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Introduction

Transparent and high-hardness materials have become an object of wide in-
terest due to their optical and mechanical properties, most notably concerning
technical glasses and crystals such as sapphire. However, the processing of such
brittle materials is rather complicated. They tend to crack when affected by
high mechanical pressure or high-intensity radiation due to the high strain in-
duced during processing. Femtosecond laser-based microprocessing techniques
are a desirable alternative for glass and crystal microprocessing due to min-
imized thermal effects [1]. Various laser machining techniques have already
been adapted for glasses and crystals micromachining: to make 2D surface
structures, dicing [2] or direct laser ablation could be used [3, 4]. Direct
ablation is a relatively efficient and straightforward process enabling surface
functionalization. Ablation could be combined with additional processes such
as laser-induced plasma-assisted ablation [5, 6] or laser-induced backside wet
etching [7, 8, 9] to improve the quality of laser-processed surfaces. By using
ablation in combination with additional thermal processing [10] or direct laser
writing in combination with chemical post-processing, optical components such
as lenses [11, 12] or diffractive optical elements [13, 14, 15] could be made. How-
ever, these technologies are limited to the microprocessing and achievement of
2D geometries, and most cannot produce arbitrary-shaped 3D structures. Of
course, ablation could be combined with other femtosecond laser-based micro-
processing techniques, such as welding. In this way, surface structures could
be additionally sealed and closed cavities could be created, which is helpful in
microfluidic chip fabrication. On the other hand, multi-layer channels would
require a lot of effort to make in this way.

Meanwhile, the selective laser-induced etching (SLE) technique could be
a good option even for high-complexity 3D structure formation from glasses
and crystals. SLE is a multiple-step microprocessing technique. First, porous
modifications called nanogratings [16] are inscribed inside the glass volume.
Subsequently, laser-modified samples are etched in aggressive etchants such as
HF or KOH, which are used to etch out modified material [17]. In this way,
arbitrary shaped structures in glass or crystals can be created [18]. A critical
parameter in SLE is selectivity, which is the ratio between the etching rate of



laser-modified and unmodified material. In SLE, the process’ selectivity de-
scribes the maximum possible aspect ratio of produced structures. Thus, high
aspect ratio structures require high selectivity values, which means that the
etching rate of modified material needs to be maximized while the unmodified
material etching rate needs to be minimized. The widely investigated material
in SLE is UVFS, which is one of the most popular and widely used glasses.
Many works in literature concentrate on techniques with which selectivity op-
timization in UVFS can be done [19, 20]. Typical selectivity for SLE is a few
hundred and could be increased to over 1000. However, the process still faces
many limitations in UVFS SLE, which could be solved.

On the other hand, other materials also could be used in SLE, starting from
other glass types such as borosilicate [21, 22], to other transparent materials
as crystals starting from crystalline quartz [23] to sapphire [24], YAG [25] or
others. One of the most popular crystals due to its hardness and mechanical
resistance is sapphire. It has already been shown that SLE could be used
in sapphire microprocessing [25]. The selectivity demonstrated for sapphire
exceeds many times the selectivity shown in UVFS [26]. However, there are
only a few examples of SLE-made structures in sapphire. This is due to the high
selectivity results from almost zero etching rate of unmodified material, while
the modified material etching rate is significantly lower than in the UVFS case.
This shows that, even chemically, sapphire is a very resistant material. Hence,
new and different approaches need to be used for this material. A comparison
between different processing protocols will be presented in this thesis.

Such a high selectivity value allows for the formation of complex high as-
pect ratio structures such as micromechanical parts or components [27, 18],
microfluidics [28, 29] and even complex microfluidics with an already integrated
micromechanical component [30, 31]. Application areas for such structures are
sensing [32, 33|, lab-on-chip devices [30, 18, 31], nozzles [18, 34] and possibly
others. In this study we will present even more sophisticated microstructures
which could be used in microrobotics or lab-on-chip applications using opti-
mized protocols.

The technology mentioned sounds perspective in many areas. Thus, this dis-
sertation is dedicated to improving the fused silica selective laser-induced etch-
ing technique and developing the crystalline sapphire selective laser-induced
etching process. Finally, selective laser-induced etching will be applied to func-
tional structure formation, and some perspective applications of formed struc-
tures will be presented.
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Goal of the dissertation

The goal of this dissertation is to develop and improve existing SLE techniques
for complex functional 3D structure formation out of UVFS and sapphire.

Tasks of the work

In order to achieve the research goal the following tasks were set:

1. Optimise fused silica SLE parameters such as laser and scanning and etch-
ing parameters to maximize process selectivity. Measure the consequent

process properties such as etched surface roughness.

2. Test various sapphire SLE protocols, such as different laser parameters
and etchants, to find suitable parameter combinations for sapphire struc-
ture fabrication.

3. Fabricate functional 3D structures out of glass and test the structures
produced.

Novelty and importance of the work

The novelty of this work lies in the optimized glass and sapphire SLE processes
which create the possibility of forming high aspect ratio 3D structures using
SLE:

1. Selectivity and etched surfaces’ dependence on the spacing between scan-
ning lines in different laser-inscribed planes were tested, as well as etchant
wetting properties and concentration. Furthermore, due to the performed
optimization of the scanning and etching procedures, we demonstrate
high selectivity, which leads to a high aspect ratio and complexity of
formed structures.

2. Consequently, movable assembly-free micromechanical structures are pre-
sented, and various complicated microfluidic systems with integrated
functional elements are shown.

3. Moreover, an SLE protocol for sapphire processing was developed. Multi-
ple parameters sets (laser radiation wavelength, pulse duration, and oth-
ers) for nanograting formation, and various etchants for the nanograting
etching were tested and compared. The most suitable process protocol
was chosen, and microstructures out of crystalline sapphire were demon-
strated.
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Key statements for defence

1. In the case of SLE 3D structure formation, structures are combined out
of a single array of single lines stacked in horizontal or vertical planes.
Smaller spacing between the lines in the plane (approximately 90% of
inscribed modifications overlapping) for both directions gives the highest
etching rates (up to 1000 gm/h) and the lowest surface roughness values
(below 200 nm RMS).

2. SLE process selectivity is dependent on the wetting properties of the
etchant. Selectivity was increased by decreasing the etchant contact angle
with the substrate when part of the water in the etchant is replaced
with a suitable organic solvent (isopropanol). A selectivity value up to
approximately 3000 was reached using 2 mol/L KOH solution where 10%
of water is replaced with isopropanol.

3. Crystalline sapphire can be used as material for SLE 3D structure. How-
ever, standard etchants, such as HF or KOH, need to be changed to a
sulphuric and phosphoric acid mixture. Out of all the tested etchants,
only sulphuric and phosphoric acid mixture at 270°C temperature could
remove laser-induced nanogratings. The highest observed selectivity us-
ing the mentioned etchant was 66.

4. UVFS SLE could be used for high-complexity micromechanical compo-
nents or microfluidic chip fabrication. A compliant type micromechanical
spring, movable gear type mechanism, and lab-on-chip type microfluidic
system were fabricated with low surface roughness (< 250 nm RMS) and
pm scale features and precision.

Layout of the dissertation

This dissertation is divided into four sections. The first chapter introduces the
topic and presents the theoretical background of the whole work. The second
chapter is dedicated to giving an optimization of UVFS SLE. In the third
chapter, the SLE of crystalline material is presented. And finally, the fourth
chapter presents possible applications for SLE.

Contribution of the author and co-authors

The main co-authors of the research results presented in the thesis are
Prof. V. Sirutkaitis, Dr. D. Paipulas, Dr. L. Jonusauskas, Dr. D. Gaile-
vi¢ius, Dr. T. Tickunas, T. Baravykas, G. Merkininkaité, R. Vargalis,
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dr. R. Sirutkaitis, T. Jurksas, J. Stanc¢ikas. V. Sirutkaitis supervised and con-
sulted on most of the research. D. Paipulas and D. Gailevicius consulted on sap-
phire SLE research and helped with publication preparation. L. Jonusauskas
and T. Tickunas consulted on UVFS SLE research and helped with preparation
of publications. T. Baravykas prepared models and fabrication codes for com-
plex 3D structure fabrication. G. Merkininkaité and R. Vargalis helped with
the chemical part and did some measurements, such as SEM and contact an-
gle measurement. R. Sirutkaitis helped with sapphire etching. T. Jurksas and
J. Stancikas did part of the experiments in etchant optimization and fabricated
part of the glass structures.

The role of the thesis author is to plan experiments and perform exper-
imental activities. The author did most of the measurements, fabricated a
significant part of the glass structures shown, analyzed results, and prepared
all publications related to the dissertation.
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1. Conceptual overview

This chapter presents the physics fundamentals behind SLE technology and a
literature review of SLE. Information provided in this chapter is published in
paper I.

1.1. Nonlinear light and material interaction

1.1.1. The nature of nonlinear radiation and material in-
teraction

First, the basic mechanisms of laser and material interaction should be pre-
sented before discussing laser material processing. When the material is af-
fected by high-intensity radiation, its response becomes nonlinear. High inten-
sities in the beam focal spot are achieved due to temporal and spatial energy
compression. Spatial light compression is achieved by sharp focusing using high
numerical aperture (NA > 0.2) objectives or lenses. Temporal light compres-
sion is done using ps — fs pulse radiation where the energy reaches the material
in short periods. As a result, the material is affected by very high peak intensity
I (more than GW/cm?, which corresponds to more than mJ/cm? energy den-
sity). Material response to high I is nonlinear and conceptually differs from the
material response to low-intensity radiation. When radiation travels through
the dielectric material, it polarizes the material. When radiation intensity is
not high enough, material polarization linearly depends on the radiation elec-
tric field E (Equation 1.1). In general, light intensity is proportional to squared
electric field I~|E?|, when radiation creates an electric field that is stronger
than 107 V/m, material polarization dependency on the electric field becomes
nonlinear (Equation 1.2).

P(t) = eoxVE(t), (L.1)

P(t) = eoxVE(t) + eox P EP (1) + eox P ED (1) + ..., (1.2)
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here ¢ is vacuum dielectric permeability, x!) is linear optical susceptibility,
2
X

ear optical susceptibility.

— second order nonlinear optical susceptibility, o x® — third order nonlin-

Different member in the nonlinear polarization equation decides various
phenomena observed in the material. For instance, effects determined by square
nonlinear susceptibility, like sum and difference frequency generation, are ob-
served only in non-central symmetrical crystals. Meanwhile, cubic nonlinear
susceptibility-affected phenomena, like radiation self-interaction such as the
Kerr effect or light filament formation, are observed in all dielectric materials.
Other possible nonlinear effects are multi-photon absorption, tunneling ioniza-
tion, etc. It is important to note that various nonlinear light-interaction regimes
can be induced simultaneously, leading to a complex process picture. [35].

1.1.2. Nonlinear effects

As mentioned before, when the material is affected by high-intensity radia-
tion, various nonlinear light and material interaction effects are governed by
different-order nonlinear susceptibility. When a material is exposed to high-
intensity radiation, the radiation electric field changes the material’s refractive
index for the upcoming light. This means that the light changes the condi-
tions in the material itself. The mentioned effect is called the Kerr effect. The
Kerr effect is caused by cubic nonlinear susceptibility. Transparent material
exposed to a Gaussian beam creates a non-uniform index change due to beam
intensity distribution. This phenomenon creates a lens effect and induces light
self-focussing, which could lead to light filamentation. Due to the Kerr effect,
focused light changes its ideal shape when focused on transparent media such
as glass [36].

Another nonlinear effect is multiphoton absorption. Multiphoton absorp-
tion is the simultaneous absorption of two or more photons through virtual
levels from the ground to an excited state. Two-photon absorption is decided
by third-order nonlinear optical susceptibility. Meanwhile, three-photon ab-
sorption is determined by fifth-order nonlinear optical susceptibility. Hence,
higher-order multiphoton absorption is decided by higher-order nonlinear op-
tical susceptibility. Multiphoton ionization is usually a negative effect that
distorts radiation in nonlinear optics. However, multiphoton absorption can
be used for positive practical applications such as multiphoton spectroscopy,
microscopy, and transparent material laser processing.

In general, the electrons have to be excited from the valance band to the
conductive band to induce a modification in the dielectric material. Numer-
ous processes might cause permanent modification. The most important and
prevailing nonlinear effects when a material is illuminated with high-intensity

I fs radiation are multiphoton ionization, tunneling ionization, and avalanche

17



ionization. Multiphoton ionization is a process by which an electron absorbs
several photons simultaneously and is excited to a conductive band via vir-
tual levels. The principal scheme of this process is shown in Figure 1.1 (b).
Another nonlinear effect is tunneling ionization. An electric field created by
intense laser radiation can distort the potential barrier which holds electrons to
material atoms. An intense electric field could decrease the potential barrier; as
a consequence, the possibility of electron tunneling increases. Thus, more and
more electrons are excited to the conduction band. This process is depicted in
Figure 1.1 (c).

(b)
*E
E2
hv
(a) S
y S
hv
+| Eo (d) - Eis e
hv (c)
& EO
. -+ E Eo

Figure 1.1: Principle schemes of main nonlinear processes: (a) linear ion-
ization, (b) nonlinear (multi-photon) ionization, (c¢) tunneling ionization, and
(¢) avalanche ionization.

Which process (multi-photon ionization or tunneling ionization) will domi-
nate depends on laser w and I. This dependency is described by the Keldysh
parameter [37] which can be expressed as Equation 1.3:

w [m.AFEeg
= —/— 1.
vEoAN T (1.3)

here e — electron charge, m. — electron mass, I — laser intensity, ¢y — vacuum
dielectric permeability, AE — band gap.

When ~ is more than 1.5, multi-photon ionization will dominate. When -
is less than 1.5, tunneling ionization will dominate. Meanwhile, a transitional
regime of ionization occurs when the Keldysh parameter is close to 1.5. In this
case, multi-photon and tunneling ionization have approximately the same influ-
ence on material ionization. To sum up, tunneling ionization prevails in a high
laser intensity and low-frequency regime. In contrast, multi-photon ionization
dominates in high-intensity and high-frequency cases. In laser material pro-
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cessing, controlling which effect will dominate is necessary to reach the desired
effect.

Avalanche ionization is another critical process that appears due to nonlin-
ear radiation and material interaction. The principal scheme of this process is
shown in Figure 1.1 (d). Electrons are released from material atoms to the lat-
tice when radiation interacts with the material. The radiation-induced intense
electric field accelerates free electrons. Electrons can reach energies higher than
a potential barrier for neighboring atom electrons and release other electrons
from atoms. In this way, more and more electrons are released, and the material
can be damaged [35].

1.1.3. Thermal effects

When a material is processed with relatively long laser pulses (> 10 ps), thermal
effects can be observed in the material. This results from heat dissipation from
the laser-affected area, which occurs while a long laser pulse still interacts
with the material in the focal point. This process occurs around 1 ns after
radiation absorption [1] and usually reduces material processing quality. When
quantifying a thermal effect, the term Laser Affected Zone (LAZ) is introduced.
It encompasses all the volume affected by the heat generated by a laser, even
if it is outside the focal point [38].

An ultrafast laser can allow control and, if needed, significantly reduce
thermal effects caused by the light-matter interaction. Looking from the tem-
poral perspective, interactions needed for processing occur relatively fast. For
instance, material ionization occurs after ~1 ps, followed by ablation and re-
moval after ~100 ps [1]. Therefore, the LAZ can be significantly reduced if no
additional energy is introduced while subsequent thermal effects occur. As a
result, the material does not suffer from substantial thermal effects in the fs
pulses. That is why femtosecond material laser processing sometimes is called
cold material processing. However, it is essential to note that alongside pulse
duration, pulse repetition rate also plays a vital role in the thermal aspect of
processing. If several pulses reach the affected zone before initial heat dissipa-
tion, even fs pulses can induce material melting and a noticeable LAZ. Another
important factor for the thermal accumulation process is the deposited energy.
By maintaining the same pulse duration and repetition rate and, at the same
time, by increasing the energy of each pulse, the sample is affected by a higher
radiation dose. We obtain higher thermal effects if the energy does not have
enough time to be relaxed out of the substrate by increasing pulse energy.
Higher pulse energy shows greater affected volume around the laser focus [38],
which means more substantial thermal effects. While this might be detrimen-
tal in some cases, it can also be helpful in applications like laser welding. This
distinction will be made throughout the article where it applies.
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These thermal effects are significant for glass processing. Glass is a pretty
fragile material that can be easily broken by treating it with stresses [39]
or temperature-caused volume tensions [40]. By processing glass with longer
pulses or even a CW laser, it is tough to avoid cracks in the glass [41]. However,
short pulse laser development allows for minimizing thermal effects by using
a shorter pulse duration [42] and processing material locally without affecting
the surrounding volume.

1.2. Glass processing using fs radiation

Light-based glass processing is a complex process. Most glasses (with some
exceptions like chalcogenide glasses) are transparent materials for near-UV,
visible and near-IR radiation, meaning that linear interaction with such pho-
tons is negligible. As a result, one way to induce a modification in glasses is by
choosing a wavelength that a specific glass absorbs. Some works use such an in-
teraction for glass surface structuring based on linear glass absorption [43, 44].
This direct material removal by the laser beam is called laser ablation. Never-
theless, 3D processing in such cases is greatly limited due to direct absorption
being a surface-bound process limiting its use for 3D structuring.
Alternatively, intense and focused radiation can be used. The reaction be-
tween light and material becomes nonlinear, making it possible to modify the
volume of transparent material. For this reason, most laser-based glass 3D pro-
cessing techniques are based on such processes. As we have already discussed,
when radiation [ is high enough (GW/cm? — PW/cm?), multiple photons (in
most cases two) can be absorbed simultaneously during multi-photon ionisa-
tion [35]. Intensity I high enough for the process can be reached only by focused
laser light. This creates inherent localization of the process. The scheme of
this idea is shown in Figure 1.2. Keeping in mind that in most cases, NA in the
range from 0.01 to 1.4 is used, the volume in which the modification is induced
can range from a hundred nm to hundreds of ym in a transverse direction
and from a few pm to several mm in a longitudinal direction. The elongated
modification is an inherent feature of a Gaussian beam generally used for such
processing [45] while other types of voxel shapes are possible with beam struc-
turing. Due to the nonlinear nature of these interactions, sub-diffraction limited
features are also possible, both directly and indirectly. Regardless, localization
and selectivity of the process in the glass volume are critical components of
why a fs laser is the primary tool for high-precision 3D fabrication. Keep in
mind that lasers can be used in many ways, not only for glass processing; any
laser-based fabrication process can be called direct laser writing DLW [46].
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Figure 1.2: Focused laser beam spot diameter required to induce nonlinear
effects dependency on radiation intensity.

Light-glass interactions used in DLW can induce different types of modifica-
tions. These depend on laser parameters such as radiation intensity, repetition
rate, pulse duration, or wavelength, to name a few [47]. Of course, induced
modifications depend on the material itself [47, 21]. In the literature, it is
possible to find three primary stable modification types that can be induced
in glass. Nevertheless, some exceptions apply in specific cases. For instance,
silver clusters can be formed in silver-containing glasses, resulting in a type
Argentum (or type A) modification [48]. However, in this review, we will con-
centrate on the three primary modification types referring to any exceptions
when applicable.

Type I modification is material refraction index change. The change de-
pends on various laser parameters and on the material itself. In a standard
case, it is considered that this variation is mainly decided by pulse energy. An
example photo of this modification can be seen in Figure 1.3 (b) and (c) [47].
In standard glass, the amplitude of refractive index change is in the order of
1073,

The type II material modification consists of periodical porous modifications
in the glass called nanogratings. From an optical standpoint, this modification
creates birefringence alongside changing just the material’s refractive index. An
example of nanograting is shown in Figure 1.4. Many different explanations
about nanaograting formation exist in the literature [49, 50]. That implies that
it is not completely clear how nanogartings are formed. However, most expla-
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Figure 1.3: Glass modification examples. (a) Unmodified material, (b, c¢) I
type of glass modification or refractive index changes, (d) II type modification
or nanogratings [47].

nations rely on excited plasma interaction with light [50]. Some explanations
state that nanogratings result from the interference of the bulk electron plasma
longitudinal wave with the incident light [26, 51]. Pulse interaction with the
material creates plasma waves that interfere with consecutive pulses in the pulse
train. Other works suggest an explanation of nanogratings formation through
nanoplasma formation [52]. According to this theory, a focused ultrashort light
pulse ionizes defects and color centers, leading to the formation of inhomo-
geneous plasma. The mentioned plasma zones evolve into nanoplasma after
several laser pulses. The local field enhancement at the nanoplasma boundary
creates critical electron density, where nanoplanes forms. On the other hand,
alternative theories based on attractive interaction and self-trapping of exci-
ton—polaritons exist. In this theory, nanogratings result from the interference
of exciton—polariton modes [53].

The nanograting ripple size is a sub-diffraction, i.e., in the range of tens
of nm. Usually, nanograting period can be described by this equation:
A=MX/2n [54]. However, exact nanograting periodicity depends on other laser
parameters such as pulse energy and pulse duration [55]. The pulse repetition
rate plays quite an important role, as it denotes the thermal aspect of the inter-
action [56]. In general, by increasing the pulse repetition rate, the pulse energy
window in which nanograting could be formed becomes narrower [55, 57, 52].
One of the critical properties of this interaction is the tendency of nanogratings
to be strongly influenced by the polarization of the incident beam. Nanograt-
ing ripple direction is perpendicular to polarization [16, 21]. This property is
illustrated in Figure 1.4.
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Figure 1.4: Examples of type II glass modifications. (a) Nanogratings induced
when the scanning direction is perpendicular to light linear polarization direc-
tion, (b) nanogratings induced when the scanning direction is parallel to light
linear polarization direction, (c¢) nanogratings induced with circular light po-
larization. Here S denotes scanning direction, and E is radiation polarization
vector [21].

Type IIT modification denotes the formation of nano/micro-voids. When
radiation intensity exceeds a particular value higher than needed for type II
modification, micro-explosion in the volume of glass occurs and forms micro-
cavities. This phenomenon is demonstrated in various studies [58, 59]. It is
the most violent form of processing with the fs laser, leading to a relatively
large modification area with several phase-changes along the modified region.
Particular radiation intensities to induce these modifications depend on the
materials themselves.

All previously mentioned laser glass modification types can be used for
different microprocessing techniques. Type I modification can be used for
smooth laser refractive index modification [47] and waveguide formation in
glass [60, 32]. Type II can be used for diffractive optical component formation
such as Q-plates [61] or photonic crystals [62]. Type II modification combined
with a subsequent etching step is used for SLE [63]. Meanwhile, type III mod-
ification is used for laser ablation [64, 42] when material is removed directly
or laser welding [65, 66, 67] when two transparent materials can be connected
by melting the contact between two glass substrates. These techniques have
different natures and provide various possibilities for glass microprocessing.
However, the SLE process will be discussed in more detail in this work.

1.3. Selective laser-induced etching (SLE)

SLE is a unique process because it is a suitable technique for making 3D struc-
tures from various transparent materials. Implementation of this technique
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consists of two steps. First, nanogratings or type II modifications are inscribed
inside the glass volume. Subsequently, the sample with inscribed modifications
is etched in aggressive etchants such as KOH or HF [68]. The scheme of the
SLE process is shown in Figure 1.5. Currently, the most investigated mate-
rial in this technology is UVFS which is pure SiO5. However, other glasses
such as borosilicate glass (BK7, Pyrex, Borofloat) [69, 21, 22], Foturan [70]
can be used in SLE, as well. Different materials have various implementation
processes. Therefore we will start here from the UVFS case.

(a) laser writing (b) etching (c)etched channels
(-]
etching and ° [
scanning ‘
direction S / [
. - |

P,

Figure 1.5: Visualization of SLE steps. (a) Laser modifications are inscribed
inside the volume of glass. (b) Etching is performed in a specific etchant.
(¢) The final structure with etched channels.

Since SLE consists of two different processes, the parameters of both tech-
nological steps can influence the efficiency of the SLE. This section will discuss
how laser parameters for laser inscription and the etching can affect SLE. How-
ever, the idea of SLE efficiency measurement needs to be presented first. In
general, it is known that laser-inscribed nanogratings can be etched many times
faster than unmodified material due to a few reasons, such as the higher sur-
face area of nanogratings. Moreover, laser radiation induces material structural
variations when the binding angles of the lattice change. Oxygen atoms become
more reactive and, as a result, more effectively interact with the etchant [68].
In general, the unmodified glass and the modified material are etched at the
same time. Typically, the etch rate of fused silica is a few pym/h. Of course,
it depends on the etchant due to a different reaction with the material [17].
Meanwhile, the etching rate of modified material can be up to a few hundred
of pm/h [19]. On the one hand, quantitative evaluation of the SLE etching
rate is essential. Usually, the modified material etching rate is measured as
a single scanning channel, etch for a single hour, length [16, 19]. Meanwhile,
the unmodified material etching rate can be evaluated as substrate thickness
decrement over the time. However, it is intuitive that the ratio between the
etching rates of modified and unmodified materials gives us qualitative informa-
tion. The ratio between the laser-modified and unmodified materials’ etching
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rate is called selectivity. Selectivity describes the highest aspect ratio of the
etched features in an SLE-made structure. Combined with the capability to
inscribe laser modifications in 3D, it leads to the SLE ability of arbitrary shape
structure fabrication [68].

1.3.1. Laser modification inscription importance for SLE

Various laser and scanning parameters strongly affect the SLE process. Se-
lectivity itself strongly depends on pulse energy. While sufficient pulse energy
is needed to induce type II modification, the formation of LAZ can also be
induced if too powerful pulses are used. LAZ affects etching properties [38].
Higher laser pulse energy with wider LAZ zones results in a wider etched zone.
This effect could be used for scanning up large volumes, while, on the contrary,
this phenomenon could be disadvantageous in high aspect ratio structure fab-
rication. Moreover, pulse duration and laser repetition rate affect LAZ and
change etching properties as well [19, 56, 71]. Longer pulse duration leads to
more substantial thermal effects. Higher pulse repetition rates prevent energy
from being relaxed from the lattice. On the other hand, pulse energy not only
changes LAZ but also changes the size of the modification and the nanograting
configuration itself, which leads to different selectivity induced by various pulse
energies [16, 21, 19]. However, almost all the research mentioned refers to the
optimal particular parameter value, which varies by changing other parameters.
We can see that it is not individual parameters but rather the whole parameter
set that is important for the SLE process. By changing pulse energy, the pulse
repetition rate changes the deposited dose. Hence, a particular radiation dose
is hiding under these parameter sets. Overall, it can be seen that the SLE pro-
cess needs to be ensured by specific conditions — a specific radiation dose [19]
and these conditions can be altered by different thermal regimes [38].

Alongside radiation parameters, scanning strategies also play an immense
role in SLE effectiveness. Overall, translation velocity and pulse overlap while
hatching/slicing denote the pulse overlap, which, in turn, governs the accumu-
lated radiation dose [19]. Moreover, scanning velocity similarly affects the accu-
mulated radiation dose as pulse repetition rate. As a result, selectivity depen-
dency on scanning velocity has been investigated in many studies [72, 19, 73].
The acquired results vary, painting a more complicated picture of interaction
as different sets of laser and scanning parameters were shown to work quite
effectively [19, 73]. Interestingly, in some works, almost no significant selectiv-
ity dependency on scanning speed was noticed [72]. The translation velocity
question, in general, is crucial, as it is one of the main parameters determining
structuring rate, i.e., what volume will be processed in a given amount of time.
Thus a better understanding of these contradicting results is a topic for further
research in the field.
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The specific separation between scanning lines should be chosen during the
inscribing process. Unsurprisingly, this also influences etching rate and selec-
tivity [17, 73]. One non-trivial observation was that the optimal Z separation
value varies when a different etchant is chosen [17]. Separation along a hori-
zontal axis (i.e., the slicing step) should also not exceed the voxel height [73].
Overall, due to the complex nature of the process and a vast amount of inde-
pendent parameters, the exact interplay is still an object of active investigation,
with the goals of different groups distributed between trying to achieve the best
selectivity, highest etching rate, lowest surface roughness or some combination
of all.

It is essential to pay attention to the importance of polarization during the
SLE process. Polarization is responsible for the direction of the nanogratings
as depicted in Figure 1.4. Several studies investigated selectivity dependency
on laser beam polarization. When radiation polarization is perpendicular to
the scanning direction, we get the highest etching rate [16, 21]. The same
applies to selectivity because the unmodified material etching rate in all the
cases remains the same [17]. Meanwhile, polarization parallel to the scanning
direction gives the lowest etching rate [16, 21]. Circular polarization gives a
reasonable etching rate as in the perpendicular polarization case [21]. This
is extremely important because polarization might be considered invariable
for any scanning strategy, heavily simplifying an already complicated process
and becoming favorable for application-oriented fabrication. Nevertheless, care
should be taken when considering the interplay between pulse duration and po-
larization. This trend always appears when femtosecond laser pulses are used
to write modification. However, when ps pulses are used for SLE, selectivity
does not depend on radiation polarization [71]. This property comes from the
nature of this process. By using femtosecond pulses, it is possible to induce
nanograting modification. Meanwhile, ps pulses yield modifications more rem-
iniscent of nanocracks. These can be considered as different modification types
that are still suitable for SLE.

1.3.2. Etchant influence on SLE

From the etchant side, HF and KOH are the most popular. These etchants
react with materials differently. The reaction equation of KOH and HF with
one of the most popular glasses, fused silica, is shown in Equation 1.4 and
Equation 1.5. When SiO; reacts with etchant in both reaction equations, the
reaction product is salt and water. HF, after reaction with SiOs, dilutes more
than KOH. These reaction equations show that concentrated KOH solution
benefits HF etchant due to the minor saturation behavior in elongating channel
structures [74]. More and more articles have been published where NaOH is
used as an etchant instead of HF or KOH [75, 76]. The reaction of this etchant
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is similar to KOH and is shown in 1.6.

SiOy +4HF — SiFy + 2H50. (14)
Si0s + 2KOH — K5S5i035 + H50, (15)

KOH etching properties are strongly affected by KOH concentration and
temperature [73]. Usually, in literature, we can find that 8 — 10 mol/L concen-
tration KOH solution is used at 85 — 90°C temperature [30, 17, 73]. In general,
a higher KOH concentration yields a higher etching rate. Nevertheless, a higher
etchant concentration does not guarantee better selectivity, potentially leading
to a contradictory result [73]. This can be tied to the higher etching rate of
both laser-processed and unaffected areas. When discussing the etching rate,
a similar trend can be observed with KOH temperature. Butkus et al. have
demonstrated that the best selectivity is achieved at 80°C [73]. Regarding HF,
if fast etching is desired, high (tens of %) HF concentrations should be used [77].
However, as one of the primary goals of SLE is achieving intricate 3D struc-
tures, lower concentrations (5% or even lower) at ambient conditions are used
to avoid overetching laser unexposed parts [17]. Curiously, experimentation on
various conditions which might be utilized for SLE using HF (like temperature
manipulation) is limited. One of the main reasons why more experiments are
not performed with HF acid is the hazardous nature of this chemical, which
explains why more research groups prefer KOH over HF. Nevertheless, both
etchants can find their applications. To get higher etching rates (up to a few
hundred of pm/h), HF can be used [78]. Meanwhile, KOH should be used when
high selectivity (up to 1000) is required [17], for instance, producing high as-
pect ratio features. Some publications state that NaOH can even exceed KOH
performance regarding selectivity [75]. Of course, combining various etchants
one after another in single structure production and using different etchants’
advantages is possible. This technique is called hybrid chemical etching [30, 79].

1.3.3. SLE of other transparent materials

One exciting prospect of SLE is the possibility of processing crystals like sap-
phire (AlyO3), Yttrium Aluminum Garnet (Y3Al5012 or YAG), lithium niobate
(LiNbOg) or crystalline quartz [80, 25, 81, 23]. Some publications affirm that
nanogratings induced in a sapphire crystal are similar to those inscribed in
fused silica [82, 26, 83]. However, the etching mechanism of the crystals is
slightly different from amorphous materials. Laser-modified regions of crys-
talline material become amorphous [84]. Then, amorphous and porous regions
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are etched out in aggressive etchants like concentrated (40% — 50%) HF at
room temperature [82, 26, 83, 85, 86, 87] or around 35% KOH solution heated
to 85 — 100°C [88]. Even more exotic etchant choices were demonstrated —
sapphire was etched in a phosphoric and sulfuric acid mixture at 300°C tem-
perature [13, 14, 89]. This showed that sapphire etched in 40% HF solution has
selectivity which is in the order of a few thousand (up to 10000) [82, 26], and
this value exceeds all the results showed on fused silica. YAG crystal shows
even better selectivity, estimated at around 10° in HF acid. However, the SLE
of crystals faces other problems: it is tough to avoid cracks. Cracks are caused
by modified crystalline material becoming amorphous and creating significant
volume tensions, which results in cracking the material [24]. Moreover, high
selectivity comes from very low etching rates of unmodified material. Even the
modified material etching rate is meager, as little as up to 100 pum/h [82, 25],
for practical usage when a quite large structure is required, such a low etching
rate can be unacceptable.

1.3.4. SLE applications

SLE stands in a relatively exciting place when considering practical imple-
mentation. The process itself needs a lot of considerations in terms of laser
parameters and writing strategies. On the other hand, it is one of the most
straightforward ways to produce 3D glass microstructures. As a result, possi-
ble applications have been shown in microfluidics, micromechanics, optics, and
photonics. In photonics, some works demonstrated that SLE could be used for
precise photonic component fabrication. By using tightly focused laser beams,
it is possible to form tiny (down to ~100 nm) repeatable structures which, after
etching, can be used as photonic components [13, 14, 25]. Micro optic element
fabrication was also shown using SLE [90]. However, direct fabrication of op-
tical components is impossible due to relatively high surface roughness after
the SLE process (~hundred nm RMS). Thus, after etching, some annealing or
other smoothing procedure is needed.

SLE excels in microfluidics for lab-on-chip (LOC) device fabrication. Glass
is the preferred material for many set applications, as it is chemically inert in
organic solvents, transparent, and mechanically robust. SLE provides a rela-
tively easy and highly controllable method for producing surface and embedded
channels. Here, SLE allows the formation of even complicated, curved, embed-
ded 3D structures in glass [30, 18, 91, 29]. Paie et al. demonstrated that
such channels could focus particles in the loops of the channels [91]. Other
mentioned systems have the potential to be used in liquids filtering, such as
on-chip flow cytometry [91]. Also, LOC microfluidic channels and some sort of
integrated device inside it can be formed [72, 92]. Moreover, complicated mi-
crofluidic chains, including a filter and free movable integrated micro-switcher,
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can be fabricated [30, 31]. This device can perform fluid filtering. In the larger
channels, narrower channels volume is inserted, and only the smallest particles
can go through the most narrow channels. Moreover, fabricated channels with
a free movable valve can control the fluid flow direction. Other 3D microfluidic
devices, which would be highly challenging for any different technique, can be
fabricated [18].

SLE also demonstrates enormous promise in the field of micromechanics.
For instance, a glass mechanical gripper can be produced and coated with
metal to thermally induce movement [93, 27]. A similar optical sensor can
also be made [32]. The SLE-made mechanical device is coated with a metal-
lic coat layer, which moves when the potential changes. Information is read
through the already integrated waveguide, and the signal strength depends on
the displacement of the structure. The beauty of this device is that it can
be fabricated out of one piece of fused silica. It is possible to integrate the
waveguide and fabricate the structure at the same time, combining type I and
type II modifications in one fabrication step by changing the laser parameters.
Also, the device can be of arbitrary size, downscaled, and used as a component
in more complex systems. Free movable micromechanical structures are also
doable with SLE, such as gear systems [94]. The devices mentioned previously
conceptually differ from this micro-mechanical structure. In the first case, we
get movement by fabricating a structure with very high aspect ratio detail,
making very thin glass details flexible. In the second case, a movable glass
structure is fabricated because a slight gap is etched between rotating parts.
Thus, using the SLE technique, various movable structures can be obtained.

29



2. Optimization of UVFS SLE

UVFS is a commonly used and widely investigated material in SLE. However,
there still is some space for improvement to be done. This chapter will present
two options for optimizing the SLE process. The first approach is laser and
scanning parameters optimization. Another alternative is etching process opti-
mization. The results provided in this chapter are based on papers IT and III.

2.1. Motivation

SLE is a unique technology due to the opportunity to form 3D structures,
which is complicated with other ultrafast laser glass microprocessing techniques
e.g., laser ablation. In SLE, many process parameters play a significant role.
On the one hand, laser parameters such as pulse energy highly affect induced
nanograting properties and etching rate. On the other hand, the etching rate
is influenced by pulse overlapping, which is a consequence of scanning velocity.
However, regarding 3D structure fabrication, not only is pulse overlapping in a
single line caused by scanning velocity critical, but modifications overlapping
in XY planes and Z directions also play an important role.

Here we need to remember that SLE is subtractive technology where we
need to modify material that needs to be removed. That means that we need
to inscribe a negative of the original structure. From first sight, we can modify
all the required volume by stacking scanning lines in an XY plane and repeat-
ing these planes in the Z direction. In this case, we have scanning spacing in
the XY plane which we call hatching. Meanwhile, spacing in the Z direction
will be called slicing. However, in many cases, glass tends to crack due to laser
modification-induced volume tensions. The larger the volume modified, the
higher the induced stress will be. Another side effect of dense scanning is the
long fabrication time. Thus, complex structures cannot be formed blindly by
scanning all the volumes. Instead, 3D structures must be constructed of specific
components to reduce scanning volume and maintain only essential modifica-
tions. In general, even the most complex system can be built out of 3 different
elements: planes, contours, and volume division into smaller parts. Thus the
scanning strategy, in general, is chosen depending on the structure which needs
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(a) Scanning entire volume (b) Contour scanning in combination (c) Contours scanning only
with slicing into smaller pieces
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Figure 2.1: Demonstration of how different scanning strategies can be applied in
various structures formation. (a) Scanning entire volume used for closed chan-
nel fabrication, (b) contour scanning in combination with slicing into smaller
pieces applied in open channel chip fabrication, (c) contours scanning only
applied in the production of holes matrix manufacturing.

to be formed. The idea of this is shown in Figure 2.1. For 3D channel struc-
tures in the volume, the entire channel volume needs to be modified to etch
it efficiently, as seen in Figure 2.1 (a). For other 3D structures, possibly all
three mentioned components are necessary, as demonstrated in Figure 2.1 (b).
2D-type forms can be done only by inscribing contours into the glass. Optimal
hatching and slicing values must be chosen to maintain efficient etching for all
these components. Thus the first experiment which needs to be done is the
test of how etching depends on modification overlapping in different directions,
which later constitutes mentioned 3D structures’ construction components.

We have already discussed the importance of laser and scanning parameters
in the SLE process. However, another significant part is etching. Not only
do laser parameters affect etching rates, but also etchant reaction with the
modified material. Many parameters, such as etchant concentration or etching
temperature, can be varied in the etching process. Therefore, we must consider
several factors when choosing the optimal parameters set. Usually, the goal is to
have as high etching rates as possible. On the other hand, to form high aspect
ratio structures, not only the laser-modified material etching rate matters but
also the ratio between modified and unmodified material etching rates. In this
way, micrometer precision and resolution structures can be produced.

This chapter will present how the laser radiation and scanning parameters
affect the etching rate. Etchant optimization will also be presented. Etchant
optimization relies on a simple assumption that the etching rate could be in-
creased by increasing the wetting properties of the used etchant. Replacing
part of the water with organic solvent reduces the contact angle of the prepared
etchant and glass substrate. This phenomenon should stimulate the etchant
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to penetrate inside inscribed channels. Later on, complex micromechanical
structures will be demonstrated using the results obtained.

