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Ultrafast Laser to Tailor Material
Properties: An Enabling Tool in Advanced
Three-dimensional Micromanufacturing

Yves Bellouard*

Abstract: The progress made in ultrafast laser technology towards high repetition rate systems have opened
new opportunities in micromanufacturing. Non-linear absorption phenomena triggered by femtosecond pulses
interacting with transparent materials allow material properties to be tailored locally and in three dimensions, with
resolution beyond the diffraction limits and at rate compatible with fabrication process requirements. In this short
article, we illustrate the potential of this technology for manufacturing, and more specifically micro-engineering,
with a few examples taken from our own research and beyond.
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Introduction: Femtosecond Laser
Processing on Dielectrics

Tightly focused femtosecond laser
pulses of ultrashort duration (103-107"5 )
applied to transparent substrates trigger
non-linear absorption phenomena such as
multiphoton processes, ionizing the fo-
cal volume, creating a plasma that once
recombining with the material structure
lead to a locally modified structure. This
laser—matter interaction, complex and di-
verse, differs from one material system to
another.l-8

Among the various dielectric sub-
strates, fused silica combines an ensemble
of unique characteristics that make it,
when exposed to femtosecond laser radia-
tion, a particularly interesting candidate
for multifunctional integration in mono-
lithic substrates.

In these materials, one can locally in-
crease the refractive index,[®-19 enhance the
etching rate,[!1] introduce sub-wavelength
patterns!'2l with associated form birefrin-
gence,[13-14] create voids!!! or change the
thermal properties of fused silica.l'l By
scanning the laser through the specimen
volume,l'7l one can distribute, combine
and organize these material modifications
to form complex patterns to be used for in-
stance as waveguides or fluidic channels.
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The basic working principle of the fem-
tosecond laser direct-writing process is il-
lustrated in Fig. 1.

Three-dimensional Micromachining

Using a two-step process that combines
laser exposure and chemcial etching, com-
plex parts with three-dimensional (3D)
geometries can be efficiently produced. As
will be seen later on, the chemical step has
a beneficial effect on the mechanical prop-
erties of the fabricated microstructures by
enhancing the surface quality and reducing
the occurrence of possible micro-cracks.
The steps toward micromachining of 3D
parts are further described below and illus-
trated in Fig. 1:

Step 1: The material is selectively ex-
posed by rasterizing a pattern according to
a technique described in ref. [17]. As an
illustration of the laser systems used in
the examples presented in this paper, we
used mainly ytterbium-based lasers oper-
ating around 1030 nm with typical pulse
duration around 270-fs and repetition rates
ranging from 400 to 800 kHz or above.
Average power is typically in the range of
a few to hundreds of milliwatts with pulse
energies of a few tens of nano-Joules.
Microscope objectives with moderate NA
(typically around 0.4 to 0.6 NA) are often
used. Writing speeds (that vary depending
on the type of pattern) range from a few
tens of microns per seconds to tens of mm
per seconds. Higher writing speeds have
been reported!!8! and essentially depend
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Fig. 1. lllustration of the processing steps for three-dimensional manufacturing using ultra-fast

lasers," illustrated here in the case of a micro-channel microfabrication. Step 1: The material is
locally exposed to femtosecond laser irradiation, for instance, by locally moving the substrate
under the laser beam or, by scanning the laser beam on a static substrate. The inner structure of
the material is modified, but no ablation is taking place. As the process is non-linear, the laser
light is locally absorbed only at the focal point. Modifications can therefore be three-dimensional
and can occur anywhere within the volume of the glass and under the surface in particular. The
nature of the structural changes induced by the laser can be diverse, ranging from continuously
modified zones to self-organized patterns such as nanogratings. Furthermore, and as another
consequence of the non-linearity of the interaction, the modified zone can be smaller than the
spot-size itself and therefore, beyond the diffraction limit. Step 2: To remove material, the laser
exposed region is etched away for instance with hydrofluoric (HF) acid in the case of silica. This
second step is omitted when the laser modified zones are directly used for their properties (such
as in the case of waveguides).
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on the strategy used to stir the beam or to
move the specimen under it.

Step 2: After laser-exposure, the part
is etched in a low-concentration hydroflu-
oric bath. Concentrations between 2.5%
and 5% are typically used. With these con-
centrations, the etching rate enhancement
is 60-120 times faster(!”] in the exposed
region compared to the pristine material.
This may result in a total etching time
that can vary from a few tens of minutes
to several hours, depending on the com-
plexity of the patterns. Noticeably, the la-
ser polarization has a strong effect on the
etching efficiency.l'” Recent work(20! has
shown that KOH also provides an efficient
and more selective means for structuring
laser-exposed patterns with the aspect ra-
tio exceeding thousand in certain cases.
However, the etching mechanisms are dif-
ferent and lead to different surface mor-
phologies. The two methods can eventu-
ally be combined, taking advantage of the
characteristics of both.[21]

The mechanism leading to an etching
rate enhancement is complex and not fully
understood, but seems to be mainly driven
by the localized densification and porosity
introduced in the material as well as the
presence of stress that is known to have an
effect on the etching rate.22!

