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1. Introduction

Over the past several years, the necessity for micromachining technologies has been
growing from scientific research to industry. Segments from medical appliances,
microelectronics and the automotive world demand a great variety of applications such as
micromotors, microfluidic circuits, MEMS (Micro Electrical Mechanical System), medical
devices, electronic tooling, particle filters, micromolds and microvalves, among others [1].
This massive growth in the micromachining segment demands a variety of new

micromachining methods.

Techniques to machine the surface of materials are continually being improved. Recently,
mechanical micromachining with accurate positioning systems and very small drills were
used to trim out materials, covering the range from some millimeters down to a few tens of
nanometers [2]. A similar technique that also applies direct micromachining and requires a
highly accurate positioning system but no contact, is Electron-Discharge Micromachining
(EDM), in which material is removed by an electrode guided along the desired path, very
close to the surface of a conducting material submerged in a dielectric fluid; a spark is
established between the electrode and the material being processed, removing matter by
melting and evaporation [3, 4], with micrometric resolution. Similarly to EDM, the Focused
Ion Beam (FIB) technique scans an ion beam, with spot sizes ranging from 10 to 500 nm,
over a specimen, etching the material [5]. Additionally to etching, this technique can be used
to build new structures by localized deposition using the ion beam-induced decomposition
of an organo-metallic gas [6]. Examples of the use of a FIB system are the milling of angled
cuts into the suspension ligaments of MEMS accelerometers, and the milling of large depth-
to-width aspect ratios tracks to make photonic band gap lattices in As«wSeo [5, 7]. A
disadvantage of this technique is that it does not allow batch production due to the small

amount of material removed during machining.
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Photolithography, a technique that is available for integrated circuits fabrication since the
1970's, has been improved, and nowadays is used to create structures ranging from
micrometers, as in the case of MEMS devices, down to tens of nanometers for integrated
circuits [8]. This technique selectively removes material from thin films (nitride/oxide
/polysilicon) deposited on silicon substrates, and also from the bulk of the substrate [9]. The
process consists in using UV light and optical projection to transfer a pattern from a mask to
a light sensitive material (photoresist) film pre-deposited on the substrate surface,
selectively curing it. The non-cured photoresist is then removed by a developer, and the
substrate exposed portions are etched either by a liquid (wet etching) or by a plasma (dry
etching). The repetition of many cycles of photoresist deposition and etch can create
complex structures, in a process known as Surface Micromachining. Different patterns of
polycrystalline silicon can be selectively etched and are used as sacrificial layers to create
suspended parts attached to the substrate, building 3D structures on the substrate surface
[10]. This process enables the creation of structures such as accelerometers [11] and neural
probe arrays [12]. When the etching removes a large quantity of material from the bulk of
the substrate, the process is known as Bulk Micromachining [9], and is used to create devices
such as piezoresistive sensors [13]. Photolithography allows batch production, but it is
considered the most indirect method, since material is not removed by a tool.

Although largely used, the described techniques have some disadvantages, such as tool
wearing (mechanical micromachining and EDM), high complexity (photolithography) and
necessity of processing in vacuum (FIB). Besides, when machining different materials, the
etching rates can strongly depend on the material and the tool, and the processing
parameters, or even the tool, have to be changed. Additionally, the technique can be
restricted to a specific material class, such as metals in the EDM case. Other limitations
include the small etching speed in the techniques that require precise positioning
(mechanical machining, EDM, FIB), preventing batch processing, and the high complexity of
the photolithography, which does not allow fast prototyping. In view of those limitations,
the ultrashort pulse laser emerges as a valuable tool for micromachining.

Just a few years after the laser invention, it was already being used as a tool to ablate [14]
and machine [15] a wide variety of materials, including metals [16], dielectrics [17],
semiconductors [18], composites [19] and biological tissues [20]. At that time, the machining
was based on thermal processes arising from the material heating by the laser [21], and the
ablation occurred as a consequence of melting and vaporization resulting from phase
transitions due to the heat deposited into the material being processed [22, 23].

When machining with laser pulses, the laser beam is focused on the material being
processed, the light is absorbed and the material undergoes a physical change around the
absorption region. The dimensions of the structures that can be machined depend, on a first
approximation, on the focused beam diameter. A diffraction limited TEMow Gaussian
beam [24] can be focused to diameters close to the laser wavelength, ranging from a
hundred nanometers (Excimer UV lasers) to tens of microns (CO:z lasers). Nevertheless, even
with the smallest attainable laser spot on the material surface, the interaction region follows
the heat diffusion volume guided by the process dynamics. For long pulses, which last more
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than the typical period of lattice vibration (around tens of picoseconds), the dynamics of the
laser-matter interaction depends on the laser parameters (wavelength, pulse energy,
repetition rate) and on the physical characteristics (absorption, heat capacity, thermal
conductivity) of the material being machined. In this long pulse regime, the machining
process is a consequence of heating (that results in melting, evaporation, sublimation),
depending on the energy absorbed per unit of time and volume, and how it flows inside the
material. When the laser radiation is absorbed, the material is heated and thermodynamic
processes are responsible for heat diffusion and phase transformations. As the pulse
duration shortens, higher intensities are faster achieved, the spatial heat propagation is
decreased and phase transformations that lead to material removal occur more efficiently; in
this regime, the ablation threshold decreases with the square root of the pulse duration,
demonstrating that the ablation is a thermal process [25]. The excess heat that is not used to
jettison material flows into the surroundings increasing its temperature, and eventually
creating a Heat Affected Zone (HAZ), in which phase transitions modify the material
properties, usually in a detrimental way. As a consequence, smaller structures require
shorter pulses to be etched, which also produce a reduced HAZ. Nevertheless, although
microsecond to sub-nanosecond laser pulses generates intensities high enough to machine
metals, semiconductors and even some transparent dielectrics, the heat conduction expands
the affected region far beyond the focused beam diameter, creates a large HAZ, and can also
generate structures several times bigger than the wavelength used. Collateral effects from
heat, like burr, debris and molten material, spread the interaction area limiting the
machining precision. Additionally, albeit the high intensities attainable in this temporal
regime allow the etching of transparent materials such as sapphire and silica, large amounts
of energy are necessary to reach the ablation threshold, resulting in thermal stresses and
damages such as chipping and micro-cracking [26, 27]. To handle these problems, different
wavelengths are needed for efficient absorption by different materials. For dielectrics, lasers
with wavelengths in the UV range are used for better absorption; some glasses have greater
absorption in the far infrared [28], hence COz lasers are often employed.