2.2. Experimental methods

Experiments described in this section are done with the "Laser Nanofactory"
setup (Femtika Ltd.) whose optical scheme is shown in Figure 2.2. "Pharos"
laser (Light Conversion Ltd.) is used as a radiation source. 1030 nm wave-
length, 610 kHz repetition rate, and ~700 fs pulse duration laser radiation
were used in this experiment. SLE dependency on the pulse duration has al-
ready been presented in previous works [19]. It was shown that the optimal
pulse duration value is between 600 — 800 fs within the used experimental
conditions. The previously mentioned parameters will remain constant dur-
ing these experiments. The laser beam is focused on the sample with a 20x
0.45 NA objective with aberration correction. That means aberration can be
compensated depending on the writing depth in the glass. Aberrations are
compensated by rotating a ring on the objective, which changes the position of
a specific lens group. Thus, aberrations are compensated for all modifications
written in the described experiments. For all modifications written in the XY
plane, the focusing depth was 500 pm. Laser radiation was focused to 1.5 ym
diameter focused beam spot (at 1/e? radiation intensity level) in the XY direc-
tion and ~15 pum in the Z direction. Aerotech ANT130XY positioning stages
were used for sample positioning. The workstation used has a 5-axis position-
ing system (stages and scanner). However, only positioning stages were used
in the described experiment to guide the laser beam over the sample. In these
tests, almost pure amorphous SiO3, normally referred to as fused silica glass
(UVFS), was used.

This section will present a test of different etching rates by varying the
process parameters. The standard way to evaluate the etching rate and selec-
tivity is to measure volume modification or channel length after a single hour of
etching. Single scan channels are written inside the bulk of glass with varying
parameters. A test where only single-line channels are inscribed will be called
a 1D test. The test where multiple intersected lines in a plane are written will
be called the 2D test. If the inscribed channels are entirely in the bulk of the
glass and do not have any opening to the surface, the glass substrate is cut
in the middle of the channel at a right angle using a diamond-tip glass cutter.
A scratch on the surface is formed, and the samples are broken through the
created scratch. The cut side of the glass is polished. After that, the substrate
with inscribed modifications is etched. Here all etching rate results were mea-
sured using an optical microscope Olympus IX73. By dividing channel length
by etching time, the etching rate is calculated. In these experiments, the re-
sults are depicted not as etching rate dependency but as selectivity dependency.
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Figure 2.2: Scheme of the optical system used for SLE experiments. The optical
setup consists of a femtosecond laser, two attenuators for power control, several
mirrors (M), A/2 and A\/4 waveplates for polarization control, a beam expander,
dichroic mirror (DM), focusing optics, positioning stages, a camera for process
monitoring and lens to focus the view to the camera.

We needed to measure the unmodified material etching rate for each case to
calculate selectivity. This was done by measuring the thickness of the bulk
of glass and etching the glass bulk for 24 h. After the etching process, glass
thickness was measured again, and the unmodified material etching rate was
calculated by dividing the etched glass thickness by the etching time. Finally,
the selectivity is calculated by dividing the modified material etching rate by
the unmodified material etching rate.

2.2.1. Experimental methods of scanning optimization

1D tests were performed to test the etching rate dependency on pulse energy,
scanning speed, and light polarization. Single scanning lines varying men-
tioned parameters were inscribed inside the volume of glass. 40 pm width
planes were inscribed to test the etching rate dependency on pulse overlap-
ping in the XY and XZ planes. In this test, scanning speed was maintained
constant at 50 mm/s, and only two different pulse energies were tested (246
and 369 nJ pulse energies which corresponds to 13.9 and 20.9 J/cm? energy
density, accordingly. Acceleration and deceleration zones were prescribed in
the fabrication algorithm to maintain constant exposure in all the modification
zones. In all the cases, after the sample is exposed to the fs laser, the modified
volume is etched out in 10 mol/L concentration KOH solution at 90°C.
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2.2.2. Experimental methods of etchant optimization

Subsequently, etchant optimization experiments were done. Again the method-
ology of the experiment is similar to previous tests. Several identical single
scanning lines were inscribed in the XY plane volume of the glass. In this test,
all laser and scanning parameters remained the same — scanning speed was
10 mm/s, and average laser power was 300 mW, corresponding to 369 nJ pulse
energy or 20.9 J/cm? energy density. To obtain the highest possible selectivity,
linear polarization perpendicular to the scanning direction was used for selec-
tivity testing experiments. The laser processing procedure was repeated on a
few separate glass substrates, and each glass substrate was etched in a different
etchant. Etching was performed in an aqueous KOH solution with varying iso-
propanol and KOH concentrations at 85°C. Exact concentrations will be listed
where applicable. After a specified time, etched channel lengths are measured
using an optical microscope.

2.3. Summary of results

2.3.1. Summary of scanning parameters optimization re-
sults

First, a 1D experiment was performed. The general schematics of this test are
given in Figure 2.3 (a). By translating the sample in the XY direction, single
lines were written inside the volume of the glass with particular sets of pa-
rameters such as different pulse energies, scanning velocities, and polarization.
Afterward, the selectivity tests of the planes (i.e., 2D case) were performed. A
set of lines with particular spacing in XY or Z direction were written inside
the glass according to the schemes shown in Figure 2.5. Despite the varying
spacing between lines, the width of the line blocks for hatching tests and the
depth of the line blocks for the slicing test were kept the same (40 pym). Next,
the glass substrates were cut in the middle according to the markings on the
scheme. Sample cutting was needed only when modifications were entirely in-
side the glass volume and had no exit to any surface. Subsequently, samples
were immersed in the etchant for 1 hour, rinsed in distilled water, and dried in
ambient air. Finally, the etched channels’ length was measured using an optical
microscope. In this way, the 1D experiment showed selectivity dependence on
the pulse energy, writing velocity, and light polarization. Meanwhile, 2D ex-
periments showed plane selectivity dependence on the overlapping of scanned
lines, pulse energy, light polarization, and etching direction.

The results of the 1D experiments are shown in Figure 2.3. After writing
single lines in the XY plane, the highest obtained selectivity value is around
~650. It was achieved with the polarization perpendicular to the scanning di-
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Figure 2.3: (a) Schematics of 1D selectivity experiment. (b) Single line selectiv-
ity test results. Single lines are written in the XY plane with various parameters
such as different pulse energies, scanning velocities, and light polarization.

rection, the lowest tested scanning velocity (1 mm/s), and the highest tested
pulse energy (492 nJ). The particular scanning velocity and pulse repetition
rate combination control overlapping between the pulses which define ther-
mal relaxation of the energy. However, if pulse spatial and temporal overlap-
ping is high, the volume heats. On the other hand, overlapping of the pulses
changes the total dose absorbed by the volume unit. Thus, with lower scan-
ning velocity, we transfer more energy to the material and observe stronger
thermal effects, which leads to greater volume modification, changes modifica-
tion morphology [21], and gives higher selectivity. Also, it can be seen that
polarization perpendicular to the scanning direction gives the highest selectiv-
ity value. Meanwhile, polarization parallel to the scanning direction shows the
lowest selectivity. This etching process dependency on polarization has already
been reported in previous studies [16], and in this work, the results obtained
correlate with previously reported results. Furthermore, the selectivity tends
to saturate for the most tested parameters. Interestingly, the selectivity even
drops when the pulse energy increases.This was also demonstrated in previ-
ous works [21, 19, 56]. SLE has a specific parameter window where formed
nanogratings react with an etchant effectively. If the pulse energy is lower, the
most likely inscribed modification is a type I modification; if the pulse energy is
higher, possibly a type III modification is formed. None of these is suitable for
effective etching. However, the absolute value of the pulse energy depends on
the whole parameter set. Thus, optimal pulse energy values need to be chosen
for the most effective SLE process.

On the one hand, the specific parameters set change the material structural
properties, influencing the modified material reactivity with the etchant. How-
ever, specific parameter sets influence the size of the modification itself. This
can be seen in Figure 2.4, where SEM images of nanogratings inscribed with
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different tested pulse energies (246 and 369 nJ) and different polarizations are
shown. Before SEM measurements, samples with formed nanogratings were
washed in a 5% HF solution and rinsed in water. This was done to clean
nanogratings from the debris after laser modification. According to SEM im-
ages, modifications inscribed with higher pulse energies are larger than those
inscribed with lower pulse energies. Moreover, modifications inscribed with
circular polarization appear to have a round shape. Meanwhile, a modification
written with linear polarization tends to be elliptical and elongated in the di-
rection of nanogratings. These modification size properties could also impact
etching rates because larger channels can be etched faster due to easier etchant
penetration into the sample and better etchant diffusion in the channel. On the
other hand, different pulse energies do not change the nanogratings periodicity
significantly. Despite that, we can see that the upper layer of modification
written with higher pulse energy reacts with the etchant faster, which implies
that higher pulse energies create greater material structure changes. However,
additional research on material structural changes needs to be done to confirm
that.

Figure 2.4: SEM images of laser-induced nanogratings in UVFS. (a) Nanograt-
ings created with circular polarization, and 246 nJ pulses, (b) with circular
polarization, and 369 nJ pulses (c) with linear polarization, and 246 nJ pulses,
and (d) with linear polarization, and 369 nJ pulses.

This test aimed to optimize processing for high-throughput 3D glass man-
ufacturing. In SLE, laser inscription is a process that cannot be to parallelized
with a standard laser workstation. On the other hand, etching may be a time-
consuming process, but it is easy to etch many structures simultaneously and
have a parallel process. In this work, throughput will be mentioned as the
efficiency of the laser inscription process. Several important conclusions were
drawn from the results already obtained. The highest tested translation veloc-
ity (50 mm/s) was chosen for further experiments to get the highest throughput.
Also, we chose 2 pulse energies — the lowest possible pulse energy, which gives
a selectivity value close to the maximum in case of polarization perpendicular
to the scanning direction (246 nJ), and the pulse energy value that gives the
highest value with circular polarization (369 nJ). Higher pulse energy is not a
practical choice for complex 3D structure fabrication due to high volume ten-

36



sions leading to structure cracks. Usually, the lowest possible pulse energy is
beneficial because lower pulse energy leads to lower tensile stress in the volume,
minimizing the possibility of crack formation.

While 1D experiments give interesting insights into the process, they do
not paint the complete picture. 2D experiments are much closer to the ac-
tual experimental conditions of 3D fabrication and, thus, are investigated next.
The motivation underlying such experiments lies in a relatively limited under-
standing of the etching process outside single-line fabrication (i.e., 1D case). It
is known that light polarization affects nanograting orientation direction [16].
Pores parallel to the scanned lines are obtained in the case of polarization per-
pendicular to the scanning direction. When considering this in the context of
SLE, this nanograting configuration allows the etchant to penetrate deep inside
the modification. In this way, light polarized parallel to the scanning direction
induces pores perpendicular to the scanning direction. With this nanograting
configuration, the etchant quickly penetrates only to the first pore, resulting in
a thin wall between pores that must be etched. These thin walls between the
pores slow down the etching. However, these insights are viable when consider-
ing single lines. The process becomes more complex when we form the planes of
multiple lines. Different polarization-induced modifications might be induced
in the same volume of the material, potentially overlapping each other [95].
Additionally, in the case of planes, the initial opening formed during etching
is bigger, allowing easier diffusion of the etched glass, further expediting the
process. Some planes, such as XZ plane etching properties, have already been
reported. However, due to the voxel shape, this only represents part of the
picture of the process for 3D structure formation. Thus, here we present a
broader view of 2D plane SLE research, leading to a better understanding of
arbitrary shape structure formation.

The primary goal of the 2D experiments was to test etching rate peculiar-
ities depending on the direction of the inscribed plane and etching direction.
The most common way to fabricate 3D structures is layer-by-layer fabrication.
Thus, in this experiment, we will only consider orthogonal planes tied to axes of
the positioning system: XY, XZ, and YZ. From a laser structuring perspective,
XZ and YZ planes can be considered equivalent, as in the Gaussian focusing
case voxel is symmetrical in the XY plane, leaving only two types of planes:
horizontal and vertical. One additional variable from the etching experiment
side is the etching direction, i.e., from which side inscribed modifications will
be exposed to the etchant. Therefore, 4 different cases can be distinguished to
get the complete picture of the process (Figure 2.5).

2D horizontal (XY) plane test results when etching directions are parallel
and perpendicular to the scanning directions are shown in Figure 2.5 (a) and
(b), respectively. When the etching direction is parallel to the line writing direc-
tion, the highest selectivity of around 1200 is obtained by inscribing lines with
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Figure 2.5: 2D (plane) selectivity test results. (a) XY plane etched parallel to
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the lowest tested hatching step (0.25 pm which corresponds to appoximately
90% inscribed modifications overlapping) and by adopting polarization perpen-
dicular to the scanning direction. In our experiment, by increasing hatching
values to more than 2 um the overlapping between adjacent lines is lost (spot
diameter of used 0.45 NA objective — 2wy = 1.5 pm), and selectivity drops
to the values below 500. It is remarkably similar to the single-line selectivity
achieved in 1D experiments. As expected, when the etching direction is per-
pendicular to the scanning direction, the obtained selectivity is around 6 times
lower than in the previous case test (up to ~17). However, this test determines
the maximum possible hatching step, which in this case is 4 pm when modifi-
cations no longer overlap. From the practical perspective, during structuring,
both instances are combined (if XZ and YZ planes are fabricated without tun-
ing polarization), leading to undesired results, as if selectivity is close to 0 for
at least one direction, it will be impossible to etch the entire 3D structure. As
an outcome, fast polarization control is needed if light polarization is to be
tied to the translation direction. As such an approach is hard to achieve, a
much simpler solution is to use circular polarization. Then, translation direc-
tion is no longer a variable during structuring. Additionally, this work shows
that the etching rate does not drop dramatically when circular polarization is
used. Thus, due to practical considerations, circular polarization was used to
fabricate all the 3D structures in this work.

Later, vertical 2D (XZ/YZ) plane tests were performed. The results of
these tests are shown in Figure 2.5 (c, d). The highest selectivity is achieved
with the lowest tested slicing between scanning lines (1 pum). When slicing is
increased, selectivity drops drastically. However, when polarization is parallel
to the scanning direction, a further increment in slicing slightly increases the
etching rate. This indicates that interference between modifications creates
suitable volume nanopatterns, which affect the etching properties. The test
with the etching direction perpendicular to the scanning direction determines
the maximum possible slicing parameter, around 10 ym which corresponds to
approximately 30% of the inscribed modifications overlapping. Higher slicing
values will be an obstacle to surface etching. Overall, the higher maximal
slicing step can be explained by the inherent elongation of the voxel in the Z
direction due to Gaussian focusing properties. Here we determine that with
our tested setup, maximum hatching could be 4 ym and slicing 10 pm with
linear polarization. However, for the practical 3D structure formation, lower
values are desired in order to have higher selectivity. Usually, circular polariza-
tion is required for 3D structure formation to maintain a similar etching rate
in all directions. Hence, the maximum hatching value with circular polariza-
tion should not exceed 1 pm hatching and 9 pm slicing, which corresponds to
approximately 40% of the inscribed modifications overlapping.

In Figure 2.3 (b) and Figure 2.5 (a — d), error bars appear, which was
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calculated as RMS from separate lines measurement. On the one hand, it
represents the accuracy of the obtained result. On the other hand, it can
be interpreted as an anisotropy of the etching. Several lines inscribed with
identical parameters usually are not identical in length due to anisotropy of
the etching caused by uncertainties of etchant diffusion during the etching.
Inscribed planes after the etching typically do not have sharp and regular ends
to the same anisotropy. However, the scale of error bars in most cases does not
exceed 10% of the total result, implying that anisotropy of the etching is not
a critical factor in the tested cases, and it should not substantially impact 3D
structure formation.

Finally, it was decided to measure the surface roughness of the etched sur-
faces. Here we measured both XY and XZ/YZ surface roughness. These results
are depicted in Figure 2.6 (a, b). In both plane cases, the lowest surface rough-
ness of around 200 nm RMS is obtained with the lowest tested slicing/hatching
(0.5 um). Increasing the spacing between lines raises the roughness value which
reaches around 800 nm RMS. Looking back to the same surface selectivity,
it can be concluded that higher surface selectivity gives lower surface rough-
ness. Selectivity correlation with surface roughness has already been reported
in other works [73]. However, polarization influence on fabricated structure
surface roughness has not been studied before. As shown earlier, polariza-
tion strongly affects selectivity. Nonetheless, surface roughness dependency
on polarization is insignificant, and the lowest value in both cases is obtained
independently of polarization. In conclusion, spacing between scanning lines
affects formed surfaces more significantly than pulse energy or light polariza-
tion. Also, in addition to minimal surface roughness, SLE allows for achieving
minimal taper on vertical surfaces (Figure 2.6 (c)). This is very attractive
for usage in precise microfluidics or as a highly rigid molding master for soft
lithography [96].
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Figure 2.6: Surface roughness (calculated as RMS) acquired using SLE of hor-
izontal (a) and vertical (b) surfaces. All values are below 1 um. (¢) Zoomed in
SEM image of surfaces of an example structure (with the whole element being
in the inset), showing good surface quality and minimal taper achievable in
practice.
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2.3.2. Summary of etchant optimization results

This experiment begins with testing isopropanol’s influence on the etching rates
of unmodified fused silica by changing KOH and isopropanol concentrations.
The chosen range was 1 — 10 mol/L for KOH and 0% — 50% for isopropanol. The
unmodified material etching rate measurement was performed by measuring the
thickness of the fused silica sample before etching and then etching it for 24
h. After etching, the thickness was measured again, and the etching rate of
the unmodified material was calculated. Since the etchant does not need to
penetrate inside the glass volume and the etchant’s diffusion is not confined,
the etching rate of unmodified material should remain practically the same
over the experiment time scale. Results are shown in Figure 2.7 (a). The
KOH concentration influenced the etching rate of unmodified material more
than the amount of isopropanol in the mixture. The peak value of ~1.5 ym/h
was achieved at the highest KOH concentration and a low 5% concentration of
isopropanol.
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Figure 2.7: Etching rates of unmodified (a) and laser modified (b) fused sil-
ica acquired with different KOH and isopropanol concentrations. The highest
achieved values are ~1.50 pm/h for unmodified and ~820 pm/h for modi-
fied materials, respectively. (c) Selectivity is derived by dividing results of
part (b) by part (a). The highest value is ~3000 at 2 mol/L KOH and 10%
isopropanol, showing a clear tendency that lower KOH concentrations and a
moderate amount of isopropanol positively impact the selectivity.

Next, the etching rate of the modified material was measured. The experi-
ment protocol followed the idea of inscribing horizontal lines into the material
one after another. The etching rate was determined by measuring the length of
a 1 h etched channel formed during the described process. Measured values are
plotted in Figure 2.7. In contrast to the unmodified material etching results,
the highest etching rate (~820 ym/h) was achieved at 6 mol/L KOH concen-
tration and with no isopropanol. However, another peak of the higher etching
rate of ~820 pm/h was observed at the 2 mol/L KOH concentration and with
20% of isopropanol, showing that organic solvent, under special conditions, can
have a positive impact on the etching rate of laser modified material.

The selectivity always limits the complexity and feature size of SLE-
produced structures since it describes the limit of the maximum aspect ratio of
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etched features. Thus, here we provide results in terms of selectivity. The se-
lectivity calculated in this work is given in Figure 2.7 (¢). The highest achieved
value is ~3000, which is more than two times higher than the highest value
reported in the literature to the best of our knowledge [18, 20]. In addition, it
was achieved in a mixture containing small amounts of both KOH (2 mol/L)
and isopropanol (10%). This is also far from both peak etching rates of un-
modified and modified materials. If no isopropanol were used, 2 mol/L of KOH
would yield a selectivity of ~2700, which is ~13% lower than the maximum
value. Therefore, the positive impact on selectivity of using small amounts of
isopropanol is evident. Interestingly, it is a far higher value than the selectivity
of ~500 at 10 mol/L KOH — a standard value used by multiple groups. Thus,
another conclusion that can be drawn from this work is that even a reduction
in KOH can help increase selectivity. However, care should be taken when
applying this methodology since a decrease in KOH concentration would result
in longer etching times.

The primary idea behind introducing isopropanol into the aqueous KOH
mixture is to improve the wetting properties of the liquid and, hence, allow
easier diffusion of dissolved silicate ions from the fused silica-etchant interface.
Thus, to obtain further insights into the acquired etching results, contact an-
gles of different ratios of KOH and isopropanol on fused silica were measured.
Results are given in Figure 2.8. Generally, with the increase of isopropanol
concentration, the contact angle becomes smaller, proving that this organic
solvent should increase wetting properties. However, the area with the lowest
contact angle, which is below 2 mol/L KOH and above 20% of isopropanol, co-
incides neither with the highest etching rates nor with the highest selectivity.
On the contrary, the highest etching rates are achieved under experimental con-
ditions with relatively high contact angles — 34.5° for the highest etching rate
for unmodified material and 32.1° for laser-affected volume. Nevertheless, the
highest selectivity value coincides pretty well with the area where the contact
angle starts to drop significantly (17°) at the highest selectivity conditions. At
the same time, it is not at the lowest achieved contact angle — 5.2°. Therefore,
some other interactions should be considered.

The chemical aspect has to be considered to understand the complete pic-
ture of the process. Indeed, when etching is performed, the resulting chemical
reaction is the same in both cases with and without isopropanol. When fused
quartz is exposed to a solution of KOH, potassium silicate, and water are
formed (see Equation 2.1). However, in addition to the increased wetting ef-
fect of fused quartz described above, the introduction of isopropanol into the
system also negatively influences selectivity. The requirement for the reaction
is the formation and dissolution of K4SiO4 in the reaction mixture. Potas-
sium silicate is soluble in water (it is possible to dissolve salt in boiling water)
and slightly or completely insoluble in alcohols. Potassium silicate dissolves
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more readily under pressure at a temperature of 80°C [97, 98]. Even though
the etching was carried out at a temperature of 85°C, in a closed system, the
temperature of the etchants had to be lower because of the boiling point of iso-
propanol, which is 82.5°C. Consequently, the higher isopropanol concentration
determines the lower temperature of the mixture and the lower amount of a
more suitable solvent, resulting in a slower etching process at extremely high
isopropanol concentrations.

SiOg(s) +4KTOH ) — K{[SiO4]{,,) + 2H20(s). (2.1)

The solubility of potassium hydroxide is ~11 g/10 mL (28°C) and
121 g/100 mL (25°C) in isopropanol and water, respectively. It can be sug-
gested that isopropanol acts as a surfactant, accumulates at the solid/liquid
interface, and thereby prevents KOH access to the silica sample’s surface. We
considered a model of the behavior of isopropanol molecules at the surface
during etching. The described model considers that, for a saturated concen-
tration, a layer of isopropanol molecules is formed at the solution’s surface
rather than being diluted. The abundance of isopropanol affects the formation
of a monolayer of alcohol molecules at the surface of the sample [99, 100, 101].
The highest selectivity value was obtained for 2 mol/L (10.89 g/100 mL, here
KOH molar mass 56.1056 g/mol, isopropanol density at 28°C is 0.7783 g/mL)
KOH concentration, which corresponds to the maximum alkali solubility in
isopropanol. Further increasing the alkali concentration in the mixture results
in a decrease in selectivity. This evidence confirms the described model of
isopropyl-alcohol monolayer formation on the surface because the etching reac-
tion takes place only at the surface and the etchant contact. However, to prove
this hypothesis, further studies need to be performed.

Thus, overall, while a lower contact angle helps with easier etchant and
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product diffusion between the solution and the fused silica interface, behaviors
of isopropanol, such as lower boiling point and limited dissolution of KOH,
result in a slowed-down reaction, forming an ideal balance at experimental
conditions of 2 mol/L. KOH and 10% isopropanol.

Despite the impressive etching rate and selectivities demonstrated, etching
rates tend to diminish over time. It was measured how the etching rate changed
over time. The results of the etching rate after 2, 4, 8, and 12 h are depicted
in Figure 2.9 (a — d). Comparing etching rates after 1 hour of etching and
after 2 hours of etching, the rates drop approximately twice (a). After 4 h,
etching rates decrease twice again. Finally, after 8 and 12 h, the etching rate is
between 100 and 200 pum/h. The explanation for such a decrease in etching rate
is simple — the deeper the etchant needs to penetrate into the channels, the more
it dilutes and struggles to etch the channel at the deepest point. Nonetheless, a
unique property of the etchant can be observed with isopropanol. Isopropanol
allows the maintenance of a higher etching rate. Possibly, isopropanol induces
more effective penetration into the channel. Thus, another positive side of
isopropanol is the possibility of achieving and maintaining a higher etching
rate for longer. In general, according to these graphs, we can conclude that if
high selectivity and a high etching rate are desired, the etching time should be
short enough (shorter than 2 — 3 h). Otherwise, it is impossible to maintain
selectivity and an aspect ratio higher than 1000 because of the reduction in
the etching rate during longer etching times. This might be problematic if
relatively large or long structures are needed.

After we performed some experiments, we noticed one more exciting prop-
erty, which is affected by the etchant. We have observed that structures etched
with lower KOH concentration etchants tend to have worse surface quality
than structures etched with high concentration etchants. To check this phe-
nomenon, we inscribed the surface in the XY plane and etched it away with
different concentrations of etchant. Surfaces were then inspected with an SEM.
SEM pictures of the surfaces formed are shown in Figure 2.10 (a — g). Although
the surfaces look different, surface roughness was measured for these surfaces
by using an optical profilometer (Sensofar PL2300). Figure 2.10 (h) shows the
correlation between surface roughness and etchant concentrations. The higher
the etchant concentration is, the lower the surface roughness that could be
obtained. On the other hand, looking back to previous results, lower etchant
concentrations give higher selectivities. For comparison in Figure 2.10 (h),
we added a surface etched with 5% HF solution with a surface roughness of
around 200 nm RMS. Usually, HF shows substantially lower selectivities than
KOH [17]. Thus, contrary to the previous part, we conclude that the higher the
selectivity, the higher the surface roughness achieved after the etching. High
selectivity usually means a low unmodified material etching rate. The result of
a low unmodified material etching rate is that the etchant struggles to etch the
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Figure 2.9: Etching rate evolution over time. (a) Etching rate after 2 h of
etching, (b) after 4 h, (c) after 8 h, and (d) after 12 h.
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walls between nanogratings. These not completely etched nanograting walls
make the surfaces rougher. However, in most applications, the preferable op-
tion is to maintain both. Combined etching techniques need to be used to
get that result. For example, etch the structure with low-concentration KOH
etchant and smooth the surface with low-concentration HF solution. This is
called the hybrid etching technique, which has already been demonstrated else-
where [30]. A combination of a few different types of etchant, such as HF and
KOH, allows us to obtain the highest throughput because HF shows a higher
etching rate for effective large-volume removal. Meanwhile, KOH enables us to
achieve high selectivity for precise feature etching.
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Figure 2.10: (a — g) SEM micrographs of surfaces etched in various concentra-
tions etchants. (h) Surface roughness dependency on etchant concentration.
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3. SLE of crystalline sapphire

This chapter is dedicated to presenting the SLE of crystalline sapphire. The
results provided in this chapter are based on paper IV.

3.1. Motivation

Due to high mechanical resistance and good optical properties, sapphire is at-
tractive in many applications. However, the usage of this material is limited
due to the complicated processing of sapphire. Sapphire could be processed in
many ways, from mechanical CNC machining to direct laser processing, such
as ablation [3, 4, 10]. On the other hand, SLE also can be applied for sapphire
processing. Sapphire SLE is less investigated than SLE for UVFS. Sapphire
SLE still needs to be fully developed to fabricate functional 3D devices. There-
fore, research on a sapphire SLE and testing different process parameters, such
as various laser wavelength and etching protocols, will be presented here. We
have chosen widely adopted potassium hydroxide, sodium hydroxide [75], hy-
drofluoric acid [85], and a mixture of sulphuric and phosphoric acids [89] etching
protocols and compared them. Moreover, different radiation wavelengths for
modification inscription were tested because the induced nanogratings periodic-
ity is determined by wavelength [26], which later affects the etching properties.
Finally, we identified the best protocol for sapphire SLE and made some test
structures using this approach.

3.2. Experimental methods

SLE experiments were performed with C-cut crystalline sapphire. In these
tests, 0.5 mm thickness sapphire substrates were used. Many different laser
parameters, as well as various etching protocols, were tested. In these ex-
periments, different wavelengths — 1st (1030 nm), 2nd (515 nm), and 3rd
(343 nm) harmonics of Yb: KGV femtosecond laser (Pharos, Light Conver-
sion Ltd., Lithuania) — were applied for nanogratings inscription. Focusing
optics differed for all tested wavelengths to maintain the same focused beam
diameter. A 0.4 NA aspherical lens was used to focus 1030 nm radiation. A
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0.2 NA aspherical lens was used to focus 515 nm radiation, and a 0.1 NA ob-
jective focused 343 nm radiation. All tested wavelengths were focused to an
approximately 1.5 ym beam spot (at 1/e? radiation intensity level) in the XY
direction. In these experiments, circular and linear polarized light was used.
In single-line tests, linear polarization perpendicular to the scanning direction
was used to maintain the etching rate as high as possible. Meanwhile, cir-
cularly polarized radiation was used in the experiment where scanning in all
XY directions was done, for example, in 3D structure experiments. Sample
positioning was performed by using XYZ linear positioning stages (Aerotech,
USA). In this part, inscribed nanogratings were etched with various chemicals
such as a 35% potassium hydroxide (KOH) mixture with water, a 25% sodium
hydroxide (NaOH) mixture with water, and a 48% hydrofluoric acid (HF) and
78% sulphuric, and 22% phosphoric acid mixture (H,SO4 and H3PO,). Uti-
lization of all of these etchants differs: KOH and NaOH were used at 90°C,
HF was used at the ambient temperature (20°C), and HySO4 and H3PO4 were
used at 270°C.

First of all, principal experiments of single lines in the XY plane were per-
formed to test how pulse energy (100, 200, 300, 400, and 500 nJ), radiation
wavelength (1030 nm, 515 nm, 343 nm), and the used etchants (NaOH, KOH,
HF, H,SO,4 and H3POy,) affect the etching rate. In this experiment, pulse
duration (200 fs) and pulse repetition rate (610 kHz) remain constant. The
light was linearly polarized perpendicularly to the scanning direction to obtain
etching rates that were as high as possible. The main idea of the experiment
is to write single lines inside the bulk of the sapphire. Then, the substrate is
divided in the middle perpendicularly to the written lines. Finally, the side of
the divided plate was polished (using a fine diamond powder on the lapping
machine), and modifications were etched. The etching rate was evaluated by
measuring the length of the etched channel and dividing it by the etching time.
This experiment gives us data about the etching rate of the modified material.
The idea of this test is shown in Figure 3.1 (a). Additionally, during the same
experiment, etching rates of unmodified material were evaluated by measuring
substrate thickness before and after etching. The etching rate of unaffected
material allows us to estimate selectivity in each case.

Subsequently, etching experiments of 3D structures were executed. Dur-
ing this experiment, cylindrical 1 mm diameter 3D structures were written
into a plate of sapphire. The scheme of this experiment is depicted in Fig-
ure 3.1 (b). During this experiment, we tested etching dependency on radia-
tion wavelengths, pulse duration (200 fs — 1 ps), and different etchants to find a
protocol for 3D structure fabrication. Finally, when optimal parameters for the
etching were found, the morphology of the modified areas was investigated af-
ter and before the etching process. For that, 10 pm wide surface modifications
were written and etched in the previously mentioned etchants. The scheme of
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Figure 3.1: The schemes and the resulting pictures after the etching of per-
formed experiments. (a) Single lines experiment when lines from a single scan-
ning are written in the volume of material to test the etching rate of modified
material. (b) Scheme of 3D experiments when cylindrical structures are writ-
ten through the whole plate thickness. (c) Laser-induced surface changes for
modification morphology observation after the etching procedure.

this experiment is shown in Figure 3.1 (¢). These morphologies provide some
insights into why some etchants are not suitable for sapphire 3D structures’
fabrication. Finally, a few 3D structures were fabricated from sapphire using
the same setup and employing the determined fabrication protocol.

3.3. Summary of results

We will start the discussion with the single-line test results, shown in Fig-
ure 3.2 (a). During the experiment, it was found that the highest etching rate
(200 pm/h) is obtained with an H,SO4 and H3PO,4 mixture when the material
is irradiated with 1st harmonic radiation and the highest tested pulse energy
of 500 nJ, which corresponds to 28.2 J/cm? energy density. Meanwhile, lower
etching rates up to 100 pum/h were obtained with NaOH and KOH etchant.
The lowest etching rates of up to 50 pum/h were demonstrated by modifications
etched with HF. In all the cases, the modification written with 1st harmonic
radiation showed the highest etching rates, which was at least a few percent
higher than those of the results achieved with the 2nd harmonic, and at least a
few times higher than the etching rates obtained with the 3rd harmonic. This
result could be explained by the higher periodicity of the nanogratings. The
nanograting period is equal to A/2n, where X is the wavelength of the radiation
used and n — is the refractive index of the material [54, 26]. The same tendency
was observed in these experiments. SEM images of nanogratings inscribed with
1030 nm, 515 nm, and 343 nm are demonstrated in Figure 3.3. Nanograting
periods induced with 1030, 515, and 343 nm are correspondingly 340, 150, and
100 nm. These values are close to theoretical values. Subsequently, longer peri-
ods that result from higher wavelengths enable easier liquid penetration into the
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Figure 3.2: (a) Graphs of etchings rates of single lines written and etched
by different processing protocols. 1H, 2H and 3H stand for 1st, 2nd, and
3rd harmonics of 1030 nm wavelength laser, which is 1030 nm, 515 nm and
343 nm, respectively. (b) Table of the etching rate of unmodified material
etched by different etchants and selectivity evaluation according to modified
and unmodified material etching rate results.

nanogratings due to the capillary forces and surface-wetting properties [102].
Etching rates that were only slightly lower than the maximum results were
achieved by using 2nd harmonic 500 nJ pulse energy or 28.2 J/cm? energy den-
sity radiation. Meanwhile, modifications created by the 3rd harmonic radiation
show only a few pum/h etching rates. To fabricate 3D structures, the etching
rate of modified versus unmodified regions also matters. A high ratio between
modified and unmodified material etching rates is required to obtain a high
aspect ratio of fabricated structure features. The unmodified material etching
rate was evaluated, and, subsequently, the selectivity value could be calculated.
For some tested etchants, the unmodified material etching rate value was in the
range of the accuracy of the used device. Therefore, only approximate selec-
tivity values are provided. The results of the unmodified material etching rate
and the evaluation of selectivity are shown in Figure 3.2 (b). Only the HySO4
and H3POy4 mixture showed a significant unmodified material etching rate of
around 3 pm/h. Meanwhile, unmodified material could be barely etched by
using NaOH, KOH, or HF. When we try to evaluate selectivity with such a low
unmodified material etching rate for NaOH, KOH, and HF, it leads to high
selectivity values starting from 1000. The high etching rate of unmodified ma-
terial with sulphuric and phosphoric acid leads to a low selectivity value of 66;
despite that, this etchant shows the highest etching rate of modified material.

In this experimental part, the main goal is to demonstrate 3D structures
that come out of sapphire. Thus, after single lines tests, 3D tests were per-
formed to find the protocol that could allow us to obtain 3D structures. Iden-
tical parameters set for the single lines test were investigated. Additionally,
various pulse durations were tested. Cylindrical structures through the whole
sample depth were written into a 500 um thickness sapphire plate by chang-
ing parameters for each cylinder. The results of this experiment can be seen
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Figure 3.3: SEM images of nanogratings induced with (a) 1030 nm, (b) 515 nm,
and (c) 343 nm radiation.

in Figure 3.4. The 3D experiment showed that the best parameters, which
allow the most efficient etching of the structures, are 1st harmonic radiation
with 200 fs duration pulses and 300 — 500 nJ pulse energies that correspond
to 16.9 — 28.2 J/cm? energy densities of one pulse. The only etchant which
etched the structures out of the plate was an HoSO4 and H3PO,4 mixture. By
using other tested etchants KOH, NaOH and HF, cylindrical structures could
not be etched out of the plate even after 48 h of etching. This result raised the
question of what is the reason the other tested etchants cannot etch out 3D
structures.

40 hours of etching in HF

Figure 3.4: Cylindrical structures written with different wavelengths and pulse
duration radiation. (a) Structure etched in H5SO4 and H3PO, mixture,
(b) structure etched in HF acid.

To test this phenomenon, it was decided to investigate etched and unetched
surface modifications and indicate their behavior before and after the etch-
ing. Surface modifications were written within the parameter set determined
as the most efficient in the previous experiment (1030 nm wavelength radia-
tion, 600 kHz pulse repetition rate, 200 fs pulse duration, and 500 nJ pulse
energy). Written 10 ym deep and 10 pum wide modifications on the surface
of the sample was etched in different etchants. Scanning electron microscope
(SEM) pictures of variously etched and unetched modifications are presented
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in Figure 3.5. Moreover, the depth of the etched modifications was measured in
each case. In Figure 3.5 (a), an unetched modification can be seen right after
the laser processing. Before the etching, material modifications are covered by
residue remaining after the processing. The unetched modification already has
a depth of approximately 0.5 um. After 1 h of etching in 35% of KOH and 25%
of NaOH at 90 °C and at 48% of HF, all the residue is etched and nanogratings
are uncovered. Pictures of nanogratings after the etching are depicted in Fig-
ure 3.5 (b — d). Depths of modifications etched in KOH, NaOH, and HF are
3 pum, 3 pm, and 7 pm, respectively. In contrast, after the etching modification
only for 20 min in the H,SO4 and H3PO,4 mixture, not only is there residue
of lasering, but the nanogratings themselves are etched, which can be seen in
Figure 3.5 (e). The depth of the etched groove is 9 pm. All these etchants re-
act to material differently. Visually, HF etches out impurities from the surface
the most efficiently. Meanwhile, after etching in NaOH, the highest amount of
residue remains. In comparison with single lines results, HF tends to etch every-
thing from the surface, NaOH and KOH tend to penetrate inside nanogratings.
However, none of these etchants etch nanogratings, or in other words, the walls
between laser-created pores. Thus, KOH, NaOH, and HF etchants cannot etch
out 3D structures because part of the laser-affected material remains unetched.
This insight suggests that not all material in nanogratings becomes amorphous
or the amorphized material partly recrystallizes after laser-material interaction
stops. Due to the crystalline phase dominant in the nanogratings, HF, KOH,
and NaOH cannot be used effectively because they do not etch crystalline sap-
phire, as shown in Figure 3.2. On the other hand, H3SO, and H3PO4 could
etch both crystalline and amorphous materials.

After all the previous insights were acquired, the most efficient tested pro-
tocol was used for structure fabrication out of crystalline sapphire. A few basic
3D structures were fabricated for demonstration. These structures were fabri-
cated out of a 0.5 mm C-cut sapphire plate using 1030 nm wavelength, 200 fs
pulse duration, 610 kHz pulse repetition rate laser radiation, and HoSO,4 and
H3PO4 mixtures as an etchant. The first demonstrational structure was a hole
array. In one case, holes of 100 um diameter through the complete height of
the plate with a pitch of 1 mm were produced, see Figure 3.6 (a, b). Addi-
tionally, a narrow single Z scanning line channels fabrication with a pitch of
10 pm is demonstrated in Figure 3.6 (c, d). In Figure 3.6, it can be seen that,
after the etching, the etched walls are not perfectly vertical. The edges of the
structure have non-written planes cut, and it forms after the etching due to the
sapphire crystalline lattice. This is caused by the high etching rate of unmodi-
fied crystalline material. Subsequently, the honeycomb structure was produced
out of sapphire. A structure with a 400 pm wall of a hexagon and a 200 pm
wall thickness between hexagons is shown in Figure 3.6 (e — g). The surface
roughness of the mentioned structure was measured using an optical profilome-
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Figure 3.5: SEM pictures of laser-irradiated surface morphologies and mea-
sured profiles of the processed material. (a) Unetched surface modification,
(b) surface modification etched in 35% KOH solution for 1 h, (c¢) surface mod-
ification etched in 25% NaOH solution for 1 h, (d) surface modification etched
in 48% HF for 1 h, and (e) surface modification etched in HoSO4 and H3PO4
for 20 min. (f) Optical profilometer measured processed profiles of all presented
modifications.

ter by placing the structure on its side, giving a value of 300 nm RMS. This
value is comparable with those shown in fused silica SLE-made surfaces [73].
The lowest demonstrated etched fused silica surface roughness is approximately
100 nm RMS. Surface roughness is mostly determined by the morphology of
induced nanogratings and how effectively material between nanogratings could
be etched. Since fused silica is a less chemically inert material than sapphire,
the expected etched sapphire structure roughness should be higher than for the
same surfaces made in fused silica. To show the versatility of this technology,
similar honeycomb designs with 100 pm and 50 pm wall thicknesses were also
made (Figure 3.6 (h, i)). Walls thinner than 50 um were fragile and did not
survive the etching procedure. Since we were working with crystalline sapphire,
it shows different etching rates of unmodified material in various crystalline ori-
entations [89]. Thus, the tendency of a repeating sapphire crystalline structure
can be seen in honeycomb structures. The edges of the etched structures appear
to have a chamfer and are inclined according to a sapphire crystalline lattice.
Nonetheless, these structures show the possibility of producing 3D structures
out of crystalline sapphire. Due to the high mechanical and chemical resistance
of sapphire, such structures show potential as micromechanical components in
complex miniaturized systems.
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Figure 3.6:  Structures fabricated out of crystalline C-cut sapphire.
(a, b) 100 pm diameter hole matrix, (¢, d) single line 10 gm pitch hole ma-
trix, (e — g) honeycomb structure where the side of the hexagon is 400 pm,
and the walls between hexagon are 200 pm, (h, i) similar hexagon structure
with diminished walls between hexagon respectively 100 ym and 50 pm.
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4. Applications

This chapter is dedicated to discussing applications for SLE-made structures.
The chapter will be divided into two parts: SLE application in micromechanics
and in microfluidics. In this part, structures fabricated out of UVFS will be
presented. The parameter set found in section 2 will be used for structural
fabrication. The information and results provided in this chapter are based on
papers IT and V.