Fig. 2 illustrates a monolithic three-
dimensional flexure cross-pivot!?3! entirely
manufactured out of glass. Such flexures
have superior performances compared to
more traditional flexures like the notch
hinge: the stiffness contrast between the
pivot axis and the other degrees of free-
dom is significantly higher and better
defined, making it a true one-degree of
freedom pivot. As the figure shows, these
cross-pivots can themselves be combined
in more complex structures, e.g. mechani-
cal guidance like the Hoecken mechanism
illustrated below. This example illustrates
how the process described above can be
used to ‘print’ three-dimensional parts.

Waveguide Writing

Waveguide writing has been one of the
most studied applications of femtosecond
laser processing of dielectrics and numer-
ous examples can be found in the literature
(a few references are provided for fused sil-
ica as well as other glass.[*10.24311 The topic
has recently been reviewed in ref. [31]. The
volume locally hit by the femtosecond laser
experiences a slight increase of refractive
index (highest reported An are in the or-
der of ~0.5x107). The laser affected zone
(LAZ) shape and size can be determined us-
ing either a refractive index map technique
or more recently a novel technique based
on Scanning Thermal Imaging.l32! Losses
in waveguides can be less than 0.4 dB/cm

1Imm

Fig. 2. Scanning Electron Microscope image (top left) and microscope image (top right) of a
cross-pivot hinge as part of a mechanism. The images show the three crossed beams and the
rounded corners at the location where the beams are connected to the main body. Note the high
aspect ratio of the micromachining process. A monolithic glass Hoecken linear guidance (left) and
a sequence of merged images to illustrate the function of the mechanism (right). The end point,
i.e. where the linear motion is produced, is the cross in the upper part. The mechanism is activat-
ed by moving the rectangular window (left side of the images) along a circle. The linearity is within
+0.5 pm over a displacement of 600 pym. Figure taken from ref. [23].

at 1550 nm, as reported by several authors.
Complex optical devices can be formed by
carefully combining waveguides splitting or
separating them.[26.27.29]

Combining Laser-affected Zones of
Different Kinds to Form Integrated
Devices

An interesting aspect of this manufac-
turing technique is the fact that the same
laser can produce more than one type of
microstructure having different functions.
In particular, waveguides and microstruc-
tures can be combined to form integrated
devices such as optomechanical and opto-
fluidics devices. As the same laser is used
to produce all the features, such devices
are intrinsically accurate as each element
is produced at the same time.

Optofluidic Devices

To fabricate an optofluidic device, one
needs to carefully control the etching process
so that waveguides are preserved.[3334 Using
the technology platform introduced before,
one can create a variety of small optofluidics
instruments, for example where light propa-
gating in waveguides is used to interrogate
cells passing through a fluidic channel. The
example below illustrates a fluidic microchip

for identifying micro-algael33-361 (illustrated
in Fig. 3). The main advantage compared to
other technology is that it is single monolith,
optically transparent for a broad optical spec-
trum and compact.

Other examples of devices combining
waveguides and channels can be found for
instance in refs [37,38].

Micromechanics

Femtosecond lasers provide a way to
carve out any shape from a glass material
as long as the acid can penetrate through
the laser exposed regions. One can there-
fore make fluidic structures as described
above, but also flexures — a deformable
element used in precision mechanics, by
defining thin-beam-like structures that can
deform elastically. Based on this principle,
all-optical mechanical sensor3®! where the
flexures and the waveguides are all part of
the same material can be made. There, the
structure withstands stress in excess of 500
MPa. Stress in excess of 2 GPa can even be
reached in a single flexure.[*04!11 The me-
chanical performance is strongly affected
by the etching rate.

Controlled Stress State

The femtosecond laser—matter interac-
tion in the non-ablative regime induces lo-
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Fig. 3. Left: Channel and waveguides written in the bulk of glass (adapted from ref. [34], © SPIE). Center: Examples of wavelets signals obtained for
specific algae species. Right: Images captured on the fly by a microscope camera overlooking the fluidic channel (center and right images taken

from ref. [35], © Optical Society of America).

calized volume changes in the material. As
a consequence, these density changes gen-
erate stress in the material that can be con-
trolled both in intensity and direction.[42]
By carefully arranging these stressed
zones, one can create wave platesi*3! or use
it for deforming the material locally like
for instance for adjusting the position of
an element.[44]

Micro-actuators and
Optomechanical Sensors

The same process can also be used for
manufacturing devices like micro-actua-
tors. An illustration of a comb-array linear
actuator is illustrated in Fig. 4.1451 Here,
the high-aspect ratio of the micromachin-
ing technique is used to achieve large ac-
tuation forces by creating a difference of
electrical potential between parallel plates
arranged in a comb. The gap being shorter
on one side than on the other, a net force
pulling the structure in one direction is
generated. The pull-back force is provided
by the stored elastic energy in the guiding

elements. This define is completely trans-
parent to light. The electrodes consist of
an indium-tin-oxide simply deposited on
the material.

