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Abstract

During the past two decades, the femtosecond lasserial processing
(FLMP) has been developing at an exponential refrious materials were
processed starting from a simple metal ablation anding with internal 3D
modification inside transparent materials for trebion-chip and MEMS (Micro-
electro-mechanical systems) applications. The feewond laser fabrication is a
complex technique that opens future perspectivesnicro and nano-level
technology development. Currently, the direct lasdting (DLW) technique in
combination with a femtosecond laser is a key feafor applications in two-
photon polymerization and modification of transpain@aterials. For processing of
transparent materials where the fused silica andr&o glass plays a major role,
objectives with a numerical aperture N&\7 are used to be sufficient to initiate
internal modifications for the waveguides writingdaselectively induced etching
of modified areas. In such focusing conditions,raxiely high intensities are
achieved at the focal spot, and, therefore, it assple to initiate nonlinear
absorption and more predictable modification ofenats.

In this thesis, the combination of a few topicprissented. In the beginning, the
femtosecond laser-induced chemical etching tecleni(ikLICE) was used for
microchannels inscription in bulk fused silica. Th&rious ranges of the highly
focused femtosecond pulses parameters were inggsdigior optimising the
microchannels etching rate. The etching selectivig induced due to the volume
nanostructures that are oriented perpendiculadiggdaser beam polarisation. The
nature of the nanogratings is not completely urtdedsthus this phenomenon is
under debate. By investigating the quality of smetmogratings with the SEM
microscope, it has been observed that the orientaif the nanogratings was
slightly tilted with respect to the scan directidiis remark followed the discovery

of the new phenomenon that demonstrated the namuggdilt dependence on the



different scanning directions when laser polarsatwas kept constant. The
phenomenon was investigated under the differest legliation parameters, and a
theoretical model was proposed. Finally, the pecattapplications of the FLICE
technique were demonstrated by fabricating threrdnt 3D microfluidic devices
for fluid pumping, microchannels for ellipsomet@application and challenging
double-side aspheric microfluidic lens for lightcésing from the Y-shaped

waveguide.
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Introduction

Since the first laser invention by T. Maiman in 19§, the growth of
applications of lasers in different field accelechtind will reach its apogee in the
near future. After the development of new powelager systems with sub-
picosecond pulse duration [2] and high-quality beamameters, it became possible
to reach the diffraction limited focusing where thetremely high intensities
allowed to open new frontiers in the light-matdenaction. The currently available
industrial femtosecond lasers are very stable laserces that provide pulse
intensities of ~ 1BW/cn?. Such high intensities ensure the ionisation of al
transparent materials and fast cooling rates comp&o the longer pulse duration
lasers. In 1994, the femtosecond lasers wereyfitsted for ablation experiments
on the surface of fused silica [3] and silver [Bhe intriguing advantages such as
induced nonlinear processes and reduced heatexdfeonhe allowed the fabrication
with a sub-micrometer resolution that consequeetigked a strong interest and
brought the fabrication to a new level for threexdnsional bulk modifications.

The first example of the bulk processing was dernatexd by K. Hirao team in
1996, when they have shown a permanent refractilexi modification (up to 16)
inside the bulk of transparent materials [5, 6]uiced by the tightly focused
femtosecond laser pulses below the damage threshiolsl phenomenon enabled
the formation of optical devices in a variety oldctric transparent materials with
the direct laser writing (DLW) technique simply trgnslating a sample under the
tightly focused femtosecond laser beam. Hence thglifioation remains embedded
inside the transparent material, and focusing degathbe arbitrarily changed, this
enables the three-dimensional fabrication. Thisri¢ation technique was