4.1. Micromechanics

4.1.1. Motivation

The prominent uniqueness of SLE is the possibility to form arbitrary shaped
3D structures out of glass. This property brings the possibility of creating
micromechanical systems out of glass. A notable advantage of glass microme-
chanics is that SLE allows the production of micromechanical structures that
do not require additional assembly. Here I will suggest two movement mech-
anisms for glass micromechanics. The first is a compliant mechanism, and
the other is a joint-like mechanism. This chapter will present a few examples
of such mechanisms. The main applications for such devices could be minia-
turized mechanical systems such as microrobotics or microfluidics with active
components [31].

4.1.2. Experimental methods

"Laser Nanofactory" setup (Femtika Ltd.) was used in these experiments.
"Pharos" laser (Light Conversion Ltd.) is used as a radiation source. Radiation
parameters: 1030 nm wavelength, pulse duration ~700 fs, pulse repetition rate
— 610 kHz. Circularly polarised light is used in this experiment. The laser
beam is focused on the sample with a 20x 0.45 NA objective equipped with
automated aberration correction (add-on device by Femtika Ltd.). Aberrations
are compensated by rotating a ring on the objective, which changes the posi-
tion of a specific lens group in the objective. Aberration compensation or ring
position depends on the writing depth in the glass. Correction ring position
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automatically follows positioning Z-axis movements. For sample positioning,
Aerotech positioning stages and galvoscanners are used IFOV regime. In this
test, UVFS glass was used. The thickness of the sample depends on the struc-
ture. Minimal possible thickness glass is used in each experiment. After the
sample is exposed to the fs laser, the modified volume is etched in 10 mol /L con-
centration KOH solution at 90°C. Samples were characterized using an optical
microscope and scanning electron microscopes (SEM). The surface roughness
was measured using an atomic force microscope (AFM).

4.1.3. Summary of results

One of the basic micromechanical structures is a spring. A single helix 4-turn
spring was produced out of glass (Figure 4.1 (a)) to demonstrate a deformable
glass structure. The structure’s diameter is 1 mm, with the width of the helix
itself being 50 pm. The combined length of the whole helix was around 12 mm.
As a result, this allowed us to repeatedly compress the spring up to 50% (from
600 pm to 300 pm) without damaging it. Fabrication of this structure was
performed using both strategies: segmenting (in the middle of the structure)
and full-volume exposure (for fine springs). Due to this, the structure can be
produced in ~4 min. As such springs can be mass-produced on-demand in
mass-customized series, they could be attractive in such fields as the watch
industry or microrobotics. While not trivial at first sight, these structures
can be made to be mechanically resistant to compressive forces and, at the
same time, robust against shock due to the possibility of using some advanced
architectures like gyroids in the support part of the spring (which in our case
is a simple bulk plate). Due to their minimized weight, such structures could
prove to be extremely mechanically resilient to shock and vibrations.

Figure 4.1: Images of fused silica single helix 4 turn spring. (a) Overall view.
(b) and (c¢) shows compression of the spring. Due to the small thickness (di-
ameter — 50 pum) and relatively long length of the helix (~12 mm) it can be
compressed repeatedly from 600 to 300 pm (50% of overall helix height) without
any damage to the structure.
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In contrast to deformable micromechanics, one might consider structures
made of different independently moving components. Usually, such systems are
made part by part and then assembled. However, SLE allows true 3D modifi-
cation of glass volume. As a result, openings needed for structure motion can
be embedded before etching and then revealed by it. Therefore, assembly-free
movable multi-part 3D glass structures can be produced relatively easily, ex-
panding the micro-mechanics field’s current capabilities. We first produced a
chain with free movable ball joints to demonstrate it. This structure employs
the idea of etching out the narrow gaps between the separate parts of the struc-
ture. In this way, a joint-like structure that can move is created. The exact
model and optical microscope photos of the manufactured structure are shown
in Figure 4.2. The bending amplitude of the produced structure (which is 30°)
coincides well with the value predicted from the mechanical CAD model. As
the structure is very complex, and the opening of the outer ball is 450 ym in
diameter, the whole inside of the outer ball was exposed to laser radiation.
For this reason, the fabrication of such a structure heavily relies on the under-
standing of etching rates. If the chosen processing parameters are insufficient,
the fine opening would either not etch out or etch out too much, resulting in
the disassembly of the ball joint. Therefore, when manufacturing such delicate
structures, substantial attention should be paid to both process and model
optimization in order to achieve the best possible result.

Finally, a complex micromechanical structure called the Geneva mechanism
was fabricated (Figure 4.3). This structure contains two intermeshing elements.
By rotating one gear every 360° rotation, it moves another gear by fixed 90°
increments. SLE technology allows fabricating such mechanisms out of a single
piece of glass without requiring an assembly step. As this structure is assembly-
free, it can be produced at a very small scale (down to hundreds of ym) without
needing extremely complex micromanipulation. Moreover, by attaching a small
magnet to this mechanism and placing it over a rotating magnet, we show the
smooth movement of this structure. This is possible due to very fine gaps
between different moving parts of the structure (less than 10 pm) and very
good surface roughness (~200 nm RMS) possible due to optimization presented
previously in this thesis, which allows minimizing excessive friction. Pictures
of the Geneva mechanism movement are shown in Figure 4.3 (g). During the
testing, the mechanisms showed an ability to rotate up to 2000 RPM, and
it could run continuously for more than 100 hours without any damage or
other adverse impacts on the functionality. It is important to note that the
measurement of Geneva mechanism rotation was carried out using a simple
rotating magnet underneath the structure itself. As it was a proof-of-concept
experiment, our goal was to see if the mechanism would rotate without any
trouble. Thus, the upper limit of the experiment was determined not by the
structure but by the measurement equipment. We estimate that at particularly
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(a)

Figure 4.2: Flexible chain with ball joints. (a) 3D model of a structure, with
1/4 of the structure cut away to show hollow openings separating outer and
inner balls in the joint. (b) Optical microscope image of part of the structure.
Bending at modeled 30° is achieved. Also, inner and outer balls in the joint
are clearly visible.
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high rotation speeds the axis of the fragile mechanism would not be able to hold
the rotation of the whole mechanism and break. However, we did not manage
to reach such RPM in this work, leaving this investigation for future research.

Figure 4.3: Pictures of a produced Geneva mechanism. (a) Scanning electron
microscope (SEM) image of the whole mechanism, (b —e) SEM pictures of the
most important features and surfaces of the mechanism, and (f) SEM image of
5 times smaller Geneva mechanism than in part (a). (g) Chronological pictures
of Geneva mechanism movement, black arrow indicates the rotation direction.
Magnet is attached to the structure and the whole mechanism is inserted into
a changing magnetic field for the movement automation.

The scalability of SLE should also be commended. As such structures will
most likely find their way to being used in high-precision complex devices, the
possibility to easily tune the size and shape of structures towards mass cus-
tomization is one of the top priorities. To demonstrate that SLE complies
with such requirements, we made a Geneva mechanism that is 5 times smaller
than the original one (Figure 4.3 (f)). Of course, some peculiarities exist on
such a scale. The phenomena of selectivity play the most crucial role in this
process. As a result, reducing the size of a structure is relatively easier than
making it bigger. The etching rate should be sufficient if larger structures are
needed to avoid over-etching of unexposed parts of the structure. An increase
in selectivity has a fundamental limit, restricting complex SLE 3D fabrica-
tion to structures that are below several cm. Nevertheless, this is not a hard
limit if some compromises can be made to the structure accuracy, as the main
hindrance of long etching times is an excessive dissolving of laser-unaffected
glass volume. If some taper can be tolerated, even cm-sized structures can be
produced using SLE.
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4.2. Microfluidics

4.2.1. Motivation

Another trending application is lab-on-chip devices (LOC). Lab-on-chip is a
miniaturized device that can perform limited laboratory functions. To name a
few examples, we could mention lab-on-chip for blood plasma separation [103],
for various pathogens detection in food [104, 105], viruses [106, 107] or bacte-
ria [108]. Moreover, lab-on-chip could be used to mimic particular organs or
tissues. These devices are called organ-on-chip (OOC). One of many examples
is a liver-on-chip device [109]. Compared with usual testing methods, OOC
is becoming more popular because of its versatility and advantages. LOC is
rapidly merging directions. However, it is still an open area for innovations,
from new materials to innovative design research. Dominating technology in
such device production is molding [110, 111]. On one side, molding is a very
effective and cheap technique for mass production [112]. On the other hand,
it becomes costly for prototyping when new master structures are needed for
any changes in the chip design. This section proposes an alternative solu-
tion based on ultrafast laser material processing for OOC device fabrication.
Femtosecond laser micromachining is an appealing option for LOC device pro-
totyping. A combination of a few different femtosecond glass microprocessing
techniques will be demonstrated for liver-on-chip device manufacturing. Two
microprocessing techniques — SLE and welding — will be combined to produce a
liver-on-chip device. Finally, manufactured device test results will be provided.

4.2.2. Experimental methods

For liver-on-chip fabrication, two different laser microprocessing methods are
used. Plates with channel systems and integrated filters are fabricated by the
SLE method. SLE is performed on amorphous UV-grade fused silica (UVFS).
1 mm thickness UVFS substrates are chosen for channel system fabrication.
Laser microfabrication is done by a Laser NanoFactory workstation (Femtika
Ltd., Lithuania). The utilized workstation is equipped with a Yb:KGV fem-
tosecond laser (Pharos, Light Conversion Ltd., Lithuania). For the SLE ex-
periments, fundamental wavelength — (1030 nm), ~700 fs pulse duration, and
610 kHz of the mentioned laser are exploited. Laser radiation is focused by 20x
0.45 NA Nikon focusing objective equipped with automated aberration correc-
tion (add-on device by Femtika Ltd.). Subsequently, after inscribing particular
material modification, the sample is etched in a 6 mol/L concentration potas-
sium hydroxide (KOH, Eurochemicals, Lithuania) solution with distilled water
at 90°C temperature.

Since we need an encapsulated microfluidic channel system, channels formed
on the plates must be sealed. Another femtosecond laser radiation-based tech-
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Figure 4.4: A basic scheme of lab-on-chip device laser processing. (a) nanograt-
ings inscription to the glass plate by focusing light with a microscopic objective.
(b) subsequent etching of laser-processed sample. (a, b) together present the
SLE technique. (c) laser welding process used to seal the channel system with
an additional glass plate.

nique - laser welding [65, 66] is used for that. Ounly the contact between two
plates can be affected without damaging the surface by using high-intensity ra-
diation due to nonlinear light-material interaction. With high power, material
in the contact can be melted, and a firm connection is formed in the samples
mentioned. The laser welding part is done with the same Laser NanoFactory
workstation. Laser welding experiments are done with the same 1030 nm wave-
length, approximately 200 fs pulse duration, and 610 kHz pulse repetition rate.
Laser radiation is focused with a 0.5 NA aspherical lens. After the etching and
before the welding, samples are washed in a piranha solution (4:1 v/v of sul-
furic acid (95 — 98%, Sigma-Aldrich, Germany) and hydrogen peroxide (50%,
Sigma-Aldrich, Germany), respectively). Afterward, samples are rinsed in dis-
tilled water and isopropanol. The basic scheme of chip fabrication is shown in
Figure 4.4.

Manufactured liver-on-chip prototypes are rinsed with sterilized aqua dest,
submerged in 70% ethanol solvent for initial disinfection, and UV irradiated for
20 min for further sterilization. Chips are coated with Poly-L-lysine polymers
to promote cell adhesion. The coating is performed by filling the chamber
with 10 puL Poly-L-lysine solution (Sigma Aldrich, Vienna, Austria) through
a seeding channel followed by an incubation period at 37°C until they dry
completely. These prepared liver-on-chip systems are stored in standard sterile
conditions until use.

The human liver HCC cell line HepG2(GS) is used for biocompatibility
testing. These cells are cultivated under standard conditions (37°C, 5% COs
in humidified atmosphere) in MEM media (Gibco, Thermo Fisher Scientific,
Vienna, Austria) supplemented with 10% fetal bovine serum (GE Healthcare
Life Sciences, UT, USA) and 1% Penicillin/Streptomycin (Sigma Aldrich, Vi-
enna, Austria). The media is renewed every other day, and cells are passaged
once they grow to 80 — 90% confluence. The chambers of liver-on-a-chip sys-
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tems are filled with 10 uL of a cell suspension to reach 2 x 10* HepG2(GS)
cells/cm? through the seeding channels. Chips are submerged in culture media
in a Petri dish and placed in a cell incubator under standard conditions (37°C,
5% COq in the humidified atmosphere) overnight to avoid evaporation. Then,
cell adherence and growth are determined by daily microscopy examination.
The media is renewed every other day in a standard manner. The experiment
is continued for nine days and repeated three times. Finally, a Trypan Blue
exclusion test is conducted to confirm cell viability further.

4.2.3. Summary of results

We begin the research by producing microfluidics chips with integrated filters
on a glass substrate. The picture of the fabricated chip and SEM pictures of
its particular parts are shown in Figure 4.5. In general, the filter is a row of
elliptical glass pillars. Dimensions of every pillar are 36 pm wide and 55 pm
long. The spacing between each pillar is 14 pm, corresponding to the filter’s
pore. The height of the fabricated pillars is 200 pm, which is identical to the
depth of the microfluidic channel. Filters are integrated into a 5 mm length
and 0.9 mm wide channel. In the mentioned area, two rows of pillars divide
that zone into three distinguished channels: side channels are 200 pym wide,
and the central one is 400 pm wide.

Visually, smooth features and a high channel aspect ratio are obtained.
However, not only modified but also unmodified material is etched during the
etching process. Thus, this leads to widened channels and features. The men-
tioned effect creates critical aspect ratio limitation, which is especially im-
portant in microfilter fabrication. Since the cells are micro-scale objects, the
precision of the integrated filter is essential. Here in the model, the gap between
pillars shown in Figure 4.5 (¢) and (g) was a single line inscription, which is a
minimal laser modification between pillars. However, after the etching, the gap
between pillars tends to increase up to 14 pm, which limits the accuracy and
minimal feature of the filter. In LOC applications surface quality of the channel
is critical, as well. This feature affects liquid flow. The higher the roughness of
the surface, the more friction it creates. Thus, channels become difficult to fill
due to the higher surface roughness. The surface quality of processed channels
are evaluated by an optical profilometer. The surface roughness of the etched
channels is around 250 nm RMS.
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Figure 4.5: Pictures of produced liver-on-chip device. (e) Optical picture of a
full device. (a) and (c — d) SEM top images of specified chip parts. (f — i) 45°
SEM images of specified chip parts. (b) Surface topology of the channel surface.

The chips are sealed by laser welding. Optical contact is required to create
firm contact between plates. That means the gap between two surfaces should
be a few times smaller than the used wavelength, which is 1030 nm. To achieve
this, high cleanness and surface quality of the samples are needed. Thus, the
sample is washed in piranha solution to remove all organic remains from the
chip. Before welding, the chip is rinsed in isopropanol and distilled water.
Two glass plates are put on each other when it is still wet. Isopropanol is a
liquid that forms a low contact angle with a glass [102], which means it wets the
surfaces. Thus, due to wet contact with isopropanol, the two plates tend to have
a smaller gap between each other, which enhances welding quality. The two
plates are welded in contact everywhere around the channel system without
damaging or affecting channels or the filters themselves. Welding seams are
made within 100 pm spacing. The view of welding seams around microfluidic
channels is demonstrated in Figure 4.6 (b). An optical picture of the produced
chip is shown in Figure 4.6 (a).
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Figure 4.6: (a) Picture of a final liver-on-chip device. (b) Optical picture of
produced microfluidic chip part where channel with filter and welding seams
can be observed. (c) Cross section of the welded chip. (d) Welding seams
optical microscope picture made with crossed polarizators. (e) and (f) Optical
photos of welding seams with different magnifications.

The prototype device functionality is tested with liver cells. A homoge-
neous film of Poly-L-lysine is formed on the surface of liver-on-chip systems.
The uncoated chips are also tested. However, HepG2(GS) does not adhere due
to the smooth chip surface, while cells attach well on the coated surface. 24
h after seeding, HepG2(GS) cells start to grow in a monolayer. The number
of spheroids and size are consistent with the starting cell density. During the
media change, the cell monolayers remain adherent on the surface and grow
continuously. After 96 h of culture, HepG2(GS) cells create large irregular
spheroids. From 7 days of culture, the growth of spheroids leads to the for-
mation of large clusters of spheroids in the whole liver-on-chip system. The
picture of this test is shown in Figure 4.7. From day 7, cell viability decreases,
as seen by the round shape of some cells. After 9 days most of the cells are
dead, according to the Trypan Blue. In general, the Trypan Blue exclusion test
shows that the adhesive cells have good viability during the 7 day experimental
period.
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Figure 4.7: Optical pictures of the fabricated microfluidic channels seeded with
HepG2(GS) liver cancer cells (a, e) right after the seeding, (b, f) after 24 hours,
(¢, g) after 96 hours, (d, h) after 7 days, (i, j) after 9 days with Trypan Blue.
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Conclusions

1. 3D structures consist of 2 different types of planes in XY and XZ di-
rections. After testing planes inscribed with various parameters, it was
noticed that lower spacing between scanning lines (0.25 gm in horizontal
and 1 pm in a vertical plane, which corresponds to approximately 90%
of induced size modification overlapping) gives higher etching rates (up
to approximately 1000 pm/h), which at the same time leads to the lower
surface roughness of formed planes (< 200 nm RMS).

2. Etchant concentration and its wetting properties change the etching rate
and selectivity of the UVFS SLE process. Higher concentration etchant
increases the etching rate of modified and unmodified material. Lower
concentration etchant gives a lower modified and unmodified material
etching rate. Adding an organic solvent to standard etchants could make
the etchant wet the surface more due to a lower contact angle. The
organic solvent in the etchant decreases the etching rate of unmodified
material due to material and etchant chemical reactions. At the same
time, it increases the etching rate of the modified material due to the
high surface area of the modified material. This way, 2 mol/L KOH with
10% isopropanol etchant allows it to reach a selectivity of approximately
3000.

3. Etchant concentration influences formed UVFS surface roughness. In
tested cases, a higher concentration of KOH gives lower surface roughness.
The highest surface roughness of 340 nm RMS was obtained with 1 mol/L
KOH solution. Meanwhile, the lowest surface roughness of 180 nm RMS
was obtained with 8 mol/L KOH solution.

4. After comparing different sapphire SLE algorithms, the best process pa-
rameters for sapphire SLE were chosen. The parameters suitable for sap-
phire structure formation are 1030 nm wavelength radiation, 200 fs pulse
duration, 610 kHz pulse repetition rate, and 300 — 500 nJ pulse energy.
The only etchant which is suitable for structure formation was found to
be a sulphuric and phosphoric acids mixture at 270°C. The selectivity of
the chosen protocol is around 66. The mentioned acids mixture was the
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only etchant out of those tested that showed the ability to etch inscribed

nanogratings.

. Using SLE technology, a few micromechanics and microfluidics structures
such as a spring, Geneva mechanism, ball-joint structure, and a lab-on-
chip device were formed, showing that the SLE technique is suitable for
functional device manufacturing. Furthermore, fabricated micromechan-
ical devices were tested in motion. Meanwhile, a lab-on-chip device was
tested for biomedical testing of liver cells.
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SANTRAUKA

Ivadas

Skaidrios ir tvirtos medziagos, kaip antai techniniai stiklai bei kristalai, dél savo
mechaniniy ir optiniy savybiy yra patrauklius daugelyje sri¢iy. Taciau minéto-
sios medziagos yra ganétinai trapios, tad sunku jas apdirbti. Sios medziagos
yra linkusios skilti paveiktos stipriy mechaniniy jégy ar didelio intensyvumo
spinduliuotés. Taciau femtosekundiniu lazeriu paremtas medziagy apdirbimas
yra patraukli alternatyva apdirbti stiklus bei kristalus. Ivairios lazerinés mikro-
apdirbimo technologijos jau yra placiai taikomos stikly bei kristaly apdirbimui:
dvimaciy struktury gamyboje naudojami jvairus abliacijos ir pjaustymo meto-
dai [3, 4, 2]. Abliacija yra gana efektyvus ir palyginti paprastas procesas, kuris
leidzia tiek apdirbti pavirsius, tiek formuoti 2D darinius. Siekiant pagerin-
ti ablivoty dariniy kokybe abliacija gali buti kombinuojama su papildomais
procesais, taip iSgaunant tikslesnj ar greitesnj apdirbima [5, 6, 7, 8, 9]. Kom-
binuojant abliacija su papildomu terminiu apdirbimu [10] ar tiesioginj lazerinj
rasyma su cheminiu apdirbimu gali buti formuojami net ir optiniai kompo-
nentai, kaip kad lesiai [11, 12] ar difrakciniai optiniai elementai [13, 14, 15].
Tac¢iau minétos technologijos yra ribotos, nes suteikia galimybe formuoti tik
2D geometrijos komponentus ir neleidzia formuoti laisvos formos 3D dariniy.

Taciau selektyvaus lazeriu indukuoto ésdinimo (SLE) technologija gali buti
gera alternatyva kompleksiniy 3D komponenty formavimui i$ stiklo. SLE yra
metodas, sudarytas i$ keliy technologiniy procesy, kai pirmiausia stiklo turyje
yra jraSomos porétos modifikacijos, vadinamosios nanogardeles [16]. Galiausiai
sios modifikacijos yra ésdinamos agresyviuose ésdikliuose, kaip antai hidroflu-
oridiné rugstis ar kalio Sarmas [17]. Tokiu budu gali buti formuojami laisvos
architekturos dariniai i§ stikly ar kristaly [18].

Dél didelio selektyvumo, naudojant SLE metoda, galima suformuoti itin
auksto matmeny santykio strukturas, kaip kad: mikromechaniniai prietai-
sai [27, 18], mikrofluidiniai prietaisai [28, 29] ar net itin sudétingos mikrof-
luidinés sistemos su integruotais mikromechaniniais komponentais [30, 31]. To-
kios strukturos gali buti taikomos sensorikoje [32, 33|, laboratorijy ant lus-
tu [30, 18, 31], purkstuky gamybai [18, 34] ar kitose srityse.
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Minéta technologija atrodo perspektyvi daugelyje sric¢iy. Todél si disertacija
skirta lydyto kvarco SLE metodo tobulinimui ir kristalinio safyro SLE metodo
vystymui. Galiausiai tyrimy metu jgytos zinios pritaikytos funkciniy dariniy,
kaip antai mikrofluidiniy ir mikromechaniniy prietaisy, gamybai SLE metodu.

Naudojami trumpiniai

1D vieno matmens, vienmatis
2D dviejy matmeny, dvimatis
3D triju matmeny, trimatis

fs femtosekundinis

HF hidrofluoridiné rugstis

H3PO, fosforo rugstis

H,SO4  sieros rugstis

YAG itrio aliuminio granatas
KOH kalio Sarmas

NaOH  natrio Ssarmas

SEM skenuojantis elektrony mikroskopas

SLE selektyvus lazeriu indukuotas ésdinimas
SiOq silicio dioksidas

uv ultravioletinis, ultravioletiné spinduliuote

Disertacijos tikslas

Vystyti ir optimizuoti femtosekundinio lazerio indukuota selektyvaus ésdinimo
metoda funkciniy laisvos architekturos dariniy formavimui is skaidriy medzia-
gy, kaip kad lydytas kvarcas ar safyras.

Darbo naujumas ir svarba

Sio darbo naujumas slypi optimizuotame stiklo ir safyro SLE procese, kuris

atveria galimybe formuoti auksto matmeny santykio 3D darinius naudojant
SLE:

1. Buvo istirta skirtingy tarpy tarp skenavimo linijy jtaka bei ésdiklio kon-
centracijos ir drékinimo savybiy jtaka proceso efektyvumui bei formuoja-
my pavirsiy kokybei. Dél optimizuoto skenavimo ir ésdinimo procedury
pademonstruotas aukstas selektyvumas, kuris leidzia formuoti sudétingas
strukturas su didelio matmeny santykio detalémis.

2. Optimizavus procesa, pademonstruotos judancios mikromechanineés
strukturos, nereikalaujancios papildomo surinkimo, ir kompleksiné mik-
rofluidikos sistema su integruotais funkciniais elementais.
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3. Taip pat buvo iSvystytas SLE protokolas safyro apdirbimui. IStestuoti
skirtingi lazerio parametry (skirtingos lazerio harmonikos, impulsy truk-
me ir kt.) rinkiniai nanogardeliy formavimui bei jvairus ésdikliai nano-
gardeliy ésdinimui. Palyginus skirtingy apdirbimo protokoly rezultatus,
pasirinktas protokolas, kurj pritaikius buvo pagamintos mikrostrukturos
i kristalinio safyro.

Ginamieji teiginiai

1. Gaminant SLE metodu 3D darinius, Sie sudaromi is atskiry lazeriu ske-
nuoty liniju masyvy, kurie sudaro vertikalias arba horizontalias ploks-
tumas. Skenuodami minétas linijas mazesniais tarpais (apie 90% jraSy-
ty modifikaciju persiklojimu) abiem atvejais gauname didesne ésdinimo
sparta (iki 1000 um/h) bei mazesnj ésdinty paviriy Siurkstuma (maziau
nei 200 nm RMS).

2. Esdiklio drékinimo savybés kei¢ia SLE proceso selektyvuma. Selektyvu-
mas gali buti padidintas sumazinus ésdiklio kontaktinj kampa su bandi-
niu, kai ésdiklyje dalis vandens yra pakei¢iama tinkamu organiniu tir-
pikliu (izopropanoliu). Apie 3000 selektyvumo verté buvo pasiekta kaip
ésdiklji naudojant 2 mol/l KOH tirpala, kuriame 10% vandens yra pakeis-
ta izopropanoliu.

3. Naudojant SLE technologija, gali buti formuojami 3D dariniai i$ krista-
linio safyro. Taciau standartiniai ésdikliai, kaip kad HF, KOH, turi buti
pakeisti sieros ir fosforo rugsciy misiniu. Tarp testuoty ésdikliy vieninte-
lis sieros ir fosforo rugsciy misinys 270°C temperaturoje galéjo praésdinti
lazeriu suformuotas nanogardeles. Naudojant minéta ésdiklj, gauta di-
dziausia selektyvumo verté yra 66.

4. SLE metodu apdirbant lydyta kvarca, gali buti formuojami auksto komp-
leksiskumo mikromechaniniai komponentai ir mikrofluidiniai lustai. Mik-
romechaniniai komponentai, kaip antai: lanksti spyruoklé, besisukantis
krumpliarac¢io tipo mechanizmas bei laboratorijos ant lusto tipo mik-
rofluidiné sistema, gali buti pagaminta islaikant zema ésdinty pavirsiy
Siurkstuma (< 250 nm RMS) ir pasiekiant pum skalés tiksluma.

Trumpas teorijos aptarimas

Stiklo apdirbimas ultratrumpaisiais impulsais

Apdirbant skaidrias medziagas ultratrumpyjy impulsy spinduliuote, saveika
tarp spinduliuotés ir medziagos vyksta dél netiesiniy reiskiniy [35]. Medziaga
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paveikiama itin auksto intensyvumo spinduliuote (GW/cm? — PW/cm?), kuri
gaunama naudojant laikinj energijos impulsuose suspaudima bei erdvinj energi-
jos suspaudimg fokusuojant naudojama spinduliuote 0,01 — 1,4 skaitinés aper-
turos optika. Minétas spinduliuotés intensyvumas gaunamas tik spinduliuotés
zidinyje, tad spinduliuotés ir medziagos saveika lokalizuojama. Si situacija gra-
fiskai pavaizduota 1 paveiksle. Atsiranda galimybé modifikuoti medziagos turj
bet kokia norima forma. Taip pat dél netiesinés medziagos ir spinduliuotés
saveikos galima jrasyti subdifrakcinio dydzio modifikacijas.

Intensyvumas,
reikalingas indukuoti
netiesinius reiskinius

vz A\

Intensyvumas

L Pluosto skersmuo T

Skersiné koordinate

1 pav. Fokusuoto pluosto inicijuotos pazaidos raiskos priklausomybé nuo spin-
duliuotés intensyvumo.

Paveikus skaidria medziaga (stikla) ultratrumpaisiais impulsais, galima su-
formuoti trijy skirtingy tipy modifikacijas, kurios dazniausiai vadinamos ati-
tinkamai pirmojo, antrojo ir trec¢iojo tipo modifikacijomis. Specifinés salygos,
kurioms esant galima suformuoti tam tikras modifikacijas, priklauso nuo pa-
¢ios medziagos [47, 21]. Pirmo tipo modifikacija yra medZziagos luzio rodiklio
pokytis. Tokia modifikacija susiformuoja, kai fokusuotos spinduliuotés zidi-
nyje medziaga perlydoma. Standartiniuose stikluose absoliuc¢iaja verte luzio
rodiklis pokytis yra 1072 eilés. Antrojo tipo modifikacija yra periodiné poré-
ta modifikacija stikle, kitaip dar vadinama nanogardelémis. Optiniu poziuriu
nanogardelés yra dvejopalauzés. Nanogradeliy pavyzdys yra pateiktas 2 pa-
veiksle. Nanogardelés susidaro dél saveikos tarp lazerio sugeneruotos plazmos
ir lazerio spinduliuotés. Sugeneruotos elektrony plazmos bangos medziagoje
interferuoja su krentancia spinduliuote ir sukelia interferencines modifikaci-
jas [50, 49]. Nanogardelés ir juy periodas priklauso nuo daugelio spinduliuotés
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parametry [55, 57, 52]. Svarbu paminéti, jog nanogardeliy orientacija priklauso
nuo spinduliuotés poliarizacijos skenavimo krypties atzvilgiu [16, 21]. Si pri-
klausomybé matyti 2 paveiksle. Treciojo tipo modifikacija — tai nano/mikro
ertmiy formavimasis. Kai spinduliuotés intensyvumas virsija tam tikra verte,
kuri yra didesné nei reikalinga antrojo tipo modifikacijai, stiklo viduje jvyks-
ta mikrosprogimas ir susidaro mikroertmeés. Sis reigkinys parodytas jvairiuose
darbuose [58, 59].

2 pav. Antrojo tipo stiklo modifikacijos pavyzdziai, kai nanogardelés sufor-
muotos: (a) skenuojant medziaga statmenai spinduliuotés tiesinés poliarizaci-
jos krypdiai; (b) medziagos skenavimo kryptis yra lygiagreti su spinduliuotés
tiesineés poliarizacijos kryptimi; (c) naudojama apskritiminé spinduliuotés po-
liarizacija. S — lazerio pluosto skenavimo kryptis medziagos atzvilgiu, F —
lazerio spinduliuotés poliarizacijos vektorius [21].

Visos pries tai minétos stiklo modifikacijos gali buti panaudotos skirtin-
goms stiklo apdirbimo technikoms. Pirmojo tipo modifikacija gali buti panau-
dota luzio rodiklio modifikavimui [47] bei bangolaidziy formavimui stiklo tury-
je [60, 32]. Antrojo tipo modifikacija gali buti panaudota difrakciniy optiniy
komponenty, kaip kad Q-plokstelés [61], formavimui. Kombinuojant antrojo
tipo modifikacija su papildomu ésdinimu, realizuojama SLE technologija [63].
Trediojo tipo modifikacija yra naudojama lazerinei abliacijai [64, 42], tiesiogiai
jonizuojant ir pasalinant medziaga, ar lazeriniam virinimui [65, 66, 67], kai dvi
skaidrios medziagos yra sujungiamos, paveikus jy kontaktg tarp dviejy skairiy
medziagy auksto intensyvumo spinduliuote. Ivardytos stiklo apdirbimo tech-
nologijos yra gana skirtingos ir suteikia daug galimybiy. Taciau Siame darbe
placiau aptariama SLE technologija bei jos pritaikymo galimybés.

SLE

SLE yra unikalus procesas, leidziantis formuoti 3D strukturas i$ skaidriy me-
dziagy. Si technologija susideda i§ dviejy procesy. Pirmiausia stiklo tiryje
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irasoma antrojo tipo modifikacija, tuomet lazeriu modifikuotas bandinys ésdi-
namas agresyviuose ésdikliuose, kaip kad KOH ar HF [68]. Sio proceso schema
pavaizduota 3 paveiksle. SLE placiausiai naudojama medziaga yra amorfinis
lydytas kvarcas, kuris yra grynas SiO,. Zinoma, §i technologija yra isbandyta
ir su kitomis stikly rusimis, kaip antai borosilikatas [69, 21, 22] ar Foturan [70].
Skirtingos medziagos reikalauja individualios proceso adaptacijos, tad pradési-
me nuo lydyto kvarco.

(a) |ra8ymas lazeriu (b) Esdinimas (c) I3esdintas darinys

Esdinimo ir
skenavimo
kryptis

3 pav. SLE proceso zZingsniai: (a) fokusuota lazerio spinduliuote jraSoma turiné
modifikacija skaidrioje terpéje; (b) toliau lazeriu modifikuotas bandinys yra
ésdinamas; (c¢) galutinis darinys po ésdinimo, $iuo atveju mikrokanaly masyvas
turyje.

SLE susideda i$ dviejy skirtingy procesy — medziagos modifikavimo lazeriu
bei ésdinimo, todél abu procesai reikSmingai lemia galutinj rezultata bei SLE
efektyvuma. Lazeriu suformuotos nanogardelés agresyviuose tirpaluose yra és-
dinamos daug karty grei¢iau nei nemodifikuota medziaga dél keliy priezasciy.
Pirma, dél savo porétumo nanogardeliy pavirsiaus plotas yra gerokai didesnis
nei nemodifikuotos medziagos. Antra, lazerio spinduliuoté sukelia strukturinius
pokycius medziagoje, kai pakeiciami gardelés atomuy sarysio kampai. Deguonies
atomai gali efektyviau reaguoti su ésdikliu [68]. Zinoma, ésdinant bandinj vie-
nu metu yra ésdinama tiek lazeriu modifikuota, tiek nemodifikuota medziaga.
Paprastai, nemodifikuoto lydyto kvarco ésdinimosi sparta yra keli ym/h. Zino-
ma, Sis dydis priklauso nuo ésdiklio [17]. Taciau lazeriu modifikuotos medziagos
ésdinimosi sparta gali siekti kelis Simtus gm/h [19]. Ivairiuose darbuose SLE
efektyvumui apibudinti daznai naudojamas minéty ésdinimo sparty santykis,
kuris dar yra vadinamas selektyvumu. Bendru atveju selektyvumas apibudina
didziausia galima ésdinty daliy matmeny santykj, t. y. maksimaly kanalo,
irasyto stiklo turyje, gylio ir plo¢io santykj.

Selektyvuma, lemia tiek lazeriu jrasyta modifikacija tiek ésdinimas. Se-
lektyvumas priklauso nuo bene visy spinduliuotés parametry, t. y. impulsy
energijos [16, 21, 19], impulsy pasikartojimo daznio [19, 56, 71] ir impulsy
trukmeés [19]. Siy parametry visuma apibiidina spinduliuotés doze, kuria yra
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suformuotos nanogardelés [19]. SLE proceso selektyvumas taip pat priklauso
nuo spinduliuotés poliarizacijos skenavimo krypties atzvilgiu [16, 21, 17]. Ske-
navimo greitis bei skenavimo linijy tankis apibudina impulsy bei modifikacijy
persiklojima, tai taip pat reikSmingai paveikia SLE procesa [19, 17, 73]. Se-
lektyvumui daro jtaks ir ésdinimo procesas. Esdiklio pasirinkimas bei ésdiklio
savybés lemia selektyvumo verte bei ésdinimosi sparta [17, 73].

SLE technologija gali buti taikoma ir kristalams, kaip antai safyras, YAG,
li¢io neobatas ar kristalinis kvarcas [80, 25, 81, 23]. Yra parodyta, kad sa-
fyre galima suformuoti nanogardeles, panasias j formuojamas lydytame kvar-
ce [82, 26, 83]. Taciau ésdinimo mechanizmai apdirbant kristalines medziagas
skiriasi nuo amorfiniy. Lazeriu paveikus kristalus, modifikuota medziaga amor-
fizuojasi [84]. Esdinimui naudojami ésdikliai yra panasiis j amorfiniy medzia-
gy, tadiau daznu atveju aukstesnés koncentracijos [82, 26, 83, 85, 86, 87, 88].
Kristaly ésdinimui buvo pademonstruoti ir gerokai egzotiskesni ésdikliy pasi-
rinkamai — fosforo ir sieros rugs¢iy misinys 300°C temperaturoje [13, 14, 89].
Selektyvumo vertés pademonstruotos safyre gerokai pranoksta vertes, gautas
ésdinant lydyta kvarca, ir siekia 10000 [82, 26]. Deja, apdirbant kristalus SLE
susiduriama su kitomis problemomis — itin sunku iSvengti medziagos skylimy,
kuriuos sukelia lazerio spinduliuotés indukuoti jtempiai [24]. Taip pat pade-
monstruotos kristaliniy medziagy ésdinimosi spartos yra itin mazos ir siekia
vos 100 pm/h [82, 25], tai gali buti nepriimtina praktiniams taikymams.

Lydyto kvarco SLE optimizacija

SLE technologijoje daugelis proceso parametry lemia galutinj rezultata. Tad
sioje dalyje pateikiama SLE proceso priklausomybé nuo jvairiy procesy para-
metry. Selektyvumo verciy priklausomybé lydytame kvarce yra nagrinéjama
disertacijos straipsniuose II ir III.

