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Ultrafast lasers are ideal tools to process transparent materials because they spatially confine the deposition
of laser energy within the material’s bulk via nonlinear photoionization processes. Nonlinear propagation and
filamentation were initially regarded as deleterious effects. But in the last decade, they turned out to be benefits
to control energy deposition over long distances. These effects create very high aspect ratio structures which
have found a number of important applications, particularly for glass separation with non-ablative techniques.
This chapter reviews the developments of in-volume ultrafast laser processing of transparent materials. We
discuss the basic physics of the processes, characterization means, filamentation of Gaussian and Bessel beams

and provide an overview of present applications.

INTRODUCTION

Ultrafast lasers were very early recognized as a powerful
tool to process transparent materials. This is because the
transfer of laser energy to the solid starts from nonlinear ab-
sorption by ionization. Nonlinear absorption is very efficient
only around the focal point of the beam. This way, absorp-
tion can be completely negligible on the surface of a dielec-
tric while a large amount of the input pulse energy is absorbed
within the bulk of the material. After a number of different
physical processes [40, 73], this eventually yields a modifi-
cation of the bulk material that can range from a simple in-
dex change to the formation of an empty cavity. Longer laser
pulses, such as nanosecond pulses, can also be used to process
transparent materials, but in this case, absorption of the laser
pulse initiates from defects. This is random and poorly repro-
ducible from shot to shot. In contrast, ultrafast pulses, i.e. sub
~10 ps pulses, modify materials with high reproducibility and
with very reduced heat affected zone.

In the last decade, structuring with high aspect ratio has
emerged as a new field in ultrafast laser processing of trans-
parent materials. In early works, most of the attention was
focused on creating extremely localized damages in 3 dimen-
sions (index change, nanogratings, nano-voids) with high nu-
merical aperture illumination. Nonlinear propagation effects,
in the general sense “filamentation”, were regarded as highly
detrimental. However, it progressively appeared that filamen-
tation of Gaussian and shaped beams, could create extended
modifications along the propagation direction. This was even
possible in single shot illumination regime. Controlling these
phenomena is a great challenge but allows for creating mod-
ifications that are impossible to generate with conventional
point-by-point processing. These propagation regimes cre-
ate high aspect ratio modifications: their length that is much
longer than their typical diameter.

High aspect ratio processing is required for a number of ap-
plications such as microfluidics, photonics or material separa-
tion. As we will describe in section VI, an important field of
application is glass separation with a non-ablative technique.
This technique is based on generating a high aspect ratio struc-
ture in the bulk of a transparent brittle material, organized on
a plane, which allows the material to cleave along this weak-
ened plane. The process is high speed and is obviously very
well suited to mass fabrication of cover glass for touchscreens
and consumer electronics.

However, structuring with high aspect ratio is challenging
because the propagation of an intense ultrafast pulses inside
a transparent solid is nonlinear by essence. This chapter is
intended as a guide in this field of research and technology.
We will first briefly review the phenomena occurring during
high-intensity pulse propagation in dielectrics as well as the
means to characterize plasma formation inside their bulk. We
will point out the specificity of bulk propagation and associ-
ated numerical simulations. In section II, a review of high
aspect ratio processing in the multiple shot regime will point
out the difficulties to face with bulk processing. In contrast,
single shot void formation seems more simple and faster. In
the related section III, we will review the main results which
open new routes for laser processing of transparent materi-
als. Increasing the length of the empty cavities can be done
with filamentation of Gaussian beams, which we will review
in section IV. But due to the nonlinearities, this process is
difficult to predict or scale. In section V, we will show that
a specific class of beam shapes allows for seeding filamenta-
tion such that the propagation is free from distortion in space
and time and is therefore much more predictable. This beam
shape is the zeroth-order Bessel beam. It induces high aspect
ratio index modifications, nanochannels or nano-voids in the
bulk of a number of transparent materials. In section VI, we
will review the applications of both filamentation of Gaussian-



like beams and of Bessel beams. These are numerous and we
will describe the technologies as a function of the processed
material (glass, sapphire, diamond, or silicon).

I. ULTRAFAST PHENOMENA AND NONLINEAR
PROPAGATION IN TRANSPARENT MATERIALS

In this section, we will briefly review the main physical
phenomena occurring during high intensity ultrashort laser
pulse propagation in the bulk of transparent materials. Our
objective is to point out that there are a number of differences
in the experimental techniques and numerical modelling in
comparison with surface ablation, which has been described
in detail in the preceding chapters.

In brief, the physical sequence of material modification by
an ultrafast laser pulse can be split in two main steps: first,
nonlinear propagation generates a plasma of free electrons and
holes via nonlinear ionization. This is the energy deposition
step, which is terminated at the end of the laser pulse, typi-
cally in the sub-picosecond range. Then, the second step is
the relaxation. It involves a sequence of different physical
phenomena extending up to microsecond scale. These phe-
nomena are identical to the ones occurring at the surface of
dielectrics. We will therefore focus on the first step, where the
nonlinear propagation plays a determinant role for the modi-
fications of the material.

For the numerical modelling, the propagation in the bulk
of transparent materials imposes a number of additional con-
straints in comparison with surface ablation. First, the prop-
agation distances considered in bulk processing of materials
are orders of magnitude longer than those simulated for sur-
face ablation. Second, while surface ablation modeling can
sometimes be reduced to 0 or 1 dimension, bulk processing
requires at least models in two dimensions. We will empha-
size in the following how the physics of optical breakdown
over long distances can be simulated with reasonably power-
ful computers. As for experimental characterizations, specific
techniques have been developed to characterize plasma forma-
tion within the bulk of the materials. We will describe them in
the second part of this section.

A. Linear and Kerr effects

Propagation in transparent materials is determined by sev-
eral linear and nonlinear effects. As for the linear contribu-
tions, the pulse shape is affected by diffraction, dispersion
and aberrations such as chromatism or spherical aberration.
Diffraction and aberrations are important effects which ex-
plain a number of experimental results [106]. We note that dis-
persion in the material can be generally safely neglected be-
cause thicknesses of materials on the order of a few millime-
ters only weakly affect ultrashort pulses of duration longer
than 100 fs.

Kerr effect mainly contributes to the transient index of re-
fraction, as well as for the self steepening of the pulse. Cross
phase modulation effects have usually a negligible impact on
the pulse intensity. For sufficiently long pulse duration, Ra-
man contribution to Kerr effect can be included. Kerr self-
focusing shifts backwards the focusing point as the peak in-
tensity increases.



B. Nonlinear absorption, plasma absorption and plasma
defocusing

The interaction between a laser pulse and a photo-excited
solid dielectric is threefold. i) Nonlinear absorption occurs
because of high intensity field. The excited electrons interact
ii) with the field and iii) in the field via collisions.

From first principles, description of nonlinear absorption
and interaction with the laser pulse should be based on a
quantum model of the band system in the periodic high elec-
tric field [91]. Despite the number of advances in theoret-
ical chemistry, it is still a challenge to accurately describe
the ground state of solids such as sapphire, and it is obvi-
ously even more difficult for amorphous solids like fused sil-
ica. Transition rates between excited states are mostly out
of experimental reach, yet a number of highly excited states
should be taken into account [8]. Time-Domain Density Func-
tional Theory (TD-DFT) can model the high-field ionization,
but collisional absorption is still difficult to describe in this
framework [128]. In the framework of numerical simulation
of laser pulse propagation of several 100’s fs over a few mil-
limeters of propagation, these approaches are computationally
too demanding.

In first approximation, the excited electrons in the up-
per bands can be considered as free electrons with effective
masses (parabolic band). This is why in the rest of the chap-
ter, the excited electrons will be referred to as ’free electrons”,
and nonlinear transitions to the excited states will be referred
to as nonlinear ionization. Thus, the ionization phenomena in
dielectrics are described in similar way as ionization of atoms.
The modeling of pulse propagation will therefore follow the
work that was developed for filamentation in air.