acknowledged by many scientific groups as the apti@aveguides can be created



inside of transparent materials. Fabrication of @audes and three-dimensional
couplers were reported [7-9]. There are a few ways to produce internal
modifications depending on the sample translatmmgitudinal or perpendicular to
the beam propagation direction. In the longitudimaly, the waveguides are
fabricated symmetrically. However, their lengtHimited by the focusing optics.
In the perpendicular writing configuration, thesemore flexibility to record the
waveguides of the required length, but their cismsion is asymmetrical and
suffers, therefore, larger losses. To defeat th&svback, a few methods were
proposed. By using astigmatic beam shaping [10]nduthe focusing of the
femtosecond pulses, the asymmetry in transversengep was eliminated.
However, this allowed recording the waveguides anlyone direction with a
compensated asymmetry. Thus in 2005, the spatigbdeal focusing for
microscopy application was proposed by Zhu etldl] pnd it was adapted to the
laser microfabrication [12]. This method allowedtmid any asymmetry in various
scanning directions and write waveguides with alnoosular cross-section.
Besides the waveguide writing, the femtosecond gsulwith the intensity
slightly higher than required for the refractivedéx modification can induce
uniaxial birefringence in fused silica. In 2002wias suggested that this kind of
birefringence might by caused by sub-surface natogs oriented perpendicular
to the electrical vector direction of the laser rhegolarisation) [13]. The first
gualitative prove of the evidence of the periodamostructures was reported in
2003 by Shimotsuma et al. [14]. The discovered s@ootures had a period
approximately equal to a half of the wavelength.siibsequent years, it was
demonstrated the long-range order of the periodittakctures that was explained
by the self-replication phenomenon [15]. The mplilse irradiation which created
nanogratings opened the way for a few more appbieatin photonics [16] as well
as in the three-dimensional microfluidic channatsnfation where the laser-
modified material in combination with the chemiedthing allows fabrication of

microstructures in fused silica by the techniquevwwn as Femtosecond Laser
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Irradiation followed by Chemical Etching (FLICE){JL The same technique was
applied to photo-structurable glasses with an adit step involving a heat
treatment [18]. Controlling of the etching ratetioé modified materials up to two
orders of magnitude enabled achieving long, higreetsratio channels. The FLICE
consists of two steps: 1) The permanent samplefioation under high-intensity
femtosecond pulses and 2) exposure of the modifiee to the hydrofluoric acid
(HF) solution. The advantages of the FLICE techaiggomparing to the
conventional fabrication of the microfluidic chatgare evident: 1) there is no need
to use photolithography and clean rooms; 2) ther@ireason to seal with a cover
glass the buried channels; 3) the circular cross@echannels are produced in a
natural way; 4) the straightforward 3D geometryhaf channels is allowed.

After the FLICE technigue invention, many ideas eyad how to combine the
waveguides writing and microchannels in a singéfptm. It allowed fabricating
the microfluidic devices with an integrated optic@nsing. For this new field
definition, the new term “optofluidics” has beemeatly introduced [19, 20] where
the synergy of optics and fluidics was exploited nealise entirely new
functionalities.

In this thesis, the microchannels etching seldgtiwias investigated over a
broad range of the processing parameters. The plusgion influence to the
etching selectivity at the various wavelength igrmiewed. The new phenomena
of the induced tilt of the nanogratings are ovemad. The approaches of the new

microfluidic and optofluidic devices are presented.

Main thesis objectives

The aim of this thesis was to introduce and devélemew technology -FLICE
at the Department of the Laser Technologies of FTB use it for fabrication of

complex 3D microfluidic devices.
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The practical tasks were:

1. Investigate the etching selectivity of fused silioaodified with the
femtosecond laser pulses depending on broad rdrtge @aser process and
etching parameters;

2. Perform detailed investigations of the nanogratiognation inside the
modified region, how their orientation is influecey the writing direction
and laser pulse energy at the constant polarisdirection;

3. To develop and fabricate using the FLICE technoldiggy microfluidic
devices with a complex 3D geometry, which can liesetl for sensing and

detection applications.

Novelty

The FLICE technique is the new field in Lithuangnd we wanted to show
benefits in utilising ultrashort pulse lasers proel in Lithuania. The main goal
was to optimise the process and increase its thimutg Therefore, a broad range
of processing parameters was checked for the efclsiglectivity. It was
demonstrated that the shortest pulse duration coatdbe treated as the best
solution whereas the optimal pulse duration wa0-fg with evident improvement
of the nanograting quality under the detailed SBEbpection.