Formuojant 3D darinius svarbu yra ne vien tik gaunamas selektyvumas.
Gaminant sudétingesnius elementus atsiranda poreikis jrasyti daugelj gretimy
modifikacijy skirtingomis trajektorijomis. Tad ypac svarbios yra ir pasirinktos
skenavimo strategijos. Cia iSskiriamos kelios esminés skenavimo strategijos,
kurios gali buti naudojamos dariniy formavimui: visos medziagos skenavimas,
tik kontury skenavimas bei kontury skenavimas, dalijant medziaga j mazesnes
dalis. Minétos strategijos yra pavaizduotos 4 paveiksle. IS pirmo zvilgsnio gali
pasirodyti, kad daugeliu atvejy paprasciausia yra tiesiog daug nesukti galvos ir
lazeriu modifikuoti visa medziagos turj. Taciau, siekiant sumazinti tiek jraSymo
laika, tiek minimizuojant indukuojamus jtempius ir sukeliamy skylimy tikimy-
bes, galima pasirinkti alternatyvia strategija, kai jrasomi tik detaliy konturai ir
pasalinama medziaga dar papildomai sudalijama j mazesnes dalis. Si strategija
daznu atveju ir yra pasirenkama formuojant kompleksinius 3D darinius.
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(b) Kontury skenavimas dalijant (c)

Viso tario skenavimas pasSalinama medziaga j kubelius

Tik konttro skenavimas
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4 pav. Dariniy formavimui SLE metodu naudojamos skenavimo strategijos:
(a) viso turio iSskenavimas, naudojamas turiniy kanaly formavimui; (b) kon-
turo skenavimo kombinacija su likusios neisskenuotos medziagos padalijimu j}

mazesnes dalis, naudojamas kanaly ant substrato pavirSiaus gamybai; (¢) tik
konturo skenavimas, naudojamas skyluc¢iy matricos gamybai.
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Naudojant minétaja skenavimo strategija visi dariniai susideda is trijy es-
miniy komponenty: pagrindy, kontury bei pasalinamos medziagos sudalijimy
i mazesnius gabalélius. Taigi visos sudétingos 3D strukturos sudarytos is 2D
plokstumy, kurios yra jraSomos XY arba XZ/YZ plokstumose. Sioje dalyje
aptariama, kokia jtaka poliarizacija, skenavimo salygos bei impulso energija
daro skirtingy plokstumy ésdinimui. Visi pristatomi eksperimentai atlikti jra-
sant modifikacijas specifiniu budu skaidrios medziagos turyje. Véliau jrasytos
modifikacijos buvo atveriamos pjaunat stikliuka statmenai modifikacijoms. Es-
dinant jrasytas turines modifikacijas jvertinamos ésdinimosi spartos.

Aprasomiems eksperimentams buvo naudojama optiné sistema, kurios prin-
cipiné schema pavaizduota 5 paveiksle. Sistemoje naudojamas femtosekundinis
lazeris Pharos (Light Conversion Ltd.). Modifikacijoms jrasyti naudojama
fundamentinés harmonikos spinduliuoté (1030 nm), ~700 fs trukmés impulsai,
610 kHz impulsy pasikartojimo daznis. Spinduliuoté fokusuojama 20x 0,45NA
objektyvu Nikon. Fokusuotos spinduliuotés skersmuo zidinyje XY kryptimi
yra 2wp=1,5 pm, XZ kryptimi — 15 pm. Bandinio pozicionavimas atliekamas
Aerotech pozicionavimo staliukais. Irasytos modifikacijos ésdinamos 10 mol/L
koncentracijos KOH tirpale 90°C temperaturoje.

Pirmiausia buvo atliktas 1D eksperimentas, kurio schema ir rezultatai pa-
vaizduoti 6 paveiksle. Skenuojant méginius XY kryptimi, pavienés linijos buvo
irasytos stiklo turyje su tam tikrais parametrais, kaip antai: skirtingos impul-
su energijos, skenavimo greiciai ir poliarizacija. Po pavieniy linijy jrasymo XY
plokstumoje testo, auksciausia pasiekta selektyvumo verté yra apie ~650, kai
skenuojama su poliarizacija statmena skenavimo krypcéiai, maziausiu iSbandytu
skenavimo grei¢iu (1 mm/s) ir didziausia isbandyta impulsy energija (492 nJ).
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5 pav. Lazerinés sistemos, naudotos aprasytiems eksperimentams, principiné
schema. Naudota optiné sistema susideda is: femtosekundinio lazerio, dvie-
ju ateniuatoriy tiksliai galios kontrolei, keletos veidrodziu (M), A\/2 ir A/4
banginiy ploksteliy poliarizacijos kontrolei, pluosto pléstuvo, dichroinio veid-
rodzio (DM), fokusuojancios optikos, pozicionavimo staly, kameros proceso
stebéjimui ir lesio fokusuojancio vaizda | kamera.

Keiciant skenavimo greitj valdomas impulsy persiklojimas, tai kei¢ia spindu-
liuotés doze turio vienetui. Todél mazesniu skenavimo grei¢iu perduodama
daugiau energijos medziagai ir Siuo atveju gaunama didesné selektyvumo ver-
té. Taip pat matyti, kad poliarizacija statmena skenavimo krypciai suteikia
didziausia selektyvumo verte, o poliarizacija, lygiagreti su skenavimo kryptimi,
rodo maziausig selektyvuma. Si SLE savybé jau buvo apradyta ankstesniuo-
se darbuose [16]. Lydytame kvarce suformuoty nanogardeliy SEM atvaizdai
pateikiami 7 paveiksle. Matyti, kad atsizvelgiant i impulso energija keiciasi
suformuotos modifikacijos dydis. Nuo pasirinktos poliarizacijos priklauso jra-
Ssomos modifikacijos forma. Nanogardeliy periodas pateiktuose paveiksluose
islieka pastovus. Taigi galima manyti, jog selektyvumas priklauso tiek nuo
medziagos strukturiniy poky¢iy, tiek nuo suformuoty modifikacijy morfologi-
jos. Daugumai istestuoty parametry pastebima tendencija, kad selektyvumo
verté yra linkusi sotintis. Idomu tai, kad selektyvumo verté pradeda mazéti,
kai didinama impulsy energija. Tai taip pat buvo demonstruota ankstesniuose
darbuose [21, 19]. Tadiau absoliuti impulsy energijos verté priklauso nuo viso
parametry rinkinio. Todél reikia pasirinkti optimalias impulsy energijos vertes
siekiant efektyviausio SLE proceso.

Toliau atlikti plok$tumy ésdinimo testai (t. y. 2D atvejis). I stiklo turj bu-
vo jrasomos plokstumos, kaip parodyta 8 paveiksle. Atliekant 2D testus, buvo
irasomi 40 pm plocio modifikacijy masyvai, islaikant nurodytus tarpus tarp
skenavimo linijy. Pagrindinis 2D eksperimenty tikslas — iStestuoti ésdinimo
grei¢io ypatybes, atsizvelgiant i modifikacijy jraSymo plokstuma ir ésdinimo
kryptj. Aprasyty testy tikslas buvo optimizuoti procesa 3D stiklo gamybali,
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6 pav. Pavieniy linijuy selektyvumo tyrimo: (a) schema ir (b) rezultatai. Pavie-
nés linijos jrasytos XY plokstumoje keic¢iant skirtingus parametrus, kaip antai:
impulso energija, skenavimo greiciai ir spinduliuotés poliarizacija skenavimo

ésdinimo ir
skenavimo
kryptis

atzvilgiu.

7 pav. Lazeriu suformuoty nanogardeliy lydytame kvarce SEM atvaizdai, kai
nanogardelés jrasytos: (a) apskritiminés poliarizacijos ir 246 nJ impulsais;
(b) apskritiminés poliarizacijos ir 369 nJ impulsais; (c) tiesinés poliarizacijos ir

1D X
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—— 10 mm/s, L pol.
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—=—50mm/s, L pol.

F[===-1mm/s, ||pol.
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{-| =1 mm/s, o pol.
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25 mmis, o pol.
—=— 50mm/s, o pol.

il
r= -

- - N -y

400 450

246 nJ impulsais; (d) tiesinés poliarizacijos ir 369 nJ impulsais.
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todél pagal gautus rezultatus tolimesniems testams pasirinktas didziausias is-
bandytas skenavimo greitis (50 mm/s), siekiant islaikyti auksta proceso sparta.
Taip pat buvo pasirinktos 2 impulsy energijos — maziausia impulsy energija,
kuri suteikia selektyvumo verte arti maksimalios, kai poliarizacija statmena ske-
navimo krypéiai (246 nJ impulso energija arba 13,9 J/cm? energijos tankis),
ir impulsy energijos verté, kuri suteikia didziausia reikSme esant apskritiminei
poliarizacijai (369 nJ impulso energija arba 20,9 J/cm? energijos tankis).

(a) 2D XY (c) 2D XZ
- - - . - 1200 . . .
1200 $ = |—246nJ, 1 pol.| - 1[——246 nJ, 1 pol.
3 o -=--369 nJ, L pol. esdinimo ir -=--369 nJ, L pol.
ool | Ll I- 2460, |[pol. [ 100 bdidiad 246 nJ, || pol.
|= kryptis 7/ 369 nJ, || pol. 369 nJ, || pol.
2] [\ o 246 nJ, o pol @ +-246 nJ, o pol
© ) . - @© 800 | , 0 pol.
£ 800 ) < |-+--369nJ, 0 pol. | g -+--369 nJ, 0 pol.
2 [ ; 2 o0l |
& i 600
£ 600 f & £
gL £
B a0l [ ey | O 400F
S Lx -
200 \l\\*n-”»-———r”“ . 1 200 .
Y N S —i/%\i fz.  F=-rTE ;3
N CEET SIS S s . e o a
0 0
0 2 4 6 8 10 0 5 10 15 20
(b) h, um (d) s, um
180 . . . 600 .
160 F 1 ——246nJ, L pol. =3 —+—246 nJ, L pol.
1 -=--369 nJ, L pol. 500 f‘x‘ -=--369 nJ, L pol.
140 . 246 nJ, || pol. }/-\*, =<*T ? ) 246 nJ, || pol.
° i 369 nJ, || pol. AV 1 369 nJ, || pol.
© 120 4 —— 246 nJ, o pol. @ 400 ‘ T 246 nJ, 0 pol.
g \ -~--369 nJ, 0 pol. IS : \‘“._ I |-=--369 nJ, 0 pol.
s 10 ¢ =1 s \[\ 7 fma]
2 g =5 | =300 | —o
£ s /0 g Iy !
g " e | 2 Lo \T ]
[0} N k = I '\ \ =~ ) ésdinimo
o O O AL B N inwis | N\
40fNg T L SR o I i '
N N . 100F F oy | L s
20 N kr‘/piis'% + b ; E\\\ i ‘ kryptis l
0 — s e 0 \ -
0 1 2 3 4 5 6 0 5 10 15 20
h, pm S, ym

8 pav. 2D (plokstumy) selektyvumo testavimo rezultatai. Esdinty plokstumy
selektyvumo priklausomybé nuo tarpo tarp skenavimo liniju: (a) XY ploks-
tumos, ésdintos lygiagrediai su modifikacijuy jraSymo kryptimi; (b) XY ploks-
tumos, ésdintos statmenai modifikaciju jrasymo krypciai; (¢) XZ plokStumos,
ésdintos lygiagrediai su modifikacijy jrasymo kryptimi; (d) XZ plokstumos, és-
dintos statmenai modifikacijy jraSymo kryp¢ciai.

2D horizontalios (XY) plokStumos testavimo rezultatai, kai ésdinimo kryp-
tys yra lygiagrecios su skenavimo kryptimi ir joms statmenos, pateikti 8 paveik-
sle, atitinkamai (a) ir (b) dalyse. Kai ésdinimo kryptis yra lygiagreti su liniju
raSymo kryptimi, didziausias selektyvumas (apie 1200) gaunamas jrasant linijas
su maziausiu iShandytu tarpu tarp gretimy skenavimo linijy (0,25 pm, jrasyty
modifikacijy persiklojimas apie 90%) ir pasirinkus poliarizacija, statmena ske-
navimo krypéiai. Siame eksperimente didinant tarpus tarp skersavimo linijy
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iki daugiau nei 2 pm, gretimos modifikacijos nebepersikloja, o selektyvumas
nukrenta zemiau 500. Tai labai panasu j pavieniy linijy selektyvumo reiksmes.
Kaip ir tikétasi, kai ésdinimo kryptis yra statmena skenuojamai krypciai, di-
dziausias gautas selektyvumas yra apie 6 kartus mazesnis nei ankstesniuoju
atveju (iki ~170). Taciau Sis testas nustato maksimaly galima tarpa tarp li-
nijy horizontalia kryptimi, kuris $iuo atveju yra 4 pum, ir kuriuo dar jmanoma
praésdinti plokstuma, taciau jrasSytos modifikacijos jau nebepersikloja. Prak-
tiskai abu aptarti atvejai vyksta vienu metu, tad jei selektyvumas bent vienai
krypciai yra arti 0, 3D strukturos ésdinimas bus nejmanomas.

Toliau buvo atlikti 2D vertikaliyjy (XZ/YZ) plokstumy testai. Siy testy
rezultatai pateikti 8 paveiksle, (c) ir (d) dalyse. Didziausias selektyvumas
pasiektas esant maziausiam isbandytam tarpui tarp gretimy skenavimo lini-
ju (1 pm, tai atitinka apie 90% jraSyty modifikacijy persiklojima). Padidinus
skenavimo zingsnj, selektyvumas drastiskai mazéja. Taciau, kai poliarizacija
yra lygiagreti su skenavimo kryptimi, tolesnis skenavimo zingsnio didinimas
siek tiek padidina ir ésdinimo greitj. Tai rodo, kad modifikacijuy interferencija
sukuria tinkamas nanostruktury konfiguracijas, kurios daro poveikj ésdinimo
savybéms. Bandymas su ésdinimo kryptimi, statmena skenavimo krypdéiai, nu-
rodo maksimaly galima skenavimo tarpa tarp gretimy linijy Z kryptimi, kuris
yra apie 10 um, kai jraSyty modifikacijy persiplojimas yra vos 30%. Didesni
tarpai tarp skenavimo linijy bus klititis pavirsiaus ésdinimui. IS esmés didesnés
maksimalios tarpy tarp linijy vertés gali buti paaiskintos jau minétu vokselio
istempimu Z kryptimi del Gauso pluosto fokusavimo savybiy. Cia mes suzi-
nome, kad, naudojant musy isbandyta konfiguracija, maksimalus skenavimo
zingsnis X ar Y kryptimi galéty buti 4 ym, o Z kryptimi — 10 um esant tiesinei
poliarizacijai. Praktiniam 3D strukturos formavimui pageidaujamos mazesnés
vertés, kad buty pasiektas didesnis selektyvumas. Vis délto formuojant 3D
darinius reikia naudoti apskritinime poliariacija, kad islaikytume panasia és-
dinimosi sparta visomis kryptimis. Tad pasirenkamas ne didesnis nei 1 pum
persiklojimas X/Y kryptimi bei 9 pm persiklojimas Z kryptimi, tai atitinka
apie 40% jrasyty modifikacijy persiklojimo.

Galiausiai buvo iSmatuoti skirtingai skenuoti ésdinty pavirsiy Siurkstumai.
Buvo iSmatuoti tiek XY, tiek XZ/YZ pavirsiai. Sie rezultatai pavaizduoti 9 pa-
veiksle, (a) ir (b) dalyse. Abiem atvejais maziausias pavirsiaus Siurkstumas,
apie 200 nm RMS, gaunamas su maziausiais testuotais tarpais tarp skenavi-
mo linijy (0,5 pm). Padidinus atstuma tarp linijy, SiurkStumo verté kyla ir
pasiekia apie 800 nm RMS. Pazvelgus atgal j ta patj pavirsiaus selektyvuma,
galima padaryti iSvada, kad didesnis pavirsiaus selektyvumas lemia mazesnj
pavirsiaus Siurkstuma. Selektyvumo koreliacija su pavirSiaus SiurkStumu jau
buvo minéta kituose darbuose [73]. Savo ruostu poliarizacijos kryptis stipriai
veikia selektyvuma. Vis délto gaunama priklausomybé nuo pavirsiaus siurks-

tumo poliarizacijos poziuriu néra labai reikSminga ir maziausia gaunama vertée
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9 pav. Pavirsiaus Siurkstumo priklausomybé nuo tarpo tarp skenavimo lini-
ju (pateiktas RMS jvertis) (a) horizontaliems ir (b) vertikaliems pavirsiams.
(¢) Padidinto mastelio SEM vaizdas, rodantis pavyzdinés strukturos pavirsiy
kokybe vertikaliems ir horizontaliems pavirsiams.

abiem atvejais nepriklauso nuo poliarizacijos. ISvada: linijy tarpusavio atstu-
mas veikia susidaranc¢ius pavirsius kur kas daugiau nei impulsy energija ar
spinduliuotés poliarizacija. Be to, be minimalaus pavirsiaus SiurkStumo, SLE
leidzia iSgauti vertikalias sienas, kaip pavaizduota 9 paveiksle, (c) dalyje.

Ne mazesne jtaka SLE nei lazerio parametrai ar skenavimo pasirinkimas
daro ir ésdiklio bei jo savybiy pasirinkimas. Sioje dalyje pristatoma idéja, kaip
nesunkiai galima reikSmingai padidinti proceso seketyvuma Siek tiek adaptavus
ésdiklj. Buvo iskelta hipotezé, kad jei pavykty pagerinti ésdiklio drékinimo sa-
vybes stiklui, ésdiklis buty labiau linkes skverbtis gilyn j jrasyta modifikacija
ir dél tokios priezasties ésdinimosi sparta padidéty. Pastebéta, kad organiniai
tirpikliai drékina stikla labiau nei vanduo, tad atrodo intuityvu, jog pakeitus
KOH tirpale vandenj organiniu tirpikliu (Siuo atveju pasirinktas izopropanolis)
ésdiklis stipriau drékinty bandinj. Taciau atsiranda kelios kliutys realizuoti sia
mintj. Iprastai ésdiklis naudojamas 90°C tempearturoje ir yra 8 — 10 mol/1
koncentracijos. Taciau zinoma, kad izopropanolis verda apie 78°C temperatu-
roje, o KOH tirpumas izopropanolyje yra daugiau nei 8 kartus mazesnis nei
vandenyje, tad pagaminti minéty koncentracijy tirpaly vien tik su izopropano-
liu nejmanoma. Tad buvo testuojama galimybé dalj vandens ésdiklyje pakeisti
izopropanoliu ir taip pagerinti ésdiklio drékinimo savybes.

Eksperimento metu buvo jrasomos pavieniy linijy modifikacijos 369 nJ ener-
gijos impulsais (20,9 J/cm? energijos tankis) ir 10 mm/s skenavimo greiciu.
Kiekvienas bandinys atskirai buvo ésdinamas skirtinguose ésdikliuose, vari-
juojant KOH koncentracija 1-10 mol/1 ir kei¢iant izopropanolio koncentracija
0%-50%. ISmatavus bandinio storj pries ir po ésdinimo buvo jvertinta nemo-
difikuotos medziagos ésdinimo sparta. Po ésdinimo iSmatavus susiformavusio
kanalo ilgj jvertinta lazeriu modifikuotos medziagos ésdinimo sparta. Padalijus
modifikuotos medziagos ésdinimo sparta iS nemodifikuotos medziagos ésdini-
mo spartos jvertintas selektyvumas. Sie rezultatai yra pavaizduoti 10 paveik-
sle. Matyti, kad nemodifikuota medziaga grei¢iausiai ésdinama ~1,5 ym/h su
10 mol/l KOH tirpalu, kuriame 5% vandens pakeista izopropanoliu. Léciau-
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siai nemodifikuota medziaga ésdinama ~0,15 pm/h su 1 mol/l KOH tirpalu,
kuriame yra 10% izopropanolio. Ta¢iau modifikuota medziaga spardiausiai és-
dinama ~820 pm/h su 2 mol/l KOH tirpalu, kuriame yra 20% izopropanolio.
Lédiausiai modifikuota medziaga ésdinama ~210 pm/h su 10 mol/l KOH tir-
palu, kuriame 50% vandens pakeista izopropanoliu. Galiausiai yra jvertinamas
selektyvumas kiekvieno ésdiklio atveju. Didziausia selektyvumo verté ~3000
gaunama ésdinant 2 mol/1 KOH tirpale su 10% izopropanolio priemaisa. Gauta
selektyvumo verté turimomis ziniomis yra didziausia iki Siol pademonstruota
SLE procesui lydytame kvarce [18, 20]. Matome, jog pradzioje iSkelta hipo-
tezé néra visiskai teisinga, taciau tam tikra dalis izopropanolio tirpale leidzia
padidinti tiek ésdinimosi spartas modifikuotoje medziagoje, tiek selektyvuma.
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10 pav. Lazeriu nemodifikuotos (a) ir modifikuotos (b) medZiagos ésdinimosi
sparty priklausomybé nuo ésdiklio koncentracijos ir izopropanolio priemaisos
koncentracijos. Selektyvumo priklausomybé nuo ésdiklio savybiy (c) : grafikas
gaunamas padalijus (b) dalies rezultatus i$ (a) dalies rezultaty.

Pries darant iSvadas apie gautus rezultatus, buvo iSmatuoti tirty tirpaly
drékinimo kampai naudotam UVFS stiklui. Sie rezultatai pavaizduoti 11 pa-
veiksle. Maziausi kontaktiniai kampai gauti su nedidelés koncentracijos KOH
tirpalais (1 — 2 mol/1) bei didesnémis izopropanolio priemaiSomis (10 — 50%).
Kaip matyti gauti ésdinimo rezultatai tiesiogiai nekoreliuoja su kontaktinio
kampo matavimo rezultatais.
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11 pav. (a) Skirtingy KOH koncentracijos tirpaly kontaktiniy kampy mata-
vimo rezultatai. (b) — (g) Skirtingy koncentracijuy eésdikliu kontaktiniy kampy
matavimo pavyzdziai.
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Norint suprasti visa procesa, reikia atsizvelgti ir j cheminj aspekta. Esdi-
nimo metu cheminés reakcijos rezultatas yra toks pat tiek su izopropanoliu,
tiek ir be jo. Esdinant UVFS KOH ésdikliu, susidaro kalio silikatas ir van-
duo. Nepaisant to, jog ésdiklyje turint izopropanolio priemaisa geréja ésdiklio
drékinimo savybé, bet selektyvumas vis vien mazéja. Norint turéti efektyvy
ésdinimo procesa, reakcijos metu susidariusios druskos turi buti tirpios ésdiklio
tirpikliuose, taciau susidariusios druskos gerokai prascéiau tirpsta izopropano-
lyje. Todél turint didelj izopropanolio kiekj tirpale reakcijos metu susidariusios
druskos visiskai sustabdo ésdinimosi reakcija. Taciau ant pavirsiaus susidaran-
¢ios izopropanolyje netirpios druskos mazina nemodifikuotos medziagos ésdini-
mo sparta, tai savaime didina selektyvumo verte. Taigi, viena vertus, izopropa-
nolis skatina ésdiklio jsiskverbima j medziaga, bet, kita vertus, ésdinimo metu
susidariusios druskos prastai tirpta izopropanolyje. Taciau Sis efektas smar-
kiai mazina ir nemodifikuotos medziagos ésdinimosi sparta. Tad izopropanolio
priemaisa ésdiklyje turi tiek teigiamy, tiek neigiamy pasekmiy, taciau geriausi
rezultatai gaunami su nedidelémis izopropanolio koncentracijomis tirpale.

Nepaisant jspudingy ésdinimo sparty ir selektyvumy, édinimo greitis yra
linkes mazéti skverbiantis gilyn j strukturas. Todél buvo jvertinta, kaip ésdi-
nimo greitis keiciasi laiko atzvilgiu. Rezultatai po 2, 4, 8 ir 12 valandy paro-
dyti 12 paveiksle, (a) — (d) dalyse. Lyginant ésdinimo grei¢ius po 1 ir po 2
valandy ésdinimo, modifikuotos medziagos ésdinimo greitis sumazéja apie du
kartus. Po 4 valandy ésdinimo greiciai vél sumazéja dvigubai. Galiausiai po 8
ir 12 valandy, ésdinimo greitis yra tarp 100 ir 200 gm/h. Toks ésdinimo greicio
mazéjimo paaiskinimas yra paprastas — kuo giliau ésdikliui reikia jsiskverbti j
ésdinta kanala, tuo labiau prasiskiedzia ésdiklis ir vis sunkiau pasiekia giliausia
kanalo vieta. Vis délto izopropanolis leidzia ne tik pasiekti, bet ir palaikyti di-
desnj ésdinimo greitj ilgiau, nes padeda ésdikliui efektyviau jsiskverbti j kanala.
I8 Siy grafiky galime padaryti iSvada, kad jei norima pasiekti auksta selekty-
vumy ir didelj ésdinimo greitj, ésdinimo laikas turi buti pakankamai trumpas
(trumpesnis nei 2 — 3 valandos). Kitu atveju deél ésdinimo greic¢io praradi-
mo ilgesniu laikotarpiu, nejmanoma palaikyti selektyvumo ir auksto matmeny
santykio, didesnio nei 1000.

Esdinant bandinius skirtingy koncentracijy tirpaluose buvo pastebéta, kad
struktury, ésdinty mazesnés KOH koncentracijos tirpaluose, pavirsiaus kokybé
yra prastesné nei struktury, ésdinty didesniy koncentraciju KOH tirpaluose.
Siekiant patikrinti §j reiskinj, buvo jrasyti keli pavirsiai XY plokStumoje ir és-
dinti skirtingy koncentracijy ésdikliuose. Gauti pavirsiai buvo vizualizuojami
naudojant SEM. Suformuoty pavirsiy SEM atvaizdai pateikiami 13 paveiks-
le, (a) — (g) dalyse. Gauty pavirsiy SiurkStumas iSmatuotas naudojant optinj
profilometra (Sensofar PLu2300). Koreliacija tarp pavirsiaus Siurkstumo ir
ésdiklio koncentraciju pateikiama 13 paveiksle (h). Kuo didesné ésdiklio kon-
centracija, tuo mazesnis pavirsiaus Siurkstumas gali buti pasiektas. Kita ver-
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12 pav. Esdinimo spartos kitimas: (a) po 2 h; (b) po 4 h; (c) po 8 h ir (d) po
12 h ésdinimo.
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tus, zvelgiant | ankstesnius rezultatus, mazesnés ésdiklio koncentracijos leidzia
pasiekti didesnj selektyvuma. Palyginimui, 13 paveiksle (h) pavaizduotas pa-
virsius, ésdintas 5% HF tirpale, kurio pavirsiaus Siurkstumas yra apie 200 nm
(RMS). Paprastai, naudojant HF gaunamas Zymiai mazesnis selektyvumas nei
KOH [17]. Cia galime daryti visiskai priesinga iSvada pries tai buvusiai — kuo
didesnis selektyvumas, tuo didesnis pavirSiaus siurkstumas pasiekiamas. Ta-
¢iau dazniausiai norima islaikyti tiek didelj selektyvuma, tiek maza pavirsiaus
Siurk§tuma. Tam reikia naudoti kombinuotas ésdinimo technikas [30]. Pa-
vyzdziui, ésdinti darinius mazos KOH koncentracijos tirpaluose ir sumazinti
pavirsiaus Siurkstuma papildomai ésdinant mazos koncentracijos HF tirpale.

(@) (b) (c) (d) (e) ® (9)
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13 pav. (a) — (g) Ivairiose ésdiklio koncentracijose ésdinty pavirsiy SEM at-
vaizdai. (h) Esdinty pavirsiy Siurk$tumo priklausomybé nuo ésdiklio koncent-
racijos.

Kristalinio safyro SLE

Kai kuriuose taikymuose skamba itin patraukliai vietoj lydyto kvarco ar kity
stikly naudoti kristalus, tokius kaip safyras. Safyras pasizymi dideliu mechani-
niu atsparumu, taciau yra ganétinai sunkiai apdirbama medziaga. Literaturoje
galim rasti ne viena publikacija, kurioje nagrinéjamas SLE metodo pritaiky-
mas dariniy formavimui i$ safyro. Taciau iki Siol yra parodyta labai nedaug
struktury, suformuoty i$ safyro SLE metodu, pavyzdziy. Tai rodo, kad ne visi
pademonstruoti protokolai yra visiskai tinkami dariniy formavimui i§ safyro.
Safyro SLE yra nagrinéjama disertacijos straipsnyje IV.

Sioje dalyje pristatoma jvairiy safyro apdirbimo SLE metodu protokoly pa-
lyginimas. Buvo istirta keliy skirtingy parametry jtaka safyro SLE. Modifika-
cijy jrasymui safyre testuoti trys skirtingi bangos ilgiai: pirmos trys Yb:KGW
lazerio harmonikos (1030 nm, 515 nm, 343 nm), skirtingos impulsy trukmés
(200, 600, 1000 fs) bei impulsy energijos (100, 200, 300, 400 ir 500 nJ). Taip pat
buvo tirta, kokia jtaka SLE procesui daro skirtingy ésdikliy pasirinkimas, todél
iStestuoti 4 skirtingi ésdikliai: 35% KOH 90°C temperaturoje, 25% NaOH 90°C
temperaturoje, 48% HF kambario temperaturoje ir HoSO4 bei H3PO4 rugsiy
misinys 270°C temperatiroje.

Tiriant minéty faktoriy jtaka SLE procesui atlikti 3 skirtingi testai pavaiz-
duoti 14 paveiksle. Pirmiausia buvo jrasomos pavienés linijos medziagos turyje,
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bandinys su modifikacijomis perpjaunamas statmenai modifikacijoms ir ésdi-
namas skirtingomis salygomis. Po ésdinimo jvertinama skirtingomis salygomis
gaunama ésdinimo sparta. Kitas eksperimentas — cilindriniy skyliy per visa
bandinio storj jrasymas. Taip jvertinama galimybé isésdinti 3D darinj safyre.
Galiausiai jrasomos pavirsinés modifikacijos, kurios leidzia stebéti nanogardeliy

morfologijos pokycius po ésdinimo.

14 pav. Safyro SLE tyrimui atlikty eksperimenty schemos: (a) Pavieniy linijy
iraSyty medziagos turyje eksperimentas; (b) cilindriniy skyliu per visa subst-
rato aukstj jraSymo eksperimentas; (c) lazeriu indukuoty medziagos pokyciu
morfologijos jvertinimas po ésdinimo.

Atskiry linijy eksperimento rezultatai pavaizduoti 15 paveiksle (a). Atlikus
minéta eksperimenta aukséiausia ésdinimo sparta (iki 200 pm/h) gauta ésdi-
nant sieros ir fosforo rugsciy misiniu. Kiek mazesnés ésdinimo spartos gautos
ésdinant KOH ir NaOH, Zemiausios — ésdinant HF. Visais atvejais pirmaja
harmonika jrasytos modifikacijos leido iSgauti bent keliais procentais didesnes
ésdinimo spartas nei jrasytos antraja lazerio harmonika. Taciau treciaja har-
monika jrasyty modifikacijy ésdinimo spartos buvo itin nedidelés (iki 20 pm/h).
Tokios tendencijos gali buti paaiskintos skirtingais nanogardeliy periodais. Na-
nogardeliy, suformuoty skirtingomis lazerio harmonikomis, atvaizdai pateikia-
mi 16 paveiksle. Pirmgja harmonika jrasytos nanogardelés turi didziausias po-
ras, tad ésdikliui lengviau jsiskverbti | medziaga. Taip pat pastebéta, kad bene
visais atvejais didziausia impulso energija leidzia isgauti didziausias ésdinimo
spartas. Kaip jau minéta, svarbus parametras SLE yra selektyvumas, taciau
siuo atveju §j parametra jvertinti sudétinga dél itin nedidelés nemodifikuoto
safyro ésdinimo spartos. Tad jvertinamos bent apytikslés selektyvumo vertés
naudojant skirtingus ésdiklius. Jos pateiktos 15 paveiksle (b).DidZiausias se-
lektyvumas (~1000) gali buti gautas naudojant NaOH ar KOH, o Zemiausias
selektyvumas (66) gaunamas naudojant sieros ir fosforo rugs¢iy misinj.
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15 pav. (a) Pavieniy linijy, jrasyty ir ésdinty naudojant skirtingus protokolus,
ésdinimo sparty grafikas. 1H, 2H ir 3H indikuoja 1030 nm bangos ilgio laze-
rio pirmaja, antraja ir treciaja harmonikas, atitinkamai 1030 nm, 515 nm ir
343 nm. (b) Lenteléje pateiktos nemodifikuotos medziagos ésdinimo spartos,
naudojant skirtingus ésdiklius ir selektyvumo jvercius, remiantis modifikuoty
ir nemodifikuoty medziagy ésdinimo sparty rezultatais.

16 pav. SEM atvaizdai nanogardeliy, suformuoty skirtingais lazerio bangos
ilgiais: (a) 1030 nm; (b) 515 nm; (¢) 343 nm.

Sios eksperimento dalies tikslas yra pademonstruoti 3D struktuiras, paga-
mintas i$ safyro. Tad po pavieniy linijy testy, buvo atlikti 3D testai, po kuriy
galima atsirinkti SLE protokolus, leidziancius isgauti 3D darinius. IStirti iden-
tiski parametrai kaip ir pries tai atliktame eksperimente. Taip pat papildomai
iSbandyti jvairus impulsy trukmés variantai. Keiciant parametrus kiekvienam
dariniui j 500 pm storio safyro plokste jrasytos cilindrinés strukturos per vi-
sa plokstelés storj. Sio eksperimento rezultatai pavaizduoti 17 paveiksle. 3D
eksperimentas parodé, kad geriausi parametrai, leidziantys efektyviausiai mo-
difikuoti strukturas, yra pirmosios harmonikos spinduliuoté, 200 fs trukmeés
impulsai ir 300 — 500 nJ impulsy energija, kuri atitinka 16,9 — 28,2 J/cm?
energijos tankj vienam impulsui. Vienintelis cheminis ésdiklis, kuris sékmingai
iSésdino suformuotas modifikacijas buvo HoSO,4 ir H3PO,4 misinys. Naudojant
kitus testuotus ésdiklius (KOH, NaOH ir HF) cilindrinés strukturos nebuvo
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iSesdintos i$ plokstelés net po 48 valandy ésdinimo. Kyla klausimas, kodél kiti
isbandyti esdikliai néra tinkami 3D dariniy formavimui.

17 pav. Cilindrinés strukturos jrasytos skirtingais bangos ilgiais, impulso truk-
meémis bei impulso energijomis: (a) bandinys ésdintas HoSO4 ir H3PO, rugsciy
misinyje; (b) bandinys ésdintas HF rugstyje.

Norint patikrinti minétus pastebéjimus, buvo jrasytos 10 pym gylio ir plocio
modifikacijos ant safyro pavirsiaus. Modifikacijos jrasytos parametry rinkiniu,
kuris buvo nurodytas tinkamiausias 3D dariniy formavimui (1030 nm bangos
ilgio spinduliuoté, 600 kHz impulsy pasikartojimo daznis, 200 fs impulsy truk-
meé ir 500 nJ impulsy energija). IraSytos modifikacijos ésdintos skirtinguose
ésdikliuose. Galiausiai gauti rezultatai buvo jvertinti naudojantis SEM. SEM
atvaizdai su skirtingai ésdintomis modifikacijomis pateikti 18 paveiksle. Kiek-
vienu atveju iSmatuotas ésdinty modifikacijy gylis. Po apdirbimo lazeriu nano-
gardelés padengtos jvairiomis nuosédomis. Po 1 valandos ésdinimo 35% KOH
ir 25% NaOH 90°C temperaturoje ir 48% HF didelé dalis nuosédy nusiésdina
ir tampa aiskiai matomos nanogardelés (18 paveikslas, (b) — (d) dalys). Taciau
paésdinus modifikacija tik 20 minuciy HoSO, ir H3PO4 misinyje, ne tik nelieka
lazerio apdorojimo likuéiy, bet yra ésdinamos ir pacios nanogardelés (18 pa-
veikslas (e)). Visi mineéti ésdikliai reaguoja su medziaga skirtingai. Vizualiai
HF efektyviausiai pasalina po apdirbimo likusius likuc¢ius nuo pavirsiaus. Nau-
dojant NaOH po ésdinimo lieka daugiausia likuc¢iy ant pavirsiaus. Lyginant
su atskiry linijuy testo rezultatais, HF linkes Salinti medziaga nuo pavirsiaus, o
NaOH ir KOH linke patekti j nanogardeliy vidy. Vis délto né viena i minéty és-
dikliu neésdina paciy nanogardeliy, kitaip tariant, sieny tarp lazeriu indukuoty
pory. Todél KOH, NaOH ir HF ésdikliai negali visiskai iSésdinti 3D struktury,
nes vis dar lieka ne iki galo pasalintos nanogardelés. Sis pastebéjimas mums
suteikia pagrindo manyti, kad ne visa medziaga nanogardelése tampa amorfiné
arba amorfiné medziaga i$ dalies rekristalizuojasi po to, kai ji nebéra veikiama
lazerio. Kita vertus, HoSO4 ir HsPOy4 ésdina tiek nemodifikuota medziaga, tiek
ir pacias nanogardelés, tad ésdiklis yra tinkamas dariniams i$ safyro formuoti.
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18 pav. Lazeriu indukuoty pavirsiniy modifikaciju SEM atvaizdai ir iSmatuoti
modifikacijy gyliai: (a) neésdinta pavirsiné modifikacija; (b) pavir§iné modifi-
kacija ésdinta 35% KOH 1 h; (c) pavirsiné modifikacija ésdinta 25% NaOH
1 h; (d) pavirsiné modifikacija ésdinta 48% HF 1 h; (e) pavirsiné modifikacija
ésdinta HoSOy ir H3PO4 20 min. (f) Optiniu profilometru iSmatuoti skirtingai
ésdinty modifikacijy gyliai.

Galiausiai buvo suformuotos kelios strukturos i§ safyro (19 paveikslas): Se-
siakampiy bei apvaliy skyliy matricos. Dariniai pagaminti is 0,5 mm C kristali-
nés orientacijos safyro ploksteliy kaip ésdiklj naudojant sieros ir fosforo rugsciy
misinj. Pirmiausia pagaminti skirtingo skersmens skyliy masyvai: 100 pm ir
vos 2 pm skersmens skylés. Taip pat suformuotos 400 pm sieny ilgio Sesiakam-
pés iSpjovos. Pagamintos kelios panasios strukturos su vis mazesniais (200, 100
ir 50 pm) sieny storiais tarp iSpjovy. Struktura su dar siauresnémis 25 pm
sienomis buvo itin trapi, tad neisliko. Svarbus pastebéjimas suformavus Sias
strukturas yra tai, kad ésdinant safyrg ant bandinio pavirsiaus formuojasi skir-
tingy pokrypiy plokstumos, kurios atsiranda dél skirtingo safyro ésdinimosi
sparty atskiroms kristalinéms orientacijoms. Taciau bendru atveju Sios struk-
turos demonstruoja galimybe formuoti jvairias strukturas i$ kristalinio safyro.
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19 pav. Dariniai, pagaminti iS C kristaline orientacija supjaustyto kristalinio
safyro: (a), (b) 100 pm skersmens skyliy matrica; (¢), (d) pavienio skenavimo
linijomis suformuoty 10 pum periodo skyliy matrica; (e) — (g) korio tipo darinys,
kurio Sesiakampés iSpjovos sienos ilgis yra 400 pum, o sienos storis tarp iSpjovy
lygus 200 pm; (h), (i) panasus korio tipo dariniai, kuriy sieny storis tarp iSpjovy
yra atitinkamai 100 pgm ir 50 pm.

SLE taikymai

SLE metodu pagaminti komponentai bei prietaisai gali buti panaudoti jvairiose
taikymy srityse, kaip antai mikromechanika ar mikrofluidika. Siame skyriuje
aptariami funkciniai prietaisai, pagaminti i$ lydyto kvarco. Dariniy gamybai
naudojami parametry rinkiniai jvardyti kaip efektyviausi 2 skyriuje. Minéti
taikymy pavyzdziai aptarti straipsniuose IT ir V.

Stikliné mikromechanika

SLE budu galima formuoti visiskai laisvos architekturos darinius, tad atsiranda
ir galimybé gaminti judanc¢ius mikromechaninius mechanizmus, kurie nereika-
lauja jokio surinkimo proceso. Tokie dariniai gali buti itin maZzi bei tikslus (iki
keleto pm tikslusmo). Tokius mikromechaninius mechanizmus buty galima su-
skirstyti j du tipus: mechanizmai, kurie juda dél lanksciy detaliy ir kurie juda
aplink suformuotas aseles. Taigi Siame darbe buvo pademonstruota keletas
ivardyty tipy mechanizmy. Zinoma, kad plonos bei didelio matmeny santykio
stiklinés detalés yra lankscios, tad gebant formuoti tikslias ir didelio matmeny
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santykio detales galima pagaminti tokiu judéjimo metodu paremtus mechaniz-
mus. Vienas tokiy yra stikliné spyruoklé, kuri, kaip matyti is 20 paveikslo, gali
buti suspausta, o galiausiai grizti j pradine padétj. Spyruoklés vijos plotis yra
50 pum, o bendras apvijos ilgis siekia apie 12 mm.