The description of Keldysh for ionization is computation-
ally efficient. In this framework, multiphoton and tunnel ion-
ization are asymptotic behaviors [25, 109]. In basic models,
the distribution of the free electrons in the excited levels is
neglected and the free electrons are described only via the
number density p. More refined models insert additional spec-
troscopic levels to describe the energy distribution of the free
electrons. This is the multiple rate equations model (MRE)
[103].

The interaction of the laser pulse with the plasma is
twofold: 1) absorption by the free-electron gas excites the
free-electrons to upper levels. When the energy of the free
electrons is sufficiently large, impact ionization occurs and
the free-electron density increases. ii) the presence of plasma
effectively reduces the effective index of refraction, yielding
defocusing effect on the laser pulse.

Drude model can be used to efficiently describe this in-
teraction. The plasma conductivity o(w) is derived from
the plasma number density p. The plasma can be described
as a contribution to the complex permittivity. A frequency-
dependent description is valid as long as the number density
does not vary too fast in time. Meanwhile, the evolution of the
free-electron distribution and impact ionization effects can be
either described in the MRE model or by simply considering
that every K photons absorbed by the plasma will contribute
to the ionization of an additional free electron (see Equation

4).
In detail, the is:

pe?
Eom

X(w) = (1)

with g9 the vacuum permittivity, e the unsigned electron
charge, m the effective electron mass.

If the plasma-free permittivity of the medium is €g;0,, the
combined permittivity of the medium and plasma reads [73]:
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wp =4/ :0251 is the plasma frequency and n the complex index

of refraction of the medium with the plasma. We see in Equa-
tion 2 that plasma contribution reduces the permittivity, and
therefore reduces the index of refraction. This is why plasma
defocuses an incoming laser pulse.
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The collision time 7, is a parameter that should be de-
rived from the free-electron plasma density and distribution
in momentum space (or temperature for a Maxwellian distri-
bution). In practice, the collision time is usually considered as
fixed with values typically ranging from 0.5 fs (dense plasmas
[118]) to ~10 fs (low density plasmas [109]). Yet imperfect,
this model still describes with reasonable accuracy the absorp-
tion of the plasma and the change of the local permittivity due
to the presence of plasma [38].

Finally, other mechanisms such as recombination, Auger
decay do exist and can also be included in models depending
on computational capability.

C. Numerical simulations of pulse propagation in transparent
dielectrics

A number of different physical models for ultrafast laser
pulse propagation have been developed. Here, we discuss
a basic model of propagation to provide the reader a first
view on how the different mechanisms described above can
be numerically simulated. More detailed models can be
found for instance in references [17, 23]. An early model
is based on solving simultaneously a NonLinear Schrédinger
Equation (NLSE) and a rate equation for the plasma density
[25, 34, 109, 115, 123, 125]. The following NLSE is derived
from Maxwell’s equations using a scalar, paraxial, unidirec-
tional model for the field envelope A(z,y, z, 7) describing the
laser pulse with central frequency wy with a temporal refer-
ence frame defined by 7 = ¢ — z/v,. ¢ and z are time and
propagation distance in the laboratory reference frame and
vg = ¢/nsio, the group velocity.

The NLSE reads :
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FIG. 1. Simulation of ultrafast IR pulse propagating in fused silica.
(left) Evolution of the filament diameter along the propagation (right)
evolution of the pulse temporal profile on the first 4 mm of propaga-
tion. Reprinted figure with permission from [115] with courtesy of
A. Couairon. Copyright (2001) by the American Physical Society.
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and it has to be solved together with the plasma equation:
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where k£ = ngkq is the wavevector inside the medium of re-
fractive index ng = ,/€si0,, and ko the wavevector in vac-
wum, k" = 0%k(w)/0w?|,=w, is the group velocity disper-
sion coefficient, Ugq, is the bandgap of the dielectric medium,
Ny is the nonlinear Kerr index, Wp; is the nonlinear photoion-
ization rate. o is the plasma conductivity evaluated by Drude
model:
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The first term in equation 3 corresponds to diffraction, the
second to dispersion, the third is Kerr effect, the fourth is
plasma absorption (real part) and plasma defocusing (imag-
inary part) and the last one is nonlinear absorption.

NLSE is usually numerically solved via a split-step algo-
rithm to calculate the pulse shape in (x,y,t) at each point.
Simultaneously, the plasma rate equation is solved for the free
electron number density p(z, y, z,t). Multiple rate equations
can be added to describe more accurately the avalanche pro-
cess [103]. In addition, for pulses on the order of a several
100’s fs to some ps, the transient generation of self trapped
excitons (STEs), at timescales of ~150 fs [49, 73], as well as
structural defects left by previous pulses, can be described by
including the rate equations for new spectroscopic levels [17].

We note that the terms (1 — p/p,¢) describe the saturation
because of the finite number of available electrons to promote
to the conduction band. In practice the number density p, 1 is
estimated by the density of states (typically 2.2 x 10?2 cm —3
for fused silica). Figure 1 shows such simulation result for the
evolution of the beam diameter and the pulse temporal profile.
The temporal distorsion of the pulse is particulary apparent.

Finally, we note that there is no straightforward link be-
tween the plasma density and the final modification in the

transparent material. This is because a number of physical
effects occur after the energy deposition: electron-electron
scattering, electron-phonon scattering, recombinations, struc-
tural changes, phase changes, shockwaves, thermal diffusion,
etc... [40]. Void formation occurs approximately when the
plasma density approaches the critical plasma density, but this
is a crude estimate [39, 95]. Several other parameters have
been used to predict the threshold for melting or vaporisation
[18, 44].

D. Experimental diagnostics

Experimental characterization is crucial to understand the
physics and to identify the regimes in which the modifications
are created. Here, we review experimental diagnostics so as
to make the reader aware of the potential limitations of the
techniques and of the conclusions drawn out of the results ob-
tained.

1. Post-mortem diagnostics

“Post-mortem” diagnostics refer to characterizations per-
formed well after the photo-induced phenomena have relaxed.
In-bulk material modifications can be characterized only by
optical microscopy, including phase contrast, polarized mi-
croscopy, Raman techniques. Optical characterization has
however a poor spatial resolution (~0.5 pm in best cases,
depending on probe wavelength and numerical aperture of
the imaging). In addition, spherical aberration must be com-
pensated to reach the high spatial resolution. In most cases,
the sub-micron structures described in this chapter are not re-
solved by optical means. For higher resolution, only destruc-
tive characterization means are available. Mechanical cleav-
age, polishing or Focused Ion Beam (FIB) milling are used
to provide physical access for Scanning Electron Microscopy
(SEM). These techniques are extremely delicate because the
processing technique should not affect the nano structure itself
(filling of empty void by particles, modification of a channel
by FIB, curtain effect”, etc).

2. Plasma dynamics characterization

Plasma dynamics is characterized by pump-probe measure-
ment of the transient distribution of refractive index change.
A number of different techniques have been implemented to
measure this index change. Several of them are adaptations of
techniques initially developed to characterize plasma plumes
expanding in vacuum from the surface of solids.

e Shadowgraphy is based on transversely illuminating the
plasma with a probe pulse. In this case, the complex
refractive index change An is estimated from the trans-
mission 7" of the probe through the plasma of thickness
L: T(z,z) = exp[—4nIm(An)L/)p] where x and z
are the spatial coordinates in transverse and longitudinal
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FIG. 2. Example of pump-probe spectral interferometry

setup.Reprinted figure with permission from [73] with courtesy of
Prof. S. S. Mao. Copyright (2004) by Springer Nature.

directions respectively, and A, the central wavelength of
the probe [47, 96]. This still requires to estimate a pri-
ori the plasma thickness L, and to assume that the probe
propagation through the plasma is perfectly straight (ie
diffraction effects negligible). Recently, a new tomog-
raphy approach was developed to enable the retrieval of
the 3D distribution of the extinction coefficient. This
approach removes the need to assume the value of the
thickness L. This is based on multiple shadowgraphy
experiments where the beam is rotated around the opti-
cal axis between each illumination [10].