Femtosecond (10°s) pulses come up as a new possibility for micromachining with some
advantages over longer pulses. The machining performed by these ultrashort pulses relies
on their very brief duration, which is shorter than the thermal vibration period of the lattice.
This small duration minimizes the energy transfer to the material, resulting in an almost
nonthermal etching that minimizes the HAZ and preserves the properties of the
surrounding material. Also, the ultrashort pulses duration creates very elevated intensities
that promote a highly nonlinear interaction with matter, resulting in extremely localized
ablations that can etch the material with nanometric precision, allowing the fabrication of
very precise, minute structures. Additionally, ultrashort pulses promote a non-selective
ablation regarding the material class (dielectric, metallic, etc.), allowing the machining of all
kinds of materials with the same laser. The ability of ultrashort pulses to machine any
material, even transparent ones, without changing the laser wavelength and the recent
availability of relatively cheap, stable, high average power systems that increase the
processing speed, are making these pulses very versatile tools to process materials for many
high technology applications and devices. Also, in this temporal scale heat diffusion is
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minimized, and, with the adequate laser parameters, heat effects can be completely
eliminated. Furthermore, is worth mentioning that, although it is not strictly a
micromachining technique, the creation of micro and nanostructures is possible by the
nonlinear interaction of the ultrashort pulses with a liquid solution. In this technique an
ultrashort pulses beam is focused, through an optical a microscope optics, into the liquid
solution containing a photosensitive polymer [29] or a photon induced reduction composite
material [30]; the multiphotonic absorption that happens at the beam focal region promotes
the highly localized solidification of the solution, allowing the manufacture of micro and
nanometric structures.

The disadvantages in micromachining with femtosecond pulses comes from the high degree
of precision demanded, with consequent necessity of tight focusing that imposes very
accurate and expensive 3-axes positioning systems. Also, the low average powers that
prevented high batch production are being overcome by modern systems with dozens of
watts, allowing increased throughputs.

The invention, in the second half of the 1980’s, of the Chirped Pulse Amplification
Technique [31, 32], the KLM Ti:Sapphire laser [33], and the diode pumped solid state lasers
[34] disseminated the use of microjoule-millijoule (pJ-m]J) ultrashort pulses to many
laboratories around the world. The widespread availability of these systems in the decades
of 1990-2000, resulted in the emergence of many new applications, including the machining
by ultrashort pulses. The most used ultrashort pulse lasers nowadays for machining are
Ti:Sapphire and Yb:fiber. The Ti:Sapphire systems can deliver pulses as short as a few tens
of femtoseconds, centered at 800 nm, with m]J level energies, and repetition rates up to a few
kHz; the Ytterbium based lasers generate pulses centered around 1030 nm lasting hundreds
of femtoseconds, and, although limited in energy to the pJ range, operate at tens of MHz
repetition rates, increasing its machining speed. Recent developments in laser technology
design offer high average power systems [35], which in conjunction with beam conforming
devices [36] and high speed scanning systems enable the use of ultrashort pulses machining
in batch production, without limiting its fast prototyping capabilities.

2. Ablation by ultrashort laser pulses

The typical characteristics of ultrashort pulses for ablation of solids are energies in the range
from tens to hundreds of microjoules, pulse widths around 100 fs and focalization to 20 um
radius spot sizes, generating intensities in the range 10'>-10" W/cm?

When an ultrashort pulse impinges on a solid, the fact that its duration is shorter than the
lattice ions vibrational period means that most of the pulse energy will be transferred to the
material electrons, heating them. The majority of the electronic thermal energy will be
carried away with the ablated material, and the small remaining portion will be added to
the energy directly coupled into the ions, heating the lattice, with the possibility of
creating a small HAZ. The control of the irradiation conditions can reduce this HAZ to
almost zero.
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2.1. Ablation physical mechanisms

The underlying mechanism for ultrashort pulses ablation is almost the same for all material
classes (metals, semiconductors, dielectrics, polymers, etc.): when the pulse impinges on the
material surface, seed electrons are accelerated by the pulse electrical field into a quivering
motion, and either generate free electrons in the conduction band by collisions in an
exponential avalanche process [37, 38], or are ejected from the surface due to the acquired
kinetic energy [39]. The ejection process has a high occurrence probability on the 100 nm
surface layer for electrons that acquired a few eV of kinetic energy, and leaves a charge
imbalance that can produce a Coulomb explosion [39-41] of the lattice ions after the pulse.
Simultaneously to the surface electrons ejection, the avalanche process occurs in deeper
layers in the material, increasing the free electrons density and temperature, while the lattice
is kept at a lower temperature (two-temperatures model [42, 43]); if the pulse energy and
intensity are high enough, the free electrons density reaches a critical value (around 10*' cm
[38, 44]), and then the electrons transfer its energy to the surrounding ions. This relaxation
quickly heats the neighboring lattice above its vaporization temperature, creating an
unstable phase that undergoes a violent adiabatic expansion (phase explosion) [45-47],
which removes material from the surface, carrying most of the thermal energy with it. Also,
spallation [47] and fragmentation [45] can occur, although those are not dominant effects.
The energy that is not taken away flows to the lattice, heating it. The dominating mechanism
will depend on the pulse characteristics (energy, duration) and material.

For metals, the seed electrons are the conduction band free electrons. For the other materials,
the pulse leading edge excites electrons from the valence band either by multiphoton
ionization [25, 48] or tunneling induced by the laser field [49, 50]. Once the free electrons are
present, a metallization occurs, and the electrons heating evolves deterministically in time
[38, 50] in almost the same way in all materials [51].

Depending pulse energy, two ablation domains can be identified: the low and high fluence
ones. In nonmetals, these regimes are defined by the dominant ablation mechanism: in the
low fluence regime the Coulomb explosion predominates [41], while the phase explosion
prevails for the high fluence ablation. In metals, Coulomb explosion does not occur because,
at the intensities used in machining, the surface charge accumulation is effectively quenched
[40] by the electronic mobility, suppressing the positive ions explosion. The electric field
needed to promote positive charge accumulation in metals (~10'° V/m) demands intensities
around 10" W/em? [52], pushing the Coulomb explosion threshold way above the phase
explosion one. In metals, the low and high fluence regimes occur when the HAZ is shorter
or longer than the optical absorption depth (Beer’s Law [53]), respectively. The regimes
threshold can be predicted using the two temperatures model [42, 43] that describes the
electronic heating, diffusion and lattice heating.

For all material classes, the main difference between the two ablation regimes is that in the
high fluence there will be fusion in the interaction region, and the remaining material can
cool down to an amorphous or polycrystalline phase, whose physical characteristics
(mechanical, optical, etc.) can differ from the starting material ones [54]. Also, the HAZ will
be bigger in the high fluence regime.
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Since, by the mechanisms explained, the ultrashort pulses ablation process depends
primarily on the electrons answer to the laser field excitation and not on the thermodynamic
properties that arise as a consequence of the atomic lattice, the ablation threshold does not
show a square root dependence on the pulse duration [25], as in thermal ablation processes;
additionally, the ablation by ultrashort pulses has a nonselective character, and the only
parameter that has to be known to etch a material is its ablation threshold fluence, Fi. As a
general rule, since in nonmetals a portion of the pulse energy is used to create free electrons,
these material usually present higher ablation thresholds than metals for the same laser
conditions. Also, a single material can present two values for the ablation threshold, one for
low and other for high fluence, as can be seen in Figure 1, and they have to be known and
taken into account when machining the material.
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Figure 1. Diameter squared of the region ablated by ultrashort pulses on the surface of Sapphire as a
function of the pulse fluence, for single-shot 100 fs pulses [55]. The ablation threshold fluence is given
by the fluence at which the ablated diameter is zero, obtained from the fit by equation (1) [56]. The low
and high fluence regimes can be clearly identified by two different slopes on the data points.