Considerable attention was paid to improve theiegcbonditions. In this case,
the various HF acid temperatures and concentrathae tested. The etching in
ultrasonic bath showed a huge improvement in tbleireg time.

By investigating the nanogratings in bulk fusettaithe new phenomenon: the
nanograting till dependence on the scan directicas wliscovered. It was
demonstrated that the nanogratings are not strgogylgendicular to the electric
field polarisation. A vectorial light-matter intetdon model was developed to
explain all the observed features.

The complex microstructures inside the bulk fusdidaswere fabricated by

stacking the single line modifications and etchedliluted HF acid. The etching
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improvement of the internal microstructures was destrated by introducing new
contour scanning algorithm allowing the easier alifilision to the laser-modified
region.

Three different devices for the microfluidic applions are presented. The
unique passive micropump device based on the Menioe was fabricated, and
pumping ability was demonstrated. The micropumpigitesvas optimised by
numerical simulation, and additionally, its fluidximg ability was discovered.

The new design of the internal-to-external microfilc channels was proposed
for ellipsometric applications to measure the abson kinetics of proteins. The
microfluidic channels in fused silica allowed theasurement parallelization that
saved the tested material and minimised the measumtetime.

The most advanced microfluidic device was desigimecthake the ability for
focus the light coming from a Y-shaped waveguideres;ithe key component was
the complex double side hollow aspherical len®dilwith the refractive index
matching fluid. The designed lens was able to w@te the light coming from
separate waveguides and focus it to the single 3t complexity of the device
was to integrate waveguides and the microfluidas e a single device and couple

the light from the single mode fibre to the wavelgui

The statements to defend

1. The fused silica etching selectivity in the 15% &iftd solution of >1:140
can be achieved by the FLICE technology utilising-based femtosecond
laser radiation of fundamental harmonics with tipgiroal pulse duration
exceeding 700 fs.

2. The tilt between the nanograting orientation amdablarisation for different
scan directions as high as %(fhaximal when directions of the scan and the
polarisation have an angle o4 @1030 nm) can appear due to coupling
between the temperature gradient and electric fiebtior causing anisotropy

in heat diffusion process.
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3. In the FLICE technology with the optimized pulseergy, utilising the
contour scanning method and linear or circular quddion, the enhanced
HF acid penetration to the modified 3D structurethe bulk of fused silica
and the maximal etching selectivity are achieveatliieg to the minimal

surface roughness of ~ 75 nm.
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at 12 conferences (listed below), 10 of which weeesonally presented by the

author.
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1 Theoretical background
1.1 Interaction of femtosecond laser pulses with dielé&gc materials

For dielectric materials at absolute zero tempeeathe valence band is highest
occupied energy level with electrons as the loveestilable energy states are
always nearly completely filled with electrons. Towest unoccupied energy level
in the material — the conduction band is separbyethe energy gaykg, from the
valence band. When the material is irradiated bysteong intensity of
electromagnetic field that exceeds the bandgapggnére valence electrons gain
enough energy, and they can leave the valence beaxh the conduction band and
become free electrons. Usually, the energy of @glsiphoton in the visible light is
not high enough to overpass the bandgap of typigttal materials. In this case,
the nonlinear multiphoton absorption processes raqguired to initiate the

ionisation.

1.1.1 Nonlinear Excitation Mechanisms

When a low-intensity laser beam irradiates a trarest material, only linear
optical dfects such as reflection,ffilaction, transmission and absorption may be
observed. However, when the laser intensity isnsgeenough, nonlinear optical
effects occur, and reversible and non-reversible maaterodifications become
possible. The nature of these laser-induced phemanseusually characterised by
the combination of the laser parameters (pulsetidm;afluence, wavelength, and
repetition rate) and the optical, mechanical, dretrhal properties of the target
materials. During the laser-induced breakdown serdablation, the first stage is
the transfer of the laser energy to electrons gnomultiphoton absorption
followed by inverse bremsstrahlung heating, andttaasfer of energy into the

lattice through the electron-phonon interactioneiidually, the electrons and lattice
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reach thermal equilibrium on a time scale of a fgeoseconds [21, 22]. This time
scale (electron-phonon interaction time) sets thendary for thermal and/or non-
thermal interactions, i.e., material modificatiorthwmpulses longer or shorter than
this timescale which is also termed as “long-pulse“short-pulse” [23] resulting
in the significantly dferent interaction mechanisms.