Spectrally resolved shadowgraphy is a powerful tech-
nique providing access to laser deposited energy under
certain approximations [83]. For instance, Hashimoto
et al used time resolved micro-Raman spectroscopy to
determine the evolution of temperature distribution af-
ter ultrafast excitation of glass [51].

e Pump-probe interferometry is a technique that retrieves
amplitude and phase variations. Depending on imple-
mentation, simplified versions of the setup provide ac-
cess only to the phase measurement, hence to the real
part of the refractive index change. The interferometry
can be performed with a reference signal that does not
cross the interaction medium. Spectral interferometry
is a technique where 2 probe pulses interfere within a
spectrometer, as shown in Figure 2. The reference pulse
passes through the medium before the pump, and the
second probe records amplitude and phase change with
a variable delay with the pump, but fixed delay with the
reference. Amplitude and phase can be retrieved from
the spectral fringes. This technique is extremely pre-
cise, yet it is restricted to characterize a single spatial
dimension [73].

It is also possible to use the interference between the
probe wave and the scattered wave emitted by the
plasma to characterize the plasma density with hologra-
phy [93, 94]. This provides quantitative measurements

of phase and amplitude.

Again, despite quantitative measurements can be per-
formed, one must keep in mind that the characteriza-
tion is convoluted by the optical response function of
the imaging apparatus. This actually imposes a severe
constraint on the effective spatial resolution of the mea-
surements. After retrieving the distribution of complex
index of refraction, Drude model is used to link index
change with plasma density, following Eq. (2).

e Tiwo-color probing. The retrieval of the plasma density
from the index change distribution, using Eq. (2) re-
quires the assumption on the collision time 7.. Repeat-
ing the probe measurement with another probe wave-
length removes the ambiguity on 7, [118].

e Phase contrast microscopy records images that are pro-
portional to the variation of index of refraction [130].
This does not require a second reference probe, and
makes straightforward to image the sign of index vari-
ations associated to densification or material expansion
[79].

3. Characterization of the pulse distribution

The pump pulse can be also characterized after its interac-
tion with the solid. This can be easily quantitatively compared
to numerical simulation results. This has been performed as
spatially resolved crosscorrelation [43]. To provide the evo-
lution of the spatiotemporal dynamics along the propagation,
the pulse has to be measured at intermediate propagation dis-
tances. This is however possible only if the nonlinear propa-
gation stops. This is feasible for instance if the medium has
a variable length, because further propagation in air is linear
for sufficiently low pulse energies. Jarnac et al have used a
variable size water cuvette [55]. Xie et al have reconstructed
the 3D evolution of the time-integrated fluence distribution by
controlling the relative position of the beam with the exit side
of the sample [127].

4. Plasma luminescence

Since the temperature of the plasma phase is typically sev-
eral thousands Kelvins, blackbody emission is in the visible
region of the spectrum. Side imaging of the plasma lumi-
nescence provides a semiquantitative characterization of the
plasma distribution and temperature. This also allows for
characterizing the dynamics in the multiple shot regime to fol-
low the drilling mechanism [54, 125].

Plasma emission can also include fluorescence from two-
photon absorption [114], and fluorescence from the relaxation
of self trapped excitons (STE’s) and transient color centers
(NBOHCs) [95].



5. Acoustic waves

Direct recording of the amplitude of acoustic waves also
provides indications on the laser deposited energy that even-
tually was converted to mechanical waves, and on the dynam-
ics of the shockwave [66, 87]. Imaging of the dynamics of
acoustic waves that follow shockwaves can be performed by
shadowgraphy. The evolution of the wave speed in time pro-
vides estimations on the laser-deposited energy, using Sedov’
theory. This is however restricted to very specific geometrical
conditions.

II. MICROSTRUCTURING OF TRANSPARENT
MATERIALS IN MULTIPLE SHOT REGIME

In-volume structuring of transparent materials is requested
for a number of applications where channels, deep trenches
need to be processed: micro- or nano- fluidics, biosensors,
fabrication of mechanical pieces with micron resolution, mi-
croelectronics, MEMS, micro-optics are typical fields of ap-
plication.

When the typical transverse dimension exceeds 1 pm, mul-
tiple pulses are required for the structuration. In this regime,
the propagation and absorption of a laser pulse is strongly af-
fected by the modification of the material performed by the
previous pulses. Indeed, the irradiation by an initial ultrashort
laser pulse leaves index modifications, colored centers, highly
absorbing defects, voids, ripples or a rough surface. On these
structural defects, the next pulses can be scattered, absorbed,
diffracted, guided, depending on the type of modification, and
depending on numerical aperture and repetition rate.

Microstructuring with femtosecond lasers in multiple shot
has been realized either from front or rear side surface of
transparent materials. Front surface processing corresponds
usually to ablation, drilling, trepanning or, for much weaker
modifications, waveguide writing (see next chapter). This
corresponds to a delicate geometrical configuration because
of the reasons mentioned above. Scattering by structural de-
fects can be extremely deleterious because ablation can hap-
pen even in regions that were not supposed to be illuminated.

In contrast, rear surface processing is very attractive be-
cause the problem of plasma plume shielding and the struc-
tural modifications induced by previous pulses have no im-
pact on the propagation of the following pulses, except at the
ablation site (see Figure 3). The drilling strategy consists in
illuminating the exit surface up to ablation and progressively
translate the beam at the same speed as the one of debris re-
moval. It has been successfully used to write high aspect ratio
structures in glass or other transparent materials [133].

Processing with high-repetition rate trains of pulses, ie
bursts, takes advantage of the process [33] to increase the ef-
ficiency of the ablation or modification, so as to reduce the
total amount of energy deposited in the material. This can
reduce the size of the heat affected zone. Comprehensive
comparison between front and rear surface processing with pi-
cosecond pulses demonstrated interesting processing parame-
ter windows where high aspect ratio structures could be drilled
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FIG. 3. Concepts of the different laser drilling methodologies for
high aspect ratio processing of transparent materials, involving static
or dynamic sample positioning, and front or rear side processing.
Reprinted figure with permission from [61] with courtesy of Prof. P.
Herman. Copyright (2013) by Springer Nature.

with high speed with reduced heat affected zone. The perfor-
mance on drilling was evaluated to be better with picosecond
pulse durations in comparison with femtosecond ones, with
comparable channel quality [61].

When the aspect ratio is high, the energy density of the ex-
plosions at the ablation sites might be not enough to eject ma-
terial out of the channel. To solve this issue, water assistance
can help and remove debris out of the channels. This also
allows for drilling non-straight channels in three dimensions
[64, 71]. The aspect ratio of the channels drilled inside trans-
parent solids can reach 1000:1 with diameters on the order
of several microns, down to few hundreds of nanometers. In
some configurations, the channel filled by water behaves as a
resonance tube, and acoustic limitations are found when pro-
cessing very high aspect ratio nanochannels. In this case, the
length of the channel is limited by the node of the velocity in-
side the tube [70]. As a remark, by using a high aspect ratio
beam, such as a filament or a non-diffracting Bessel beam, the
drilling can be performed without scanning. This technique
is called self-guided drilling. This removes the constraint of
translating the focal point at the same speed as the one of ma-
terial removal [11, 54].