<>
300 pm

20 pav. Stiklinés spyruoklés optinés nuotraukos: (a) bendras darinio vaizdas, o
(b) ir (c) rodo galimybe suspausti darinj. Dél nedidelio apvijy storio (skersmuo
— 50 pm) ir gana didelio bendro spyruoklés apvijos ilgio (12 mm), spyruoklé
pakartotinai gali buti suspaudziama nuo 600 iki 300 pum aukséio (t. y. 50%
viso spyruokleés aukséio) nesugadinant darinio.

Taip pat buvo pagaminti ir keli kiek kitokie mikromechaniniai mechanizmai
— tai lanksto tipo grandinélé ir Zenevos mechanizmas. Sie dariniai pavaiz-
duoti 21 ir 22 paveiksluose. Pagrindiné idéja gaminant tokj mechanizma yra
ta, jog lazeriu modifikuojama medziaga tarp aselés ir aplink ja besisukancio
mechanizmo. Tokiu budu is$ karto po ésdinimo gaunama struktura, kuri gali
judéti. SLE budu pagaminty struktury pavirsiaus Siurkstumas yra nedidelis
(apie 200 — 300 nm RMS), tad mechanizmai gali sklandziai judéti. Pagrindinis
tokiy mechanizmy privalumas yra didelis tikslumas ir tai, kad jie nereikalauja
papildomo surinkimo. Kai kalbame apie precizinius mikromechanizmus, tai yra
didelis privalumas.
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(a)

21 pav. Judanti grandinélé sudaryta is daugelio lanksto tipo mechanizmuy:
(a) strukturos 3D modelis su 1/4 strukturos nuopjova, siekiant parodyti vidine
sistemos architektura ir jos judé¢jimo mechanizma; (b) pagaminto darinio op-
tinio mikroskopo nuotrauka. Pasiektas kiekvieno lanksto lenkimo kampas yra
apie 30°.

91



22 pav. SLE metodu pagaminto Zenevos mechanizmo nuotraukos ir atvaizdai:
(a) viso mechanizmo SEM atvaizdai; (b) — (e) svarbiausiy mechanizmo detaliy
SEM atvaizdai; (f) 5 kartus mazesnio nei dalyje (a) Zenevos mechanizmo SEM
atvaizdas; (g) chronologinés judancio Zenevos mechanizmo nuotraukos. Juoda
rodyklé nurodo sukimosi kryptj. Darinio judéjimas yra automatizuojamas pri-
tvirtinant nedidelj magneta ant mechanizmo ir patalpinant darinj iSoriniame
magnetiniame lauke.

Laboratorija ant lusto

Kita galima SLE taikymo sritis yra mikrofluidinés sistemos bei prietaisai. Di-
delé dalis jvairiy testavimy gali buti perkelta iS masyviy laboratorijy i kom-
paktiskesnes mikrofluidines sistemas, taip taupant tiek medziagy kiekius, tiek
vengiant tam tikry testavimy su zmonémis, gyvunais ar jy organais. Taigi Sio-
je darbo dalyje pateikiamas laboratorijos ant lusto pavyzdys. Buvo testuota
kepeny ant lusto sistema, kuri pagaminta, naudojant kelias skirtingas femtose-
kundinio apdirbimo technikas, i$ juy ir SLE.

Pagrindiné kepeny ant lusto prietaiso idéja — trijy nepriklausomy kanaly
sistema. Lusto vidurinéje dalyje Sie trys kanalai atskirti stulpeliy tipo filtrais,
per kuriuos véliau centriniame kanale patalpintos kepeny lastelés gali savei-
kauti su medziaga, esancia gretimuose kanaluose. Pasirinktas mikrofluidinis
prietaisas pagamintas sujungiant kelias femtosekundinio lazerio spinduliuote
paremtas apdirbimo technikas. Lusto gamybos strategijos schema pavaizduo-
ta 23 paveiksle. Pirmiausia naudojantis SLE metodu suformuojami mikroflui-
diniai kanalai ant lydyto kvarco bandinio pavirSiaus. Kartu su mikrofluidine
sistema yra pagaminami ir stulpeliy tipo filtrai lusto centre. Pagaminus tokig
mikrofluidine sistema, Si yra enkapsuliuojama uzvirinant tokio paties dydzio
lydyto kvarco plokstele ant pokstelés su pavirsiniais kanalais. Virinimo proce-
sas jgyvendinamas — paveikus kontakta tarp dviejuy skaidriy medziagy auksto
intensyvumo fokusuota spinduliuote ir taip atskiruose taskuose sulydant dvi
ploksteles tarpusavyje.
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23 pav. Laboratorijos ant lusto gamybos schema: (a) nanogardeliy jraSymas
stiklo turyje fokusuota femtosekundine spinduliuote; (b) lazeriu modifikuoto
bandinio ésdinimas; (a) ir (b) dalys kartu sudaro SLE metoda; (¢) SLE me-
todu pagaminti pavirsiniai kanalai uzdaromi uzvirinant stikline plokstele ant
bandinio su pavirSiniais kanalais.

Apibudintomis metodikomis pagamintas stiklinis lustas pavaizduotas 24 pa-
veiksle. Matyti, kad naudojantis SLE suformuojama tiksli mikrokanaly sis-
tema, kurioje kartu su kanalu pagaminamas ir filtras. Filtras sudarytas is
stulpeliy, kuriy ilgis ir plotis yra 36 pum ir 55 pym, o aukstis 200 gm. Tarpai
tarp atskiry stulpeliy yra 14 pm. Galutinis prietaisas po virinimo pavaizduo-
tas 25 paveiksle. Paveikslo dalyje (b) matyti aplink kanalg susiformavusios
virinimo siulés, kanaliukai yra uzpildyti nedideliu kiekiu vandens tikrinant, ar
virinimas hermetiskai uzsandarino mikrofluidine sistema.

Prototipinio prietaiso funkcionalumas yra testuojamas naudojant kepeny
lasteles. Mikrofluidinés sistemos kanalai padengiami homogeniska poli-L-lizino
plévele. Buvo testuoti ir papildomu sluoksniu nepadengti lustai, taciau HepG2
(GS) neprisitvirtino ant lygaus lusty pavirsiaus. Lastelés gerai prisitvirtina ant
plévele padengto pavirSiaus. Po 24 valandy apsétos HepG2 (GS) lastelés pra-
deda augti monosluoksnyje. Sferoidy skaicius ir dydis atitinka pradinj lasteliy
tankj. Keiciant terpe, lasteliy monosluoksniai lieka pritvirtinti prie pavirSiaus
ir nuolat auga. Po 96 valanduy HepG2 (GS) lastelés sudaro didelius neregu-
liarius sferoidus. Po 7 dieny sferoidy augimas lemia dideliy sferoidy klasteriy
formavimasi visoje kepeny ant lusto sistemoje. Aprasyto bandymo nuotraukos
pateiktos 26 paveiksle. Nuo 7 dienos lasteliy gyvybingumas mazéja, kaip ma-
tyti is kai kuriy lasteliy apvalios formos. Remiantis "Trypan Blue" testu, po
9 dieny dauguma lasteliy yra negyvos. Prisitvirtinusios lastelés yra gyvybingos
7 dienas nuo eksperimento pradzios. Taigi is atlikty eksperimenty matyti, kad
tokios sistemos gali buti tinkamos jvairiems biologiniams tyrimams.
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24 pav. Pagamintos laboratorijos ant lusto nuotraukos; (d) viso prietaiso optiné
nuotrauka; (a), (¢) ir (d) atskiry darinio daliy SEM atvaizdai zitrint i§ virSaus;
(f) — (i) atskiry darinio daliy SEM atvaizdai ziurint 45° kampu; (b) kanalo
pavirsiaus topologijos atvaizdavimas optiniu profilometru.
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25 pav. (a) Laboratorijos ant lusto nuotrauka. (b) Pagaminto mikrofluidinio
lusto optiné nuotrauka, kurioje matyti virinimo siulés. (c¢) Suvirinto lusto pju-
vio optiné nuotrauka. (d) Virinimo siuliy optiné nuotrauka su sukryziuotais
poliarizatoriais. (e) ir (f) Optinés virinimo siuliy nuotraukos, gautos skirtingo
didinimo objektyvais.
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26 pav. Mikrofluidiniu kanaly, apsétu HepG2(GS) kepeny lastelémis, optinés
nuotraukos: (a), (e) i$ karto po apséjimo lastelémis; (b), (f) po 24 valandy; (c),
(g) po 96 valandy; (d),(h) po 7 dieny; (i), (j) po 9 dieny atlikus Trypan Blue
testa. 95



ISvados

1. 3D strukturos sudarytos is dvieju skirtingy plokstumy. Irasius minétas
plokstumas skirtingais parametrais, pastebéta, kad abiem atvejais ma-
Ziausias testuotas atstumas tarp skenavimo linijy (0,25 pm horizontalioje
plokStumoje ir 1 um vertikalioje plokStumoje, tai atitinka apie 90% jra-
Sytu modifikacijy persiklojima) suteikia didesnj ésdinimo greitj (iki maz-
daug 1000 pm/h), o mazesnis tarpas tarp skenavimo linijy lemia maZesnj
suformuoty plok$tumy pavirsiaus Siurkstuma (<200 nm RMS).

2. Esdiklio koncentracija ir drékinimo savybeés kei¢ia UVFS ésdinimo greitj
ir selektyvuma. Didesné ésdiklio koncentracija padidina modifikuotos ir
nemodifikuotos medziagy ésdinimo greitj. PrieSingai, mazesné ésdiklio
koncentracija suteikia mazesnj modifikuotos ir nemodifikuotos medziagy
ésdinimo greitj. I standartinj ésdiklj jdéjus organinio tirpiklio priemai-
Sa, ésdiklis stipriau drékina ésdinamg pavirsiy. Dalies vandens ésdiklyje
pakeitimas izopropanoliu dél cheminiy reakcijy sumazina nemodifikuotos
medziagos ésdinimo greitj. Kartu tai padidina modifikuotos medziagos
ésdinimo greitj dél didelio jrasSyty nanogardeliy pavirsiaus ploto. Pasiek-
tas apie 3000 selektyvumas naudojant 2 mol/1 KOH tirpala, kuriame 10%
vandens buvo pakeista izopropanoliu.

3. UVFS SLE naudojamo ésdiklio koncentracija keic¢ia suformuoty pavirsiy
SiurkStuma. Testuotais atvejais didesné KOH koncentracija suteikia ma-
zesnj pavirsiaus siurkStuma. Didziausias pavirSiaus siurkstumas, 340 nm
RMS, buvo gaunamas naudojant 1 mol/l KOH tirpala, o maziausias,
180 nm RMS, buvo gaunamas naudojant 8 mol/1 KOH tirpala.

4. Palyginus skirtingus safyro SLE algoritmus, pasirinkti tinkamiausi para-
metrai safyro SLE procesui. Safyro strukturos formavimui tinkami para-
metrai yra: 1030 nm bangos ilgis, 200 fs impulsy trukmé, 610 kHz impulsy
kartojimo daznis ir 300 — 500 nJ impulsy energija. Tik vienas i$ testuoty
ésdikliy buvo tinkamas strukturos formavimui — tai 270°C temperatiuros
sieros ir fosforo rugsciy misinys. Pasirinkto protokolo selektyvumas yra
apie 66. Minétas rugsc¢iy misinys vienintelis is testuoty ésdikliy, kuris gali
ésdinti jrasSytas nanogardeles.

5. Naudojant SLE technologija, buvo pagamintos kelios mikromechanikos
ir mikrofluidikos struktiiros, kaip kad: spyruoklé, Zenevos mechanizmas,
lanksto tipo struktura ir mikrofluidinis lustas. IS pademonstruoty dariniy
matyti, kad SLE technika yra tinkama funkciniy jtaisy gamybai. Paga-
minty mikromechaniniy kompnenty judéjimo funkcijos buvo istestuotos.
Laboratorijos ant lusto sistema testuota kepeny lasteliy biomedicininiams

tyrimams.
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2

Abstract: The rapid expansion of femtosecond (fs) laser technology brought previously unavailable
capabilities to laser material processing. One of the areas which benefited the most due to these
advances was the 3D processing of transparent dielectrics, namely glasses and crystals. This review
is dedicated to overviewing the significant advances in the field. First, the underlying physical
mechanism of material interaction with ultrashort pulses is discussed, highlighting how it can be
exploited for volumetric, high-precision 3D processing. Next, three distinct transparent material
modification types are introduced, fundamental differences between them are explained, possible
applications are highlighted. It is shown that, due to the flexibility of fs pulse fabrication, an array
of structures can be produced, starting with nanophotonic elements like integrated waveguides
and photonic crystals, ending with a cm-scale microfluidic system with micro-precision integrated
elements. Possible limitations to each processing regime as well as how these could be overcome are
discussed. Further directions for the field development are highlighted, taking into account how it
could synergize with other fs-laser-based manufacturing techniques.

Keywords: femtosecond laser; glass micromachining; 3D structuring

1. Introduction

Glass and related transparent dielectrics play an important role in huge variety of
applications. Through the millennia it found its way into all aspects of life, starting
from construction engineering and building expanding to nanotechnology and space
exploration. Glass owns its applicability to a combination of superb properties, such as
being mechanically robust, transparent to the visible part of the electromagnetic spectrum,
chemically inert in organic solvents and biocompatible. While glasses are not as diverse as
metals [1,2] or polymers [3,4], they also can be modified in various ways [5-8] expanding
their applicability. Nevertheless, ways to process glass are surprisingly limited, mostly
relying on various kinds of casting [9,10] or mechanical cutting [11,12]. Due to the rapid
development of science and technology, the need for more advanced and, most importantly,
precise and flexible ways to produce glass structures arose. To accommodate the needs for
nanotechnology various chemical deposition [13,14] or wet etching [15,16] techniques were
employed. At the same time, direct [17,18] and indirect [19,20] additive 3D manufacturing
of glass was demonstrated. However, in all of the highlighted processes, severe drawbacks
and compromises are limiting their applicability. A more diverse and flexible approach is
highly sought after.

One of the premier candidates for the best possible blend between free-form fabrication
capability, flexibility, and throughput is the usage of femtosecond (fs) laser [21]. Indeed,
it was already employed in a huge variety of fields [22]. The primary advantage of
using ultrashort pulses is the possibility to control the thermal aspects of the light-matter
interaction [23-25]. Furthermore, interaction can be nonlinear, meaning that materials
transparent to the incident wavelength can be processed [26]. Combined, these two aspects
make fs pulses extremely attractive for glass processing. Thus, this review is dedicated to
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highlighting how fs pulses can be employed for free-form 3D microstructuring of glass.
Dielectric crystals will also be mentioned where relevant, as a lot of glass-related processing
techniques can be applied for them as well. First, the physical phenomena of ultrafast light-
matter interaction will be discussed, explaining how it can be tuned and localized. Then,
various processing techniques based on these interactions will be explained. These include
waveguide and other photonic element inscribing, zone plates, selective glass etching
(SLE), and ablation. Primary attention will be given to real-life applications of shown
techniques as well as connections with other manufacturing methodologies. Combined,
this will provide a comprehensive outlook to the current progress of fs glass fabrication
and highlight the directions where the field is headed.

2. Ultrafast Radiation and Material Interaction
2.1. The Nature of Nonlinear Radiation and Material Interaction

To give a proper background to the technologies that will be discussed further in the
review, we will begin by explaining the nature of ultrafast light and material interaction.
When the material is processed by using fs pulses radiation the material is affected by very
high peak intensity I (more than GW/cm?). As I is the ratio between the laser power P
and focused spot size with a radius of wy, the two main ways to raise it are an increase in P
or focus a laser beam to smaller spot size. The first requirement is fulfilled by high peak
power (Pp) of fs pulses (~GW), while small spot sizes are achieved by sharp focusing—high
numerical aperture (NA > 0.2) objectives or lenses. Material response to high I is nonlinear
and conceptually is different from the material response to low-intensity radiation which is
generated by non-coherent light sources. When radiation travels through dielectric material
it polarizes material. When radiation intensity is not high enough material polarization
linearly depends on radiation electric field E (1). Keeping in mind that I~ |E? |, when
radiation creates an electric field which is stronger than 107 V/m, material polarization
dependency on the electric field becomes nonlinear (2).

P(t) = eox VE(t), 6))

P(t) = egxWE®) + eogx PE@ (£) + egx P EP (£) + ..., )

here ¢ is vacuum dielectric permeability, xW is linear optical sensitivity, x®—second
order nonlinear optical sensitivity, x(3—third order nonlinear optical sensitivity.

Different member in nonlinear polarization equation decides different phenomenon
observed in material. It also might exclude some materials from certain interaction regimes.
For instance, effects that are decided by square nonlinear sensitivity, like sum and difference
frequency generation, are observed only in non-central symmetrical crystals. Meanwhile,
cubic nonlinear sensitivity affected phenomena are observed in all-dielectric materials.
These effects are multi-photon absorption, tunneling ionization and other radiation self-
interaction, such as light thread formation. It is important to note that various nonlinear
light-interaction regimes can be induced simultaneously, leading to a quite complex picture
of the process. Thus, when processing non-central symmetric materials a second-order
interaction have to be taken into account, or how the Kerr effect might change propagation
conditions when high I is present [27].

2.2. Nonlinear Effects

As it was mentioned before when the material is affected by high-intensity radiation
various nonlinear light and material interaction effect appears which are governed by differ-
ent order nonlinear sensitivity. One of these effects is multiphoton absorption. Multiphoton
absorption is simultaneous two or more photons absorption through virtual levels from the
ground to an excited state. Two-photon absorption is decided by second-order nonlinear
optical sensitivity. Meanwhile, three-photon absorption is decided by third-order nonlinear
optical sensitivity. Hence, higher-order multiphoton absorption is decided by higher-order
nonlinear optical sensitivity respectively. Most of the time in nonlinear optics multiphoton
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optics is a negative effect that distorts radiation. However multiphoton absorption can be
used for positive practical applications such as multiphoton spectroscopy, microscopy, and
transparent material laser processing.

In simplified terms, to induce a change in the dielectric material the electrons have
to be excited from the valance band to the conductive band. Numerous processes might
induce it. The most important and the most prevailing nonlinear effects when a material
is illuminated with high I fs radiation are multiphoton ionization, tunneling ionization,
and avalanche ionization. Multiphoton ionization is a process when an electron absorbs
several photons simultaneously and is excited via virtual levels. The principal scheme of
this process is shown in Figure 1b. Another nonlinear effect is tunneling ionization. Intense
laser radiation can distort the potential barrier which holds electrons to material atoms.
Because of the potential barrier decrease possibility of electron tunneling increases and
in this way more and more electrons are excited to the conduction band. This process is
depicted in Figure 1c.

(b) E,

hv!
(a)

hv

) o Eis e

Eo (d
(e
Eo
- - [ Eo

Figure 1. Principle schemes of main nonlinear processes: (a) linear ionization, (b) nonlinear (multi-
photon) ionization, (c) tunneling ionization and (d) avalanche ionization.

Which process (multi-photon ionization or tunneling ionization) is going to dominate
depends on laser w and I. This dependency is described by Keldish parameter [28] which

can be expressed as [29]:
_w meAEgg
T=\N T ®)

here e—electron charge, m—electron mass, c—speed of light, n—linear refraction index,
I—laser intensity, egp—vacuum dielectric penetration, AE—reserve strip spacing.

When 7 is more than 1.5, multi-photon ionization will dominate, when y is less than
1.5, tunneling ionization will dominate. Meanwhile, when the Keldish parameter is close
to 1.5, transitional regime ionization occurs. In this case, multi-photon and tunneling
ionization have approximately the same influence on material ionization. To sum up,
tunneling ionization prevails in high I and low w regimes. In contrast, multi-photon
ionization dominates in high I and high w cases. In laser metrical processing to reach the
desired effect, it is necessary to control which effect will dominate. Fortunately, modern
amplified fs-laser systems can be easily tuned to cover all the processing regimes.

Another important process that appears because of nonlinear radiation and material
interaction is avalanche ionization. The principal scheme of this process is shown in Figure 1d.
When radiation interacts with material electrons are released from material atoms. Continu-
ously, irradiating material by intense electric field-free electrons is accelerated and their energy
can be enough to release other electrons from neighboring atoms. In this way more and more
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electrons are released. Finally, the critical density of electrons in a material is reached and the
material can be modified [27]. For this process to appear sufficient amount of seed electrons is
required. At the same time, to achieve sufficiently high electron densities using avalanche the
time for the process to appear have to be sufficiently long (>100 fs). Therefore, this process is
more common when longer amplified pulses are used. Also, care should be taken, because if
the process is too strong it can become uncontrollable, worsening structuring quality. Thus,
care should be taken if this process is present during DLW.

2.3. Thermal Effects

When a material is processed with relatively long laser pulses (>10 ps) thermal effects
can be observed in the material. It is the result of heat dissipation from the laser affected
area which occurs while a long laser pulse is still interacting with the material in the
focal point. This process takes its place around 1 ns after radiation absorption [30] and
usually reduces material processing quality. When quantifying thermal effect the term
Laser Affected Zone (LAZ) is introduced. It encompasses all the volume affected by the
heat generated by a laser, even if it is outside of the focal point [31].

Usage of an ultrafast laser can allow control and if needed greatly reduce thermal
effects caused by the light-matter interaction. Looking from the temporal perspective,
interactions needed for processing occur rather fast. For instance, material ionization
occurs after ~1 ps, followed by ablation and removal after ~100 ps [30]. Therefore, if no
additional energy is introduced while subsequent thermal effects take place it can be greatly
reduced. As a result in the fs pulses, the case material does not suffer from substantial
thermal effects. In this way, LAZ is minimized. That is why femtosecond material laser
processing sometimes is called cold material processing. Nevertheless, it is important to
note that alongside pulse duration pulse repetition rate also plays important role in the
thermal aspect of processing. If several pulses reach the affected zone before initial heat
dissipation takes place, even fs pulses can induce material melting and noticeable LAZ.
Another important factor for thermal accumulation process is the deposited energy. By
maintaining the same pulse duration and pulse repetition rate and at the same time by
increasing energy of each pulse the sample is affected by greater radiation dose. If the
energy does not have enough time to be relaxed out of sample by increasing pulse energy
we obtain higher thermal effects. Higher pulse energy shows greater affected volume
around the laser focus [31] that means stronger thermal effects. While in some cases this
might be detrimental, it can also be useful in some applications like laser welding. This
distinction will be made through the article where it applies.

These thermal effects are especially important for glass processing. Glass is a quite
fragile material that can be easily broken by treating it with stresses [32] or temperature
caused volume tensions [33]. By processing glass with longer pulses or even CW laser it is
very hard to avoid cracking of glass [34]. However, short pulses lasers development allows
minimizing thermal effects by using shorter pulse duration [35] and process material locally
without affecting surrounding volume.

3. Peculiarities of Glass Processing Using Fs Radiation

Light-based glass processing is not a straightforward process. Most glasses (with
some exceptions like chalcogenide glasses) are transparent materials for near-UV, visible
and near-IR radiation, meaning that linear interaction with such photons is negligible.
As a result, one way to induce a modification in glasses is by choosing a wavelength that
can be absorbed by a particular glass. Some works use such interaction for glass surface
structuring based on linear glass absorption [36,37]. Such direct removal of the material
by laser beam This is called laser ablation. Nevertheless, 3D processing in such cases is
greatly limited due to direct absorption being a surface-bound process limiting its use for
3D structuring.

Alternatively, intense and focused radiation can be used. Then interaction becomes
nonlinear, resulting in melting and removal of the focal volume. For this reason, most
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laser-based glass 3D processing techniques are based on such processes. As we already
have discussed, when radiation I is high enough (GW /cm?-PW /cm?) multiple photons
(in most cases two) can be absorbed simultaneously during multi-photon ionisation [27].
Because high enough I for this interaction can only be reached by focused laser light, this
creates inherent localization of the process. The scheme of this idea is shown in Figure 2.
Keeping in mind, that in most cases NA in the range from 0.01 to 1.4 is used, the volume in
which the modification is induced can range from a hundred nm to hundreds on pm in
a transverse direction and from a few pm to several mm in a longitudinal direction. The
elongated modification is an inherent feature of Gaussian beam normally used for such
processing [38] while other types of voxel shapes being possible with beam structuring.
Due to the nonlinear nature of these interactions sub-diffraction limited features are also
possible, both directly and indirectly. Regardless, localization and selectivity of the process
in the volume of glass is a critical component why fs laser is the primary tool for high
precision 3D fabrication. Keeping in mind that laser can be used in a multitude of ways
and not only for glass processing any laser-based fabrication process can be called direct
laser writing DLW [39].

Intensity required to
induce nonlinear
phenomena

Intensity

| Beam diameter T~

Transverse coordinate

Figure 2. Focused laser beam spot diameter required to induce nonlinear effects dependency on
radiation intensity.

Light-glass interactions used in DLW can induce different types of modifications.
These depend on laser parameters such as radiation intensity, repetition rate, pulse duration,
or wavelength to name a few [40]. Of course, induced modifications depend on the material
itself [40,41]. Formally, in literature, it is possible to find 3 primary stable modification
types that can be induced in the glass. Nevertheless, some exceptions apply at specific
cases. For instance, silver clusters can be formed in silver containing glasses, resulting in
type Argentum (or type A) modification [42]. However, in this review we will concentrate
at the 3 primary modification types referring to any exceptions when it applies.

Type I modification is smooth material refraction index change. The change depends
on various laser parameters and on the material itself. In a standard case, it is considered
that such variation is mainly decided by pulse energy. An example photo of this modifica-
tion can be seen in Figure 3b,c [40]. In the standard glass, the amplitude of change is in the
order of 1073.
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Type II of modification is periodical nanogratings in the glass. From optical standpoint,
alongside changing just refractive index of the material, it also introduced birefringance. An
example of nanogratings is shown in Figure 4. One of the key properties of this interaction
is the tendency of nanogratings to be strongly influenced by the polarization of the incident
beam. Nanograting ripple direction is perpendicular to polarization [41,43]. Moreover,
the exact shape and properties of nanograting depend on other parameters as well. For
instance, pulse repetition rate plays quite an important role, as it denotes the thermal aspect
of the interaction [44]. The size of the ripples themselves is sub-diffraction, that is, in the
range of tens of nm.

Type III modification denotes the formation of nano/micro-voids. When radiation
intensity exceeds a particular value higher than needed for type II modification, micro-
explosion in the volume of glass occurs and forms micro-cavities. This phenomenon is
demonstrated in various works [45,46]. It is the most violent form of processing with an
fs laser, leading to a relatively large modification area with several phase-change along
the modified area. Particular radiation intensities to induce these types of modifications
depend on the materials themselves.

5um
—

0.00
fs energy (uJ)

Figure 3. Glass modification examples. (a) unmodified material, (b,c) type I of glass modification or
refractive index changes. (d)—type III modification or nano/micro-voids [40].

Figure 4. Examples of type II glass modification and visualization of nanogratings direction de-
pendency to light polarization. (a) Nanogratings induced with light polarization perpendicular to
scanning direction- the angle between polarization and scanning direction 90°, (b) 45° and (c) 0°.
(d) Nanogratings modification after etching [41].
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4. Fabrication of Functional 3d Structures

There are many laser glass processing techniques based on nonlinear light-matter
interactions, and by inducing different types of modification it is possible to change
the method by which we perform the processing of glass. Type I modification can be
used for for smooth laser refractive index modification [40] and waveguides formation in
glass [47,48], type II can be used for Q-plate manufacturing, while post-processing etching
step of modification is necessary for selective laser etching (SLE) [49]. Meanwhile, type
IIT modification is used for laser ablation [35] and welding [50]. These techniques have
different natures and provide various possibilities of glass modification. We will describe
various laser material modification techniques in more detail later.

4.1. Photonic Element Manufacturing

In a broad sense, the term photonics is used to encompass all advanced light-based
science areas. In the light of this section, we will use it to describe very precise structures
which exploit nm-level features and/or change in refractive index to control and/or confine
light in accordance to application dictated requirements [51]. In general, manipulation
of thin layers of materials with different kinds of refractive index is a very widely used
phenomenon. One of the primary examples of it is dielectric mirrors [52]. The Bragg law
for 2D system showing where the constructive interference is the strongest reads as:

2dsinf = n;A, “)

where d is the distance between layers, f—angle of incidence, A—wavelength and n;—
positive integer. The most important parameter which can be controlled is the size of
the features (d). Due to the already mention nonlinear nature of fs interaction with the
transparent medium, it can be brought down to sub-diffraction level. Thus, one of the
simplest examples of fs laser usage for photonic structure fabrication is the inscription of
custom Bragg gratings into fibers [53]. In the simplest case, such structures are not strictly
3D. However, due to the flexibility of the technology fs laser allow forming fiber Bragg
gratings (FBG) in arbitrary types of fiber, including non-photosensitized ones [54] or fibers
made out of crystals [55]. At the same time, 3D capabilities are reflected by the capability
to inscribe modifications in arbitrary place of the fiber, that is, not only in the core [56], or
choose a specific core in multi-core fibers [57]. One of the main challenges here is focusing
into the designated position within the fiber. Because the fiber shape normally is round, it
defocuses the laser beam. Therefore, immersion oil [57], or flat ferules [58] might be used.
This brings a lot of possibilities to the field, as it enables simple, on-demand fabrication of
specialty FBGs which might be applied in various uses [53].

While FBG is a great example of a relatively simple photonic structure, 3D interactions
could give substantially more diverse capabilities [51]. Therefore, the realization of 3D
photonic crystals is quite an active field. Additive manufacturing was shown to be quite an
attractive candidate [59]. However, in that case, the refractive index gradient between air
and the polymer is around ~0.5 which can be too sharp for some usages. At the same time,
additively made 3D structures present objects on top of flat substrates, making them fragile
and incompatible with anti-reflective coatings. In contrast, photonic elements embedded
inside the volume of glass are robust, have a refractive index gradient of 10~2-10~3 and
could be potentially coated with the anti-reflective layer. Thus, glass-based 3D photonic
devices occupy a very important niche in the field.

The first application is refractive index change in the glass is embedded 3D photonic
crystals. It was shown that such photonic crystals can be used for spatial light filtering [60].
Indeed, the required spatial resolution and periodicity for such devices is close to the
wavelength (in most cases HeNe 633 nm for simple testing) itself, making focused ultra-
fast radiation a go-to tool. Simple woodpile-like geometries were used first. These were
produced using both laser-assisted wet etching [61] and direct refractive index modifica-
tion [62]. Nevertheless, these only allow filtering along X and Y axes of the photonic crystal,
limiting applicability. A solution would be to use stacked ring geometry, which then would
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grant this effect along all 360° in a perpendicular direction to the propagation [63]. Here
possibility to integrate such a device into glass volume becomes an enabling factor. If such a
device would be tried using additive manufacturing additional supports would be needed
to support each ring. Furthermore, standard single-period photonic crystals only allow
limiting angular filtering. As a solution to expand it asymmetrically and chirped [62]
geometry was proposed and tested, again attesting to the design flexibility enabled of 3D
fs fabrication. The device was then successfully tested with microchip laser filtering in
transverse modes (Figure 5), enabling it to increase its brightness by 2.8-3.1 times and
single transverse mode from 88 mW to 335 mW [64]. If a one-directional filter is acceptable
photonic crystal writing process can be extremely sped-up by applying Bessel beams [65].
In other spatial filtering techniques, the embedded photonic crystal is one of the most
compact and simple solutions available, showing clear potential wide-spread applications.

Reference
2D Filtered
1D Filtered

Mdich. Mout

Far Field
o A = 1064 nm
A =808 nm Output Beam
Pump Beam
Glass
slide

Figure 5. Principle of transverse mode filtering in microchip laser by application of laser-made
photonic crystal embedded in a glass chip. The solution is compact and allows to achieve a high
degree of control over the spatial characteristics of a laser, depending on the geometry of inserted
element. Adopted from [64].

Laser-induced n modification can be exploited to not only shape light but also to
confine and direct it. Indeed, embedded glass waveguides can be produced by using fs
lasers [66]. Then, the structure has to meet the modification cross-section and An require-
ments. Interestingly, waveguides can be produced by both increasing and decreasing the
n of the material. Regarding the direction, two primary modes are exploited. At first,
focusing optics move up or down in relation to the surface of the sample. This is also
called longitudinal writing geometry [67,68]. The advantage is a nearly perfectly round
cross-section of the modification, as well as a very uniform gradient of n modification to
all directions. Problems, on the other hand, lies in the fact that if the sample is thick, the
working distance of sharply focusing optic might be insufficient. Thus, it is more suitable
for lower NA optics. Also, if non-straight modifications are needed, the uniformity and
high quality of the waveguide are compromised. Alternatively, the scanning might be
performed alongside the horizontal plane, that is, in a transverse manner [69,70]. Then the
length and shape of the waveguide can be arbitrary. On the other hand, due to Gaussian
focusing properties, the modification is elongated in the Z direction, the An becomes highly
non-uniform, especially in the Z direction. To remedy this additional elements, such as spa-
tial light modulators (SLMs), might be needed in the optical system, complicating the setup
and the process [71,72]. Alternatively, a multi-scan approach [73,74] or special light-matter
interactions [75] might be exploited to make the cross-section of modification round. All of
this can be combined with possibility to inscribe Bragg gratings into integrated waveguides,
allowing creation of true functional 3D optical systems. It has to be stressed that it can be
done in basically any kind of glass, including but not limited to borosilicate glass [76] or
fused silica [77]. Thus, the needs of application dictate which of these two modes should
be used. The waveguides themselves can be fabricated alone, or integrated into functional
devices where they could act as a part of a sensor [78,79] or as an integrated interconnector
between different types of devices [80]. This is especially attractive, as waveguide can



Micromachines 2021, 12, 499

9 of 28

potentially be integrated during the same technological step as the rest of the structure [78],
owning to huge flexibility of fs-based processing of transparent mediums.

The elements discussed so far relied on type I modification. As a result, the designs and
applicability of the produced devices were to some extent limited. To gain even greater tunabil-
ity type Il modification can be applied for free-form embedded optical element manufacturing.
This type of fs modification allows inducing volume-embedded nanogratings which, due to
orientation of sub-diffraction limited features, have distinct birefringence [81]. What is more,
the directionality of the optical phenomena induced depends on the light polarization [82,83],
giving huge controllability to the process. While the selection of materials in which this
process is pronounced is not extremely broad [84-87], it is still sufficient to acquire a broad
selection of possible optical devices. As a result it was employed to produce various optical
structures, for instance diffraction gratings [88], Fresnel zone plates [89], computer-generated
holograms [90,91], S-wave plates [92,93] or metamaterials [94]. Remarkable selection of pos-
sible optical elements is the result of both possibility to induce refractive index change and
birefringence as well as the possibility to precisely control these modifications in 3D by using
focused fs laser light. Additionally, these modifications exhibit immense thermal stability (up
to 1000 °C) [95] allowing them to be considered for usage in some extreme environments. On
top of that, as these elements are embedded into glass volume, their laser-induced damage
threshold is also quite high (~]/ cm?) [96], that is, at the level of the host glass.

One extremely promising application of fs-laser-based embedded photonic structure
fabrication is embedded optical memory. The idea to use light for encoding and reading
memory dates back to the 1980s when the laser was employed to produce and read optical
discs. Over the years due to progress in optical engineering, the wavelength used for the
process could be reduced, in turn increasing the data density in the disk. This is due to the
fundamental need to use diffraction-limited processes for both data recording and reading.
This fundamentally limits achievable data density up to ~0.25 Gb/cm? for standard
systems using visible and near-UV systems [97]. However, as we discussed, fs-laser allows
creating modifications not only on the surface of the material but also inside it paving the
way for the volume memory [97,98]. Furthermore, single features created with fs laser can
be extremely small (down to hundreds, or even tens of nm) allowing the extreme density
of information [99]. Birefringence gives an additional degree of freedom as well, paving
the way for true 5D memory (Figure 6) [100]. The modifications themselves have virtually
unlimited lifetime [101], making them a valid candidate for extremely long-term big-data
storage. Nevertheless, the modifications themselves can also be removed relatively simply
if desired, granting the possibility to use the same medium to rewrite the information inside
the same material volume. This can be achieved by subsequent laser exposure to the same
volume [102]. Usage of crystals also allows to achieve it with relatively low temperatures
(bellow 200 °C) [103] or exposure by loosely focused visible wavelength laser beam [104].
Admittedly, at the moment widespread adoption of this technology is limited due to the
necessity to use expensive fs lasers and positioning. However, with the need to store up to
massive amounts of information by numerous industries [105], this might become a more
and more attractive solution for professional specialized extreme long-term data storage.

While the application of focused fs radiation has huge capabilities, there are some
distinct limitations and hindrances native to light itself. First, if sharp focusing (NA > 0.4) is
used, the polarization in the focal point has to be looked into more precisely than standard
ray optics would suggest. Indeed, it is possible to show that sharply focusing fs light
inside transparent medium changes E distribution in 3D [106,107]. Keeping in mind that
the direction of type Il modification heavily depends on the light polarization, this effect
might have a severe influence on the result of fs processing and has to be accounted for.
Furthermore, when working in the volume of a transparent medium, the laser beam is
distorted due to aberrations [108]. This results in defusing effect, which changes the voxel’s
size and shape (aspect ratio) in different depths of the sample [109]. The functionality of
photonic crystals and waveguides heavily depends on the shape of the modification as well
as the precise modification of n. As a result, aberrations are substantial consideration in
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those applications. Luckily, this issue can be solved in several ways. First, focusing optics
might have some tunability, allowing to account for different depths of fabrication [110,111].
The next step is the usage of SLM [109,112]. It was shown to be a powerful tool to account
for focusing deficiencies and control the aspect ratio of the feature. For instance, 1:1
to 1:1.5 aspect ratio lines can be inscribed in any depth of 1 mm sample using 0.9 NA
objective [109]. Alternatively, when SLM is not used, the aspect ratio can be more than
1:25. Additionally, due to defocusing, features could not be effectively written in depths
below ~0.4 mm without significantly reoptimizing the process (i.e., increasing average
laser power to compensate for defocusing. Even then, the feature aspect ratio would only
increase with the depth. SLM also allows spatially shape incident beam (and, in turn,
modification’s shape in 3D) for advanced structure fabrication [72,113,114]. The process
is flexible enough to account even for very high 7, like diamond’s 2.4 [115-117] or even
anisotropic materials [118,119]. Unfortunately, SLM requires a very specialized setup, high
precision in setup alignment, and advanced calculation algorithms alongside sufficient
computing power [120]. On top of that standard SLMs are operating at relatively low
frequencies of ~tens of kHz limiting the possibilities for dynamic possibilities of processing,
with faster systems being investigated at the moment [121]. Finally, the LIDT of SLMs
is relatively low, with high-end experimental devices capable of operating at P~100 W
level using ultrafast lasers [122]. While solid-state SLMs might alleviate this issue [123],
it remains a limiting factor. Thus, while SLMs offer a lot of interesting capabilities, their
application remains limited.

Figure 6. An image depicting encoding of information using type II modification induced birefrin-
gence. While both of the images seem to be written in the same volume (image on the left) images of
Maxwell (center) and Newton (right) can be separated by exploiting imaging along both optical axes.
Taken from [100].

4.2. Selective Laser Etching (SLE)

Fundamentally, type II modification of glass leads to both, nanograting formation [43]
and structural changes of material [124]. The photonic applications discussed so far mainly
exploited the optical phenomena of inscribed modifications. Nevertheless, appreciation
of chemical and mechanical changes can lead to a very interesting prospect for further
applicability. Glass, or, more precisely, Si;O compounds can be etched using hydrofluoric
acid (HF) or Potassium Hydroxide (KOH). These etchants react with materials differently.
The reaction equation of KOH and HF with one of the most popular glasses fused silica
is shown in Equations (5) and (6). These reaction equations that concentrated KOH solu-
tion is beneficial over HF etchant due to least saturation behavior in elongating channel
structures [125].

