications already demonstrated—and, in fact, currently being used in new technologies
including role drilling [142], fabrication of microfluidic channels [143-145], optical storage
devices [24,27,146] and waveguides [2,147-149]—give strength to the popularization of this
approach for material modification and fabrication, especially because it is a low-cost and versatile
alternative to traditional methods.
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