A different strategy is based on a 2 steps process. The first
consists in femtosecond laser modification of the fused sil-
ica matrix. Then, wet etching with hydrofluoric acid (HF)
or potassium hydroxide (KOH) removes the modified glass
[75]. This technique allows for creating various shapes
in 3D, including high aspect ratio micro and nanochannels
[5, 9, 62, 124]. Some groups have also taken advantage of
both regimes, by laser processing the rear-side of the trans-
parent workpiece set in contact with an etching liquid (HF or
KOH) [20]. However, the two-step approach is for now re-
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FIG. 4. [left] SEM imaging of a pattern of nano-cavities created
in sapphire by single 150 fs, 800 nm, 120 nJ pulses. The sample
has been mechanically cleaved before imaging. Scale bar is 1 pum.
Reprinted figure with permission from [58] with courtesy of Prof.
S. Juodkazis. Copyright (2006) by the American Physical Soci-
ety.[right] Concept of the micro-explosion, ion separation and ultra-
fast quenching developed by Vailionis e al. Reprinted figure with
permission from [116] with courtesy of Prof. A. Vailionis.

stricted to fused silica, several glasses and sapphire. The ca-
pability of the process relies on the difference in etching rates
between laser-processed and pristine material.

In conclusion, multishot drilling regime is unavoidable for
wide structures forming in transparent materials. Rear-side
structuring removes some of the difficulties associated with
the structural changes induced by previous pulses that are not
easily predictable or controllable. For smaller scale structures,
the situation is different and one can take benefit of generating
voids in single shot regime.

III. SINGLE SHOT VOID FORMATION UNDER HIGH
NUMERICAL APERTURE FOCUSING

In 1997, Glezer et al demonstrated for the first time that
single pulses could generate nanometric cavities in the bulk of
fused silica, quartz, BK7 glass, sapphire, diamond and acrylic
[42]. 100 fs, 0.5 uJ pulses were focused with a numerical
aperture (NA) of 0.65, below the surface of the transparent
materials. The diameter of the cavities was on the order of
200 nm, and the material surrounding the cavity was com-
pressed. The authors suggested that extreme TPa pressures
reached after laser energy deposition, could explain the for-
mation of such voids in hard solid materials. In silica glass,
the voids could be moved and merged or be induced even with
multiple shots [122].

Besides the discovery of a new mechanism, these results
were opening a new route for laser processing of transparent
materials. Indeed, they demonstrate the opportunity to pro-
cess materials directly from the bulk instead of progressively
processing, shot after shot, channels or long structures, from
one of the surfaces.

Figure 4(left) shows an SEM image of such a nano-cavities
produced in sapphire, visualized after mechanically cleaving
the sample. A modified region can be observed around the
spherical cavities. This modified region can be etched using
an HF solution. The formation of a cavity was interpreted
in terms of shockwave release after the generation of a dense

plasma, followed by a rarefaction wave. Figure 4(right) il-
lustrates the concept. Hydrodynamic numerical simulations
based on equation of states for fused silica [39, 50] show that
the formation of the void occurs in a typical timescale of a
few hundreds of picoseconds after illumination. The shock-
wave stops when the internal pressure equals the Young mod-
ulus of the material. Separate experimental results based on
phase contrast microscopy characterizing the plasma dynam-
ics were compatible with this theory [78]. Another potential
formation mechanism is cavitation by material retraction un-
der GPa pressure, in a similar way as what happens in water
[119].

In the model of nano-cavity formation after high-pressure
shockwave and rarefaction wave, the pressures transiently
reach teraPascals (TPa), and the compression of material
around the void leaves a densified material. The density in-
crease reach typically 14% in sapphire [58]. This value was
confirmed later in another geometrical configuration [102].
The state corresponding to extreme pressures and tempera-
tures is the Warm Dense Matter (WDM) state that lasts less
than ~ 1 ns. The fast cooling can quench relaxation and can
generate new material phases around the nano-cavity. The-
oretical studies predict phase transitions of Aluminum into
hcc-Al and bece-Al at pressures in the multi-hundred GPa,
confirmed recently by diamond anvil cell compression experi-
ments [35]. These phases of aluminium have been discovered
around nano-cavities produced in AlsO3 [116], demonstrat-
ing compatibility of the high-pressure shockwave mechanism
with experimental results.

In conclusion for this section, the formation of voids in-
side transparent materials reflects the potential for high energy
density deposition within the bulk of transparent materials. A
wide range of different structures are then possible provided
that the propagation and energy deposition can be controlled.
This is what will be discussed in the following sections.

IV. FILAMENTATION AND OPTICAL BREAKDOWN OF
GAUSSIAN BEAMS

Filamentary structures, i.e. elongated damage tracks, were
very early identified in the wake of high peak power laser
illumination in dielectrics [53, 129]. This was in fact a se-
vere problem for ultrashort pulse amplification until the in-
vention of Chirped Pulse Amplification [108]. During a long
time however, optical breakdown and filamentation were op-
posed: optical breakdown regime was the mechanism where
dielectrics undergo sufficient nonlinear ionization to induce a
strong permanent modification [7, 86]. In contrast, filamenta-
tion was regarded as a dynamical mechanism that was trans-
forming the initial Gaussian beam into a quasi-soliton. This
regime was identified by a strong supercontinuum emission
and low plasma density formation, such that the modifications
generated are weak index changes, such as waveguides.

However, filamentation has no precise definition [24]. Not
only there is no precise boundary between optical breakdown
and filamentation, but these regimes in fact do overlap [72,
107]. It is specifically the regime of interest for this chapter.
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FIG. 5. Diversity of damages produced in single shot by ultrashort
pulses in the filamentation regime. (a)Non-periodic series of voids
formed in fused silica. Reprinted figure with permission from [72]
with courtesy of Prof. Q. Gong. Copyright (2001) by the Institute
Of Physics. (b-d) Void channel formation in PMMA. (b) Side view
optical imaging of voids channels formed after single shot illumi-
nation for different input pulse energies. (c-d) Scanning Electron
Microscopy (SEM) of the void formed for 2 pJ: (c) transverse cross-
section, (d) longitudinal cross-section. Reprinted figures (b-d) with
permission from [107] with courtesy of Prof. W. Watanabe. Copy-
right (2005) by Springer Nature.

We can refer to filamentation as the regime of nonlinear pulse
propagation in dielectrics, where dynamical reshaping of the
pulse occurs in space and time under the influence of Kerr
effects, nonlinear ionization and plasma defocusing, among
others.

Because Kerr effect in transparent dielectrics is three orders
of magnitude higher than the one in air, and because plasma
densities in solids easily reach 100 times the densities ob-
served in air, filamentation in solids is much more confined
than in air, and the filaments survive only some millimeters.
While the diameter of plasma channels in gases is on the or-
der of 100 pm, these are typically less than 10 pm in solid
dielectrics [24]. Supercontinuum generation is not necessar-
ily a condition for filamentation since this process is efficient
only on very long propagation distances (~centimeters), when
frequency mixing can become efficient.

In transparent dielectrics, a very wide family of modifica-
tions can be generated when the irradiation regime is com-
plex. Figure 5 assembles typical results found in the literature.
The morphology of these strong modifications (strong index
changes, cavities) cannot be straightforwardly explained from
the linear propagation of a Gaussian beam with which they
have been produced. It is the filamentation that has reshaped
the beam and induced these a priori unexpected morpholo-
gies. : elongated voids, channels, series of voids (nonperiodic,
periodic) [72].

The filamentation process can be understood from figure 6.
The figure shows a measurement of the transient change of
index of refraction in air during pulse propagation. We note
that similar behavior can be observed in solids [93]. The pos-
itive index change is shown in purple, and it corresponds to
Kerr self focusing at the rising edge of the pulse. Then, when
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FIG. 6. Holographic measurement of the spatial distribution of
the plasma density at different pump-probe temporal intervals.
Reprinted figure with permission from [94] with courtesy of Prof.
P. Papazoglou and Prof. S. Tzorzakis. Copyright (2008) AIP Pub-
lishing.

the pulse intensity is sufficiently high, the medium is ionized
and the plasma channel decreases the index of refraction. The
negative index change tends to defocus the pulse, acting as a
negative lens, so that the following part of the pulse generates
slightly less plasma. Because of the reduction of plasma gen-
eration, the defocusing effect is reduced and higher plasma
density is generated. This process repeats itself as long as
the intensity is sufficiently high [Notel]. Depending on the
exact spatial phase profile, the process of plasma generation
might be quasi-periodic, very homogeneous or quite complex.
It leaves a plasma channel which will relax in generating a
modification of the material which morphology depends on
the plasma density distribution.