2.2. Ablation threshold determination

The determination of a given material ablation threshold fluence by ultrashort pulses is
usually done using the “zero damage” method, introduced by Liu in 1982 [56]. This method
consists in using a TEMo Gaussian beam to ablate the material at various positions in the
sample surface, using different pulse energies. Then the diameters of the ablated craters, D,
are measured and their square values are plotted as a function of the pulse fluence, F, as
show in Figure 1. The data is then fitted by:

D?* = 2w? h{F], 1)

th

where w is the beam spot size at the sample surface and Fu is the ablation threshold fluence,
at which the ablated crater diameter is zero. To execute this measurement, the beam
propagation parameters have to be known to calculate its spot size and fluence at the
sample surface, and many measurements must be done. Experimentally, this method is
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demanding because it requires the precise knowledge and stabilization of the beam
parameters, a good sample positioning system to maintain the beam spot size constant at
the sample surface for all the measurements, and since it can last a long time, up to hours, it
is prone to be affected by laser instabilities. Additionally, frequently the use of an electron or
atomic force microscope is needed to determine the crater diameter for fluences close to the
threshold, at which the damage size is close to zero and is difficult to be measured.

A few years ago we introduced the Diagonal Scan (D-Scan) technique [57, 58], an alternative
and simple method to measure the ablation threshold for ultrashort pulses. The method
consists in moving a sample longitudinally and transversely (z and y directions in Figure 2a)
across the beamwaist of a focused beam, from a position before the beamwaist, where there
is no ablation, to a position after the ablation stops. In this way, a symmetrical profile with
two lobes, as the one shown in Figure 2b, will be etched on the sample surface. If the etched
profile does not present two lobes, the measurement has to be repeated with a higher pulse
energy or with a tighter focusing lens [57].
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Figure 2. a) Scheme of the D-Scan method. b) profile etched on the sample surface by the diagonal
movement across the beam waist position.

It can be shown [57] that the sample ablation threshold fluence is given by:
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where Eo is the pulse energy and pmax is the half maximum transversal dimension of the
profile etched.

The determination of the ablation threshold involves knowing the pulse energy and the
measurement of the profile maximum transversal dimension (typically a few tens of
microns), which can be done in an optical microscope, and the use of equation (2).
Compared to the “zero damage” method, the D-Scan is easier to be experimentally
performed once it demands only one scan that can be done in a few seconds and a
geometrical measurement, replacing a series of measurements that can last a long time, the
knowledge of the laser spot size at the sample, and a fitting.

2.3. Ablation by many pulses and incubation effects determination

In a given material, the ultrashort pulses ablation threshold can depend on the presence of
defects, dopants, impurities, excitons, etc. [59, 60], which either create intermediate levels in
the bandgap or modify the local electronic density. As a consequence, seed and free
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electrons are created more easily than in the ideal material, and the ablation requires less
energy to occur, lowering the ablation threshold value.

The defects can either be intrinsic to the material, or externally originated, such as color
centers created by ultrashort pulses [61]. In this case, when etching solids with
superimposing pulses, modifications are induced in the portions that are irradiated but not
ablated, lowering these regions Fu for subsequent pulses due to defects accretion. The
following pulses experience a decreasing Fm until the defects density saturates and the
ablation threshold reaches a constant value. These cumulative phenomena are known as
incubation effects [62-64], and the ablation threshold fluence modification caused by them
must be taken into account when machining a material.

A few models were proposed by different authors to describe the incubation mechanisms.
One of those is the probabilistic defect accumulation model [62] that, although widely used
for different material classes [65-67], does not predict the ablation threshold saturation;
other is the exponential defect accumulation model, in which the lowering of the ablation
threshold increases the defect creation probability for the next pulse, until the defects
saturation is reached and a constant value of Fu for the superposition of many pulses is
established [59, 60, 63]. In this exponential model, the ablation threshold for the
superposition of N pulses, Fi,n, can be described by [63]:

Fypn = (Fyp = Fth,m)e_k(N_l) +F, o 3)

where Fu,1 is the single shot ablation threshold fluence and Fum is the saturated ablation
threshold, below which there is no defect accumulation. If Fm1>Fm~, incubation effects are
present and the ablation threshold decreases as more pulses hit the material; if Fin,1<F laser
conditioning occurs, and the material becomes progressively more difficult to ablate as the
pulse superposition grows. In equation (3), k is the incubation parameter, which
characterizes the strength of defects accumulation, and is equal or greater than zero. If k=0
the ablation threshold is constant and do not depend on the pulses superposition. As k
grows, fewer pulses are needed to reach the incubation effects saturation.

To quantify the incubation effects for a given material, its ablation threshold is measured for
various pulse superpositions, including the single shot case, and then equation (3) is fitted to
the data. Usually this is carried out using the “zero damage” method, which produces a
graphic like the one show in Figure 1 to determine Fu for each superposition, demanding a
lot of experimental time and data analysis.

It is possible to use the D-Scan Method to determine the ablation threshold for the
superposition of an arbitrary number of pulses, Fu,n, and for that the pulse superposition N
that etches the profile maximum transversal dimension, 2pmax, has to be known. To calculate
this superposition, we hypothesize that it is given by the sum of the intensities generated at
pmax by all the pulses that hit the sample during a D-Scan, normalized by the intensity
generated by the pulse centered at o (Figure 2b). Under these assumptions, and also
considering that the longitudinal and transversal translation speeds (v: and vy in Figure 2a)
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are chosen to etch an elongated profile, it can be shown [68] that the pulses superposition
N is given by:

N= ﬂs(o,e_[f = ) )

where f is the pulses repetition rate and s is the Jacobi Theta Function of the third kind [69].
It can also be shown [68] that, when the transversal speed is low or the pulses repetition rate
is high, situation in which a large value of N is expected, equation (4) can be simplified to:

%
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Using the previous results, the determination of the ablation threshold for an arbitrary
pulses superposition requires performing a D-Scan, then using the experimental values of
pmax, vy and f in equations (2) and (4) to provide Fun and N. This is a fast experimental
procedure since the D-scan can be done in a few seconds for high values of N (and in a few
minutes for small ones), and its repetition for varying values of vy and f quickly provides the
ablation threshold for various superpositions, leading to a prompt determination of the
incubation parameter from equation (3).

3. Ultrashort pulses machining main applications

The following sections describe ultrashort pulses machining applications, starting from low
energy and fluence ones that produce surface modifications, going to high fluence usages
that create 3D structures.