Due to the ultrashort pulse duration, the peakngitees at the focal plane are as
big as | >~1&W/cn?. When such pulses are focused inside transparatetrials
(e.g. fused silica), the nonlinear absorption Isaing phenomenon in the light-
mater interaction process. The band gap of diéteotaterials, as a rule, is much
larger than the single photon energy of the sed¢@mrthonics (515-532 nm) laser
source. For example, the photon energy of the Bipulses is ~ 2.4 eV, while the
bandgap of fused silica is ~ 9 eV. In the lineasaption case, the band gap of the
materialEgshould be lower than the single photon endkgyo ionise the irradiated
material. In the other hand, when the laser bedensity is sufficiently strong,
absorption in the pure transparent material camroonly through the nonlinear
absorption mechanism. The main two classes ofdhdinear absorption processes
responsible for such interaction are the nonlinearnsation and avalanche
ionisation [24, 25]. Photoionization refers to ¢ation of the electron into the
conduction band by the laser radiation field. Tér@sation may occur in two forms:

tunnelling or multiphoton absorption [24].

1.1.1.1 Photoionization

Multiphoton ionisation is the dominant mechanism Hower laser intensities
(still sufficient for multiphoton absorption) andgher frequencies. During this
process, several photons are absorbed by an elestmultaneously (Figure 1,
right). At high laser intensity and low frequen@4], the Coulomb well binds a
valence electron to its parent atom and can bereappd enough that there is a
significant probability that the bound electron ¢annel through the barrier, and

then the nonlinear ionisation is accelerated uwadélling ionisation (Figure 1, left).
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y<1.5 y~1.5 vy>1.5
Tunneling Intermediate Multiphoton
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E,

Figure 1 Nonlinear photoionization processes underlyingtéesmcond laser machining (left); tunnelling
(central); combined nonlinear processes (right)tiplubton ionisation. Source [24].

In 1965, Keldysh proposed the adiabaticity paranrae known as the Keldysh

parameter to indicate the regime in which the psses might occur [26]:

E
=2, (LD

wherew is the laser radiation frequen®yis the electron chargem is the mass of
the electrong is the velocity of lightn is the refractive index of the material,is
the permittivity of the free spackg is the band gap of the material, dnd the
intensity of the laser beam. When the Keldysh patanexceeds the 1.5 value, the
multiphoton ionisation plays a major role; if itgsnaller than 1.5, the tunnelling
process is dominating. For intermediate situatibbe,behaviour of the ionisation is
a combination of two mechanisms.

For multiphoton ionisation, the laser intensityhas a strong influence on

photoionization rate:
P,(1)=0c," (1.2)
where on is the multiphoton absorption coefficient fephotons. The number of

photons required to excite the electron to the ootidn band is described by the

following condition:

ho > E, (1.3)
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wherew is the photon frequency arnds the Planck constant. For short laser pulses,
the multiphoton ionisation is dominating mechanddrfree electron generation that
makes it less dependent on defects in the mateaal long-pulse breakdown and
therefore is a more deterministic process. Foréotagser pulses, the seed electrons
cannot be excited directly from valence band todbeduction band due to the
insufficient peak intensity, and the process becostengly dependent on random

impurities and defects. Consequently, the procekss deterministic.