The competition between the different nonlinear effects that
sustain the filamentation process can be evaluated with char-
acteristic distances [24]. The nonlinear length is Ly; =
1/(n2kolo), where ny is the nonlinear Kerr index and I the
peak intensity of the pulse. The plasma characteristic length
is Lpiasma = 2n0pc/(kop), where we use the notations of
pages 3 and 4 and p. = gom.w?/e? is the critical plasma
density at the laser central frequency wy.

When these distances are on the same order of magnitude
as the Rayleigh range inside the transparent material, then a
rich dynamics can be induced. As an example for fused sil-
ica, for peak intensities 10'2 to 103 W.cm™—2, the character-
istic nonlinear length is on the order of some tens of microns,
the plasma length shrinks from some 40 pm to some microns
when the plasma densities increases from 109 to 102° cm—3
as it is the case during the plasma buildup. Therefore, focus-
ing with a numerical aperture below 0.4 will trigger a long
filamentation process, when spherical aberration is neglected.
These number for instance match the experimental results of
reference [93]. We note that most of the times, the Marburger
formula for filamentation is mostly unapplicable [Note2].

Therefore, low focusing numerical apertures, short input
pulse durations and high peak powers are prone to seed a
filamentation regime with rich dynamics on long distance,
where a number of four-wave mixing processes can take place,
among others.

Spherical aberration has an important contribution to trig-
ger the filamentation process. This is particularly the case
when a Gaussian beam is focused at the rear side of a thick
sample. Under spherical aberration, paraxial rays are fo-
cused at a much farther point than the focal position of non-
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FIG. 7. Numerical simulation of fluence distribution of focusing a
Gaussian beam with NA 0.9 through 200 pm fused silica. Several
high fluence spots appear along the optical axis. Reprinted figure
with permission from [106] with courtesy of Prof. J. Qiu and Prof.
Z. Xu. Copyright (2008) AIP Publishing.

paraxial rays. This drastically elongates the effective linear
scale length. In turn, filamentation process can be triggered.
As an example, Ahmed er al inserted thick glass plates be-
tween the focusing microscope objective and the workpiece
to induce long filaments in the glass workpiece [1]. This is
also the case for rear side focusing. In reference [72], the NA
of 0.65 associated to rear side focusing formed a series of pe-
riodic voids (see Figure 7). We note that it is with the same
numerical aperture that Glezer et al used to generate single,
well-confined, nano-voids [42]. Identically, Kanehira et al
used NA 0.9 and focussing through 750 pum thick borosilicate
glass and produced periodically spaced voids [60].

Filamentation in transparent materials was demonstrated
for a number of different laser wavelengths, ranging from IR
to UV [114]. The operable window is limited by the trans-
parency window. Shorter wavelengths tend to generate more
dense plasmas and reduce the filament length. A detailed
study compares filament formation for IR and visible wave-
lengths [61].

In the case of illumination with a pulse train, ie a burst, ther-
mal effects play a role. Indeed, the typical cooling time after
laser pulse irradiation is in the ps range (strongly depending
on focussing conditions), such that the pulses within a burst
of several MHz repetition rate regime influence themselves
via thermo-optical effect. This effect increases the local index
of refraction of glasses at the locations where the temperature
is high [41]. The heat accumulation can lead to laser beam
trapping and guiding.

With a low repetition rate laser, the photo-excitation has
completely relaxed before the arrival of the subsequent pulse.
The latter diffracts on the structures left by the previous
pulses. This regime was used to induce periodic damages
[60, 72, 107, 134]. In this regard, we note that even a surface
crater does not hamper occurrence of filamentation [72].

In conclusion of this section, a filamentation dynamics is a
complex phenomenon, highly dependent on input conditions
and on the precise dynamics of ionization process. It is there-
fore extremely difficult to predict and to scale. Filamentation
can generate plasma tracks with diverse morphologies. In the
field of applications such as “filamentation cutting” or fila-
mentation welding”, as we will see in section VI, state of the
art usually refers to filamentation for the formation of long
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FIG. 8. (top) Intensity distribution of a Bessel-Gauss beam (bottom)
corresponding ray-tracing representation, showing that the Bessel
beam is an interference field with cylindrical symmetry.

and homogeneous plasma channels on high aspect ratio.

Interestingly, the filamentation process, when it creates
long uniform plasma channels, spontaneously transforms a
Gaussian beam into a nonlinear conical wave [28, 99]. Non-
linear Bessel beams, characterized by a conical energy flow
from the lateral rings to the central core, have been proposed
as attractors to the filamentation regime [100]. It is therefore
natural to generate plasma filaments from Bessel beams, as
we will describe in the next section.

V.  NONLINEAR PROPAGATION OF ULTRAFAST BESSEL
BEAMS

Zeroth order Bessel beams are invariant solutions to the
Helmholtz equation. Bessel beams can seed the nonlinear
propagation regime where a homogeneous plasma channel is
generated [27, 30]. In this section, we will review what are
Bessel beams, highlight the properties of their propagation in
the nonlinear regime which are the most relevant for laser ma-
terials processing. Then we will review basic applications,
particularly high aspect ratio nanochannel processing.

A. Bessel beam structure

Within a scalar model of monochromatic light,
Durnin  demonstrated that the Helmholtz equation
(V2 + (w/c)?) A = 0, has a solution that is propagation-
invariant with a hot spot. This central hot spot that can be of
diameter down to ”a few wavelengths”, as he wrote, but in
fact even below the wavelength [31, 32]. The solution found
by Durnin is cylindrically symmetric:

A(r, z) = Jo(kosin Hr)eiko cos 0z 6)

where kg is the wavevector and 6 is the Bessel beam parame-
ter, which is called the cone angle.



This solution, as it is the case for plane waves, is of infinite
energy. We can experimentally generate only the apodized so-
lutions. Several types of apodizations exist, which depend on
the mean of generating the finite energy Bessel beam. In the
rest of this chapter, finite energy Bessel beams will be referred
to as ”Bessel beams” for sake of simplicity.

The first experimental realization of Bessel beam was from
an axicon [77], even before it was realized that this was cor-
responding to a “diffraction-free” solution. Durnin et al pro-
duced Bessel beams from a ring slit, placed at the focal plane
of a converging lens which Fourier transformed the ring aper-
ture into a Bessel beam. Indeed, in the spatial frequencies (k)
space, i.e. the Fourier space, an ideal Bessel beam is a circle
of amplitude A(k,) = §(k, — ko sin6). Because of the prop-
erties of the Fourier transform, the thinner is the ring slit, the
longer is the actual Bessel beam length. However, this mean
of generation has poor energy throughput since most of the
power is lost. In the field of laser materials processing, it is
preferable to shape beams in the direct space, by opposition
to the Fourier space.

Bessel beam generation from the direct space can be per-
formed using axicons [2, 30, 46, 48, 113, 126], holograms
[117], or using Spatial Light Modulators [22, 26] or, equiva-
lently, Diffractive Optical Elements (DOEs)[3, 63]. The shap-
ing technique consists in applying a spatial phase ¢(r) =
kor sin 6. The application of such phase onto a Gaussian beam
creates what is called a Bessel-Gauss beam. The evolution of
the intensity as a function of the propagation distance z can be
derived on the optical axis from the stationary phase approxi-
mation of Fresnel diffraction integral:

I(r =0,2) = 4Pykqz sin’ e~ 2(zsin 9/“’0)2/11)8 @)

where Py and wq are respectively the power and the waist of
the input Gaussian beam [56, 105]. High quality axicons en-
able the generation of high-power Bessel-Gauss beams with-
out spatial filtering [15].