3.1. Low and high fluence regimes

Irradiation of metallic or semiconductor surfaces at fluences near the threshold can results in
the formation of the so called “ripples”, or “Laser Induced Periodic Structures” (LIPSS),
which are regularly aligned, long and periodic structures. Their formation is not yet
completely understood and is subject of intense study [70]. Typical periodicity is smaller
than the laser wavelength, and for enough number of pulses it can evolve to trenches as
deep as 1 um, meaning an aspect ratio of 10 or more. The spacing and orientation of the
ripples seems to depend mainly on the beam properties, as energy, number of shots,
polarization and angle of incidence, and then, in principle can be controlled to some extent.

Further surface modifications, however, take place as the number of pulses or their energy
increase, and the ripple pattern is broken by the formation of cone-like structures, which
present a typical feature size and spacing at the order of few micrometers or even smaller.
The shape and size of these structures can be further changed with the increase of fluence
and number of superimposed pulses, and the use of an acid atmosphere has also been
applied to increase the cones height and sharpness. Figure 3 shows examples of LIPSS and
cone like structures produced by low energy ultrashort pulses from a Ti:Sapphire laser.
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Figure 3. a) Laser Induced Periodic Structures (LIPSS) formed on molybdenum surface. b) Track of
cone like structures (white central track) formed on silicon surface.

Up to this point, a minimum amount of material has been ejected from the surface and its
topography has not been significantly recessed. To produce substantial depressions it is
necessary to further increase the number of shots or the pulse energy. The shape of the
created depression resembles the beam intensity profile, and for Gaussian beams the
minimum diameter obtained by focusing can be as small as the laser wavelength. If the
material and laser conditions allow, heating effects can be neglected, and holes and
structures can be directly machined with this size. This is the low fluence ablation regime.

Processing in the low fluence domain can avoid heat accumulation, but the extraction of
material is not efficient and only few hundreds of nanometers are etched by each laser
pulse. An enormous increase in ejection efficiency is obtained when the fluence is raised to
higher values and machining is performed at the high fluence regime. In this regime, heat is
accumulated in the affected zone, and several associated phenomena occur. The most
important one is the phase explosion, in which the local temperature raises so rapidly that
there is not enough time for the material to undergo phase transition. The temperature goes
well above the vapor value while the material remains in liquid phase. At this point, a
severe explosion happens taking material away from the heated pool.

Machining with high fluence indeed offers high material removal efficiency, but the
accumulated heat results in almost the same drawbacks as the ones verified with longer
laser pulses that produce thermal ablation. Hence, like in conventional laser processing, this
regime leads to debris formation, burr and molten material resolidification on the processed
area sidewalls. A HAZ can also appear on the vicinity of the processed volume, causing
phase transitions in metals and index of refraction changes in crystals and dielectrics. Due to
the very low pulses energy, these effects can extend to a very small region of the produced
structure and are irrelevant in many practical cases.

Heating effects also increase the ablated crater size, and the minimum diameter obtained
can be far bigger than the focused spot size. On the other hand, low fluence processing can
result in affected areas no longer restricted by the diffraction limit. The deterministic
character of the laser-material interaction means that ablation will only take place in the
portion of the beam cross section in which the intensity is above threshold. Of course this is
only possible with a precise control of the laser energy and focus position from shot to shot,
and a variation of more than 2% can prevent this possibility.
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As already discussed, the complex nature of the ultrashort pulses and matter interaction is
responsible for the onset of many different phenomena that depend on the particular
characteristics of the laser and the material. The choice of these parameters enables the
control of the affected region to produce a rather large amount of diverse structures. Among
these possibilities, machining with femtosecond laser pulses can be roughly divided in three
great areas: topographic surface modifications, selective ablation of surfaces, and direct
writing of microstructures in surfaces and 3D structures in the bulk of transparent materials.

Topographic surface modifications occur when small amounts of material are extracted,
resulting in very shallow recesses on the surface, nevertheless affecting its physical and
chemical properties. In selective ablation of surfaces, very thin layers of one type of material
can be completely etched without affecting the layer bellow it. Direct writing of surface
microstructures results in the creation of pre-designed contours and profiles, produced by
the relative movement of the laser beam and sample. 3D structures in the bulk of
transparent materials are formed when the laser beam passes through the surface of a
transparent material and is focused into it, creating complex 3D structures.

3.2. Topographic surface modifications

Nano and micro cone-like structures have been used to trap light and enhance the
absorption of reflective surfaces. In particular, this was done by Mei et al. [71] on the surface
of silicon with the purpose of using it as an improved sun light absorber. In their
experiment, very thin and flexible pieces of silicon were irradiated by femtosecond pulses
followed by HF etching. This acid etching enhances the micro spikes sharpness produced by
the laser and increases the structure number of reflections, resulting in enlarged light
absorption. The irradiation was done in the presence of sulfur hexafluoride (SFs), which
further improved light absorption by creating impurity bands due to sulfur atoms doping
during laser irradiation.

Halbwax et al. [72] produced slightly different geometries of such micro structures on n-
type silicon doped phosphorus. This was done by varying processing parameters in
vacuum. Even using high fluence irradiation, spikes and other structures were formed with
size and spacing in the few micrometers range. After boron implantation, these structured
surfaces presented an increase of more than 30% in light absorption induced photocurrents,
showing its potential for use in photovoltaic cells.

Nano and micro structures have also been used to change physical and chemical properties
of titanium and ceramics surfaces in order to improve their biocompatibility for medical
implants [73]. This is possible by creating very small structures on their surfaces, enabling,
to some extent, the control of cellular growth and adhesion, inhibiting or promoting
proliferation of certain types of cells. In this respect, Vorobyev et al. [74], produced several
kinds of sub-micrometric structures on pure titanium surfaces by femtosecond laser
irradiation. By the use of low and high laser fluences, and varying the number of
overlapped laser shots, they produced diverse structures like nanostructured LIPSS, sphere-
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like nanoprotrusions and columnar microstructures, whose featured size ranged from few
dozens of nanometers to hundreds of micrometers.

The same kind of texturing has also been studied to improve the tribological properties of
several materials. This has been specially done on thin films of hard materials such as TiN
and diamond-like carbon [75], in which nanostructured LIPPS changed the micro and macro
frictional properties and hardness of these materials. Another consequence of the formation
of micro arrays as cone-like or pillars, is their interaction with water, keenly increasing the
contact angle of the liquid with the surface. By controlling the aspect ratio of these arrays,
super-hydrophobic surfaces have been produced [76, 77], creating self-cleaning surfaces and
which are also believed to take an important role in cell control processes.