SiO, + 2KOH — K,SiO3 + H,O, )

SiO, + 4HF — SiF; + 2H,0. 6)
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Normally, the etch rate of Fused silica is a few pum/h, of course, it depends on
etchant [126]. Nevertheless, laser-induced type II modification can greatly expedite this
process. Laser radiation induces material structural variations when binding angles of the
lattice change. Oxygen atoms become more reactive and more effectively interacts with
the etchant [124]. Also, formed nanogratings greatly increase the effective surface area at
which etchant can interact with the material. Usually, for a description of this phenomenon
definition of selectivity is used. Selectivity is the ratio of etching rates of modified and
unmodified material. The utilization of this process allows obtaining selectivity up to
1000 [126]. Combined with the capability to inscribe such modifications in 3D it leads to
the capability to selective glass etching (SLE) [124]. The most common material used in
SLE is fused silica which is almost pure amorphous SiO,. Fused silica SLE processing
is a mostly studied process comparing to other materials. While other materials, such
as borosilicate glass (BK7, Pyrex, Borofloat) [41,127,128], Foturan [129] can be used in
SLE, these are rare occurrences. This is a result of lower selectivity [41] or requirement of
post-processing [129,130], greatly favoring fused silica for widespread applications.

From the etchant side, HF and KOH are the most popular ones. KOH etching proper-
ties are strongly affected by KOH concentration and its temperature [131]. Usually, in the
literature, we can find that 8-10 mol/L concentration KOH solution is used at 85-90 °C
temperature [126,131,132]. Generally, a higher KOH concentration yield a higher etching
rate. Nevertheless, a higher concentration of etchant does not guarantee better selectivity,
potentially leading to contrary result [131]. This can be tied to the higher etching rate of
both laser processed and unaffected areas. A similar trend can be observed with KOH
temperature. When we are talking about the etching rate. It was shown, that the best
selectivity is achieved at 80 °C [131]. Regarding the HF, if fast etching is desired, high (tens
of %) HF concentrations should be used [133]. However, as one of the primary goals of SLE
is achieving 3D structures, lower concentrations (5% or even lower) at ambient conditions
are used to avoid overetching laser unexposed parts [126]. Curiously, experimentation on
various conditions which might be used for SLE using HF (like temperature manipulation)
is limited. Probably one of the main reasons, why more experiments are not performed
which HF acid is a hazardous nature of this chemical. Subsequently, this is one of the
reasons why more researcher groups prefer KOH over HE. Nevertheless, both etchants
can find their applications. To get higher etching rates (up to a few hundred of um/h)
HF can be used [134]. Meanwhile, KOH should be used when high selectivity (up to
1000) is required [126], for instance producing high aspect ratio features. Of course, it is
possible to combine both etchings one after another for one structure and use both etchant’s
advantages. This technique is called hybrid chemical etching [132,135].

Ore interesting prospect of SLE is the possibility to etch crystals like sapphire (Al,O3),
Yttrium Aluminum Garnet (Y3Al501; or YAG), lithium niobate (LiNbO3) or crystalline
quartz [136-139]. It is shown that nanogratings induced in a sapphire crystal are similar
to ones inscribed to fused silica [140-142]. However, the etching mechanism of the crys-
tals is slightly different from amorphous materials. When focused laser beam modifies
crystalline sapphire modified region becomes amorphous [143]. Then, amorphous and
porous regions are etched out in aggressive etchants like concentrated (40-50%) HF at
room temperature [140-142,144-146] or around 35% KOH solution heated to 85-100 °C
temperature [147]. Even more exotic etchant choices were demonstrated—sapphire was
etched in phosphoric and sulfuric acid mixture at 300 °C temperature [148,149]. It showed
that sapphire etched in 40% HF solution has selectivity which is in order of a few thousand
(up to 5000) [140,141] and this value exceeds all the results showed on fused silica. YAG
crystal shows even better selectivity which is estimated to be around 10° in HF acid. How-
ever, the SLE of crystals faces other problems: it is very hard to avoid cracks. Cracks are
caused by modified crystalline material becoming amorphous and creating great volume
tensions which lead to the crack of material [150]. Moreover, high selectivity comes from
very low etching rates of unmodified material. Even modified material etching rate is very
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low, as little as up to 100 um/h [137,140], for practical usage when a quite large structure is
required such a low etching rate can be unacceptable.

Various laser parameters strongly affect the SLE process. A different aspect of selectiv-
ity, etched structure quality, such as surface roughness, can be decided by multiple laser
parameters. Selectivity itself strongly depends on pulse energy. While sufficient pulse
energy is needed to induce type Il modification, the formation of LAZ can also be induced
if too powerful pulses are used. LAZ affects etching properties [31]. Higher laser pulse
energy with wider LAZ zones results in the wider etched zone. This effect could be for
scanning up large volumes and, on contrary, this phenomena could be disadvantageous
in high aspect ratio structure fabrication. Moreover, pulse duration and laser repetition
rate affect LAZ and changes etching properties as well [44,151,152]. Longer pulse dura-
tion leads to stronger thermal effects. Higher pulse repetition rates prevent energy from
being relaxed from the lattice. On the other hand, pulse energy not only change LAZ but
also changes the size of modification and nanograting configuration itself, which leads to
different selectivity induced by various pulse energies [41,43,151]. However, almost all
this research leads to optimal particular parameter value which varies by changing other
parameters. We can see that not individual parameters, but rather the whole parameters set
is important for the SLE process. Basically, by changing pulse energy, pulse repetition rate
the deposited dose is changed. Hence, a particular radiation dose is hiding under these
parameter sets. Overall, it can be seen that for SLE process need to be ensured specific
conditions—specific radiation dose [151] and these conditions can be altered by different
thermal regime [31].

Alongside radiation parameters, scanning strategies also play an immense role in SLE
effectiveness. Overall, translation velocity and pulse overlap while hatching/slicing denote
the pulse overlap, which, in turn, governs accumulated radiation dose[151]. Therefore, one can
consider that scanning velocity gives quite a similar effect as pulse repetition rate. As a result,
selectivity dependency on scanning velocity was investigated in many works [131,151,153].
Acquired results varied, painting a more complicated picture of interaction as different sets of
laser and scanning parameters were shown to work quite effectively [131,151]. Interestingly, in
some works, almost no significant selectivity dependency on scanning speed was noticed [153].
The translation velocity question, in general, is very important, as it is one of the main
parameters determining structuring rate, that is, what volume will be processed in a given
amount of time thus better understanding of these contradicting results is a topic for further
research in the field. Nevertheless, the scanning strategy also plays an important role. During
the inscribing process, the specific separation between scanning lines should be chosen.
Unsurprisingly, it also influences etching rate and selectivity [126,131]. One of the non-trivial
observations made was that optimal Z separation value varies when different etchant is
chosen [126]. Separation along a horizontal axis (i.e., slicing step) should also not exceed the
voxel height [131]. Overall, due to the complex nature of the process and a huge amount of
independent parameters, the exact interplay is still an object to an active investigation, with
the goals of different groups distributed between trying to achieve the best selectivity, highest
etching rate, lowest surface roughness or some combination of all.

It is important to not overlook the importance of polarization during the SLE process.
Polarization is responsible for the direction of the nanogratings as depicted in Figure 4.
Numerous works investigated selectivity dependency to laser beam polarization. When
radiation polarization is perpendicular to scanning direction we get the highest etching
rate [41,43]. The same applies and to selectivity because the unmodified material etching
rate in all the cases remains the same [126]. Meanwhile polarization parallel to scanning di-
rection gives the lowest etching rate [41,43]. Interestingly, circular polarization gives a good
etching rate as in perpendicular polarization case [41]. This is extremely important because
then the polarization might be considered invariable for any scanning strategy, heavily
simplifying an already complicated process, becoming favorable for application-oriented
fabrication. Nevertheless, care should be taken when considering the interplay between
pulse duration and polarization. Discussed trend always appears when femtosecond laser
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pulses are used to write modification. Nevertheless, when ps pulses are used for SLE
selectivity does not depend on radiation polarization [152]. This property comes from the
nature of this process. By using femtosecond pulses it is possible to induce nanogratings
modification, meanwhile, ps pulses yield modifications more reminiscent of nanocracks.
These can be considered a different type of modification that is still suitable for SLE.

SLE stands in a relatively interesting place when considering piratical implementation.
The process itself needs a lot of considerations in terms of laser parameters and writing
strategies. On the other hand, it can be considered one of the most straightforward ways
to produce 3D glass microstructures. It, as a result, possible applications were shown in
microfluidics, micromechanics, optics, and photonics. In photonics, It is shown that SLE can
be used for very precise photonic components fabrication. By using tightly focused laser
beams it is possible to form very small (down to ~100 nm) repeatable structures which after
etching can be used as photonic components [137,148,149]. Micro optic element fabrication
was also shown with SLE [130]. However, due to relatively high surface roughness after the
SLE process (~hundred nm RMS) direct fabrication of optical components is impossible.
Thus, after etching some annealing or other smoothing procedure is needed.

SLE excels in the field of microfluidics for the fabrication of lab-on-chip (LOC) devices.
Glass is a preferred material for a lot of set applications, as it is chemically inert in organic
solvents, transparent, and mechanically robust. SLE provides a relatively easy and highly
controllable method for producing both surface and embedded channels. Here, SLE allows
to form even complicated, curved, embedded 3D structures in glass [132,137,154,155]. It is
demonstrated such channels ability to focused particles in the loops of the channels [137].
Other mentioned systems have a potential to be used in liquids filtering such as on-chip flow
cytometry [137]. In the case of LOC microfluidic channel and some sort of integrated device
inside it is formed [153,156]. Moreover, complicated microfluidic chains including filter
and free movable integrated micro-switcher can be fabricated [132]. The mentioned device
can perform fluid filtering. In the bigger channels narrower channels volume are inserted,
only the smallest particles can go through the most narrow channels. Moreover, fluid flow
direction can be controlled by fabricating channels with a free movable valve. Other 3D
microfluidic devices which would be extremely challenging for any other technique can
be fabricated [154]. To highlight some examples, Figure 7a—c show nozzle for biological
applications. Figure 7d demonstrates connector for capillary electrophoresis. Figure 8
shows a microfluidic chip for cell sorting.

SLE also demonstrated huge promise in the field of micromechanics. For instance,
a glass mechanical gripper can be produced and coated with metal to thermally induce
movement [157,158]. A similar optical sensor can also be made [48]. The SLE-made
mechanical device is coated by a metallic coat layer, which then moves when the potential
changes. Information is red through the already integrated waveguide and the signal
strength depends on the displacement of the structure. The beauty of this device is that
it can be fabricated out of one piece of fused silica and at once it is possible to integrate
waveguide and fabricate structure combining both type I and type II modifications in
one fabrication step just by changing the laser parameters. Also, the device can be of
arbitrary size, downscaled, and used as a component in more complex systems. Free
movable micromechanical structures are also doable with SLE, such as gear systems [159].
Devices mentioned in the paragraph before conceptually are completely different from this
micro-mechanical structure. In the first case, we get movement by fabricating structure
with very high aspect ratio detail, so very thin details of glass become flexible. In the second
case, a movable glass structure is fabricated because a slight gap is etched out between
rotating and not rotating parts. Thus, by using the SLE technique, various types of movable
structures can be obtained.
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Figure 7. Example of microfluidic devices. (a—c) nozzle for biological applications, (d) glass connector
for capillary electrophoresis, diameter 15 mm, thickness 2 mm [154].

Figure 8. Example of microfluidic devices. (a,b) microfluidic chip created for cell sorting, (c,d) most
important nodes of a chip are shown more detailed [154].

Finally, one must not forget that SLE is not an isolated tool and it can be combined
with other DLW techniques, including multiphoton polymerization. Such fabrication is
called hybrid fs laser manufacturing. For example, chemical liquid sensing application can
be realized by combining SLE and multi-photon polymerization techniques [160]. Then, the
channel and integrated cantilever are made out of glass in a single fabrication step. After
the SLE process, a polymeric rod is produced by using multi-photon polymerization. When
the whole structure is submerged into an organic solvent glass remains inert, while the
rod expands or swells, a property well documented with laser-made 3D microstructures.
Thus, such a device can act as a passive actuator or a mechanical sensor. This device is
shown in Figure 9. Alternatively, it demonstrates that some hybrid devices can be used for
cells sorting and detecting [161,162]. In closed SLE, the channels made are integrated with
polymeric lend, which allows the detection of when the cell is moving through it as well as
disturbing the signal.

Overall, SLE stands in quite a peculiar place in regards to its realization and appli-
cability. The complexity of the process means realizing it is a rather complicated task,
resulting in a steep learning curve for groups that attempt to do it. For this reason, a lot of
researchers tend to use the substantially simpler type III modification base ablation, which
will be discussed in the next subsection. Then, to achieve the same complex structures more
fabrication steps of the simpler process might be needed. It also allows avoiding potentially
hazardous HF-based chemical procedures. Alternatively, advanced high precision additive
manufacturing-based solutions can be employed [163-165], forgoing the single step SLE
process in favor of several simpler fabrication procedures. However, when SLE is employed
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right and all the technical nuances are taken care of, it provides unmatched design freedom
and flexibility in producing arbitrary shaped 3D glass structures with resolution down to
pm with overall size in the cm range.

Figure 9. (a—c) Example of a hybrid microfluidic device [160].

4.3. Free-Form Cutting of Glasses

Fundamentally, direct laser ablation is the simplest of all DLW kinds. As the material
is removed from the sample without any additional technological/ post-processing steps it
was quickly adopted in the industry using CW or long-pulsed (ns and longer) lasers [166].
Solid-state fs lasers are gaining popularity there, as well. The draw of ultrafast lasers in
laser cutting is the possibility to control the thermal aspect of the process, subsequently
allowing a smaller laser affected zone and cleaner cuts [23-25]. This capability is further
expanded by the application of burst lasers, which allow both high structuring precision
as well as very high throughput. There are also virtually no limitations for the application
materials, which can be organic [167,168] (including living tissue [169]) dielectric [170-172]
or metal [173,174]. However, when considering true 3D fabrication ablation have some
severe drawbacks. In comparison to 3D printing [38], complex 3D architectures, arches,
and integration of structures inside structures are either difficult or, for some geometries,
impossible with direct ablation. Advanced techniques allow to achieve quasi-3D structures
by either filliping [174] or turning samples [175] during processing, but it requires additional
fabrication steps or a more complex setup, minimizing the main advantage of ablation—
simplicity. Thus, in the following discussion, we will use the term 3D rather loosely, in many
cases referring to structures that can otherwise be classified as 2.5D.

Among many applications where fs ablation of glasses can be exploited, microfluidics
is one of the most common. Two types of channels can be produced in that case: on
the glass surface [176-178], and embedded inside the volume [179,180]. Surface channels
are substantially simpler to produce. Also, they allow integration of additional elements
using other fabrication techniques, for instance, multiphoton polymerization (MPP) [181].
However, in that case, an additional channel sealing step is needed. It can be realized in
numerous ways, including direct laser welding. It will be discussed in more detail further
in the article. Nevertheless, it is an additional technological step that, if possible, should be
avoided. Alternatively, channels inside the bulk of the material can be produced. Indeed,
fs lasers allow surprisingly very fine control of type III modifications in glass volume [182].
Despite this, if ablation is used there is no direct way for debris to leave the embedded
channel if this method is used. Luckily, if the process is carried out in the water, the debris
removal is expedited, resulting in the possibility to produce clean and complex channel
systems [179,180], or high aspect ratio holes (for instance 4 um wide and more than 200 pm
deep [183]). By applying Bessel beam ablation it is shown even higher aspect ratio narrow
channels which is around 200 nm in diameter and 20 um in depth [184]. Alternatively,
water can assist in the structuring of the volume of porous/photosensitive glass [185-188].
Then, after laser exposure, glass is heated up and solidified, embedding produced 3D
system inside a material. Additional etching and annealing steps can also follow. However,
then the process becomes somewhat similar in complexity (if not more difficult to perform)
to SLE yielding substantially worse shape control and surface finish of the channel walls.
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At the same time, non-SLE methods allow using potentially simpler glasses. Regardless,
apart from several demonstrations, this methodology is used sparingly.

Microoptics can also be produced using direct laser ablation. While extremely complex
designs achievable using additive manufacturing are out of the question [189-191], ablation
exceeds those methods by allowing to use of glass and achieve overall size from tens of
um to mm. Optical elements, like various type lenses [192-194] or axicons [195], can
be produced this way. In virtually all the cases additional post-processing steps are
mandatory due to the necessity to smooth the surface of the structure down to optical
quality (less than A/10). Annealing is the most popular option. It gently melts the surface
of the optical element, allowing surface tension to increase surface smoothness without
compromising the overall shape (Figure 10). This can be induced by heating the structure
to a sufficient temperature (close to the melting of the material) [196], or by employing
another laser such as CO, [192-195]. An alternative way to achieve lenses using type
III laser modification is based on the idea, of inducing very fine modifications on the
surface of the material. Then the sample is submerged to the etchant, which starts to etch
out the material. The modification acts as a seed, which expands over time. Due to the
nature of the process, expanded areas form lens-like profiles and, after some time reach
each other [197,198]. Thus, a plano concave lens array is formed with an optical grade
surface finish. Overall, while ablation allows achieving free-form optics, etching provides
superior shape control and a possibility to produce more complex geometries, making both
approaches somewhat comparable.

Surface roughness after type III processing is rather poor (~several pm RMS ).
A laser can be employed to smooth it out. Normally, CO, [199] or high power solid-
state lasers [200] are employed for this task. The process is based on inducing desired
thermal interactions at the surface of the sample. It can be used to polish glass parts pro-
duced using SLE [201] or ablation [202]. However, the fs laser itself can be used for this task.
The primary advantage of using ultrashort pulses is the possibility to extremely precisely
control thermal accumulation on the surface of the sample [203]. This can be exploited
to polish some exotic materials, like Germanium [204] or yttria-stabilized zirconia [205].
Additionally, due to the controlled manner of the process fs lasers allow avoiding some of
the effects associated with polishing using different laser sources or mechanical polishing.
Nevertheless, the application of fs lasers in polishing remains sparse. At the same time, the
advent of burst-mode capable systems brings a new level of control of thermal aspects of
the interaction, potentially reducing surface roughness during processing in the first place,
bringing new capabilities to the field [25].

All the processes showcased so far mostly rely on Gaussian beam focusing using
standard optics. However, as discussed previously, light is a flexible tool that can be
spatiotemporally manipulated. To change the spatial distribution of the laser beam, passive
elements can be inserted into the path of the laser beam. In more advanced cases, it
can be done using SLM, which allows the changing of a projected mask dynamically on-
demand [206]. However, due to the relatively low LIDT of such elements, their usage in
direct ablation might be limited. Regarding the exact applications various examples exist.
For instance, the Bessel beam can allow taper-less fabrication [184]. In other words, the
channel walls are nearly vertical, which is hard to achieve with sharply focused Gaussian
beams. It also can be used to achieve high aspect ratio (up to 1:100) features easily [207].
Also, in the case of top-hat laser beam distribution, the cut quality can be improved [208].
Beam shaping also can be exploited to create entire patterns to be ablated [206]. Regarding
the temporal properties of fs radiation, it can also be tuned to achieve desirable ablation
properties [209]. Manipulation of environmental aspects should also not be overlooked.
By changing the pressure during the ablation process the debris formation tendencies
can be influenced, which helps with the overall quality of the sample [210]. Alternatively,
additional gasses are shown to help increase ablation depth [211]. Water, which was
shown to be a rather popular additive in fs glass machining, can also be used to induce
spontaneous spatiotemporal light filamentation. It can be used to cut arbitrary materials,
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including glass, at relatively large thicknesses (1 mm and more) [212]. Thus, overall,
while base fs laser ablation of glasses might be considered somewhat limited as far as 3D
fabrication is concerned, some capabilities exist to enhance the result of processing. At the
same time, then it somewhat complicated the processing, making it less attractive.
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Figure 10. The precision of profile of the ultrafast laser-made axicon with subsequent CO; polishing
and comparison to commercial high-precision and standard counterparts. The un-polished and
polished laser-made profiles are offset to better reveal the difference between them. Reproduced
from [195].

4.4. Laser Welding

Discussing 3D structure fabrication it is important to understand that in most cases a
3D structure is, in fact, multiple stacked 2D layers. Only a few processing techniques, for
instance, selective laser etching, allow true 3D fabrication, yet it also relies hard on layering
as it allows to minimize effects like shadowing. Sometimes the stacking is part of the process
itself, like in 3D printing, while sometimes additional bonding step is required. Except for
integrated free-form SLE structures, stacking glass onto glass to form 3D structures is also
common, especially when parts are produced using ablation. There exist different bonding
techniques such as direct, adhesive bonding, or others. Adhesive bonding is performed by
using additional intermediate chemical materials [213], but it has limitations to strength
as well as adds additional chemical constitutes which might be detrimental to some
application. Direct bonding is performed by increasing the temperature of the samples, it
starts to melt and connects with each other [214]. Thus, direct bonding by ultrafast laser
welding becomes an attractive way to bond glass layers with each other forgoing most
of the listed problems. Laser welding relies on type III modifications [215,216]. It can
be considered one of the most advanced available bonding techniques, because of high
spatial selectivity, localized material modification, and capability of completely sealing
functional devices. Moreover, laser welding allows to achieve up to 95% breaking resistance
of primary material [217,218]. What is more, laser welding does not require additional
materials or other post-processing to be included. It is shown that laser welding can be
used as a supplementary technology to strengthen other bonding techniques [219].

To weld two samples laser beam needs to be focused on the contact of those samples.
Because of high radiation intensity, tunneling or multi-photon ionization occurs. Radiation
is absorbed only in the focal spot where free-electron appears which mount increase
because of avalanche ionization—plasma forms. Meanwhile, surrounding materials heats
which enhance nonlinear which then, in turn, expedites the heating. The volume of melted
material encompasses both samples which need to be bonded. Afterward, the material
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cools and forms a firm connection between samples [220]. By melting material some of its
chemical connections are broken. In the affected material some oxygen connection remains
open forming a new chemical connection between samples [221]. After measuring welded
samples cross-section Raman spectra was found that welded different material samples
mix in the contact [222]. Thus, this explains high welded material breaking resistance.

For a process like this optical contact is required. Optical contact appears because of
inter-molecular Van der Vals bonds. If the right conditions are created for two materials
surfaces to be close enough to each other, those samples start to attract each other because
of mentioned forces (forces decrease proportionally to the square of the distance). Thus,
in this way, we get stable optical contact [223], which does not require to be additionally
supported. Even more, additional external forces applied to the samples leads to cracks
in the welded seam [224]. Therefore, clean and high-quality surfaces practically became
a requirement for the laser welding process. Spacing between two samples should not
be larger than a few hundreds of nm, otherwise, it is hard to avoid cracks in the seam or
even ablation of one of the surfaces [225]. Optical contact is one of the greatest challenges
for laser welding, because often it is hard to achieve it due to surfaces imperfection of the
samples, due to high surface area, or imperfections/undulations in the sample caused by
other processing techniques, like ablation.

Advances in laser engineering positively influence the ease with which welding can
be realized. It was shown how to avoid the requirement of optical contact. Optical contact
is still preferred, allowing us to reach a higher breaking resistance of a welded seam
than welding without optical contact can [50]. However, for simpler, less challenging
applications even simplified welding is sufficient. At this moment, it ihas been shown
that laser welding of samples with gaps between each other up to 3 um [220]. There a few
factor with allows to walk around this requirement. First of all, the gaps which could be
efficiently filled depends on the amount of material that is brought to the gap. This amount
of material can be evaluated as the size of a welding seam. Seam size directly depends on
laser radiation and scanning parameters (pulse energy, pulse repetition rate or scanning
velocity, focus position in the Z direction in respect of the contact of samples) used for the
welding process or even it could depend on material thermal conductivity. Thus, it possible
to lower the high-quality contact requirement by increasing the size of the seam. Welded
seam size can be increased in a few ways. The usage of high repetition rate (hundreds of
kHz) radiation leads to a greater size of a seam [225]. The same applies to higher pulse
energies [50,218,221]. This dependency is schematically shown in Figure 11b. By bringing
more materials to the contact of the sample, it not only provides the possibility to weld
samples with larger gaps but also affects the breaking resistance of welded samples. A
larger welding seam will lead to higher breaking resistance [217]. Care should be taken,
however, because of the possibilities of breaking material due to high internal tension
instead of material welding [226,227].

It is important to understand how scanning properties affect the size of the seam.
Lower scanning velocity will lead to higher pulse overlapping resulting in more energy
being delivered to each point. As a consequence larger welding seam and higher breaking
resistance are obtained [221,228]. What is more, the gap between separate seams, or
hatching step, affects samples breaking resistance significantly [50,218]. It is quite intuitive
that a larger amount of seams in the same sample allow the obtaining of a greater breaking
resistance. On the other hand, welding sample by separate seams brings its own benefits
to this process. Distinguished seams give a possibility to contact materials with different
thermal expanding coefficients. Because the connection is very local, the spacing between
seam compensates for the fact that the two materials expand differently. Unsurprisingly,
the focal spot position in the Z direction in respect of gap position is also a critical parameter
in laser welding. The way this parameter influences the process is shown in Figure 11a.
It can be observed that, in laser welding, for the most effective process the focus of the
radiation should be a little bit (~100 pm) below the contact of the samples [220]. In this
way, melted material comes up to the contact and fills it in the most efficient way. This
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tactic allows us to melt more material and fill the gap between samples with the greatest
amount of material.

Glass 1 \ ‘ H

Air gap

ST

©Focus
ad Plasma
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Figure 11. Cross-section of the welding process (a) welding dependency on focal position. The focal position is changed in
this order from image A to D: —24.1 pm, —40.0 um, —86.5 pm and —107.3 um, Corresponding schemes of these process are
shown from picture 1 to 4, (b) welding dependency on pulse energy, the pulse energy is increasing in this order from image
A toD:10.1,11.23,12.9 and 18.8 uJ, schemes of the corresponding process are shown in pictures 1 to 4 [220].

The advent of burst lasers have also been experimented with in welding. It allows
improvement of the welding process in many aspects. Burst-welds have higher breaking re-
sistance than that achieved by only welding in a high repetition rate regime [229]. Moreover,
usage of burst enables us to weld materials with greater spacing in the contact between
samples [50]. Another interesting approach is laser welding with Bessel beams [222]. One
of the unique Bessel beams property is long focal length. Its relay length can up to a few
hundred um. Thus, in this way we do not need to have accurate information about the
position of the contact of materials.

Laser welding can be applied in many functional device fabrication. It can be applied
in such areas as electronics [230], microfluidics [213]. This technology could be extremely
useful in electronics when the whole chip cannot be processed in other bonding techniques
and local laser welding means that important parts of the chip can be left unaffected.
Ultrafast welding is also advantageous, as it allows to easily bond glasses with other
materials like metals or polymers. However, due to high technical requirements for both
laser systems and surfaces of bonded samples, the advance of this technique is so far slow,
with most demonstrations being done only in academia with proof-of-concept work.

5. Conclusions

The field fs laser-based processing of glasses and transparent dielectrics is wast. In this
review, we have shown that:

1. Due to the nonlinear nature of fs pulses-based light-matter interaction, transparent to
the used wavelength dielectrics can be processed, including glasses and crystals. This
opens doors for true 3D processing, including inside the volume of the material. Due
to interaction peculiarities, three distant types of modifications can be formed. Type I
results in a localized smooth refractive index change in the range of An = 103, This
can be used to create embedded waveguides, Bragg gratings,and other integrated
photonic structures.

2. Type Il modification is created with higher pulse energy, which manifests as embed-
ded, sub-diffraction-limited nanograting. Characteristics of such ripples depend on
pulse energy and polarization. They also have pronounced birefringence. These can
be used to produce various optical and photonic elements. If put into an etching
solution, such as HF or KOH, these also etch out from tens to thousands of times
faster, enabling selective 3D glass etching.

3. Due to the nature of type IIl modification, that is, ablation can be used for applications
demanding less precision but higher precision, such as microfluidics. Application
in optics is also possible, but additional post-processing is needed. Overall, this
processing type partially sacrifices true 3D processing capability in exchange for being
a lot simpler and faster.
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4. Asfslasers allow us to precisely control thermal effects during processing, they can
be employed for polishing and welding. In the latter case, it allows the joining of
glasses of the same and different types, as well as glasses with plastics or metals,
making it one of the most versatile tools available for such applications.

Overall, the key advantage of the fs laser is flexibility. Such processing can allow
achievement of the same 3D structure using very different methodologies, allowing us to
choose a process on a case-by-case basis. With this flexibility, one can expect the field of
fs pulse-based glass processing to continue to grow rapidly in the near future, with both
wider applications of existing methodologies and the creation of new ones.
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Abstract: In this work, we show how femtosecond (fs) laser-based selective glass etching (SLE)
can be used to expand capabilities in fabricating 3D structures out of a single piece of glass. First,
an investigation of the etching process is performed, taking into account various laser parameters
and scanning strategies. These results provide critical insights into the optimization of the process
allowing to increase manufacturing throughput. Afterward, various complex 3D glass structures
such as microfluidic elements embedded inside the volume of glass or channel systems with
integrated functional elements are produced. A single helix spring of 1 mm diameter is also
made, showing the possibility to compress it by 50%. Finally, 3D structuring capabilities are
used to produce an assembly-free movable ball-joint-based chain and magnet-actuated Geneva
mechanism. Due to minimized friction caused by low (down to 200 nm RMS) surface roughness
of SLE-produced structures, the Geneva mechanism was shown to be capable of rotating up to
2000 RPM.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Over the years glass was proven to be material of choice in a multitude of rapidly developing
science: microfluidics [1-3], micromechanics [4,5] and microoptics [6]. The reason for such
popularity lies in the superb mechanical properties of the material, alongside it being completely
transparent in the visible and near-infrared (IR) and chemically inert in organic solvents. As
a result, there is a substantial drive to produce various functional microdevices out of this
material. True 3D mesoscale structures are especially interesting. In essence, mesoscale objects
combine overall size in practically usable mm-cm range with functionality enabled by the
nano-/microfeatures. Various glass processing techniques exist. However, most of them are
complicated and/or unable to produce 3D structures in mesoscale. Direct laser ablation [7] is a
simple solution or , but it lacks the 3D aspect. Direct 3D printing has been shown as a tool to make
3D objects, yet the resolution is then limited to tens-hundreds of um [8,9]. Stereolithography
and subsequent heat treatment is another option, but then the resolution is still in the range of yum
[10]. Due to the rapid development of light structural polymers [11], a similar operation can be
performed employing two-photon polymerization (2PP/TPP) based 3D laser lithography (3DLL)
[12]. However, the necessity for highly specialized monomer resins and complex post-processing
remains. Therefore, all these methods have some severe drawbacks if straightforward glass 3D
meso-fabrication is in question.

The most promising technology to produce 3D mesoscale glass structures is SLE [13,14]. The
technology is based on selectively modifying transparent medium via femtosecond (fs) laser
radiation which is becoming a more and more widespread tool for material processing [15].
During ultrashort pulses exposure, modifications of type II (i.e. nanogratings) are formed in the
volume of the material [16]. Subsequently, the exposed sample is submerged in the etchant (such

#430623 https://doi.org/10.1364/0OE.430623
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as potassium hydroxide (KOH) or hydrofluoric acid (HF)). Then, modified regions dissolve up to
~ thousand times faster than surrounding medium [17]. The ratio between the etching rate of
unmodified and modified regions is called selectivity. SLE allows true 3D glass manufacturing
[2,18]. Potentially, many types of glasses and crystals such as fused silica [13], borosilicate
[19,20], crystalline sapphire [21-23] or Yttrium aluminum garnet (YAG) [24] can be processed
in this manner. However, so far this process is not exploited widely. The problem lies in the
complex nature of light-matter interaction and difficulties in optimizing the technique for true 3D
fabrication, sparking various works aimed at improving this aspect of the technique [25,26].

Due to the 3D capability of SLE, one of the main parameters to consider is selectivity. It is
influenced by both SLE process steps. On one hand, selectivity depends on a created material
modification which is governed by scanning peculiarities and laser parameters. Selectivity is also
highly affected by etchant [17] and etching properties [27]. In practice, various etchants such as
HF [19,28] and KOH [1,29,30] can be used. However, it has been already demonstrated that KOH
allows obtaining higher selectivity than etching with HF [17]. The process dependency on various
laser and scanning parameters such as pulse energy [19,29], pulse duration [29,30], polarization
[16], pulse repetition rate [31] or even scanning velocity [3,29] and scanning spacing [17] were
already reported to some extent. However, most of these studies were done for single-line (1D)
channels and are lacking a 3D aspect. To fully understand these nuances, the selectivity of
different 2D planes out of which complex arbitrary 3D structures can be constructed have to be
understood. Furthermore, selectivity dictates that to acquire complex shapes the geometry of the
structure should be altered to account for the dissolving of unmodified regions. Thus, overall,
while the premise of SLE is simple, so far realization was proven to be rather complicated.

This work aims to optimize SLE 3D structure fabrication. We will concentrate on optimizing
laser exposure and scanning parameters as these can be easily tuned using standard laser systems.
We will begin by exploring the optimal laser and scanning parameters for 2D plane formation
alongside streamlining the whole exposure algorithm. All of this is shown to simplify and
accelerate the processing. Proposed methods are then employed to manufacture complex assembly-
free microfluidic and micromechanical structures. These include embedded microfluidic channels
with integrated micro mechanical elements, ball joint-like structure, high compression spring,
and Geneva mechanism. All of these structures are evaluated qualitatively and quantitatively
showing that improved fabrication techniques do not compromise the quality or functionality of
the structures. The acquired results are shown in the broader perspective, relating it to previous
SLE works, additive manufacturing, and potential application areas.

2. Materials and methods

In this work, we used almost pure amorphous SiO, which is normally referred to as fused silica
(UVFS). "Laser Nanofactory" setup (Femtika Ltd.) was used in this work [32]. "Pharos" laser
(Light Conversion Ltd.) is used as a radiation source. Radiation parameters: 1030 nm wavelength,
pulse duration ~ 700 fs, pulse repetition rate - 610 kHz. The laser beam is focused on the sample
with a 20x 0.45 NA objective with automated aberrations correction. That means, aberration
compensation depends on the writing depth in the glass. Thus, aberrations are compensated for
all modifications written in described experiments. For all modifications written in XY plane
focusing depth was 500 um. Spot size: 1.5 um diameter focused beam spot in XY direction and
~15 um in the Z direction. For sample positioning, Aerotech positioning stages and Galvano
scanners are used. After the sample is exposed to fs laser, the modified volume is etched out in
10 mol/1 concentration KOH solution at 90°C. Samples were characterized using various optical
microscopes and scanning electron microscopes (SEM). The surface roughness was measured
using an atomic force microscope (AFM).



Research Article Vol. 29, No. 15/19 July 2021/ Optics Express 23489

Optics EXPRESS

3. Results

3.1.  Optimization of manufacturing process

Through the years SLE processing peculiarities were investigated in numerous articles. However,
to fully comprehend the process of 3D object manufacturing, the link between translation
velocity, polarization, and structuring direction in relation to the etching direction has to be
understood. This study was started by performing a set of experiments related to this topic.
First, a 1D experiment was performed, the general schematics of this test are given in Fig. 1(a).
By translating the sample in XY direction single lines were written inside the volume of the
glass with particular sets of parameters such as different pulse energies, scanning velocities, and
polarisation. Afterward, the selectivity tests of the planes (i.e. 2D case) were performed. A set of
lines with particular spacing in XY or Z direction were written inside the glass according to the
schemes shown in Fig. 2. Despite the varying spacing between lines, the width of the line blocks
for hatching tests and the depth of the line blocks for the slicing test were kept the same (40 um).
Next, the substrates of the glass were cut in the middle according to the markings on the scheme.
Sample cutting was needed only in those cases when modifications were completely inside the
volume of glass and have no exit to any surface. Samples were subsequently immersed into the
etchant for 1 hour, then rinsed into distilled water and dried in ambient air. Finally, the length of
the etched channels was measured by using an optical microscope. This way 1D experiment
showed selectivity dependence on the pulse energy, writing velocity, and light polarization.
Meanwhile, 2D experiments showed plane selectivity dependence on the overlapping of scanned
lines, pulse energy, light polarization, and etching direction.

(@) (b) 1D X
700 T r
1mm/s, L pol.
eaor 10 mm/s, L pol.
i ——25mm/s, L pol.
etchlng - 500 ——50mm/s, 1 pol.
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Fig. 1. (a) Schematics of 1D selectivity experiment. (b) Single line selectivity test results.
Single lines are written in XY plane with various parameters such as different pulse energies,
scanning velocities, and light polarization.

The results of 1D experiments are shown in Fig. 1. After writing single lines in the XY plane
the highest obtained selectivity value is around ~650. It was observed with the polarization
perpendicular to the scanning direction, the lowest tested scanning velocity (1 mm/s), and
the highest tested pulse energy (492 nJ). Particular scanning velocity and pulse repetition rate
combination control overlapping between pulses which define thermal relaxation of the energy.
Overall, the femtosecond pulse duration is too short to transfer the energy to the lattice of the
material, thus processing can be called "cold" [33]. However, if pulse spatial and temporal
overlapping is high, volume heats. On the other hand, overlapping of the pulses change and
the total dose absorbed by volume unit. Thus, with lower scanning velocity we transfer more
energy to the material and observe stronger thermal effects which leads to greater volume
modification, changes modification morphology [19] and gives higher selectivity. Also, it can be
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Fig. 2. 2D (plane) selectivity test results. (a) XY plane etched parallel to the scanning
direction selectivity dependency to hatching, (b) XY planes etched perpendicularly to the
scanning direction selectivity dependency to hatching, (¢c) XZ planes etched parallel to the
scanning direction selectivity dependency to slicing, (d) XZ planes etched perpendicular to
the scanning direction selectivity dependency to slicing.

seen that polarization perpendicular to the scanning direction gives the highest selectivity value.
Meanwhile, polarization parallel to the scanning direction shows the lowest selectivity. Thus,
these etching process dependency on polarization have been already reported in previous works
[16] and in this work obtained results correlates with previously reported results. Furthermore,
the selectivity has a tendency to saturate for the most tested parameters. Interestingly, the
selectivity even starts to drop when the pulse energy is increased. This was also demonstrated
in previous works [19,29]. However, the absolute value of pulse energy depends on the whole
parameter set. Thus, optimal pulse energy values need to be chosen for the most effective SLE
process.

As the goal of this work was to optimize processing for high-throughput 3D glass manufacturing,
several important conclusions were drawn from acquired results. The highest tested translation
velocity (50 mm/s) was chosen for further experiments in order to get the highest throughput.
Also, we choose 2 pulse energies - the lowest possible pulse energy which gives selectivity
value close to the maximum in case of polarization perpendicular to the scanning direction (246
nJ), and pulses energy value which gives the highest value with circular polarization (369 nJ).
Higher pulse energy is not a practical choice for complex 3D structure fabrication due to high
volume tensions which lead to cracks in the structure. Usually, the lowest possible pulse energy
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is beneficial because lower pulse energy leads to lower tensile stress in the volume minimizing
the possibility of cracks formation.

While 1D experiments give interesting insights into the process, it does not paint the full
picture. 2D experiments are a lot closer to the real experimental conditions of 3D fabrication and,
thus, are investigated next. The motivation underlying such experiments lies in a rather limited
understanding of the etching process outside single-line fabrication (i.e. 1D case). It is known
that light polarization effects nanogratings orientation direction [16]. In the case of polarization
perpendicular to the scanning direction, pores parallel to the scanned lines are obtained. When
considering it in the context of SLE, this configuration of the nanogratings allows for the etchant
to penetrate deep inside the modification. In this way of light polarization parallel to the scanning
direction, pores perpendicular to the scanning direction are obtained. With this nanogratings
configuration etchant easily penetrates only to the first pore, resulting in a thin wall between pores
that need to be etched. These thin walls between the pores slow down the etching. However, these
insights are viable when considering single lines. The process becomes more complex when we
form the planes of multiple lines. Different polarization-induced modifications might be induced
in the same volume of the material, potentially overlapping each other [34]. Additionally, in the
case of planes, the initial opening formed during etching is bigger, allowing easier diffusion of
etched glass, further expediting the process. It has been already reported some planes such as
XZ plane etching properties, however, due to the voxel shape, this does not represent the full
picture of the process for 3D structure formation. Thus, here we present a broader picture of 2D
plane research which leads to a better understanding of arbitrary shape structure formation.