Figure 8 shows a ray tracing representation of a Bessel-
Gauss beam. A Bessel beam is an interference field, which
longitudinal extent, the Bessel zone, is: Zyqz ~ wo/ tan.
It is apparent from this geometrical concept that the invari-
ance of the waves crossing angle along the propagation, makes
the fringes period invariant. In other words, the central spot
size does not change along the interference field, hence the
denomination “diffraction-free”. In contrast with Gaussian
beams, Bessel-Gauss beams have two free parameters to in-
dependently adjust the Bessel zone length and the diameter
of the central spot. The latter is dpwmay ~ 0.36A0/sin@
only determined by the cone angle, whereas the Bessel beam
length can be independently adjusted by the input beam waist.
It is important to realize that a Bessel beam corresponds to a
line focus. Each point on the focused segment is topologi-
cally linked to a circle in the input plane [36]. In this regard,
the energy does not flow along the optical axis, but instead the
energy flow is conical.

The polarization state of a Bessel beam is close to the one
of the input beam, since, with sub-30° cone angle, the propa-
gation is close to paraxial [132]. The longitudinal component
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of the electric field is mostly negligible in the experiments de-
scribed below.

We note that upon refraction from air to a dielectric
medium, both the wavelength and cone angle are corrected by
the index of refraction of the dielectric. But these corrections
cancel out and do not change the value of central spot size in
the material [16]. In contrast, the length of the Bessel zone
is increased by the factor ng. This is similar to the case of a
Gaussian beam where the Rayleigh range is increased while
the waist remains identical upon refraction [85].

Up to here, we have described monochromatic Bessel
beams. In principle, the bandwidth of ultrashort pulses has
to be taken into account in the description. But since it is
less than 1% for pulses of 100 fs, spatio-temporal aspects of
the pulse generation can be neglected. Apart from the fact
that the on-axis wavepacket created by Bessel-X-Pulses and
Pulsed Bessel beams does not travel at the same speed (re-
spectively ¢/ cos 6 and ¢ cos 6), no impact in terms of plasma
generation efficiency has been reported up to here. More de-
tails can be found in references [36, 65].

B. Filamentation of Bessel beams

The nonlinear propagation of Bessel beams can be de-
scribed in terms of 3 different families [98]. Weakly nonlin-
ear Bessel beams generate negligible plasma density and are
only characterized by central lobe shrinking due to Kerr ef-
fect; nonstationary Bessel beams, as for their denomination
by Polesana et al, generate a quasiperiodic plasma distribu-
tion along the propagation in the material. The third family,
stationary Bessel beams is characterized by a quasi-invariant
propagation, that generates a homogeneous plasma channel.

In more detail, the second regime is largely driven by
Kerr nonlinearity which generates via four wave mixing pro-
cesses, two secondary waves with transverse wavevectors
k., = 2k, and k, = 0, where k.o = kosin@ is the ra-
dial wavevector of the initial Bessel beam [37, 92]. The inter-
ference between these secondary waves and the initial Bessel
beam create periodic oscillations [88, 98]. Periodic modi-
fications in glass have been demonstrated in this regime by
Gaizauskas et al [37].

The third regime is the most interesting for micro-
fabrication. It is indeed the regime where enough losses oc-
cur in the central lobe to stabilize the dynamics. A conical
flow of energy, oriented from the lateral lobes to the central
one, compensates the energy loss. This regime corresponds
to the monochromatic Nonlinear Unbalanced Bessel Beams
(NLUBB). Indeed, a Bessel beam can be seen as a superposi-
tion of two cylindrical Hankel waves with equal weights, one
propagating inward and the other propagating outward [100].
In a NLUBB, energy loss within the central lobe reduces the
weighting coefficient for the outward component. This re-
duces the contrast of the fringes and implies a net energy flow
towards the center. Noticeably, in this regime, the spatio-
temporal shape remains quasi-invariant all along the propa-
gation, hence the denomination stationary Bessel beam. This
is in contrast with the second regime, non-stationary Bessel



FIG. 9. From . Open channels formed after femtosecond illumination
(~230 fs) by Bessel beams with cone angle 641255 = 17° in Corning
0211 glass, for two pulse energies. SEM imaging is performed after
mechanical cleaving. Reprinted figure with permission from [11].
Copyright (2010) AIP Publishing

beam, where a periodic reshaping strongly modifies the spa-
tial temporal shape of the pulse [98].

The propagation-invariant NLUBB solution was proposed
as an attractor to the filamentation regime [100]. This solution
cannot be found for all input parameters, but the operating
window, in terms of peak power, is wider when the cone angle
is increased. Indeed, for higher peak powers, nonlinear losses
are higher which tends to reduce the impact of Kerr nonlinear
dynamics. This has an important impact for applications to
laser materials processing: high powers are needed to generate
high plasma densities. A stationary regime can be reached for
a given high peak power if the Bessel cone angle is sufficiently
large.

C. High aspect ratio processing with propagation-invariant
ultrafast Bessel beams

The stationary filamentation regime was early recognized
to have strong potential applications [100]. Early works with
ultrafast Bessel beams in glass - before the theoretical work on
Bessel filamentation - have shown that it is possible to write
index modifications without the need for translating the sam-
ple [4, 74].

With much higher cone angles, we demonstrated the ability
to create high aspect ratio nanochannels with a single fem-
tosecond pulse [11]. In borosilicate glass, the channels could
be drilled either from an entrance or exit surface, with diam-
eters ranging from ~200 nm to 800 nm. The diameter could
be tuned quasi-linearly with input pulse energy. The aspect
ratio reached at that time 100:1, which was in line with the as-
pect ratio of the beam. Through channels could be drilled also
with a single pulse, and periodic arrangements of nanochan-
nels could be realized.

In borosilicate glass, it was possible to generate a channel
only if the Bessel beam was crossing one of the sample sur-
faces, i.e. only if the channel was opened on one of the sides.
In contrast, in sapphire, it was possible to create a high as-
pect ratio nano-void fully enclosed within the materials bulk.
In this case, the void is formed only by compression of the
material around. Yet the void formation process in this con-
figuration is not yet fully understood, we infer that the 10- fold
higher thermal diffusion coefficient of sapphire allows for fast
cooling. This can prevent cavity closing, in contrast with the
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FIG. 10. (left) Phase contrast images of high aspect ratio struc-
tures formed after illumination by Bessel beams with cone angle
01255 = 8° in 7980-5 F Corning glass, for different pulse dura-
tions. Note the large difference in cone angle with reference [11].
Reprinted figure with permission from [14] with courtesy of Dr. R.
Stoian. Copyright (2014) AIP Publishing. (right) High aspect ratio
void formed in sapphire after illumination by a Bessel beam of cone
angle Osappnire = 15° and pulse duration 3 ps. The heat affected
zone is far more pronounced than in the femtosecond case and the
sides of the channel evidence the formation of phase transformations
during the cavity formation process in this case. From [102], Cre-
ative Commons licence.

—50 um

case of borosilicate glass.

Further investigations with picosecond pulses have been in-
dependently performed by several groups in a number of dif-
ferent glass materials. Interestingly, it seems that picosec-
ond pulses generate channels that are more visible under opti-
cal microscopy than the ones created by shorter femtosecond
pulses (see Figure 10(left)). A parametric study of the chan-
nel morphology as a function of input pulse energy and pulse
duration has been reported in reference [14]. The pulse du-
ration was adjusted by temporally stretching a femtosecond
pulse and the Bessel beam aspect ratio was ~1000:1. It was
found that in this case, multi-picosecond pulse durations could
create uniform voids. For too high pulse energies, fragmen-
tation of voids was observed. For very short pulses, less than
100 fs, the formation of empty channels was less clear. In this
case, we stress that characterization techniques are at limit of
resolution.