As the presence of micro and nano structures on metal surfaces changes its interaction with
light, some research has been done to control the surface reflectivity, and hence the
perception of its color [78, 79]. The control of shape, size and spacing of gratings on surfaces
is a well-known way to control the reflectivity of light; therefore, ripples formed by nano-
structured LIPSS obtained by femtosecond laser irradiation are a natural approach to
accomplish such a task. These characteristics can be controlled by handling some process
parameters, as fluence, polarization direction, angle of incidence and scanning speed. The
final shape comprises self-produced micro/nano gratings maintaining an almost fixed pitch
and direction, covering a large area. Besides using LIPSS, color in metals has also been done
by directly machining small grooves and arrays of micro-holes in their surfaces.
Consequently, structuring metal surfaces in scales from nanometers up to hundreds of
micrometers allow the control of the optical properties, from UV to terahertz.

3.3. Selective ablation of surfaces

The ability of ultrashort laser pulses to ablate very thin layers of material can be used to
selectively remove coatings overlaid on a substrate. Layers as thin as a few hundreds of
nanometers can be removed by each laser shot, and the process can be repeated up to the
point where all the unwanted material is removed and the substrate is stricken by the laser
beam. This process can be a precise and useful tool in many applications [80-84], as cleaning,
restoration of art objects, decontamination and decoating of cutting tools.

The differences in physical properties between coating and substrate determine the
feasibility, precision and complexity of the process. If the material to be removed absorbs
the laser wavelength and presents a lower ablation threshold than the substrate, then the
process is relatively simple and there is no need for feedback control. The pulse fluence is
adjusted to be above that of the coating and below that of the substrate; an excess of pulses
on the substrate surface will not affect it. On the other hand, if the coating damage threshold
is close or lower than the substrate one, then a feedback must control the ablation process to
prevent damage to the substrate. This can be accomplished by measuring, in real time, the
spectrum of the emitted plasma (LIBS [81]) and observing the evolution of characteristics
emissions of the coating and the substrate.
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3.4. Direct writing microstructures in surfaces

Regardless of the topographic structures formed on a surface hit by femtosecond pulses,
they can be used in a bigger scale to process complex structures previously designed, just
like in a milling machine. Tiny holes and channels with high aspect ratios can be produced
in almost any kind of material, with very high dimensional resolution, no heat effects, and
beautiful cosmetic appearance.

Due to the relative low average power of the femtosecond laser systems, large processed
areas or high ablated volumes still present a very low productivity, and are only considered
when other methods fail. This happens when tiny structures must be produced on sensitive
or transparent materials, when heating effects and dross must be avoided, and when sub-
micron lateral size and resolution must be attained.

Although some processes use femtosecond laser assistance to produce sub-micron holes
[85], these have also been directly drilled on thin films by precisely controlling the fluence
just above the threshold [86]. Gaussian beams tightly focused produce a steep spatial
intensity (fluence) distribution which precisely determines the diameter within which the
fluence is above the threshold of the material. So the intended diameter of a hole can be
achieved by using proper laser fluence and few hundreds nanometers holes can be directly
drilled in thin films [87, 88].

Alumina is a very sensitive material that frequently presents cracks, delaminations and
striations on the laser processed surface. However, some authors [89, 90] have managed to
produce high aspect ratio and low tapered holes in alumina wafers suitable for micro-vias
used in micro-electronic circuits. In trepanation mode, high fluences can be used in
conjunction with other processing parameters in a way that minimizes heat accumulation
and avoid recast molten material, cracks and delamination. Drilling in percussion mode
produces smaller diameters, but these are dependent on the laser fluence. Unlike with
longer pulses, however, the hole sizes almost do not depend on the number of overlapped
pulses, which results in an easier and more precise production. Although percussion drilled
holes present more tapered profiles, high aspect ratios can be obtained in relatively thick
materials; typical diameters of a few dozens of micrometers are easily done on hundreds of
micrometers thick alumina plates.

Structures with complex shapes in almost any kind of material can also be done by cutting
and sculpting cavities with femtosecond lasers. The exact knowledge of the phenomena
occurring during the laser material interaction allows the production of previously designed
shapes in the same way as in a milling machining, with very high precision, but in a much
smaller scale. Lateral and vertical accuracies depend on the fluence used and on the aspect
ratio figure, but sub-micron or a few micrometers resolution is easily attained. Plates with
thicknesses in excess of 0.5 mm have been cut to produce microparts and functional
elements used, for instance, in MEMS and other microsystems. Carving into bulk or
deposited films can also be done to produce trenches, microchannels and molds with
applications in microelectronics, microfluidics and MEMS.
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Just like in a milling process, machining with ultrashort laser pulses has been done in
complete CAD/CAM systems where not only the toolpath has to be controlled, but also the
energy and the number of overlapped pulses. Unlike a real milling tool, the size of a damage
produced by a fixed laser focused spot increases as the number of shots accumulates (up to
a certain point) on the same spot, and the same occurs by the increase in the pulse energy.
Hence, the process control software must be fed with the fundamental parameters
governing the interaction of the material with ultrashort pulses.

Although scanning mirrors can be used, the most common femtosecond processing systems
use stable and precise 2D or 3D translation stages, with a still beam focused by a short focal
length lens. Some cases demand vacuum processing, but generally the machining is
performed in regular atmosphere with no shrouding gases. The pulse energy is controlled
by a combination of a polarization rotator and an analyzer, and the pulses overlapping is
calculated by combining the scanning speed with the laser repetition rate and the focused
beam diameter.

As isolated components or as parts of a mechanical microsystem, tiny pieces have been
machined in a variety of materials and shapes to an increasing number of new applications,
where sensors and actuators for MEMS and microchannels for microfluidics are among the
most important examples. Silicon, glasses and several kinds of ceramics, polymers and
metals have been used to produce structures for these and other applications.

Silicon is one of the most largely studied materials for ultrafast laser machining, and silicon
wafers have been cut and etched by laser to produce micro-molds to be used in a large
number of micro electromechanical systems and electronic devices [91, 92].

Many kinds of polymers have also been machined by femtosecond lasers, mainly to produce
small channels for rapid prototyping of microfluidic devices, and optical gratings. Suriano et
al. [93] determined process protocols for laser machining of some polymers, showing the
feasibility to obtain good shapes from some kinds of thermoplastic polymeric materials.
Despite good geometrical and cosmetic results, some degradation, probably due the use of
high fluences, was observed; physicochemical modifications in the processed area caused
some darkening which was explained in terms of oxidation, dehydrogenation or thermal
depolymerization.

Microstructured optical fibers were transversally machined to provide access to its core with
minimum interference in their optical and guiding properties [94]. Micrometric transversal
holes machined through polymeric cladding and glass core enable filling the fiber with
fluids to take advantage of their optical properties for uses in sensors and in flexible
microfluidic devices. Figure 4 shows an example of a square hole machined on the surface of
a hollow fiber to allow gas filling to modify its optical properties.

In the work of Alemohammad et al. [95] a series of micro-grooves were transversally and
accurately machined on the cladding of a fiber Bragg grating. This structure increases the
transmission sensitivity of the fiber to the index of refraction of the external medium,
making these engineered fibers a powerful tool for measurements of temperature and
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liquids concentrations. This is a good example of how controlled such machining can be,
since it was precisely done (22 um wide x 32 um deep grooves with 50 um pitch) on a thin
polymer curved surface without damaging the core beneath it.