The primary goal of 2D experiments was to test etching rate peculiarities depending on
the direction of the inscribed plane and etching direction. The ultra-fast laser can be used to
fabricate free-form 3D shapes without the usage of slicing and hatching, for instance, microlenses
can be made as continuous spirals [35]. However, such cases are rare and the most common,
practical, and simplest way to 3D fabricate structures is simply slicing and hatching. Thus, for
this discussion, we will only consider orthogonal planes tied to axes of the positioning system:
XY, XZ, and YZ. From a laser structuring perspective, XZ and YZ planes can be considered
to be equivalent, as in Gaussian focusing case voxel is symmetrical in XY plane, leaving only
two types of planes: horizontal and vertical. From the etching experiment side, one additional
variable is etching direction, i.e. from which side inscribed modifications will be exposed to the
etchant. Therefore, 4 distinct cases need to be tested to get the full picture of the process [Fig. 2].

2D horizontal (XY) plane test results when etching directions are parallel and perpendicular to
the scanning directions are shown in Figs. 2(a) and 2(b) respectively. When the etching direction
is parallel to the line writing direction, the highest selectivity of around 1200 is obtained by
inscribing lines with the lowest tested hatching step (0.25 pm) and also by adopting polarization
perpendicular to the scanning direction. In our experiment, by increasing hatching values to more
than 2 um the overlapping between adjacent lines is lost (spot diameter of used 0.45 NA objective
- 2wp = 1.5 pum) and selectivity drops to the values below 500. It is remarkably similar to the
single-line selectivity achieved in 1D experiments. As expected, when the etching direction is
perpendicular to the scanning direction maximum the obtained selectivity is around 6 times lower
than in the previous case test (up to ~17). However, this test determines the maximum possible
hatching step, which in this case is 4 um. From the practical perspective, during structuring, both
cases are combined (if XZ and YZ planes are fabricated without tuning polarization), leading to
undesired results, as if selectivity is close to O for at least one direction it will be impossible to etch
the entire 3D structure. As an outcome, fast polarization control is needed if light polarization is
to be tied to the translation direction. As a realization of such an approach is hard to achieve,
a lot simpler solution is to use circular polarization. Then, translation direction is no more a
variable during structuring. Additionally, as shown in this work, the etching rate does not drop
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dramatically when circular polarization is used. Thus, due to practical considerations, circular
polarization was used to fabricate all the 3D structures shown in this work.

Later, vertical 2D (XZ/YZ) plane tests were performed. The results of these tests are shown in
Figs. 2(c) and 2(d). The highest selectivity is achieved with the lowest tested slicing between
scanning lines (1 um). When slicing is increased selectivity drops drastically. However, when
polarization is parallel to the scanning direction, a further increment in slicing starts to slightly
increase the etching rate. This indicates that interference between modifications creates suitable
volume nanopatterns which affect the etching properties. The test with the etching direction
perpendicular to the scanning direction determines the maximum possible slicing parameter
which is around 10 um and higher slicing values will be an obstacle for surface etching. Overall,
the higher maximal slicing step can be explained by the already mentioned inherent elongation of
the voxel in the Z direction due to Gaussian focusing properties. Here we find out that with our
tested setup maximum hatching could be 4 ym and slicing 10 um. Nonetheless, for the practical
3D structure formation lower values are desired to have higher selectivity.

Finally, it was decided to measure the surface roughness of the etched surfaces. Here we
measured both XY and XZ/YZ surfaces roughness. These results are depicted in Figs. 3(a) and
3(b). In both plane cases, the lowest surface roughness of around 200 nm RMS is obtained
with the lowest tested slicing/hatching (0.5 um). By increasing the spacing between lines,
the roughness value rises together and reaches around 800 nm RMS. Looking back to the
same surface selectivity, it can be concluded that higher surface selectivity gives lower surface
roughness. Selectivity correlation with surface roughness has been already reported in other
works [27]. However, polarization influence on fabricated structure surface roughness was not
studied before. As shown before polarization strongly affects selectivity. Nonetheless, obtained
surface roughness dependency on polarization is not very significant and the lowest value in
both cases is obtained independent of polarization. In conclusion spacing between scanning
lines affects formed surfaces more significantly than pulse energy or light polarization. Also, in
addition to minimal surface roughness, SLE allows achieving minimal taper on vertical surfaces
[Fig. 3(c)]. This is very attractive for usage in precise microfluidics or as an extremely rigid
molding master for soft lithography [36].
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Fig. 3. Surface roughness (calculated as RMS) acquired using SLE of horizontal (a) and
vertical (b) surfaces. All values are below 1 um. (c) - Zoomed in SEM image of surfaces
of an example structure (with the whole element being in the inset), showing good surface
quality and minimal taper achievable in practice.

In the case of 3D structure formation scanning strategies is also a factor that should not be
overlooked. Intuitively, when producing a 3D structure, it would seem that the most convenient
and simplest way to fabricate the required shape would be to modify and then etch out all the
unnecessary volume. That means all volume should be scanned out line by line with fixed
slicing and hatching between each line and by maintaining voxel overlapping. This strategy
is illustrated in Fig. 4(a). However, it is an extremely slow approach. Additionally, it might
result in cracks, which appear due to excessive internal stress caused by volume overexposure.
Both of these difficulties can be tackled by employing the strategy of segment scanning. Then,
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only the contours of the structure are exposed to the laser light, while the rest of the material
is divided into smaller pieces. This scanning strategy is shown in Fig. 4(b). In this way, all
inscribed structures are combined out of contours and surfaces which should be scanned out by
maintaining the same voxel overlapping. This strategy allows saving lots of fabrication time. For
instance, dividing the standard structure into cubes with dimensions of 50 ym x 50 gm x 50 pm
allows reducing fabrication time by the factor of 7. If 100 um x 100 #m x 100 pm cubes are
used manufacturing is around 14 times faster and by dividing into 200 gm x 200 um x 200 pum
cubes - around 28 faster. There is another option to scan out only the contours of the structure.
This option is demonstrated in Fig. 4(c). This approach is useful for 2D structure fabrication and
would allow saving even more fabrication time than dividing material into the cube.

(a) Scanning entire volume (b) Contour scanning in binati (c) [of S ing only

Fig. 4. Demonstration of how different scanning strategies can be applied in various
structures formation. (a) Scanning entire volume used for closed channel fabrication, (b)
contour scanning in combination with slicing into smaller pieces applied in open channel
chip fabrication, (c) contours scanning only applied in the production of hexagon-shaped
hole manufacturing.

Another advantage is that by minimizing the number of scanned lines we reduce volume
tensions. The downside of this approach is the necessity to make such features at the top of the
sample, as otherwise non-etched segments could not fall out. This limits the usage of such an
approach in embedded structure fabrication. Additionally, segmenting prolongs etching time. It
is a result of etchant needing to reach underneath produced segments. In consequence, a taper
of modifications might increase, as unaffected material is also being continuously etched. For
complex shape and long channel systems most of the time it is useful to scan all the volume
needed to be etched. These two strategies can also be mixed together, with rougher parts of the
system being segments, and more fine details being exposed in full. Thus, the scanning strategy
needs to be chosen carefully for each structure individually in order to get the best compromise
between the highest throughput and quality.

3.2. Fabricated 3D glass structures

There are multiple fields that could benefit from high-precision 3D mesoscale glass structure
fabrication. One of the most promising applications for SLE is microfluidics. As shown in this
work, SLE-made channels can have a relatively low surface roughness (~200 nm RMS). At
the same time, the throughput of the technology, if the whole volume needs to be exposed, is
relatively low. In contrast, laser-ablated glass channels usually will have worse surface roughness
and are produced faster [37], without the need for an etching technological step. Nevertheless,
SLE greatly exceeds ablation in terms of flexibility and allows to produce 3D free-form structures,
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such as channels with integrated functional elements, or 3D channel systems embedded inside
the volume of glass, as shown in Figs. 5(a) and 5(b), bringing new capabilities and flexibility
to the field. These properties give a possibility to avoid other supplementary processes such as
sealing of ablated channels or the necessity to use other manufacturing techniques for integration
of some more trivial structures. To demonstrate what can be integrated, we created a microfluidic
system with integrated deformable cantilever Figs. 5(c) and 5(d). Thin glass cantilevers are
extremely simple yet potent structures that have a lot of usages [38]. In the case of cantilevers
integrated into microfuildical channels, such a device was demonstrated to possibly perform a
task of a very precise flow meter [39]. The main difference and improvement from the example
given in the literature that SLE allows to fabricate such cantilever structure in relatively simpler
manner. While normally glass is perceived as a hard material, in size range bellow ~100 ym
glass can be deformed without breaking [40]. Therefore, produced 250 um x 200 pm x 25 um
dimension cantilever could be bent using probe up to ~30 um without breaking it.
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Fig. 5. Examples of various 3D microfluidic structures produced applying SLE. (a) and
(b) - embedded channel sections. As such systems are in the volume of glass no sealing
step is required. Furthermore, due to very low (down to ~200 nm surface roughness such
systems are basically transparent. (c) and (d) - a channel system housing integrated 250 um
x 200 pm x 25 pm cantilevers. Channel cross-section - 300 um x 300 um. (e) and (f) shows
bending of the cantilever using a hard probe. Possible deflection - up to ~30 pm.

Continuing on the topic of deformable glass structures, a single helix 4 turn spring was
produced out of glass [Fig. 6(a)]. The diameter of the structure is 1 mm, with the width of the
helix itself being 50 ym. The combined length of the whole helix was around 12 mm. As a result,
this allowed to repeatedly compress the spring up to 50% (from 600 pm to 300 um) without
damaging it. The fabrication of such structure employed both segmenting (in the middle of the
structure) and full volume exposure (for fine springs). Due to it, such a structure can be produced
in ~4 min. Such springs, as they can be mass-produced on-demand in mass-customized series,
could prove to be attractive in such fields as the watch industry. While not trivial at the first sight,
but such structures can be made to be mechanically resistant to compressive forces and at the
same time robust against shock, due to the possibility of using some advanced architectures like
gyroids in the support part of the spring (which in our case is a simple bulk plate). Combined
with a very small weight, such structures could be proven to be extremely mechanically resilient
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to shock and vibrations, at the same time surpassing polymer-made micromcehanics [32] of the
same type in terms of chemical and thermal resilience.

Fig. 6. Images of fused silica single helix 4 turn spring. (a) - overall view. (b) and (c) shows
compression of the spring. Due to the small thickness (diameter - 50 ym) and relatively
long length of the helix ( 12 mm) it can be compressed repeatedly from 600 to 300 um (50%
of overall helix height) without any damage to the structure.

Alternatively from deformable micromechanics, one might consider structures made out of
different independently moving components. Normally, such systems are made part by part
and then assembled. However, SLE allows true 3D modification of glass volume. As a result,
openings needed for structure motion can be embedded before etching and then revealed by it.
Therefore, assembly-free movable multi-part 3D glass structures can be produced, relatively
easily, expanding current capabilities of the field of micro-mechanics. To demonstrate it, we first
produced a chain with free movable ball joints. This structure employing the idea of etching out
the narrow gaps between the separate parts of the structure. In this way, we create a joint-like
structure that is able to move. The exact model and optical microscope photos of the manufactured
structure are shown in Fig. 7. The bending amplitude of the produced structure (which is 30°)
coincides well with the value predicted from the mechanical CAD model. As the structure is
very complex, and the opening of the outer ball is 450 pm in diameter, the whole inside of the
outer ball was exposed to the laser radiation. For this reason, the fabrication of such a structure
heavily relies on the understanding of etching rates. If chosen processing parameters would
be insufficient, the fine opening would either not etch out, or etch out too much, resulting in
disassembly of the ball joint. Therefore, when manufacturing such fine structures substantial
attention should be paid to both process and model optimization, in order to achieve the best
possible result.

Finally, we fabricated a complex micromechanical structure called the Geneva mechanism
[Fig. 8]. This structure contains two intermeshing elements. By rotating one gear every 360°
rotation it moves and another gear by fixed 90° increments. SLE technology allows fabricating
such mechanisms out of a single piece of glass without the need for an assembly step. As this
structure is assembly-free, it can be produced at a very small scale (down to hundreds of um)
without the need for extremely complex micromanipulation. Moreover, by attaching a small
magnet to this mechanism and placing it over a rotating magnet we show the smooth movement of
this structure. It is possible due to very fine gaps between different moving parts of the structure
(less than 10 um) and very good surface roughness (~200 nm RMS) possible due to optimisation
presented previously in this article, which allows minimizing excessive friction. Pictures of
Geneva mechanism movement are shown in Fig. 8(g). In the testing, it was shown that it can
rotate up to 2000 RPM and that it can run for more than 100 hours continuously without any
damage or other adverse impacts to the functionality. It is important to note that the measurement
of Geneva mechanism rotation was carried out using simple rotating magnet underneath the
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Fig. 7. Flexible chain with ball joints. (a) - 3D model of a structure, with 1/4 of the structure
cut away to show hollow openings separating outer and inner balls in the joint. (b) optical
microscope image of part of the structure. Bending at modeled 30° is achieved. Also, inner
and outer balls in the joint are clearly visible.

structure itself. As it was proof of concept experiment, our goal was to see if the mechanism
would rotate without any trouble. Thus, the upper limit of the experiment was determined not by
the structure, but by the measurement equipment. We estimate that at particularly high rotation
speeds fragile mechanism axis would not be able to hold the rotation of the whole mechanism and
break. However, we did not manage to reach such RPM in this work, leaving this investigation
for future research.

Fig. 8. Pictures of produced Geneva mechanism: (a) scanning electron microscope (SEM)
image of the whole mechanism, (b)-(e) SEM pictures of the most important features and
surfaces of the mechanism, and (f) SEM image of 5 times smaller Geneva mechanism than
in part (a). (g) - Chronological pictures of Geneva mechanism movement, black arrow
indicates the rotation direction. Magnet is attached to the structure the whole mechanism is
inserted into a changing magnetic field for the movement automation.
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The scalability of SLE should also be commended. As such structures will most likely find
it’s way to being used in high-precision complex devices, the possibility to easily tune the size
and shape of structures towards mass customization is one of the top priorities. To demonstrate
that SLE complies with such requirement we made a Geneva mechanism which is 5 times
smaller than the original one [Fig. 8(f)]. Of course, some peculiarities exist in such a scale.
The most important role in this process is played by the phenomena of selectivity. As a result,
reducing the size of a structure is relatively easier than making it bigger. To avoid over-etching
of unexposed parts of the structure, the etching rate should be sufficient if bigger structures
are needed. An increase in selectivity has a fundamental limit, bounding complex SLE 3D
fabrication to structures that are below several cm. Nevertheless, this is not a hard limit, if some
compromises can be made to the structure accuracy, as the main hindrance of long etching times
is an excessive dissolving of laser unaffected glass volume. If some taper can be tolerated, even
cm-sized structures can be produced using SLE.

4. Discussion

The field of micro-robotics and micromechanics is extremely active [41,42]. Multitude of
deformable [43,44], intertwined [32,45] or assembled [46] structures were presented over the
years. However, most of them are produced either from polymers, metals, or some composite
containing both. Glass, on the other hand, is highly underutilized in this field. In this work, we
showed that glass can be exploited in the field of micromechanics a lot more, opening the door for
was array of novel structures which were never tried before at this scale, like Geneva mechanism
or related multi-component structures. Indeed, the mechanical properties of glass are very well
known, repeatable, and not dependent on the SLE process itself. This is in sharp contrast to
polymers, which, when microstructured with fs-laser in 3D present a multitude of degrees of
freedom in terms of mechanical and optical properties. These depend on cross-linking [47]
degree and even on surrounding medium [48]. Additionally, even the most resilient polymers can
withstand only temperatures up to several hundred degrees [49], while the melting point of fused
silica is around 1500°C. Therefore, glass offers a substantially better alternative to many currently
popular materials in micro-robotics if the application in question requires the constant presence
of organic solvents, high temperatures, or is otherwise hazardous and can cause polymers to
degrade.

At the same time, SLE should not be entirely considered as a possible alternative for additive
manufacturing via 3DLL. These two methodologies can supplement each other as well. It was
already showed that using chemically inert SLE etched cantilever and integrated polymer rod a
passive actuator, which moves in accordance to the organic solvent present in the system, might be
created [38]. Some micromechanical elements were fabricated in our work are smaller than what
has been shown in the literature so far, allowing us to think about even more exotic applications.
For instance, glass and polymer might be used in tandem to create polymer-glass structures,
resembling already shown bi-polymer elements [50]. Alternatively, SLE, which is very efficient
in fabricating microchannels, can be used for lab-on-chip system manufacturing, while 3DLL can
provide integrated elements, like a filter, with a lot smaller features than SLE allows [51]. Such
mix and matching of technologies are made even more attractive by the possibility to realize
it using just a single amplified fs laser source integrated into a highly customizable fabrication
setup [15]. Therefore, the work presented here gives a comprehensive look at what structures can
be produced using SLE and what are the process peculiarities and ways to optimize it for the best
possible result.
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Abstract: Selective laser etching (SLE) is a technique that allows the fabrication of arbitrarily shaped
glass micro-objects. In this work, we show how the capabilities of this technology can be improved in
terms of selectivity and etch rate by applying an etchant solution based on a Potassium Hydroxide,
water, and isopropanol mixture. By varying the concentrations of these constituents, the wetting
properties, as well as the chemical reaction of fused silica etching, can be changed, allowing us to
achieve etching rates in modified fused silica up to 820 pum/h and selectivity up to ~3000. This is
used to produce a high aspect ratio (up to 1:1000), straight and spiral microfluidic channels which are
embedded inside a volume of glass. Complex 3D glass micro-structures are also demonstrated.

Keywords: selective laser etching; 3D laser microfabrication; glass microprocessing

1. Introduction

Glass micro-processing using femtosecond (fs) lasers is a vast field with capabilities of
producing different structures with arbitrary geometries [1]. This can be achieved using
various light-matter interaction regimes. II type modification-based selective laser etching
(SLE) stands out among all of them due to the possibility of producing arbitrary shaped
3D glass structures which can be on the surface of the glass samples or embedded inside
the volume of the sample. This technology was also shown to be suitable for processing
crystals [2—4], making it even more appealing.

The underlying idea behind SLE is that the etchant etches laser-induced modified
volume of dielectric substantially faster than unmodified material. To characterize it, two
primary parameters can be used: etching rate, which is the speed at which modified mate-
rial dissolves in the etchant, as well as selectivity, which denotes the ratio between etching
rates of modified and unmodified glass. Due to different requirements dictated by various
applications where SLE is used, different etching rates and selectivities might be desired.
As a result, an extensive variety of works have been dedicated to understanding the under-
lying physical and chemical mechanisms, which might lead to different etching rates and
selectivities [5]. Most of them concentrate on changing laser exposure parameters [3,5,6].
In the absolute majority of works, aqueous Hydrofluoric acid (HF) or Potassium Hydrox-
ide (KOH) solutions are being discussed [5]. Nevertheless, varying only these parameters,
it is hard to achieve selectivity which would be higher than ~1400 [6]. This limits SLE
usage as a true 3D manufacturing technique which could rival additive 3D printing [7].
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This work is dedicated to expanding SLE selectivity further by employing etchant
with additional organic solvents mixed in it. This technique is already used in standard
lithography, which also deals with wet etching [8]. It results in different wetting and chemi-
cal peculiarities of the process, subsequently enhancing etching rate and selectivity. These
capabilities are explored in this work, showing what maximum etching rate and selectivity
can be achieved using this solution. Additionally, the phenomenon is explained from the
chemical interaction side, allowing us to understand it towards a better exploitation in
producing a high aspect ratio and/or complex embedded 3D structures.

2. Materials and Methods

The work was performed using a “Laser Nanofactory” (Femtika, Ltd., Vilnius, Lithua-
nia) setup. The system is based on amplified Yb:KGW fs laser “Pharos” (Light Conversion,
Ltd., Vilnius, Lithuania)). In this work, the laser parameters were set to 1030 nm wave-
length, 610 kHz repetition rate, and ~700 fs pulse duration. Positioning is performed using
Aerotech linear stages and galvo-scanners, which operate in a synchronized manner to
avoid any stitching-related defects. Translation velocity and average laser power used for
modification inscription were —10 mm/s and 300 mW, respectively. The system also has a
built-in polarization control, which allows it to be dynamically tuned during fabrication.
To obtain the highest possible selectivity, linear polarization perpendicular to the scanning
direction was used for selectivity testing experiments. More precise details on the setup can
be found elsewhere [9]. Fused silica glass (amorphous SiO;) was used for the fabrication.
The main idea of the experiment is to inscribe single scanning lines in the XY plane volume
of the glass. This method was already presented elsewhere [10]. The process is also shown
in Figure 1. Five identical lines are written in one sample to check the repeatability of the
process. After the inscription process, the sample is cut in the middle perpendicularly to
the written lines. The cut edge of the sample is polished and then the sample is etched in
the chosen etchants. Etching was performed in an aqueous KOH solution with varying
isopropanol and KOH concentrations at 85 °C. Exact concentrations will be listed where
applicable. After a specified amount of time, etched channel lengths are measured by
using an optical microscope. Optical microscope images were taken using Olympus IX73.
By dividing channel length by etching time, the etching rate is calculated. To calculate
selectivity, we needed to measure the unmodified material etching rate for each case. This
was done by measuring the thickness of the bulk of glass and etching the glass bulk for
24 h. After the etching process, glass thickness was measured again and the unmodified
material etching rate was calculated by dividing etched glass thickness by etching time.
After all, by dividing the modified material etching rate by the unmodified material etching
rate, the selectivity is calculated.

(a) laser writing (b) etching (c)etched channels
etching and °
scanning |
direction ) /

\ _

N —

&

Figure 1. The sequence of the performed experiment. (a) First of all, laser modifications are inscribed

inside the volume of glass in the XY plane. The sample is cut in the middle perpendicularly to
the inscribed lines, the cut edge is polished. (b) Then, etching is performed in various enchants.
(c) Finally, etched single line channel lengths are measured under the optical microscope.



Materials 2022, 15, 2817

30f 10

53
°

Isopropanol concentration, %
o

1 2 3 4 5 6 7 8
KOH concentration, mol/I

“’A
EL

The contact angle characterization was performed by using the optical contact angle
measuring and contour analysis system (KSV Instruments LTD CAM 200, The Imaging
Source Europe GmbH DMK 21F04) equipped with a CCD camera (ImagingSource DMK
21F04 fps). The camera, the etchant droplet, and the illumination source equipped with
a light-emitting diode were aligned into one line. Therefore, the droplet shadow was
projected and captured by the digital camera. Average values of contact angle and measure-
ment errors were obtained by software (The Imaging Source Europe GmbH DMK 21F04).

3. Results

We began this work by testing isopropanol’s influence on the etching rates of unmod-
ified fused silica by changing KOH and isopropanol concentrations. The chosen range
was 1-10 mol/L for KOH and 0%-50% for isopropanol. The unmodified material etching
rate measurement was performed by measuring the thickness of the fused silica sample
before etching and then etching it for 24 h. After etching, the thickness was measured
again and the etching rate of unmodified material was calculated. Since the etchant does
not need to penetrate inside the volume of glass and the diffusion of the etchant is not
confined, the etching rate of unmodified material should remain practically the same over
the experiment time scale. Results are shown in Figure 2a. As expected, for unmodified
material, the etching rate was far more influenced by the KOH concentration than the
amount of isopropanol in the mixture. The peak value of ~1.5 um/h was achieved at the
highest KOH concentration and a low 5% concentration of isopropanol.

(b) (c)
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Figure 2. Etching rates of unmodified (a) and laser modified (b) fused silica acquired with dif-
ferent KOH and isopropanol concentrations. The highest achieved values are ~1.50 um/h and
~820 um/h respectively. (c) selectivity is derived by dividing results of part (b) by part (a). The
highest value is ~3000 at 2 mol/L KOH and 10% isopropanol, showing a clear tendency that lower
KOH concentrations and a moderate amount of isopropanol positively impact the selectivity.

Next, the etching rate of the modified material was measured. The experiment protocol
followed the idea of inscribing horizontal lines into the material one after another. The
etching rate was determined by measuring the length of a 1 h etched channel that was
formed during the described process. Measured values are plotted in Figure 2. In contrast to
unmodified results, the highest etching rate (~820 um/h) here was achieved at a moderate
KOH concentration of 6 mol/L and with no isopropanol. However, another peak of the
higher etching rate of ~820 um/h was observed at the 2 mol/L KOH concentration and
with 20% of isopropanol, showing that organic solvent, under special conditions, can have
a positive impact on the etching rate of laser modified material.

SLE was shown to be able to produce complex 3D glass structures, rivaling those
produced using additive manufacturing out of polymers [1]. However, the complexity
and size of SLE-produced structures are always limited by the selectivity, i.e., even if laser
exposed regions etch much faster, unaffected material is removed as well. This results
in limitations to the shape complexity, which might be detrimental to many applications,
such as precise microfluidics or micromechanics. Therefore, the most important parameter
of the SLE is selectivity. The selectivity calculated in this work is given in Figure 2c. The



Materials 2022, 15,2817

40f10

highest achieved value is ~3000, which is more than two times higher than the highest
value reported in the literature to the best of our knowledge [6]. In addition, it was achieved
in a mixture containing small amounts of both KOH (2 mol/L) and isopropanol (10%).
This is also far from both peak etching rates of unmodified and modified materials. If no
isopropanol was used, 2 mol/L of KOH would yield a selectivity of ~2700, which is ~13%
lower compared with the maximum value. Therefore, a positive impact on selectivity by
using small amounts of isopropanol is evident. Interestingly, it is a far higher value in
comparison to the selectivity of ~500 at 10 mol/L KOH—a standard value used by multiple
groups. Thus, another conclusion that can be drawn from this work is that even a reduction
in KOH can help increase selectivity. However, care should be taken when applying this
methodology, since a decrease in KOH concentration would result in longer etching times.

The primary idea behind introducing isopropanol to the aqueous KOH mixture is
to improve the wetting properties of the liquid and, hence, allowing easier diffusion of
dissolved silicate ions from the fused silica-etchant interface. Thus, to obtain further insights
into acquired etching results contact angles of different ratios of KOH and isopropanol
on fused silica were measured. Results are given in Figure 3. Generally, with the increase
of isopropanol concentration, the contact angle becomes smaller, generally proving the
idea that this organic solvent should help with wetting. However, the area with the lowest
contact angle, which is between and 2 mol/L KOH and above 20% of isopropanol coincides
neither with the highest etching rates nor with the highest selectivity. On the contrary, the
highest etching rates are at experimental conditions with relatively high contact angles
—34.5° for the highest etching rate for unmodified material and 32.1° for laser affected
volume. Nevertheless, the highest selectivity value coincides pretty well with the area
where the contact angle starts to drop significantly (17°) at the highest selectivity conditions.
At the same time, it is not at the lowest achieved contact angle —5.2°. Therefore, some other
interactions should be considered.
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Figure 3. (a) Contact angle at different mixtures of KOH and isopropanol. While at the point
of highest selectivity contact angle is relatively reduced, it is not the lowest measured value.
(b-g) different etching solutions contact angle measurement pictures.

To understand the full picture of the process, the chemical aspect has to be considered.
Indeed, when etching is performed, the resulting chemical reaction is the same in both
cases with and without isopropanol. When fused quartz is exposed to a solution of KOH,
potassium silicate and water are formed (see Figure 1). However, in addition to the
increased wetting effect of fused quartz described above, the introduction of isopropanol
into the system also has a negative influence on selectivity. The requirement for the reaction
is the formation and dissolution of K4SiOj in the reaction mixture. Potassium silicate is
soluble in water (it is possible to dissolve salt with boiling water) and slightly or completely
insoluble in alcohols [11]. Potassium silicate dissolves more readily under pressure at a
temperature of 80 °C [12,13]. Even though the etching was carried out at a temperature of
85 °C, in a closed system, the temperature of etchants had to be lower because of the boiling
point of isopropanol, which is 82.5 °C. Consequently, the higher isopropanol concentration
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determines the lower temperature of the mixture and the lower amount of a more suitable
solvent, resulting in a slower etching process at extremely high isopropanol concentrations.

Si0y(s) + 4K OH, | — K{[SiO4]{, | +2H0(y). )

The solubility of potassium hydroxide is ~11 g /10 mL (28 °C) and 121 g/100 mL
(25 °C) in isopropanol and water, respectively. It can be suggested that isopropanol acts as
a surfactant, accumulates at the solid/liquid interface, and thereby prevents access of KOH
to the surface of the silica sample. We considered a model of the behavior of isopropanol
molecules at the surface during etching. The described model takes into consideration that,
for a saturated concentration, a layer of isopropanol molecules is formed at the surface of the
solution, rather than being diluted. The abundance of isopropanol affects the formation of a
monolayer of alcohol molecules at the surface of the sample [14-16]. The highest selectivity
value was obtained for 2 mol/L (10.89 g/100 mL, here KOH molar mass 56.1056 g/mol,
isopropanol density at 28 °C is 0.7783 g/mL) KOH concentration, which corresponds to the
maximum alkali solubility in isopropanol. Further increasing the alkali concentration in
the mixture results in a decrease in selectivity. This evidence confirms the described model
of isopropyl-alcohol monolayer formation on the surface because the etching reaction takes
place only at the surface and the etchant contact. However, to prove this hypothesis, further
studies need to be performed.

Thus, overall, while a lower contact angle helps with easier etchant and product
diffusion between the solution and the fused silica interface, behaviors of isopropanol, such
as lower boiling point and limited dissolution of KOH, result in a slowed down reaction,
forming an ideal balance at experimental conditions of 2 mol/L KOH and 10% isopropanol.

Despite an impressive etching rate together with selectivities which were demon-
strated, etching rates tend to diminish. We have measured how the etching rate is changing
over time. The results of the etching rate after 2, 4, 8 and 12 h are depicted in Figure 4a—d.
Comparing etching rates after the mixture was just mixed after 2 additional hours’ etching
rates drop approximately twice (a). After 4 h, etching rates decrease twice again. Finally,
after 8 and 12 h, the etching rate is between 100 and 200 pm. The explanation for such a
decrease in etching rate is simple—the deeper the etchant needs to penetrate into the chan-
nels, the more it dilutes and struggles to etch the channel at the deepest point. Nonetheless,
here we can notice the special property of the etchant with isopropanol. Isopropanol allows
the maintenance of a higher etching rate. Possibly, isopropanol induces more effective
penetration into the channel. Thus, another positive side of isopropanol is the possibility to
not only achieve but also maintain a higher etching rate for longer. In general, according to
these graphs, we can conclude that if high selectivity and a high etching rate are desired,
the etching time should be short enough (shorter than 2-3 h). Otherwise, it is impossible to
maintain selectivity and an aspect ratio higher than 1000, because of the loss of etching rate
during longer etching times. This might be problematic if relatively big or long structures
are needed.

After we performed some experiments we have noticed one more interesting property
which is affected by the etchant. We have observed that structures etched with lower KOH
concentration etchants tend to have worse surface quality than structures etched with high
concentration etchants. To test this property we inscribed the surface in the XY plane and
etched it away with different concentrations of etchant. After all, surfaces were inspected
with a Scanning Electron Microscope (SEM). SEM pictures of made surfaces are shown in
Figure 5a—g. Although surfaces look different, surface roughness was measured for these
surfaces by using an optical profilometer. The correlation between surface roughness and
etchant concentrations is shown in Figure 5h. The higher the etchant concentration is, the
lower the surface roughness that could be obtained. On the other hand, looking back to
previous results, lower concentrations of etchant allow obtaining higher sensitivities. For
comparison in Figure 5h, we added a surface etched with 5% HF solution with a surface
roughness of around 200 nm root mean square (RMS). Usually, HF shows substantially
lower selectivities than KOH [5]. Thus, here we conclude that the higher the selectivity,
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the higher the surface roughness obtained. However, in most applications, it is a desire to
maintain both. To get that result, combined etching techniques need to be used. For exam-
ple, etch the structure with low concentration KOH etchant and smooth the surface with
low concentration HF solution. The hybrid etching technique was already demonstrated
elsewhere [17], on the other side, reasons are different, a combination of a few different
types of etchant, such as HF and KOH, allow us to obtain the highest throughput because
HF shows a higher etching rate for effective large volume removal, meanwhile KOH allows
us to achieve high selectivity for precise feature etching.

(a) after 2 hours

(b) after 4 hours
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Figure 5. (a-g) SEM micrographs of surfaces etched in various concentrations etchants. (h) Surface
roughness dependency on etchant concentration.

From a practical perspective, the best way to demonstrate the potency of the developed
methodology was the formation of high aspect ratio embedded fluidic channels. Indeed,
while SLE shows huge promise in microfluidic system fabrication, in many cases channels
have to be produced open and then be sealed afterwards using other techniques, such as fs
laser welding [18], or have limitations on their physical dimensions. Here we demonstrate
high aspect ratio channels embedded in the glass and etched out using the highest, KOH
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enabled selectivity. The thickness of the sample is 2 mm, while the channels are ~10 um
in diameter. This places their aspect ratio at 1:1000. Channels were filled with liquid and
optical images were taken from the side (Figure 6a,b). The presented optical microscope
pictures allow us to estimate that the diameter is well maintained through the channel
while the surface roughness is around hundreds of nanometers RMS. It is important to note
that, due to the thickness of a sample, an objective with automated aberration correction
might be required if this methodology is used with relatively thick samples (more than
1 mm). In the future, Spatial Light Modulators (SLM) can be used for the same purpose
with more parameter control [19]. Non-diffracting Bessel beam-based fabrication might
also be attractive to fabricate such long and straight channels with a very high aspect
ratio [20].

- ol AT 4
Figure 6. (a,b) Enhanced contrast pictures of straight-through high aspect ratio (1:1000) channels
embedded inside fused silica. (¢) microfluidic system within the volume of glass, consisting of two

outlets and a spiral channel. All of the structures are etched using the best KOH and isopropanol
ratio solution (2 mol/L and 10% appropriately).

The primary attraction of SLE is the possibility to produce complex embedded glass
structures, such as microfluidic channels. While the straight channels shown so far might
be used for some application, the possibility to have bent channels opens a lot of new possi-
bilities for applications. One of them is passive particle separation. Indeed, spiral channels
allow for separating particles due to their size without using any additional elements [21],
such as filters [18]. The spiral-based separator provides a very high throughput, as none
of the channel cross-section is blocked by the filter. To demonstrate that such a channel
is possible, a prototype of an embedded spiral channel system was made. The combined
length of the channel is 7 mm, with a channel width of 100 um, resulting in an effective
aspect ratio of 1:70. Testing with water showed nonrestrictive flow, which means that
the channel is well etched and has no leftovers (Figure 6b). Due to the nature of the SLE,
the inlet and outlets of such a system can be produced during the same fabrication step,
simplifying production.

Another exemplary structure demonstrated in this work is the 3D fullerene model.
An SEM picture of this structure is demonstrated in Figure 7 This structure is also a high
aspect ratio and porosity complex 3D structure example. By using a combined etching
technique, we achieve both high surface roughness and high selectivity which creates a
possibility for complex architecture high aspect ratio structure production. For the first
step of etching, 2 mol/L KOH solution with 10% of isopropanol is used to maintain the
highest selectivity. Subsequently, the structure is etched additionally in 5% HF solution
to smooth the surface. A fullerene structure demonstration proves that SLE is a suitable
technology for a high aspect ratio porous complex structures fabrication which could lead
to glass metamaterials fabrication.
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Figure 7. Model of fullerene molecule made out of glass. (a) top view of the fullerene structure,
(b) isometric view to the whole structure, and (c) closed look to the same structure. This structure
represents the possibility of a high aspect ratio, high surface quality, and high porosity structure
which is similar to metamaterials.

4. Discussion

Three dimensional (3D) manufacturing, especially at scales down to the pm range, is
becoming increasingly explored by academia, with industry following closely behind. So
far it has been considered that 3D additive manufacturing is the preferred option due to its
flexibility and wide array of possibilities to realize it [7,22]. However, while there are many
technologies for it [23], on this scale, fabrication out of inorganic compounds is difficult. If
direct fs fabrication is considered, special hybrid materials and/or nanocomposites need to
be used [24-27], with potentially limited fabrication windows and multiple post-processing
steps needed to realize it. SLE would seem to be an attractive candidate to potentially
substitute complicated additive methodologies if 3D glass microstructures are needed.
Nevertheless, the main problem with SLE was always selectivity, limiting how complex 3D
structures can be [1]. Results shown in this work show the potential of SLE to have good
enough selectivity to be directly compared to additive manufacturing. The SLE process
also involves fewer technological steps than, let us say, glass manufacturing using optical
3D printing [28,29]. At the same time, SLE requires the usage of potentially hazardous
chemicals (HF and KOH) which can also limit its proliferation. Therefore, while SLE is
approaching additive manufacturing in terms of possibilities to produce 3D microstructures,
there are some distinct advantages and disadvantages involved with this technique.

Another important takeaway from this work is the dynamics of surface roughness
depending on the etching parameters. Indeed, there are many technologies tested for the
production of micro-optical elements [30]. For this discussion, we will again compare SLE
with additive fs-based printing, where it is inherently easy to achieve surface roughness suit-
able for optics manufacturing (bellow 10 nm RMS) [24]. As a result, there is a multitude of
works using additive fs-based manufacturing for complex micro-optics production [31-33].
However, additive manufacturing forces the usage of organic materials for fabrication,
which inherently have a relatively low laser-induced damage threshold [34]. Attempts to
manufacture inorganic micro-optics using additive manufacturing exist, but these involve
all the previously listed challenges, plus require the performance of all the manufacturing
steps with extreme attention to deformations that occur during such processing [35]. Direct
micro-optic manufacturing using subtractive processing is limited, as ablation and SLE
do not have good enough surface roughness for optics. This leads to the necessity to use
annealing [36] or polishing [37] after laser exposure, making shape control quite hard.
However, in this work, we show that by manipulating the etchant, both a complex 3D
shape and relatively good surface roughness can be achieved. While it is still not of optical
quality, it points to the possibility of using etchant manipulations for single-step surface
smoothing during etching itself. This is an area of research worth exploring in the future.

5. Conclusions

Overall, this work demonstrated the general dynamics of etching rates as well as
selectivity when the concentrations of KOH and isopropanol are varied in the etchant.
The highest etch rate of unmodified material is ~1.5 pm/h, which is achieved with the
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highest tested concentration of KOH (10 mol/L) and a minor amount of isopropanol (5%).
This is in sharp contrast to the highest etch rate of laser effected volume (~820 um/h),
which is acquired at 6% KOH and no isopropanol. Finally, the highest achieved selectivity
is ~3000, which is around two times higher than the highest selectivity reported in the
literature to the best of our knowledge. It is achieved at a minor concentration of KOH
and a small amount of isopropanol. This result can be explained by a minimized etching
rate of unmodified material and a high etch rate of modified glass. Both of these effects
are a result of changes in the wetting properties of the etchant alongside the modified
diffusion properties of the formed chemical constitutes of the reaction. On the other hand,
over time, the etching rate drops down significantly to 100-200 um for all etchants. Thus,
to maintain a high etching rate, the etching process needs to be quite short—up to 4 h.
In this work, we have also shown that even the surface roughness of the etched sample
depends on the etchant type and its concentration. Low concentration etchants make rough
surfaces, meanwhile, high concentration KOH or HF etchants make smoother surfaces.
Hence, to maintain both high selectivity and surface quality, combined etching techniques
need to be used. To show how all of these improvements can be exploited for various
3D structures, such as the model of fullerene molecule, embedded curves and straight
channel systems in the glass were fabricated. The demonstrated straight channels aspect
ratio is in the range of 1:1000 and spiral channel aspect ratio is in the 1:70 range with good
repeatability of the fabrication. Fluidic testing showed no left-overs or debris from the
channel point to well-etched channels. Complex 3D structures were also made, showing
that with this improvement 3D SLE is getting ever closer to the capabilities of additive
micro-and nanomanufacturing. Therefore, the results of this work allow SLE to become
even more suitable for high-precision 3D glass structure fabrication.
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Abstract: Transparent and high-hardness materials have become the object of wide interest due
to their optical and mechanical properties; most notably, concerning technical glasses and crystals.
A notable example is sapphire—one of the most rigid materials having impressive mechanical
stability, high melting point and a wide transparency window reaching into the UV range, together
with impressive laser-induced damage thresholds. Nonetheless, using this material for 3D micro-
fabrication is not straightforward due to its brittle nature. On the microscale, selective laser etching
(SLE) technology is an appropriate approach for such media. Therefore, we present our research on
C-cut crystalline sapphire microprocessing by using femtosecond radiation-induced SLE. Here, we
demonstrate a comparison between different wavelength radiation (1030 nm, 515 nm, 343 nm) usage
for material modification and various etchants (hydrofluoric acid, sodium hydroxide, potassium
hydroxide and sulphuric and phosphoric acid mixture) comparison. Due to the inability to etch
crystalline sapphire, regular SLE etchants, such as hydrofluoric acid or potassium hydroxide, have
limited adoption in sapphire selective laser etching. Meanwhile, a 78% sulphuric and 22% phosphoric
acid mixture at 270 °C temperature is a good alternative for this process. We present the changes in
the material after the separate processing steps. After comparing different processing protocols, the
perspective is demonstrated for sapphire structure formation.