In parallel, nanovoids induced by 3 ps pulses in sapphire
were characterized by FIB milling process. The result is
shown in figure 10(right). It is apparent that the morphology
of the cavity is highly different from the case of femtosecond
pulse illumination. Nanoparticles accumulated on the walls of
the cavity are clearly observable, as well as a very wide heat
affected zone [102]. It is too early to determine if the more ap-
parent damages produced by picosecond pulses with respect
to femtosecond ones, arise from a different energy density de-
position and/or from a different photo-excitation pathway.

Experimental time resolved phase contrast microscopy
opened new perspectives on the formation of the void. Bhuyan
et al imaged the transient index distribution at times case rang-
ing from nanoseconds to microseconds [13]. They conclude
that the void opening is slow in comparison with the shock-
wave theory. They infer that the void formation in this 2D
case arises from cavitation of a low viscosity liquid phase. The
main difference in comparison with the shockwave theory is
that the estimated deposited energy density is of ~7 kJ.cm 3,
which is in high contrast with the values estimated in the case
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FIG. 11. (left) Concept of the Bragg grating writing by a Bessel-
Gauss beam. Several layers form a thick grating. (right) Optical view
of gratings written in fused silica with different parameters.Reprinted
figure with permission from [82] with courtesy of M. Mikutis, Work-
shop of Photonics. Copyright (2013) by the Optical Society of Amer-
ica.

of spherical void formation, on the order of 90 kJ.cm~3 [50].

Wang et al have investigated by shadowgraphy the mechan-
ical wave ejected after the plasma formation in PMMA. They
observed a wave with speed corresponding to the speed of
sound in PMMA, whatever the input pulse energy. This is
compatible with both theories on cavity formation since in the
shockwave case, the latter is supposed to propagate only over
less than a few microns, i.e. below the resolution of the shad-
owgraphy experiment [120].

VI. APPLICATIONS

Single shot generation of plasma columns of ~1xm diam-
eter and length several tens to hundreds of micrometers has a
number of different applications that we will review here. As
mentioned earlier, the plasma channel generated by a smooth
regime of filamentation from a Gaussian beam is quite close
to the one generated by a Bessel ultrafast pulse. As we have
seen above, the difference lies in the ability to control inde-
pendently the parameters (length, diameter, pulse duration)
that makes the Bessel beams attractive. We will treat the ap-
plications of both types of filaments in a single section. Most
of the applications were started with Gaussian filaments and
refined more recently with Bessel or Bessel-like beams.

A. High aspect ratio refractive index modifications

At relatively low peak power, long plasma channels have
been used to write a series of index modifications in glass and
polymers. The process is applicable in most of the transpar-
ent materials. However, as for Gaussian beam focusing, the
positive or negative sign of the photo-induced refractive index
change depends on the material itself.

Long plasmas tracks have been used for instance to fabri-
cate gratings in a number of different materials: PMMA , sil-
ica glass , or even chalcogenides (see Figure 11) [6, 82, 131]
where the empty channels formed by Bessel beam illumina-
tion were used as scatterers in the vicinity of a waveguide [76].
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FIG. 12. (Left) From Concept of ultrafast laser welding of glass
with filamentation. Reprinted figure with permission from [110] with
courtesy of Prof. W. Watanabe. Copyright (2006) by the Optical So-
ciety of America.(Right) From . Example of side view imaging of
welded glasses. Depending on the melted pool position, the melt
glass could fill the gap even between irradiation sites. Reprinted
figure with permission from [104] with courtesy of Prof. S. Nolte.
Copyright (2015) by Springer Nature.

B. Ultrafast laser welding

Joining transparent materials such as two types of glasses,
or joining a transparent material on silicon or metal, is a need
for a very large number of applications fields: opto-fluidics,
biological analysis, microelectronics, MEMS, MOEMS re-
quire that structured glasses or silicon and metals have to be
sold together after the microstructuration. Despite a number
of different joining techniques exist, none allows for joining
over only a few micrometers width. Ultrashort pulse lasers
are ideal tools for this application, because they can melt the
transparent material with very high spatial resolution, while
preserving the optical, mechanical, electrical properties of the
surrounding components. Before welding, the two parts to be
welded have to be set in tight contact. Then, laser illumina-
tion is used to melt the transparent material which expands
and fills the empty space. After cooling, which scale is in
microseconds, the two pieces are welded together.

The filamentation welding technique benefits of the rel-
atively high volume of heated material in the plasma col-
umn, together with the relaxation of the positioning con-
straint [111], as shown in Figure 12(left). Dissimilar mate-
rials have been welded [121], even glass on silicon or metals
[110]. Welding with gaps up to ~3 pm has been successfully
achieved using bursts and heat accumulation effect [104], as
shown in Figure 12(right).

Mechanical characterizations demonstrate that this tech-
nique is extremely powerful because, in terms of traction, the
weld parts can be as strong as the bulk material itself. The
strength of the weld depends on the difference of the thermal
and mechanical properties of the two materials. Large differ-
ences obviously have a negative impact on the strengths of the
bonding. We note that the use of burst and heat accumula-
tion effect tends to relax the stresses left in the material and
provide stronger welding [104].
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FIG. 13. (left) Concept of stealth dicing : in a first step, high
speed laser processing creates a series of nanochannels aligned in
a plane, which guides cleaving under mechanical stress. Courtesy of
R. Meyer, FEMTO-ST Institute, France. (right) Example of optical
microscopy view of gleaved glass after processing. With courtesy of
J. Safioui, FEMTO-Engineering, France

C. Stealth dicing of brittle transparent materials

High speed separation of materials is a key important tech-
nology for a number of applications, specifically for mass fab-
rication such as screen covers, touchscreens, electronics or
lightning technologies. A specific need is to separate at high
speed glass sheets with thickness of several hundreds of mi-
crometers. In order to preserve the resistance of glass to bend-
ing and other types of stresses (thermal shocks), the cut needs
to be free of chipping, with limited defects in the vicinity of
the cut surface.

”Stealth-dicing” is a technology initially developed for high
speed, ablation-free silicon wafer cutting for the microelec-
tronics industry [67]. The concept is that a laser, which wave-
length is chosen in the transparency window of the material
(i.e. IR laser for silicon), generates a plane of defects within
the depth of the material. When the material is set under ther-
mal or mechanical stress, it cleaves along this plane. The ini-
tial technology was based on nanosecond IR lasers, and the
morphological damages in silicon were extending typically on
the scale of tens of micrometers.

A similar technique was developed to separate glass, based
on filamentation and plasma channel formation, leaving high
aspect ratio nanovoids in glass. A periodic pattern of voids,
separated by ~5 to ~25 pum, allows the material to be me-
chanically cleaved. This can be performed also with Bessel
beams [12, 84]. Using commercial ultrafast lasers with multi-
100 kHz repetition rate, it is feasible to irradiate at a speed on
the order or exceeding 1m.s~!. A small mechanical stress is
enough to separate glass pieces, as shown in figure 13. This
technology is particularly attractive in the case of chemically
strengthened glass, such as the glasses used for cover-screens
of smartphones, since the glass self-cleaves after laser pro-
cessing. After cleaving, the walls are straight and free from
chipping. The technique is mostly non-ablative, which avoids
the issues of cleaning debris. Noticeably, it is also possible to
cleave along curved paths.