1.1.1.2 Avalanche lonization

When electrons are already in the conduction bidnay, can sequentially absorb
several photons and gain the energy over the batfoiine conduction band (see
Figure 2). The electron in the conduction band Wwienergy exceeds the band-gap
energy can then collisionally ionise another etattfirom the valence band by the
impact ionisation. As a result, the two electroresia the lowest available energy
state in the conduction band. [24, 27]. Each ofitltan absorb the energy through
the free carrier absorption and repeat the eneagpgter cycle again. This process
will repeat as long as the laser field is presentvall increasing the density of
electrons in the conduction band exponentially. @talanche ionisation process

generates the following electron density:
Uav(t) =7, 2Wm;:.t — noewmptlnz (14)

where o is the initial (seed) electron concentration, amg is the probability of

the impact ionisation.
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Figure 2 Schematic diagram of avalanche (impact) ionizafaah.
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To trigger the avalanche ionisation process, tlesgnce of the seed electrons is
required. It was shown that larger probability fibre avalanche ionisation
development is for the pulse durations startingiftbe 200 fs and greater [28]. For
materials with defects, the seed electrons comm faw-lying levels via linear
absorption or thermal excitation [24]. However, farre, perfect dielectrics, the

photoionization is the main process for supplyihgeed electrons.

1.1.1.3 Damage threshold and energy transfer for diffeqauite durations

The permanent material damage occurs when thewuffienergy is absorbed.
The damage threshold describes the irradiatiomsitye when permanent damage
occurs, however, there is no widely accepted meaguechnique. Usually, the
damage threshold measurements are performed lgvHieation of the damages
by the optical techniques [24, 29]. The damagestiokl values on the material
surface and in bulk are entirely different procesdeut frequently there are
considered as the same quantity. The surface dammatf@ngly influenced by the
surface preparation [30] (polishing quality, impi@s) while in the volume, the self-
focusing and the spherical aberrations have artiaddi impact [31].

The laser pulse duration plays a key role in thetena modification
mechanisms. The electrons are excited during tker laulse irradiation and
distribute the energy among themselves via cacaerier scattering (10-100 fs)

and carrier-phonon scattering (>10 ps). The firsicpss is fast enough and
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redistributes the energy among the excited elestridowever, the second process
is slower. It transfers the energy to the lattind eeaches the equilibrium between
electrons and lattice.

For the pulse durations longer than 10 ps, the najergy is transferred to the
lattice during the pulse propagation [24]. In theinity of the focal region, the
energy is transferred via the excited lattice pmsnloy the thermal diffusion, and
consequently, when the temperature of the matexaathes the melting point, the
damage is inevitable.
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Figure 3 Dependence of the damage threshold on the putatéi@uobserved for the fused silica and calcium
fluoride at 825 and 1053 nm wavelengths. The diis indicate the fits for/2 [29].

The relative rate of the energy deposition andudifin determine the damage
threshold, and, as it is well known, the fluenceassary to induce optical
breakdown scales with the square root of the pdisationt [32] (Figure 3). For
pulses > 10 ps the peak laser intensity requiredhitate the damage is not
sufficiently high to directly initiate the photoimation. Therefore, the seed

electrons necessary for the avalanche ionisatien paovided by the thermal
excitation or impurity and defects.
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The contrary situation is when the ultrashort psises used. The time needed to
heat up the material up to the equilibrium temperais much longer than the pulse
duration. Therefore, the absorption and materiating processes are decoupled.
Hence only after the pulse is passed, the energarisferred to the material, and if
a certain material-dependent energy thresholddseded, the permanent structural
changes are initiated. For this case, the damagshbld is not influenced by seed
electrons from impurity or defects required for lamaghe ionisation. They are

provided by the photoionization and makes the danaageterministic process.

1.2 Types of transparent materials modification

In the bulk of transparent materials, usually thd&éerent types of material
modification can be induced by using the femtosddaser pulses: 1) the smooth,
isotropic refractive index change; 2) the birefengrefractive index change and 3)
the voids. In Figure 4, there are illustrated thergy dependent modification types
in fused silica induced by the femtosecond lasésgsu In particular, the Type |
modification (Figure 4b) is the one typically uded waveguide fabrication, while
the Type Il modification (Figure 4c) is the one dayed in the first step of the
FLICE technique for microchannel production. Thep&ylll modification

(Figure 4d) can be used for direct laser ablatimhdata storage.
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Min.: 10 pm

Figure 4 Material modification types evolution of (most)risparent glasses induced by the femtosecond
laser direct-write technique (a). The three modifan types are shown: (b) Type 1 — refractive inde
increase [33]; (c) Type 2 — nanogratings [14]; T@pe voids [6].