———
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Figure 4. Hole bored in a hollow fiber with ultrashort pulses, using trepanation. a) fiber lateral view
optical micrograph, and b) hole entrance view electron micrograph.

Another example of accuracy in laser processing of fibers is the machining of their core end
faces [96]. Arrays of sub-micrometric structures boost the signal of a surface enhanced
Raman scattering fiber probe, increasing its sensitivity for the detection of many biological
and chemical substances. Minuscule cantilevers directly machined in one end of the fiber
provided a very sensitive way of movement detection [97].

3.5. Micromachining in metals

Machining metals with ultrashort laser pulses is not as advantageous as machining
dielectrics. The presence of free electrons, besides inhibiting Coulomb ablation, widens the
heat affected region due to their high mobility. In this sense, the metal thermal properties
play a fundamental role in the process characteristics and taking these into account,
reproducible, small and accurate structures can still be produced [98].

The control of the pulse duration and wavelength can further improve efficiency and
accuracy when machining some metals [99-101]. In a general way, as the pulse shortens
(below 1 ps), the finishing improves and the ablation rate increases. Low fluence regime
gives the best quality results, but at the same time implies a low ablation rate. Hence, work
in this regime is only advantageous with systems offering high repetitions rates at moderate
energies [102].

Another approach to increase efficiency is to work in the high fluence regime, where
thermal processes, including phase explosion, fully control ablation. In this case, unlike pico
or nanosecond pulses, almost all molten material is blown away in the form of nanometric
particles, leaving a smooth and clean surface with almost no debris or dross and a negligible
HAZ. Indeed, heat can be accumulated also from pulse to pulse as function of the laser
repetition rate and thermal properties of the metal. Additionally, for sufficiently high
repetition rates, the plume from the previous pulse can also provide shielding that scatters
and absorbs pulse energy. Due to this, when processing with high repetition rates, from
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hundreds of kilohertz to some megahertz, efficiency and accuracy may vary according to the
metal and process characteristics.

There are many examples of machining with femtosecond pulses to produce small devices
in metals; some of the most common are microcantilevers [103], coronary stents [104] and
pieces of NiTi shape memory alloy [105] used in MEMS. Percussion hole drilling in metals
[106, 107] is also another application that is quickly growing. Thicknesses up to 0.5 mm and
accuracy of few micrometers are reported in many different metals and applications, most of
them without shrouding gas or vacuum, using fundamental wavelengths (800 nm or
1030 nm) and pulsewidths from 100 fs to 800 fs. The parts produced frequently do not need
re-work or etching for cleaning and better finishing.

3.6. 3D structures in the bulk of transparent materials

The ablation threshold of the bulk of a transparent medium is considerable higher than of its
surface (about twice). Even so, damages forming complex 3D structures can be produced in
materials transparent to the wavelength used, by tightly focusing the laser beam below their
surfaces. The requirement is to ionize and produce plasma in a volume inside the material,
without affecting the surface above. To accomplish this, high numerical apertures (N.A.>0.5)
objectives must be used to focus the beam under the surface, in a condition where the
fluence is below the threshold on the surface, and at the same time overcomes the volume
ablation threshold at the focus. In general, for glasses, nonlinear absorptions are induced for
intensities in the range of 1-5x10'® W/cm?, which can be easily reached by any combination
between the main processing parameters (pulse energy and duration, and beam diameter at
focus).

For a laser beam with good fundamental spatial mode, the diameter of the focused spot can
be close to its wavelength (800 nm for Ti:Sapphire laser, 1 um for Yb:fiber). Practical
temporal pulsewidths range from 30fs to 200fs for Ti:Sapphire and from 200 fs to 400 fs for
Yb:fiber. Hence, less than 10 nJ are enough to create damages in the bulk of glasses when
using Ti:Sapphire lasers, and this figure increases to 30-160 n] when using Yb:fiber lasers.
Under these conditions, induced absorption occurs in a volume of less than 1um? and a
single femtosecond pulse is enough to create damage in the bulk of any transparent material
[108]. Within this volume, super-hot dense plasma is formed, creating very strong shock
waves that destroy any atomic arrangement, resulting in modified structures or even voids.

The use of UV fs pulses enables the creation of even smaller defects into transparent
materials, since its wavelength is shorter than near IR. Furthermore, the higher UV photon
energy also increases the probability of multiphoton absorption, decreasing the breakdown
intensity threshold. Using this approach, Dubov et al. [109] reported the production of
250 nm periodic nanostructures using 30 nJ, 300 fs laser pulses.

For intensities below the threshold, only nondestructive effects can occur, such as changes in
the index of refraction of the material and color centers creation [61]. The presence of these
defects produces intermediate levels in the band gap of the dielectric, resulting in incubation
effects that usually lower the material damage threshold.
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Although not a strict micromachining, permanent modification in the optical index of
refraction have been extensively used to create light guiding structures in the bulk of
transparent media [110, 111]. The relative movement of the laser beam focus inside the
material produces a pathway with cross section and index of refraction contrast suitable to
guide light as waveguides embedded in the material bulk. The focus movement can be done
in the same direction as the beam propagation, or perpendicular to it. In the first case, the
modified region presents a cross section with circular geometry, and in the other this
geometry is elliptical. In spite of this disadvantage, the transversal geometry is preferred
once the sample and waveguide lengths are not limited by the depth of focus as occurs in
the longitudinal method.

The refractive index change depends on the laser parameters and material composition, and
is induced by many different mechanisms not yet fully understood. The change can be
either positive or negative, depending on the material properties, and is caused mainly by
thermal effects, defects creation and material densification. High repetition rates (a few
MHz) are generally used, causing heat accumulation with consequent melting and fast
cooling in the focal volume scanned by the laser. These rapid phase transitions result in local
structural modifications, giving rise to changes in the optical index of refraction that can be
over 1%.

Many passive and active guiding structures have been incorporated in devices mainly used
in communications and biochemical applications. Couplers, splitters and delay lines are
some of the more typical, but more sophisticated structures, as interferometers and
diffraction gratings, have been also produced.

Focusing the laser beam in the bulk of a transparent material, just above its damage
threshold, causes local structural changes that affect its physical and chemical properties. In
the case of sapphire and glasses, their chemical resistance to HF acid and KOH are
considerable lowered, reaching a ratio of 1:10* for sapphire and 1:10% for glasses. This
phenomenon has been used to produce hollow channels inside these materials when
irradiating with femtosecond laser pulses. After laser irradiation, the material with complex
modified 3D structures inside, is etched with a solution of HF acid (or KOH) for up to 48 h
to remove the modified material, and results in a hollow structure.