To shape the processed glass or cut with angles different
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FIG. 14. (top row) Transverse cross-section of an elliptical Bessel
beams and corresponding SEM image of elliptical channel produced
by the beam with single pulse illumination in glass. (bottom) The
beam and red arrow show the laser scanning configuration. SEM im-
age : top-view of a glass sample cleaved by stealthdicing technique,
where it is apparent that all elliptical channels were processed. With
courtesy of R. Meyer, FEMTO-ST Institute, France.

from 90°, illumination at non-perpendicular direction is desir-
able. But in this case, the non-uniform optical path difference
over the beam cross-section restricts the length of a Bessel
beam inside the transparent workpiece. Jenne ef al have de-
veloped an approach where the optical phase profile of an ini-
tial Bessel beam is compensated by a secondary mask. Cut
with tilted angles were demonstrated up to 30 degrees [57].

At high input pulse energies, the energy stored in the mate-
rial is sufficient to generate cracks. A slight asymmetry in the
input beam is sufficient to make the crack direction determin-
istic instead of random. This property has been exploited by
Dudutis et al, by using an imperfect axicon, which generates
a non-circularly symmetric Bessel beam. It was used to gen-
erate cracks extending transversely up to 100 pm away from
the central nanochannel [29]. This brings the potential to in-
crease the inter-channel distance for stealth dicing of glass at
even higher speeds. Heat accumulation using burst mode with
Bessel beams was also used to initiate the cracks [84].

Instead of using crack formation guided by an imperfection
in the axicon, it is also possible to create an asymmetry in the
Bessel beam, using spatial filtering, so that the generated non-
diffracting beam has an elliptical cross section. Using ~3 ps
single pulse illumination, such beams generate nanochannels
in glass also with elliptical cross-sections, whose ratio ma-
jor/minor axis is the same as the beam ratio [81]. The ellip-
tical cross section allows for enhancing the mechanical stress
at the tips of the ellipses and increases the reliability of stealth
dicing. A detailed statistical study also demonstrated that the
cleaving was requiring less mechanical deformation in this
case, with the second benefit of leaving less defects in the
processed glass, since all laser-induced channels are perfectly
cleaved through [80], see figure 14.

D. Separation of sapphire

Sapphire is an important technological material. Its high
hardness, just below the one of diamond, make it an ideal
cover for screens or for watches. This crystal is even more im-
portantly used as a substrate for the growth of LEDs. Sapphire
was also processed with the same stealth dicing technique as



described in the previous sub-section. A complementary ap-
proach is to take benefit of the crystalline structure of sapphire
to guide the fractures. As in the case of glass, laser illumi-
nation with high pulse energies generate cracks even in the
single shot regime. For C-cut sapphire, 3 crack directions are
usually observed with Bessel beam illumination along the c-
axis. However, below a pulse duration of ~600 fs, the fracture
can occur in a single direction, jointly determined by the laser
pulse polarization and the scanning direction. This was ex-
ploited to initiate a series of cracks with very large inter-pulse
distance (25 pm) paving the way for higher speed cutting
[101].

E. Structuration of diamond

Diamond is the hardest material and it is extremely diffi-
cult to process. It has a number of applications, particularly
because it is bio-compatible. It is also increasingly used in
quantum photonics . Ablation of diamond is for now still per-
formed from the surface [68], no high aspect ratio void forma-
tion has been yet reported to the best of the author’s knowl-
edge.

Diamond has been also proposed as a new material to
build high-energy particle detectors. For this application, con-
ductive graphite wires are needed in the bulk of the mate-
rial. Graphitization of the bulk material has been success-
fully achieved with ultrafast Bessel beams. A single, 10 uJ
pulse was sufficient to create a conductive column through
500 pm diamond sample [19]. We remark that surface and
bulk graphitization is a phenomenon that builds up from pulse
to pulse as described in reference [69].

F. Processing of silicon

Silicon is a material of major interest for microelectronics
and has a immense field of applications. Specifically, there
are needs in the fields of creating waveguides for silicon pho-
tonics as well as micro and nanochannels for the cooling of
silicon chips or to insert conducting electrodes transmitting
signals from one side to the other. These Through Silicon
Vias (TSV) are particularly important for next generation 3D
microelectronic chips.

Silicon is transparent in the infrared region of the spec-
trum, for wavelengths higher than ~1.1 ym. In this context,
attempts on reproducing the results obtained in dielectrics
were performed with femtosecond Bessel beams with a cen-
tral wavelength of 1.3 um. However, an absence of mor-
phological modification was observed for bulk focussing with
ultrafast pulses. This was explained by the authors as origi-
nating from the strong two-photon absorption [45]. Recently,
Tokel et al, processed modifications in 3D, opening routes to
similar processing as in glass, but this was with nanosecond
pulse durations and requires a nonlinear feedback mechanism
involving the rear surface of silicon [112].

Bessel beams were also investigated for TSV drilling for a
laser central wavelength of 1.5 um (Figure 16. As the drilling
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FIG. 15. From . Optical microscopy views of graphitization marks
created in the bulk of 500 pm thick diamond, with Bessel pulses
of energy 3.5 pJ. The number of pulses at 20 Hz repetition rate is
indicated below each graphitized column. Reprinted figure with per-
mission from [69] with courtesy of Dr. O. Jedrkiewicz. Copyright
(2017) by Springer Nature.

with conventional Bessel beam was showing not enough con-
trast between the lobes, an apodized version of Bessel beam
was developed and 10 pm diameter TSV in 100 pm thick sil-
icon wafer was drilled with ~1200 laser pulses at a repetition
rate of 1 kHz [52].

More recently, bulk modifications in more conventional
Gaussian-beam approach were demonstrated based on three
different processes. In reference [21], illumination by a nu-
merical aperture close to 3 could induce an index change in the
bulk of silicon with a single pulse. In the multiple shot regime,
250 kHz repetition rate illumination with 350 fs pulses en-
abled to produce waveguides in silicon [97]. The buildup of
index modification was shown to be more reliable with 10 ps
pulses instead of shorter pulses [59]. The mechanisms lead-
ing to modification of the silicon bulk are still incomplete and
more experiments are needed to provide a clear overview for
bulk laser processing of silicon.



FIG. 16. Silicon processing with Bessel beams in the multishot
regime. (left) SEM view of a Through Silicon via (TSV) in silicon
processed with a conventional Bessel beam (CBB). (right) same view
for a Tailored Bessel beam (TBB) where the lobes of the Bessel beam
have been removed. Reprinted figure with permission from [52] with
courtesy of Prof. K. Sugioka and Prof. Y. Cheng. Copyright (2017)
Creative Commons licence.

CONCLUSION

In conclusion, the extremely high peak power of ultrashort
laser pulses makes it possible to deposit energy with 3D con-
trol inside the bulk of transparent materials. This can be used
to generate waveguides, nanogratings or even nano-cavities.
Ultrashort laser pulses are therefore well-suited to answer the
needs for high aspect ratio micro- and nano- processing, for
drilling, cutting, producing channels for micro-nano fluidics
or microelectronics. We have reviewed the basic mechanisms
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of pulse propagation and plasma formation inside transparent
materials, as well as the experimental characterizations. For
wide structures, high aspect ratio laser processing requires the
multiple shot illuminations regime. The best condition corre-
sponds generally to process from the exit surface of the work-
piece, potentially with assistance of a liquid or an etchent.

Breakthroughs in the field have been made with single shot
or single burst processing with filamented beams, which cre-
ate long and thin homogeneous plasma channels. The struc-
tures that are generated therefore possess a very high aspect
ratio. Predictable filamentation is made possible with “non-
diffracting” Bessel and Bessel-like beams. Control on single
shot filamentation has enabled a number of novel applications,
ranging from index modification writing, high precision weld-
ing to high speed cutting of transparent materials.

A number of efforts are still required to understand the
physical processes generating the cavities. This is particu-
larly relevant for silicon. The propagation-invariant properties
of Bessel beams are fundamentally at the origin of the pos-
sibility to homogeneously deposit energy inside transparent
materials with high aspect ratio. We expect that other beam
shapes, which are also propagation invariant in the nonlinear
regime, will be very attractive in the future to process mate-
rials with other geometries and develop novel applications of
high-intensity ultrashort pulses.
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