1.2.1 Overview of surface ripples and subsurface nanogratings

Five decades ago, the first observation of laséugéed periodic surface
structures (LIPPS) on the surface of a semiconduwess reported by Birnbaum
[34]. This followed the further observation of ripp in many materials starting
from metals and ending on dielectrics. The surfgmeles can be formed with all
visible spectrum wavelengths up to the blue enthefvisible spectrum and using
laser working from CW to femtosecond. It was demwated that for the LIPPS

structures the laser energy distribution on théaseris influenced by the angle
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between the beam direction and the electric figdction [35]. The period of the
surface ripples when the beam is directed by samgéedo the surface for the p-
polarized light (electric field in the plane of idence) is close to the laser beam
wavelength and has two possible periods with angtadependence on the angle of
incidence [36]:

J—
¥ 1+sing

(1.5)

wheref is the angle of incidence aids the wavelength of incident laser light. For
the s-polarized lightAgris comparable with the wavelengtifor small incidence
angles

A few different models have been proposed for tkeogic nanostructures
formation on the material surface. One is basetherinterference that is created
by the incident light and the light scattered bgtdand impurities [37], and the other
one suggests that surface plasmons or surfacatpakcould produce ripples [38,
39]. The most widely accepted explanation is therfarence between the incident
and surface scattered waves formed by random wmariaf surface height, electron
density, defects density or any other opticallygigant physical property [36, 37,
40, 41]. The sinusoidal light intensity variatiayproduced during interference that
interacts with the material surface. Due to thigdaiation, the light is diffracted,
and surface irregularities grow that further fortms periodic structure [42].

In 2003, the self-organized nanostructures werernves inside the silica glass
after irradiation with a focused ultrashort pulssdr beam [14]. The structures
initiated [43] the anisotropy and the anisotromitit scattering [44, 45]. In contrary
to the surface ripples, the nanostructures insidiesomaterial were found only for
a few materials: fused silica, sapphire and somis sb glass [46, 47]. A few years
ago, the nanogratings were also observed in thedmrbsilicate glasses and ultra-
low expansion glass (ULE) [48]. Nanogratings wedse aiscovered in porous silica

glass [49]. The volume nanogratings can be contislydransformed to the surface
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ripples when the laser focus is translated in thimity of the sample surface [50].
As a consequence, some theories on the nanoseadanmation try to reconcile
the surface ripples and volume nanograting formgsd .

After detailed observation cross-sections of therimal modifications, the two
periodicities were noted: perpendicular to the psétion and along the light
propagation direction (Figure 5) [52]. The firstripdicity is in the plane
perpendicular to the light propagation with theipar~ A/2n depending on the
experimental conditions. The second periodicitgliserved basically on the initial
part of the modified region with the period closethe light wavelength in the

material.

Ay

Figure 5 SEM images of nanogratings formed by three diffecentral wavelengths of the irradiated laser
pulses. E is the electric field of the writing lgsk is the wave vector of the writing laser bedg).t, =
520 fs, E=0.9 pJ, writing speed 2Q0ns, repetition rate 500 kHz. (lbj=150 fs, = 0,5 pJ writing speed
100ums, repetition rate 250 kHz. (a) = 490 fs, B= 0.15 pJ, writing speed 2@®n5, repetition rate
200 kHz. Reprinted from Yang et al. [52].

1.2.2 Theory of nanograting formation

The existing theories of the nanograting formatiainly concentrate to the
explanation of the subwavelength periodicity ongtame perpendicular to the light

propagation direction. There are a few models t@lax the subsurface
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nanogratings. The first model came from the tradai surface ripple theory [14]
and is based on the interference of the longitudvaaes in an electron plasma with
the incident light. The second theory relies ontéieoplasma formation [15]. There
is also an alternative theory where the interactiod self-trapping of exciton-
polaritons was suggested to explain the nanogrébimgation [53].