Another approach to make 3D hollow structures inside transparent materials is by focusing
the laser beam on the rear surface of a glass sample that is in contact with water [112].
Movements of the focused spot in the vertical direction create a microchannel entering the
material’s bulk while the water removes the debris formed during irradiation. The process is
then continued and complex structures can be produced in all directions.

4. Case studies

The following sections present results obtained in our laboratories regarding the
determination of ultrashort pulses ablation threshold and incubation parameters in various
materials, and the micromachining in the low and high fluence regimes.
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4.1. Silicon ablation threshold measurement

The “zero damage” method was used to determine the ablation threshold for crystalline
silicon. For this, 30 uJ maximum energy, 100 fs (FWHM) pulses, centered at 800 nm, at 1 kHz
maximum repetition rate, generated by a Ti:Sapphire CPA system (Odin, from Quantronix)
were focused on the sample surface by a 38 mm lens. The sample was fixed to a computer
controlled translation stage. Many measurements were performed to obtain D? x Fu data for
different pulses superpositions N, as shown in Figure 5a for N=1. In this graph the low and
high fluence ablation regimes are clearly seen, and the fits by equation (1) provide the values
0.32J/cm? and 8.7 J/cm? for the low and high fluence ablation thresholds, respectively.
Crystalline silicon shows a curve D? x Fu with the same characteristics seen in dielectrics, as
exemplified by the sapphire results shown in Figure 1, with an abrupt slope change when
thermal effects start to dominate and the material removal rate sharply increases.

a) 600 ' ' b) o

0.30

500 b
0.25

0.20

D? (um?)
w
3
[9)

Fyp, (/cm?)

low F,, (0.32 J/cm?) high £
th

100
/ °© /(3.7 1/em?) 5 R

F(J/cm?)

Figure 5. a) Square diameter D2 x Fu. for single pulse ablation (N=1) of silicon; b) Silicon damage
threshold as fuction of the pulses superposition.

Figure 5b shows the low fluence ablation threshold measured for different pulses
superpositions N, together with a fit by equation (3), which provides F,1=0.32 J/cm?,
Fin~=0.15 J/em? and k=0.22. It can be observed that the defects accumulation is strong in this
material, and saturation of the ablation threshold occurs for less than 50 pulses.

4.2. Molybdenum ablation threshold measurement

The “zero damage” method was also used to determine the ablation threshold of metallic
molybdenum, repeating the experiment performed with crystalline silicon described in
section 4.1. The diameter of the ablated region as a function of the pulse fluence, for the
superposition of 4 pulses on the surface of polished molybdenum, is shown in Figure 6a,
together with a fit by equation (1), providing Fn=0.019 J/cm?. This graph shows that the
fluence increase does not exhibit an abrupt slope change from the low to the high fluence
regime, instead a smooth transition is observed, demonstrating the onset of new processes
as the fluence grows.

The ablation threshold dependence on the pulse superposition data, together with a fit by
equation (3) is shown on Figure 6b, and, as is the case with dielectrics and semiconductors
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(Figure 1 and Figure 5b), it can be seen that the damage threshold decreases as the
number of overlapped pulses grows. The values returned by the fit are Fi,1=0.051 J/cm?,
Fu,~=0.0136 J/cm? and k=0.84, evidencing that saturation is quickly reached for less than 10
pulses. Nevertheless, more data points around this value would provide a better result.
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Figure 6. a) Square diameter dependence on the ablation threshold fluence for N=4; b) ablation
threshold fluence Fu as a fuction of the pulses number.

Comparing the single shot fluence ablation thresholds obtained by us for sapphire
(5.6 J/em?, Figure 1), silicon (0.32 J/cm?, Figure 5a) and molybdenum (0.051 J/cm?, Figure 6b),
it can be seen that, as the easiness to generate free and seed electrons increase (bandgap
decreases), the ablation threshold value drops, as expected by the reasons discussed in
section 2.1.

The behavior seen in Figure 6 implies that machining metals with ultrashort pulses is more
challenging than machining dielectrics, demanding a better knowledge and control of the
process parameters, and sometimes requiring a rework for finishing. The absence of ablation
by Coulomb explosion means that always there will be some heat flow to the surrounding
area and the conditions of machining must be adjusted to minimize its effects.

4.3. Validation of the D-scan method for ablation threshold and incubation
parameter determination

To demonstrate that the D-Scan is a valid method to determine the ablation threshold for
an arbitrary pulse superposition, we measured the ablation threshold of BK7 samples by
the “zero damage” and D-Scan methods, and compared the results. A Ti:Sapphire CPA
system (Femtopower Compact Pro CE-Phase HP/HR, from Femtolasers) was used,
continuously generating 100 fs (FWHM) pulses centered at 785 nm with 40 nm of
bandwidth (FWHM), at a maximum repetition rate of 4 kHz. The pulses were focused by
a 38 mm lens for both methods, and all measurements were performed in air. For the
“zero damage” method, the Fi was measured for single pulses and for the superposition
of 2, 4, 16, 32, 120, 510 and 1020 pulses, and the results, calculated using equation (1), are
show as red circles in Figure 7 [68].
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Figure 7. BK7 Ablation threshold measured by the traditional (red circles) and by the D-Scan (squares)
method [68]. The good data agreement shows the methods equivalency to determine ablation
thresholds in the ultrashort pulses regime.

For the D-Scan measurements, the sample was irradiated by 31, 71 and 134 pJ pulses, at
various combinations of repetition rates (50, 100, 500, 1000, 2000 and 4000 Hz) and
transversal displacement speeds (6, 12, 25, 50 and 100 mm/min) resulting in superpositions
ranging from single pulse to almost 2000 pulses. The Results are show as squares in Figure 7
[68]. This graph shows that the ablation thresholds obtained by both methods agree for
superpositions spanning more than 3 orders of magnitude. This implies that the
superpositions measured by both methods, although conceptually different (in the “zero
damage” the superposition is the number of pulses that completely overlap at the same
spot, while for the D-Scan it is given by the sum of the intensity of many pulses spatially
apart), are the same, indicating that incubation effects are a linear sum of the intensities that
hit a spot. This intensity linear sum effect is also corroborated by the fractionary
superpositions that can be observed in Figure 7 D-Scan results for the superposition of less
than 10 pulses, which are consistent with the values obtained for integer values of N.