Thanks to the three-dimensional capa-
bilities of micro-manufacturing process,
new types of actuating principles that
could not be easily implemented at the mi-
croscale are studied. Illustrations are for
instance dielectrophoretic actuators!#0! that
benefit from a three-dimensional electrode
design that is able to generate a electro-
static field gradient.

The Structure of Laser-affected
Zones in Silica

The structural changes causing the
change of properties, like the increased
refractive index or the localized enhanced
etching rate have been analyzed using mul-
tiple spectroscopy techniques (see for in-
stance refs [26,47-50] including Raman(5!!
as well as with indirect methods.523531 So
far, it is generally admitted that two main
types of modifications are found. Starting

fromthe lowest to the highest pulse energies
and for pulse energies below ~200 fs,[54]
the first type of modification (Regime I)
corresponds to a localized densification.
This laser-induced densification mecha-
nism appears to be different than densifi-
cation induced by mechanical means as in-
dicated by Raman observations.321 While
common features are observed such as
the narrowing and shift of the main band,
femtosecond laser-induced densification
is characterized by an increase of the D2-
peak amplitude, suggesting the formation
of silica tetrahedral rings of lower order.
At higher pulse energy levels, one ob-
serves intriguing self-organization phe-
nomena consisting of nanoplanes forming
parallel one to another,['?l the so-called
Regime II. Contrary to the lower pulse
energy regime, these nanostructures, due
to their periodicity, induce phenomena of
form birefringence (i.e. a periodic modu-
lation of the refractive index[!3.14]) that is
also characterized by a localized increase
of volume. As shown in ref. [55], these
nanoplanes contain porous materials into
which the presence of molecular oxygen
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Fig. 4. Left: Working principle for a comb-array electrostatic glass actuator. Right: Scanning electron microscope close-up views of the fabricated
comb-array actuator (adapted from ref. [45], © American Institute of Physics).
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has been hypothesized!*®! and recently ex-
perimentally confirmed.l57) The exact for-
mation mechanism of these nanostructures
is still actively debated and various models
have been proposed (see among others refs
[12,58-60]).

Interestingly, the pulse duration triggers
or suppresses the occurrence of Regime I.
Above 200 fs, this regime seems not to be
observed,[54! at least using classical focus-
ing techniques. The evolution of these laser-
modified zones and their behavior strongly
depends on the energy deposited in the ma-
terial (also called net fluence or dose). For
instance, one can observe a change from a
volume reduction to an expansion of the
laser-affected zone while continuously in-
creasing the pulse energy of the laser, from
regime I to regime IL.I571 Noteworthy, this
transition from shrinkage to expansion is
also observed while continuously increas-
ing the exposure dose in regime 1.157]

If the repetition rate of the laser is
driven to a high level (typically above
~2-3 MHz for silica), one observes the
bulk heating of the materiall®!.62 and the
formation in particular of gas bubbles that
may themselves self-organize by feed-
back mechanisms.[63]

Here, we have briefly surveyed some of
the more well-known effects. Much remains
to be done to fully understand this peculiar
laser—matter interaction and to explore all
its subtleties, but also to optimize it.

Conclusion and Future Prospects

Femtosecond lasers can be used to ef-
ficiently tailor the material properties of
fused silica in order to create not only opti-
cal functions (such as waveguides), but al-
so mechanical (flexures) or fluidic (micro-
channels) elements. These functions can be
combined to form complex optofluidics or
optomechanical devices or a combination
of both in a single substrate of material.
This dramatically reduces the fabrication
complexity and opens new horizons for
further integration at the micro-/nanoscale,
in particular by offering the possibility to
fabricate three-dimensional devices, which
is difficult using conventional fabrication
methods based on lithographic techniques.

The next step is to expand the taxonomy
of functions that can be directly written in
the material. To do so, one could imagine
using femtosecond lasers to induce high-
pressure polymorphic phases of the same
material. For instance, in the case of SiO2,
there are numerous existing polymorphic
phases, stable at ambient temperature, that
have physical properties different from
their amorphous counterpart. Well-known
examples are the quartz phases that exhibit
piezoelectricity while amorphous silica
does not.
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