Keywords: selective laser etching; 3D laser microfabrication; crystals microprocessing; sapphire 3D
structures; femtosecond laser microprocessing

1. Introduction

Sapphire is an attractive material for many applications. It has outstanding mechanical,
chemical and optical properties. High-end optical and mechanical components made from
sapphire benefit from all of these properties. However, the microprocessing of sapphire is
highly complicated. It tends to crack when affected by high-intensity radiation due to the
high strain induced during processing. Various laser machining techniques have already
been adapted for sapphire micromachining: to make 2D surface structures, dicing [1] or
direct laser ablation could be used [2,3]. Direct laser processing can be applied to any
material, such as metals [4-7]. Direct ablation is a relatively efficient and comparably simple
process that enables surface functionalization. To improve the quality of laser-processed
surfaces, ablation could be combined with additional processes such as laser-induced
plasma-assisted ablation [8,9] or laser-induced backside wet etching [10-12]. By using
ablation in combination with additional thermal processing [13] or direct laser writing in
combination with chemical post-processing, optical components such as lenses [14,15] or
diffractive optical elements [16-18] could be made. Nevertheless, these technologies are
limited to the microprocessing and achievement of 2D geometries, and most cannot produce
arbitrary-shaped 3D structures. Meanwhile, the selective laser etching (SLE) technique
could be a good alternative for 3D structure formation out of sapphire.
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SLE is a unique technology that allows the production of 3D structures out of solid-
state transparent materials [19]. SLE implementation consists of several steps. First, laser-
induced periodic modifications called nanogratings are formed in the bulk of the material
by using ultrashort pulsed beams. In amorphous materials, nanaogratings appear
as porous modifications, while in crystalline materials, nanaoratings are dominantly
regions of amorphized material. Afterwards, laser-modified material is etched out using
aggressive etchants such as hydrofluoric acid (HF) or potassium hydroxide (KOH).
A similar etching process is applied in the semiconductor industry to make surface
structures on silicon [20] or silicon carbide [21]. The capabilities of SLE have been widely
investigated on amorphous silica glasses [22-25]. Critical parameters to describe SLE
effectiveness are etching rate and selectivity. The etching rate defines how fast material
can be etched, and the selectivity is the ratio between the etching rate of modified and
unmodified material. Selectivity describes the highest aspect ratio, which is obtained
using a specific SLE processing protocol. Selectivity values above 1000 could be obtained
for fused silica by laser parameter optimization [22]. Meanwhile, selectivity values
above 2000 can be achieved by introducing a particular burst regime [26] or adding
organic solvents to the etchant [27]. SLE is a perfect technology for high aspect ratio
structure fabrication. The SLE-made structures could be applied in many areas such as
micromechanics [28,29] and microfluidics [30-32].

In some works, researchers have already applied SLE to various crystals, such as
YAG [33-35] or crystalline quartz [36]. More than a decade ago, the first ideas about SLE
processed sapphire were published [37]. This publication suggests writing nanogratings in-
side the sapphire volume and etching it with KOH. A similar procedure was demonstrated
with HF acid [38,39]. Etching selectivity values up to 10,000 [40-42] have been shown since
then. Compared with the value shown in fused silica, this is at least four to five times
more. Fused silica features both high etching rates for modified and unmodified regions
simultaneously, whereas sapphire features low etching rates for both regions. The sig-
nificant selectivity in sapphire arises because its etching rate of the unmodified region is
negligible, even hard to measure. Even though the selectivity in sapphire is high, only a
few simple structures have been shown to come out of sapphire by SLE [39,42,43]. The lack
of investigation impedes further development of SLE for transparent materials. In this
work, we present research on a sapphire SLE comparison between different approaches
such as various laser wavelength and etching protocols. We have chosen widely adopted
potassium hydroxide, sodium hydroxide [44], hydrofluoric acid [42], and a mixture of
sulphuric and phosphoric acids [43] etching protocols and compared them. Moreover,
different radiation wavelengths were tested because the induced nanogratings periodicity
is determined by wavelength [45], which later affects the etching properties. Finally, we
identified the best protocol for sapphire SLE and made structures using this approach.

2. Materials and Methods

SLE experiments were performed with C-cut crystalline sapphire. In these tests,
0.5 mm thickness sapphire substrates were exploited. Many different laser parame-
ters, as well as various etching protocols, were tested. In these experiments, different
wavelengths—1st (1030 nm), 2nd (515 nm), and 3rd (343 nm) harmonics of Yb: KGV
femtosecond laser (Pharos, Light Conversion Ltd., Lithuania)—were examined. Various fo-
cusing optics were chosen to maintain the same focusing conditions and radiation intensity
for all tested wavelengths. To focus 1030 nm radiation, a 0.4 NA aspherical lens was used.
To focus 515 nm radiation, a 0.2 NA aspherical lens was used, and to focus 343 nm radiatio,
an 0.1 NA objective was used. All tested wavelengths were focused to an approximately
1.5 um beam spot.

Within specific radiation exposition conditions, porous materials modifications
called nanogratings can be written inside the volume of glass [46]. Radiation wavelength
could change the size of pores and the thickness of the wall between pores. The smaller
the wavelength used, the lower the period of the nanogratings [45]. This phenomenon



Micromachines 2023, 14,7

30f 10

affects the etching properties of the laser-modified volume. In general, the etching mech-
anism of nanogratings consists of two main aspects. First, the surface area in a material
is increased by creating porous structures, therefore increasing reactive surface area,
which is one of the reasons it can be etched more efficiently. Another reason is localized
amorphization, which makes modified material less resistant to chemical processing [42].
Here, for the disclosed experimental results, circular and linear polarized light was used.
It has already been shown that, in fused silica, the light polarization determines the
orientation of the nanogratings, which affects the etching rate significantly [46]. Per-
pendicularly to the scanning direction, polarized light creates nanogratings elongated
towards the scanning direction. In this way, prolonged pores enable the penetration
and etching of modified material more efficiently than by writing a modification with
parallel polarization. A similar tendency of nanogratings’ orientation depending on light
polarization has been demonstrated in crystalline sapphire samples, as well [47]. Thus,
in single-line experiments, linear polarization perpendicular to the scanning direction
was used to maintain a high etching rate. Meanwhile, circularly polarized radiation
was used in the experiment where scanning in all XY directions was needed. Sample
positioning was performed by using XYZ linear positioning stages (Aerotech, Pittsburgh,
PA, USA).

In this work, written nanogratings were etched with various chemicals such as a 35%
potassium hydroxide (KOH) mixture with water, a 25% sodium hydroxide (NaOH) mixture
with water, and a 48% hydrofluoric acid (HF) and 78% sulphuric, and 22% phosphoric
acid mixture (H,SO4 and H3POy,). Utilization of all of these etchants differs: KOH and
NaOH were used at 90 °C, HF was used at the ambient temperature (20 °C), and H,SO, and
H3PO4 were used at 270 °C. The performance of these etchants in the described condition
has already been presented widely in other works [42—44]. However, etching substances
have different properties, notably the boiling point. For water-based alkali mixtures such
as KOH or NaOH [48], it is around 120 °C. For HF, it is 106 °C. Meanwhile, the sulphuric
acid boiling point is above 300 °C, and the phosphoric acid boiling temperature is above
150 °C. Therefore, different temperatures are required to obtain optimal etching efficiency
for these chemicals. Thus, four separate well-known etching protocols were examined and
compared for sapphire etching.

First of all, principal experiments of single lines in the nXY plane were performed to
testhow pulse energy (100, 200, 300, 400 and 500 nJ), radiation wavelength (1030 nm, 515 nm,
343 nm), and the used etchants (NaOH, KOH, HE, H,SO4 and H3POy,) affect the etching
rate. In this experiment, pulse duration (200 fs) and pulse repetition rate (610 kHz) remain
constant. The light was linearly polarized perpendicularly to the scanning direction to
obtain etching rates that were as high as possible. The experiment’s main idea was to write
single lines inside the bulk of the sapphire. Then, the plate was divided perpendicularly to
the written lines in the middle. Finally, the side of the divided plate was polished (using a
fine diamond powder on lapping machine), and modifications were etched. The etching
rate was evaluated by measuring the length of the etched channel and dividing it by the
etching time. This experiment gives us data about the etching rate of the modified material.
The idea of this test is shown in Figure 1a. Additionally, during the same experiment,
etching rates of unmodified material were evaluated by measuring substrate thickness
before and after etching. The etching rate of unaffected material allows us to estimate
selectivity in each case. Selectivity is defined as a ratio of modified and unmodified material
etching rates. However, since the unmodified material etching rate is negligible in NaOH,
KOH, and HE, it cannot be accurately evaluated. For these etching rates, the material was
etched for 24 h and the etched material’s thickness was around 1 um, which is on a scale of
fidelity of the used device. Thus, we only can think about possible boundaries of selectivity
of each etching protocol.

Subsequently, etching experiments of 3D structures were executed. During this ex-
periment, cylindrical 1 mm diameter 3D structures were written into a plate of sapphire.
The scheme of this experiment is depicted in Figure 1b. This experiment tested etching
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dependency on radiation wavelengths, pulse duration (200 fs-1 ps), and different etchants,
to find a protocol for 3D structure fabrication. Finally, when optimal parameters for the
etching were found, the morphology of the modified areas was investigated after and before
the etching process. For that, 10 um wide surface modifications were written and etched
in the various previously mentioned etchants. The scheme of this experiment is shown in
Figure 1c. These morphologies provide some insights into why some etchants are not suit-
able for sapphire 3D structures’ fabrication. After all, a few 3D structures were fabricated
out of sapphire using the same setup and employing the found fabrication protocol.

(b)

Figure 1. The schemes and the resulting pictures after the etching of performed experiments.
(a) Single lines experiment when lines from a single scanning are written in the volume of material to
test the etching rate of modified material. (b) Scheme of 3D experiments when cylindrical structures
are written through the whole plate thickness. (c) Laser-induced surface changes for modification
morphology observation after the etching procedure.

3. Results

The results of single line tests are discussed first. The results of this experiment
are shown in Figure 2a. After a single lines investigation, we have found that the
highest etching rate (200 um /h) is obtained with an H,SO4 and H3PO, mixture when the
material is irradiated with 1st harmonic radiation and the highest tested pulse energy
of 500 nJ, which corresponds to 28.2 J/cm? energy density. Meanwhile, lower etching
rates up to 100 um/h were obtained with NaOH and KOH enchant. The lowest etching
rates of up to 50 um/h were demonstrated by modifications etched with HE. In all
the cases, the modification written with 1st harmonic radiation showed the highest
etching rates, which was at least a few percent higher than those of the results achieved
with the 2nd harmonic, and at least a few times higher than the etching rates obtained
with the 3rd harmonic. This result could be explained by the higher periodicity of the
nanogratings. The nanogratings’ period is equal to A/2n, where A is the wavelength
of used radiation and #n- is the refractive index of the material [49]. Nanogratings
are the result of the interaction between the plasma induced by laser radiation and
consecutive pulses in the pulse train. Induced electron plasma waves inside the material
interfere with incident radiation to produce interference patterns [45,50] that result in
permanent periodic modifications. Subsequently, longer periods that result from higher
wavelengths enable easier liquid penetration into the nanogratings due to the capillary
forces and surface-wetting properties [27]. Etching rates that were only slightly lower
than the maximum results were achieved by using 2nd harmonic 500 nJ pulse energy
or28.27J/ cm? energy density radiation. Meanwhile, modifications created by the 3rd
harmonic radiation show only a few um/h etching rates. To fabricate 3D structures,
the etching rate of modified versus unmodified regions also matters. A high ratio
between modified and unmodified material etching rates is required to obtain a high
aspect ratio of fabricated structure features. The unmodified material etching rate was
evaluated and, subsequently, the selectivity value could be calculated. For some tested
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etchants, the unmodified material etching rate value was in the range of the accuracy of
the used device. Therefore, only approximate selectivity values are provided. The results
of the unmodified material etching rate and the evaluation of selectivity are shown
in Figure 2b. Only the H,SO4 and H3PO,4 mixture showed a significant unmodified
material etching rate of around 3 um/h. Meanwhile, unmodified material could be
barely etched by using NaOH, KOH, or HE. When we try to evaluate selectivity with
such a low unmodified material etching rate for NaOH, KOH, and HF, it leads to high
selectivity values starting from 1000. The high etching rate of unmodified material with
sulphuric and phosphoric acid leads to a low selectivity value of 66; despite that, this
etchant shows the highest etching rate of modified material.

Pulse energy, nJ

Figure 2. (a) Graphs of etchings rates of single lines written and etched by different processing
protocols. 1H, 2H and 3H stand for 1st, 2nd and 3rd harmonics of 1030 nm wavelength laser, which is
1030 nm, 515 nm and 343 nm, respectively. (b) Table of the etching rate of unmodified material etched
by different etchants and selectivity evaluation according to modified and unmodified material
etching rate results.

In this work, our main goal is to demonstrate 3D structures that come out of sapphire.
Thus, after single lines tests, 3D tests were performed to find out the protocol that could
allow us to obtain 3D structures. Identical parameters set for the single lines test were
investigated. Additionally, various pulse durations were tested. Cylindrical structures
through the whole sample depth were written into a 500 um thickness sapphire plate
by changing parameters for each cylinder. The results of this experiment can be seen in
Figure 3. The 3D experiment has shown that the best parameters, which allow the most
efficient etching of the structures, are 1st harmonic radiation with 200 fs duration pulses and
300-500 nJ pulse energies that correspond to 16.9-28.2 J/cm? energy densities of one pulse.
The only etchant which etched the structures out of the plate was a HySO4 and H3POy
mixture. By using other tested etchants KOH, NaOH and HE, cylindrical structures could
not be etched out of the plate even after 48 h of etching. This result raised the question of
what is the reason the other tested etchants cannot etch out 3D structures.

Figure 3. Cylindrical structures written with different wavelengths and pulse duration radiation.
(a) Structure etched in H,SO,4 and H3PO4 mixture, (b) structure etched in HF acid.
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To test this phenomenon, it was decided to investigate etched and unetched surface
modifications and indicate its behavior before and after the etching. Surface modifications
were written within the parameter set determined as the most efficient in the previous
experiment (1030 nm wavelength radiation, 600 kHz pulse repetition rate, 200 fs pulse
duration, and 500 nJ pulse energy). Written 10 pm deep and 10 um wide modifications
on the surface of the sample were etched in different etchants. Scanning electron mi-
croscope (SEM) pictures of variously etched and unetched modifications are presented
in Figure 4. Moreover, the depth of the etched modifications were measured in each
case. In Figure 4a, an unetched modification can be seen right after the laser processing.
Before the etching, material modifications are covered by residue remaining after the
processing. The unetched modification already has a depth of approximately 0.5 pum.
After 1 h of etching in 35% of KOH and 25% of NaOH at 90 °C and at 48% of HF, all the
residue is etched and nanogratings are uncovered. Pictures of nanogratings after the
etching are depicted in Figure 4b—d. Depths of modifications etched in KOH, NaOH and
HF are 3 pm, 3 um and 7 um, respectively. In contrast, after the etching modification
only for 20 min in the H,SO4 and H3PO,4 mixture, not only is there residue of lasering,
but the nanogratings themselves are etched, which can be seen in Figure 4e. The depth of
the etched groove is 9 pm. All these etchants react to material differently. Visually, HF
etches out impurities from the surface the most efficiently, meanwhile, after etching in
NaOH, the highest amount of residue remains. In comparison with single lines results,
HF tends to etch everything from the surface, NaOH and KOH tends to penetrate inside
nanogratings. Nevertheless, none of these etchants does etch nanogratings, or in other
words, walls between laser-created pores. Thus, KOH, NaOH, and HF etchants cannot
etch out 3D structures because part of the laser affected material remains unetched. This
insight provokes us to think that not all material in nanogratings becomes amorphous or
the amorphized material partly recrystallizes after laser-material interaction stops. Due
to the crystalline phase dominant in the nanogratings, HF, KOH and NaOH cannot be
used effectively because it does not etch crystalline sapphire, as shown in Figure 2. On
the other hand, HSO4 and H3PO4 could etch both crystalline and amorphous materials.

Etched'in KOH Etched in NaOH,

Figure 4. SEM pictures of laser-irradiated surface morphologies and measured profiles of the
processed material. (a) Unetched surface modification, (b) surface modification etched in 35% KOH
solution for 1 h, (c) surface modification etched in 25% NaOH solution for 1 h, (d) surface modification
etched in 48% HF for 1 h, and (e) surface modification etched in H,SO, and H3POy for 20 min.
(f) Optical profilometer measured processed profiles of all presented modifications.

After all the previous insights were made, the most efficient tested protocol was
used for structure fabrication out of crystalline sapphire. A few basic 3D structures were
fabricated for demonstration. These structures were fabricated out of a 0.5 mm C-cut
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sapphire plate using HySO,4 and H3PO,4 mixtures as an enchant. The first demonstrational
structure was a hole array. In one case, holes of 100 pm diameter through the complete
height of the plate with a pitch of 1 mm were produced, see Figure 5a,b. Additionally,
a narrow single Z scanning line channels fabrication with a pitch of 10 um is demonstrated
in Figure 5c,d. In Figure 5, it can be seen that, after the etching, the etched walls are not
perfectly vertical. The edges of the structure have non-written planes cut and it forms after
the etching due to the sapphire crystalline lattice. This is caused by the high etching rate
of unmodified crystalline material. Subsequently, the honeycomb structure was produced
out of sapphire. A structure with a 400 um wall of hexagon and a 200 pm wall thickness
between hexagons is shown in Figure 5e—g. The surface roughness of the mentioned
structure was measured using an optical profilometer by placing the structure on its side
giving a value of 300 nm RMS. This value is comparable with those shown in fused silica
SLE-made surfaces [51]. The lowest demonstrated etched fused silica surface roughness is
approximately 100 nm RMS. Surface roughness is mostly determined by the morphology of
induced nanogratings and how effectively material between nanogratings could be etched.
Since fused silica is a less chemically inert material than sapphire, the expected etched
sapphire structure roughness should be higher than for the same surfaces made in fused
silica. To show the versatility of this technology, similar honeycomb designs with 100 pm
and 50 pm wall thicknesses were also made (Figure 5h,i). Walls thinner than 50 pm were
fragile and did not survive the etching procedure. Since we were working with crystalline
sapphire, it shows different etching rates of unmodified material in various crystalline
orientations [43]. Thus, the tendency of a repeating sapphire crystalline structure can be
seen in honeycomb structures. The edges of etched structures appear to have a chamfer
and are inclined according to a sapphire crystalline lattice. Nonetheless, these structures
show the possibility of producing 3D structures out of crystalline sapphire. Due to the
high mechanical and chemical resistance of sapphire, such structures show potential as
micromechanical components in complex miniaturized systems.

Figure 5. Structures fabricated out of crystalline C-cut sapphire. (a,b) 100 um diameter hole matrix,
(c,d) single line 10 um pitch hole matrix, (e-g) honeycomb structure where the side of the hexagon is
400 um, and the walls between hexagon are 200 pm, (h,i) similar hexagon structure with diminished
walls between hexagon respectively 100 pm and 50 pum.
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4. Discussion

In SLE, we always desire to have high selectivity and a high etching rate. High
selectivity values are needed to maintain good accuracy and a high aspect ratio of etched
features. On the other hand, a high etching rate is required for fast processes. The main
problem is that, usually, these two are achieved with different etching protocols. This
means that, at the same time, we cannot obtain both, but in one structure, it is possible to
combine both etching protocols. For fused silica, this was already demonstrated [52] when
structure parts that do not require precision are etched with HF and precise features are
etched with KOH solutions which give the highest selectivity. The same could be done
with the etching of sapphire by combining KOH, NaOH, or HF etching with a sulphuric
and phosphoric acid mixture. In that way, etching time with H,SO4 and H3POy can be
minimized and, as a result, higher accuracy could be obtained.

5. Conclusions

In this work, we have presented a comparison between different sapphire SLE pro-
cessing algorithms. During previously shown tests, various laser parameters for creating
laser-irradiated volume were tested. The best results were obtained with 1030 nm wave-
length 200 fs pulse duration radiation, which could be explained by higher periodicity
nanogratings and easier etchant penetration. Moreover, four different etchants—HF, NaOH,
KOH, and H,50, with H3PO,—were tested. The only etchant which allows the total re-
moval of laser-modified sapphire is a H,SO4 with H3PO4 mixture, while the other tested
etchants only etch material in between laser-formed nanogratings. After a moderate proto-
col, a few structures were found: hole matrix and honeycomb structures were fabricated
out of C-cut crystalline sapphire. We noticed that sapphire repeats its crystalline lattice
during the etching due to different etching rates in separate crystalline orientations. This
property leads to less accurate features of the fabricated object and self-organized patterns
on the structure’s surface. However, this effect could be diminished by combining two
different etching steps for the same structure. Thus, in this work, we have demonstrated a
protocol that allows 3D structure formation out of crystalline sapphire. However, additional
improvements, such as etching protocol optimization or combined etching development,
could be made to the protocol to refine the quality of the produced structures. These results
will contribute to the rapid SLE fabrication of future devices.
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Abstract: Nowadays, lab-on-chip (LOC) devices are attracting more and more attention since they
show vast prospects for various biomedical applications. Usually, an LOC is a small device that
serves a single laboratory function. LOCs show massive potential for organ-on-chip (OOC) device
manufacturing since they could allow for research on the avoidance of various diseases or the
avoidance of drug testing on animals or humans. However, this technology is still under development.
The dominant technique for the fabrication of such devices is molding, which is very attractive and
efficient for mass production, but has many drawbacks for prototyping. This article suggests a
femtosecond laser microprocessing technique for the prototyping of an OOC-type device—a liver-
on-chip. We demonstrate the production of liver-on-chip devices out of glass by using femtosecond
laser-based selective laser etching (SLE) and laser welding techniques. The fabricated device was
tested with HepG2(GS) liver cancer cells. During the test, HepG2(GS) cells proliferated in the chip,
thus showing the potential of the suggested technique for further OOC development.

Keywords: selective laser etching; 3D laser microfabrication; laser welding; glass microfluidics;
femtosecond laser microprocessing

1. Introduction

Nowadays, a remarkable idea in medical treatment and diagnostics is that of lab-on-
chip (LOC) devices, which allow the miniaturization of massive diagnostic tools and the
reduction of testing on live organisms. The LOC technology has become more and more
promising as an innovation in the research field because of such devices’ functionality.
Usually, a single chip is integrated with one or several laboratory functions, allowing labo-
ratory processes to proceed quickly with high precision. In combination with the working
principles of microfluidics, these devices show potential in health applications, medicine,
and more. The designs and applications go in various directions—for example, injection-
molded polymeric LOC for blood plasma separation [1], plastic LOC for herbicide residue
monitoring in soil [2], and devices for the detection of various pathogens in food [3,4],
for the detection of viruses [5,6], and for the detection of bacteria [7]. The applications of
LOC devices do not end here; they could be used for research on various cells, such as
research on the growth of fungal cultures [8] or on cancer and tumor cells [9-11]. LOC
devices could also be used for tissue or organ research. These devices are usually called
organ-on-chips [12] or organoids-on-chips (OOCs); as the name suggests, these are chips
with an organ/organ tissue that is grown inside the chip and will later be used for various
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tests, such as tests on drugs [13,14], toxins [15], and others [16]. One example is a liver-on-
chip device [17]. OOC devices are becoming more popular because of their versatility and
advantages in comparison with usual testing methods. LOC devices are rapidly merging
directions. However, this is still an open area for innovations—from new materials to
innovative design research.

The dominant technology in the production of such devices is molding [18,19]. On one
hand, molding is a very effective and cheap technique for mass production [20]. Molded
chips can cost a few euros per piece. On the other hand, the price can increase by many
times (even hundreds of times) for prototyping when new master structures are needed for
any changes in the chip design. We propose an alternative solution based on ultrafast laser
material processing in this work. Even though laser micromachining is quite an expensive
process, with which the price of a chip could be in the range of tens to hundreds of euros,
it is a good tool for the prototyping of complex devices. Femtosecond-pulse lasers are a
powerful tool and bring a few significant advantages for material processing, such as high
precision and high quality. In addition, this tool leads to entirely new microprocessing
techniques based on nonlinear material-light interactions, which are impossible with other
tools. One example is the multi-photon polymerization [21,22] technique, which enables
the fabrication of hundreds of 3D structures with nanometer precision and resolution out of
polymers. Furthermore, a femtosecond laser is an excellent tool for glass microprocessing.
Due to nonlinear light-material interactions, glass can be modified directly in the volume
without damaging its surface [23]. A few different modifications can be created inside a
volume of glass: changes in the refractive index [24], nanogratings [25], or microvoids [26].
The type of modification induced depends on the radiation intensity used [24]. However,
each type of modification can be used for the microprocessing of different materials. For
instance, by inscribing a refractive index or nanogratings, refractive optical elements can be
formed [27]. A combination of the inscription of nanogratings with subsequent selective
laser etching (SLE) could be implemented [28,29]. Meanwhile, microvoid modifications
were formed during laser ablation [30] to remove a material directly or during the laser
welding process [31] to bond two materials together in their contact. Therefore, many
different tasks could be accomplished with a single femtosecond laser source.

This study demonstrates a combination of a few different femtosecond glass micropro-
cessing techniques for liver-on-chip device manufacturing. Here, we combine the selective
laser etching and welding techniques to produce a liver-on-chip device. At the end, we
provide the results of tests on the manufactured devices.

2. Materials and Methods

The main idea was to create an OOC prototype that is suitable for liver-on-chip testing
by using femtosecond laser microprocessing methods. First of all, the concept of the device
design was chosen. The central principle was to create a microfluidic system with three
individual channels that were separated in the center with filters. The center channel needed
to be filled with liver cells. Meanwhile, the side channels could be filled with other materials,
such as drugs or different types of cells. The reactions between liver cells and the drug could
be observed in the mentioned chip area. A similar design concept with pillar filters has
already been published elsewhere [32]. However, the design of the microfluidic channels
was significantly changed. The critical requirements in microfluidics are keeping channels
as short as possible and avoiding microwells, dead-ends, or sharp forms in the channels.
The microfluidic chip design that was created is shown in Figure 1. These adjustments
make microfluidic systems more user friendly because the channels can be filled without
sophisticated microfluidic pumps. In the described experiments, simple lab pipettes were
used to manipulate substrates and fill the designed chip.
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Figure 1. A picture of the liver-on-chip model that was created. (a) A full view of the chip model;
three cylindrical holes serve as inlets for each channel, and three cylindrical holes are outlets for each
of the three channels. All three channels meet in the center and are separated by a pillar-type filter.
(b,c) An enlarged view of specific parts of the channel system. (d) Glass-type filters in the center of
the chip.

For liver-on-chip fabrication, two different laser microprocessing methods were used.
Plates with channel systems and integrated filters were fabricated with the SLE method.
SLE is a technology that enables the production of 3D structures out of solid-state trans-
parent materials [33,34]. The implementation of SLE consisted of several steps. First,
laser-induced periodic modifications called nanogratings were formed in the volume of
the material by using ultrashort pulses. Subsequently, a laser-modified material was
etched out with aggressive etchants, such as hydrofluoric acid (HF) or potassium hydrox-
ide (KOH) [35]. SLE was performed on amorphous UV-grade fused silica (UVFS) with a
1 mm thickness. The UVEFS substrates were chosen for the fabrication of the channel system.
Laser microfabrication was performed by using a Laser NanoFactory workstation (Femtika
Ltd., Lithuania). The utilized workstation was equipped with a Yb:KGV femtosecond
laser (Pharos, Light Conversion Ltd., Lithuania). For the SLE experiments, a fundamental
wavelength of 1030 nm, a 700 fs pulse duration, and a frequency of 610 kHz laser radiation
was used. The laser radiation was focused with 20 x 0.45 NA Nikon focusing objective
equipped with automated aberration correction (add-on device from Femtika Ltd., Vilnius,
Lithuania). Within specific radiation exposition conditions, modifications in porous materi-
als called nanogratings could be inscribed inside the volume of the glass [25]. Subsequently,
after inscribing particular material modifications, the sample was etched in a potassium
hydroxide (KOH, Eurochemicals, Lithuania) solution at a 6 mol/L concentration with
distilled water at a temperature of 90 °C. The etching protocols were optimized for the
fastest etching procedure. This optimization has already been published elsewhere [36].

Since we needed an encapsulated microfluidic channel system, the channels formed
on the plates had to be sealed. Another femtosecond-laser-radiation-based technique—
laser welding [37,38]—was used for that. Only the contact between two plates could be
affected without damaging the surface by using high-intensity radiation due to nonlinear
light-material interactions. With high power, the material in the contact could be melted,
and a firm connection was formed in the mentioned samples. The laser welding part was
carried out with the same Laser NanoFactory workstation. The laser welding experiments
are conducted with the same 1030 nm wavelength, a pulse duration of approximately
200 fs, and a 610 kHz pulse repetition rate. The laser radiation was focused with a 0.5 NA
aspherical lens. After the etching and before the welding, the samples were washed in a
piranha solution (4:1 v/v of sulfuric acid (95-98%, Sigma-Aldrich, Darmstadt, Germany) and
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hydrogen peroxide (50%, Sigma-Aldrich, Darmstadt, Germany), respectively). Afterward,
the samples were rinsed in distilled water and isopropanol. The basic scheme of the
fabrication of the chips is shown in Figure 2.

SELECTIVE LASER ETCHING
— ~N
MODIFICATION INSCRIPTION ETCHING WELDING
@ - (b) (©

v/
Y S

Figure 2. A basic scheme of the laser processing of the lab-on-chip devices. (a) Inscription of
nanogratings on the glass plate by focusing light with a microscopic objective. (b) Subsequent etching
of the laser-processed sample. (a,b) Presentation of the SLE technique. (c) The laser welding process
used to seal the channel system with an additional glass plate.

The manufactured liver-on-chip prototypes were rinsed with sterilized aqua dest,
submerged in 70% ethanol solvent for initial disinfection, and UV irradiated for 20 min for
further sterilization. The chips were coated with poly-L-lysine polymers to promote cell
adhesion. The coating was performed by filling the chamber with 10 uL of poly-L-lysine
solution (Sigma Aldrich, Vienna, Austria) through a seeding channel, followed by an
incubation period at 37 °C until they had completely dried. These prepared liver-on-chip
systems were stored in standard sterile conditions until use.

The human liver HCC cell line HepG2(GS) (originating from ATCC, Rockville, MD,
USA) was used for biocompatibility testing. These cells were cultivated under standard con-
ditions (37 °C, 5% CO; in a humidified atmosphere) in MEM media (Gibco, Thermo Fisher
Scientific, Vienna, Austria) supplemented with 10% fetal bovine serum (GE Healthcare
Life Sciences, UT, USA) and 1% penicillin/streptomycin (Sigma Aldrich, Vienna, Austria).
The media were renewed every other day, and cells were passaged once they grew to
80-90% confluence. The chambers of the liver-on-a-chip systems were filled with 10 pL of a
cell suspension to reach 2 x 10* HepG2(GS) cells/cm? through the seeding channels. The
chips were submerged in culture media in a Petri dish and placed in a cell incubator under
standard conditions (37 °C, 5% CO, in the humidified atmosphere) overnight to avoid
evaporation. Then, cell adherence and growth were determined through daily microscopic
examination. The media were renewed every other day in a standard manner. Finally, the
Trypan Blue exclusion test was conducted to further confirm cell viability. The total testing
time frame for a single sample was nine days. This experiment was repeated three times in
separate pieces. Every sample was used for a single experiment and then disposed of as
waste due to the biological exhaustion of the sample.

3. Results and Discussion
3.1. Fabrication of the Microfluidic Chips

We began the research by producing microfluidic chips with integrated filters on a
glass substrate. A picture of a fabricated chip and SEM pictures of its particular parts are
shown in Figure 3. In general, the filter was a row of elliptical glass pillars. The dimensions
of every pillar were a width of 36 pm and a length of 55 pm. The spacing between each
pillar was 14 um, corresponding to the filter’s pores. The height of the fabricated pillars
was 200 pm, which was identical to the depth of the microfluidic channel. The filters were
integrated into a channel that was 5 mm long and 0.9 mm wide. In the mentioned area, two
rows of pillars divided that zone into three distinguished channels; the side channels were
200 pm wide, and the central one was 400 pm wide.
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Visually, smooth features and a high channel aspect ratio were obtained. However, not
only modified but also unmodified material was etched during the etching process. Thus, this
led to widened channels and features. The mentioned effect created a critical limitation of
the aspect ratio, which is especially important in microfilter fabrication. Since the cells were
micro-scale objects, the precision of the integrated filter was essential. In the model, the gap
between pillars shown in Figure 3¢,g was a single-line inscription, which was a minimal laser
modification between pillars. However, after the etching, the gap between pillars tended to
increase up to 14 pm, which limited the accuracy and minimal features of the filter. In LOC
applications, the surface quality of the channel is also critical. This feature affects liquid flow.
The higher roughness of the surface, the more friction it creates. Thus, the channels become
difficult to fill due to the higher surface roughness. The surface quality of the processed
channels was evaluated with an optical profilometer. The surface roughness of the etched
channels was around 250 nm root mean square (RMS). The surface topology of the channel is
shown in Figure 3b.

Figure 3. Pictures of the produced liver-on-chip device. (e) Optical picture of a full device. (a,c,d) SEM
images of the tops of the specified chip parts. (f-i) SEM images of specified chip parts at 45°.
(b) Surface topology of the channel surface.

3.2. Welding of the Microfluidic Chips

The chips were sealed through laser welding. Optical contact was required to create
firm contact between plates. That meant that the gap between two surfaces should be a
few times smaller than the wavelength used, which was 1030 nm. To achieve that, the high
cleanness and surface quality of the samples was needed. Thus, the samples were washed
in piranha solution to remove all organic remains from the chip. Before welding, the chip
was rinsed in isopropanol and distilled water. Two glass plates were put on each other
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when the chip was still wet. Isopropanol is a liquid that forms a low contact angle with
glass [36], which means that it wets surfaces. Thus, due to the wet contact with isopropanol,
the two plates tended to have a smaller gap between each other, which enhanced the
welding quality. The two plates were welded in contact everywhere around the channel
system without damaging or affecting the channels or the filers themselves. Welding
seams were made within a spacing of 100 pm. An image of the welding seams around the
microfluidic channels is provided in Figure 4b. An optical picture of the produced chip is
shown in Figure 4a.

Figure 4. (a) Picture of a final liver-on-chip device. (b) Optical picture of the produced microfluidic
chip part where a channel with a filter and welding seams can be observed.

It was already demonstrated that the welding strength could be close to the mechanical
strength of the bulk material [38]. However, we performed an additional experiment to test
the welding quality. The main idea was to affect the chip with a particular force and test what
forces led to the breaking of the chip. This experiment is shown in Figure 5a,d. The force was
gradually increased, and the chip broke when it was affected by a 9.3 N force. A broken chip
after the test is presented in Figure 5b,e. After the sample was broken, the chip was destroyed.
Nonetheless, in most places, the welding seam still held the two glass plates together. Pictures
were taken of the welding seam from the side of the broken chip Figure 5¢f. The welding
seam seemed to have small periodic cracks; however, the material in between seemed to be
completely fused between the two plates. The provided material contributed to the statement
that the strength of the welding seam was comparable to the strength of the bulk material.
The welding seam was not the weakest part of the chip. The chip tended to break through the
channels, which were the most fragile parts of the chip.

Figure 5. (a,d) Mechanical resistance test on the chip. (b,e) Photos of the broken chip after the
mechanical resistance test. (c,f) Optical pictures of the broken structure’s welding seam from the side
of the sample.
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3.3. Testing of the Liver-on-Chip’s Functionality

The prototype device’s functionality was tested with liver cells. A homogeneous film
of poly-L-lysine was formed on the surface of the liver-on-chip systems. Uncoated chips
were also tested; however, HepG2(GS) did not adhere due to the smooth chips’ surface,
while cells attached well on the coated surfaces. A total of 24 h after seeding, HepG2(GS)
cells started to grow in a monolayer. The number of spheroids and size were consistent
with the starting cell density. During the media change, the cell monolayers remained
adherent to the surface and continuously grew. After 96 h of culture, the HepG2(GS) cells
created large irregular spheroids. After 7 days of culture, the growth of spheroids led to the
formation of large clusters of spheroids in the whole liver-on-ship system. A picture of the
mentioned test is shown in Figure 6. From day 7, the cell viability decreased, as seen from
the roundish shape of some of the cells. After 9 days, most of the cells had died according
to the Trypan Blue test; this can be seen in Figure 6i,j. In general, the Trypan Blue exclusion
test showed that the adhesive cells had good viability for 7 days of the experimental period.
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Figure 6. Optical pictures of the fabricated microfluidic channels seeded with HepG2(GS) liver
cancer cells (a): (e) right after the seeding, (b,f) after 24 h, (c,g) after 96 h, (d,h) after 7 days, (i,j) after
9 days with Trypan Blue.

3.4. Future Prospects

The results show that femtosecond laser glass microfabrication is suitable for the
development of liver-on-chip devices. However, there is still space for manufacturing
improvements and more flexible design implementations. One of the observed challenges
was the filter’s accuracy and the minimum pore size. For example, the accuracy of SLE-
made features depends on the etching rate between the modified and unmodified material.
With the currently used chip design and etching protocol, the minimum spacing between
pillars is 14 um. Therefore, during the tests, it was noticed that a fraction of cells could
pass through the filter and appear in other channels. Thus, the mentioned spacing between
the pillars must be reduced to keep all of the cells inside the center channels. Therefore,
the accuracy and sharpness of the structural etching rate of the modified material can
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be increased. This can be achieved in a few ways, such as by optimizing the etching
process, the etching solution [36], and the laser parameters [39], or by introducing a specific
femtosecond burst regime [40]. Such improvements can create the possibility of tuning
the filter size more accurately. Moreover, the surface quality of the fabricated chips can be
increased by applying additional post-processing, such as heat treatment [41,42] or CO,
laser annealing [43]. Such enhancements should decrease the friction between the surface
of the channels and substances inserted in the chip, making it easier to fill the chip and test
its functionality.

4. Conclusions

Here, we demonstrated a flexible method for microfluidic prototyping. A micropro-
cessing tool with a single femtosecond laser source was used to produce microfluidic
channel systems with integrated glass pillar filters. The channels were hermetically sealed
by welding a glass plate on top of the channels with the same femtosecond processing tool.
In this way, the whole liver-on-chip device was manufactured with a single workstation.
Afterward, the produced chips were tested as liver-on-chip devices by filling the central
channel with HepG2(GS) liver cancer cells. The cells tended not to adhere to uncoated glass
surfaces. However, the cells aggregated on channels coated with a homogeneous film of
poly-L-lysine, making it possible to test other cells’ reactions to various stimuli introduced
to the chip. These experiments show that femtosecond glass microprocessing is a potential
and attractive technique for developing liver-on-chip devices. Here, we showed a potential
platform for HepG2(GS) liver cancer cell testing; however, some improvements to these
technologies still need to be made.
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