The highlights of a few approaches are presentédamext section, together

with a discussion on their strengths, weaknessfande challenges.

1.2.3 Interference-based theory

The initial coupling is produced by inhomogeneitiesiuced by electrons
moving in the plane of light polarisation [14]. Theriodic structures created by the
interference pattern reinforce this coupling amahsequently, induce the periodic
modulation of the electron plasma concentration thedstructural changes in the
glass. The periodic structures further grow exptinty and are embedded within
the material. The period of the gratings is defibgdhe longitudinal component of

the momentum conservation condition:
kgr + kph = kpI , (1.6)

wherekph = @n/c is the photon wavevectdk, = anlVpl is the plasma wavevector

and, consequently, the grating wavevector can berited as:
2T a2
kgr :A— = ks' - ksh ’ (17)
ar

Finally, taking into account the momentum conseovatelation and the dispersion

relation, the explicit equation for the gratingipdrAg can be obtained:

A= 27 , (1.8)

o 1 2 2
= mea) _ € 77e _ k2
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According to (1.8), the grating period increasethwvihe increase of the electron
concentration and electron temperature (Figurdeg. rapid growth of the period

occurs when the electron concentratipnapproaches the critical plasma density
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Figure 6 Evolution of the nanograting period predicted by plasmon interference theory. The inset shows
the wave vector matching diagram [14].

The one more prediction that comes from the mosdethe energy-dependent
nanograting period that increases with the pulsrgn For a period of 150 nm
recorded with the 800 nm wavelength ultrashortrigsdses, the realistic electron
temperaturéle= 5x10 K and densityze = 1.75x1G* cm® were found. The micro-
explosions induced by ultrashort laser pulses detnate the comparable
conditions [54]. However, the nanogratings weresobesd even for the 100 nJ laser
pulses meaning that the nanogratings can be assérabithe subcritical plasma

concentration. The electron temperature is alsatdomby the band gap of the
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materials (for silica glass it does not exceed 101 K) as the hot electrons dissipate

their energy by the impact ionisation.

1.2.4 Transient nanoplasmonic theory

The further physical mechanism explaining the nasmiirgg formation is based
on the transient nanoplasmonic model studied imildet [15]. The explanation
comes through a few steps. Due to the presend¢e afdfects or colour centres, the

hot spots for multiphoton ionisation occur in tieedl volume (Figure 7a).
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Figure 7 lllustration of the nanoplasmonic model explainihg evolution of the nanoplanes: (a) Randomly
distributed underdense nanoplasma droplets; (binAsstrically grow in the presence of the laser fimler
hundreds of laser pulses (c) to become ellipsadel (d) finally flatten and merge to become micrtame
sized nanoplanes; (e) Pictorial representationhef nanoplasma growth: field enhancements near the
nanoplasma along the propagation direction foreeettpansion into a plane by ionization under thimac
of many shots [55].
The memory effect occurred due the successive fagees evolves the hot spots
into spherically shaped nanoplasmas (Figure 74) [B€e local field enhancement
at the boundary of the nanoplasma droplets resulia asymmetric growth of the
initially spherical droplets in the direction pengkcular to the laser polarisation
(Figure 7c) where the electric field at the poles Bnd equator & of the
nanoplasma sphere will be the following (Figure 7e)

3¢,E

E =—"7" 1.9
pol £, + 28, (1.9)
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whereeq andep are the real parts of the electric permittivity thelectric medium
and plasma. The nanoplanes are initially randonpigced when the electron
concentration is below criticabk< Eeq. The electric field is enhanced at the equator
leading to the nanoplane formation. Further, theopéanes become metallic and
start influencing light propagation in such a wagattthey assemble in parallel
nanoplanes which lead to a prediction of nanoggagiariod equal td./2n. This
theory has a difficulty whesp> 4 and electron density becomes higher than critical

as a result of 1> Eeq,and nanoplanes could not be formed [57].