4.4. D-scan technique determination of the incubation parameter of optical
materials

The D-Scan method was used in our laboratories to quickly determine the incubation
parameter for two common optical materials, sapphire and suprasil glass. The same
Ti:Sapphire CPA system described in section 4.3 was used, continuously generating 95 pJ,
25 fs (FWHM) pulses. The beam was focused by a 75 mm lens, and the samples were fixed
to a 3-axes computer controlled translation stage that executed the diagonal motion. The
measurements were done using various combinations of the pulses repetition rate (100, 500,
1000 and 4000 Hz) and transversal displacement speeds (10, 5, 2.5, 1.25, 1, 0.5, 0.25, 0.2, 0.1,
0.05, 0.04, 0.03, 0.02 and 0.01 mm/s), and it took less than 1 hour to etch more than 35 profiles
in each sample. The pmax value for each profile was measured in micrographs taken in and
optical microscope, and the ablation threshold and superposition values for each profile
were then calculated using equations (2) and (4). The results are exhibited in Figure 8, and
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show that in about 1 hour of laboratory time, it is possible to perform measurements that
produce data spanning more than four orders of magnitude of N, revealing the dynamics of
the defects accumulation until saturation is reached. One of the strengths of the D-Scan
technique, which is fast data acquisition, becomes evident when comparing the graphs
exhibited in Figure 8 with the ones shown in Figure 5b and Figure 6b: lots of data points are
obtained (in a short time), allowing a detailed analysis of the incubation effects, and
deciding which model is better to describe them. This kind of analysis is very arduous to be
performed with data gathered with the “zero damage” method, due to its complexity that
demands a lot of laboratory and data analysis time.
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Figure 8. Ablation threshold as a function of the pulse superposition measured using the D-Scan

technique for a) suprasil and b) sapphire samples. In each graph, equation (3) is fitted to the data.

To determine the samples ablation thresholds and incubation parameter, equation (3) was
fitted to each sample data (red curves on Figure 8), and the parameters obtained are shown
in Table 1. The parameters in this table highlight what can be seen in Figure 8: laser created
defects have a faster accumulation rate in suprasil (higher k), in which saturation of the
ablation threshold is reached for less than 100 pulses, in contrast to sapphire where
approximately 500 pulses are needed to saturate Fu. Nevertheless, saturation fluence is
lower in sapphire, indicating that defects electrons are easier excited in this material.

Sample Fua (J/lcm?)  Fe (J/cm?) k
Suprasil 5.1+0.1 1.92+0.05 0.064+0.008
Sapphire 4.2+0.1 1.49+0.04 0.022+0.003

Table 1. Fit parameters for each sample

4.5. Direct micromachining of microchannels in BK7

In direct machining of cavities, multipulse ablation is often needed to remove the necessary
amount of material, and incubation effects occur. These effects must be taken into account
when establishing the machining parameters to ensure adequate control of the ablation
process. Within this context, this section presents a study on BK7 etching, in which this
approach was used and produced microchannels with shapes, dimensions, finishing and
HAZ complying with the requirements for microfluidic devices [113].
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To evaluate the efficacy of the method, two different strategies were used, and in both
approaches, several parallel lines were swept by the focused laser spot to create a channel
with the desired width. For each scanning, a different lateral offset distance d (Figure 9)
was used.

The first strategy, named hard machining, consists in working in the high fluence regime,
with a high material removal rate, and low longitudinal displacement speed (large
longitudinal pulse superposition N). The second approach, dubbed smooth machining, uses
a high displacement speed (small N) and operates in the low fluence regime, removing
small amounts of material per pulse. This condition sweeps the surface with a smaller
number of shots when compared to the hard machining, making it necessary to repeat the
process many times (many sweeping layers) to reach the desired depth [113].
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Figure 9. Diagram of the beam path for one etched layer. The beam polarization and scanning direction
are parallel to the channel longitudinal axis.

channel width

For the hard machining, microchannels were etched with 1kHz repetition rate, 33 uJ
maximum energy pulses, constant scanning speed at 1.6 mm/min chosen to produce a
pulses superposition N=500, and varying offsets d for each different channel. These
irradiation conditions lead to asymmetric, shallow and irregular channels, as can be seen
on the transversal section OCT images shown in Figure 10. In this image, the ablated
regions are clearly seen for each track, together with very deep and tapered modified
regions below the ablated surface. These regions, which cannot be seen by optical
microscopy, are not related to catastrophic damage, and can only be observed by OCT
due to changes in the index of refraction caused by nonlinear effects resulting from the
pulses high intensity [114, 115].

The subsurface modified regions are a consequence of incubation effects. As the pulses
overlap increases, Fu is lowered, and a greater fraction of the pulse energy is used to cause
more severe effects on the processed material. The large amount of ablated material also
produces a skewed wall for each individual track. As consequence, the sloped walls of the
machined track reflect the subsequent pulses to the adjacent track that follows it, making the
ablated area erratic and unpredictable [113].

In the smooth ablation strategy, the lateral displacement d was changed in each layer to
always maintain a fixed overlap of 25% of the created damage diameter, since the size of the
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ablated area changes due to incubation processes. In each layer, the total width of the
machined track takes into account the many sweeps to keep the lateral overlap constant,
spreading the amount of pre-damaged material smoothly and homogeneously. When this is
not considered, the deposited energy is more quickly absorbed in places where
accumulation of pre-damages is greater, resulting in a non-homogeneous ablation.
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Figure 10. Cross section OCT image of the channels etched by “hard machining”. The lateral
displacements are d=10, 20, 30 and 40 um for channels 1 to 4, respectively.

The width D of the ablated track during each sweep depends on the incubation resulting
from the previous layers etched by Nu1 pulses superimposed, and the longitudinal overlap of
the actual scanning, Nactal, where 1 is the layer number. Within these considerations, the total
superposition to calculate D is Nv=Nu-1+Nactuar. Thus, D is a function of the beam radius on the
machined surface, w, the peak fluence of each pulse, F, and the ablation threshold Fiun for
total incubation contribution N, and can be obtained using equation (1) (substituting
Fu=FmN).

Finally, the value of the longitudinal superposition of the actual scanning, Nacwa, can be
determined by employing equation (4) using the scanning speed v, the repetition rate f and
considering that the pmax=tw (beam radius on the sample surface).

A clear improvement in the channels shape occurred when the smooth machining ablation
was used, as shown in the OCT image on Figure 11. The channels cross section shows a flat
bottom and straight walls, almost perpendicular to the surface. Refractive index
modifications below the channels are absent, evidencing that the material properties are
preserved in the immediate vicinity of the machined regions.

Figure 11. Cross section OCT image of the channels etched by the smoot machining strategy. The total
number of overlapped pulses, N, is indicated above each channel. Pulse energies of 10 uJ and 33 uJ were
used.
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5. Conclusions

In this chapter we presented an overview of micro and nano machining with ultrashort laser
pulses. A historical context was provided, the basic physical mechanisms governing the
ablation of solids by femtosecond pulses were described, some relevant real-world
applications were outlined and experimental results obtained by us were presented. The text
references many important and cornerstone works, and the reader who wants to expand his
knowledge and have a deeper understanding in this field should start by reading these
books, reviews and papers.

The most important parameters to machine a material with ultrashort pulses are its ablation
threshold fluence and incubation parameter. Two techniques to determine these parameters
were described, the traditional “zero damage” and the D-Scan methods. Experimental
results obtained by both techniques were presented, showing that the methods are
equivalent, and both can be used to determine these parameters. Nevertheless, we
recommend the use of the D-Scan technique because it is experimentally simpler, provides
quick results, and the material modifications caused by it are closer to the final machining
results once it is executed in a moving sample.
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