1.2.5 Alternative theoriesfor nanograting formation

The alternative nanogratings formation theory isdoaon the self-trapping of
exciton-polaritons [53]. As it is known, the abdiwp spectra of Si® are
characterised by a strong exciton peaka = 10.4 eV [58, 59]. Two dispersion
branches of the excitons—polaritons can be simedtasly excited by the
multiphoton absorption [53] in the fused silica.€fihdue to the interference of the
exciton modes, the polarisation grating is formBde recombination of the self-
trapped excitons induces the generation of molecateygen due to the

photosynthesis-like reaction [60]:
SIOz +X = Si +Q,, (1.11)

where X denotes an exciton. Nanopores of silitadiby oxygen are formed in the
locations of high concentration of the self-trappeaitons. Agglomerations of
these nanopores are responsible for refractive xindeange and induced
birefringence in nanogratings observed in the arpaEts. Due the extremely short

coherence time (<300 ps) of polaritons in glasdesfree excitons-polaritons are
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transformed into indirect self-trapped excitond thheeze the polarisation grating
pattern in glass [61].

It should be noted, that all of the reviewed thesiare predicted only after the
laser irradiation. However, it is not entirely aldew the nanogratings are formed
in the matter during the irradiation. All of theetiries predict that nanogratings are
formed after a single pulse irradiation, but ivisll known that the sequential pulses
are required to initiate the nanograting formatibimat aspect suggests the existence
of some accumulation effects. The direct obsernatare desirable to have progress

in the phenomena explanation.
1.3 Properties of fused silica

Most studies into the fundamental physical procets& occur at the laser focus
have been conducted in fused silica. In compansiin other optical materials,
fused silica was treated with a broad range ofrlasése frequencies, durations,
energies, wavelengths and sample translation speedfiermore, fused silica is
easy to obtain in high purity forms as it is a papWV optical material. The
properties of fused silica are almost ideal foegnated micro-optical and micro
fluidic circuits due to its wide transmission ran@e2 - 2.5 um) in the visible and
near infrared spectral range, resistance to higipéeature and compatibility with
biological materials. The band gap of fused siic@.1 eV.

The continuous random network of cross-linkedsQi€scribes the atomic-scale
structure of the vitreous silica [62]. The netwatkucture of fused silica is shown
in Figure 8a. The closed paths of repeated Si-Gnsats create the n-membered
ring structures, where n describes the number € Segments. The computer
simulation confirmed the existence of these ririgscsures [63]. It was determined
that in fused silica, there is from three to ninennbered rings distribution with the
most predominant five and six-fold structures. e Raman experiments, it was
found two peaks at 495 and 605 €f64—67] that correspond to the Raman active

symmetric breathing modes of the oxygen atomserfdhar- and three- membered
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ring structures, respectively. The symmetric motbtihe oxygen atoms is involved
by the modes (Figure. 8b), and their decouplingnfrihe rest of the network
vibrational modes gives rise to the sharp profilthe 495 crit and 605 crm peaks.
They are referred as D1 and D2 defect peaks. Téigrament these peaks to the
four- and three- membered ring structures was noefi by Pasquarello et al. [63].
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Figure 8 (a) Schematic presentation of the irregular netwsiructure of fused silica. The coordination
number of silicon atoms in fused silica is writiarthe network ring; (b) The Raman spectrum offtreed
silica. wl, ®2, ®3, are the vibrational modes of the silica network. &id D2 are the Raman active
symmetric breathing modes of four- and three- meetbeng structures.

The observed broad peaks at 440, 790, 1060, ar@ dr#d are assigned to the
vibrations of the cross-linked glass network. Thaendistribution of Si-O-Si angles
in the network is explained by the broadness op#eks.

The few types of defects can be found in fusedasilOne of the most known
defects are the dangling bond type defects (showkigure 8a). The E’-centre is
assigned as a dangling Si bos$ie (= are three covalent bonds attached to three
oxygen atomse is done unpaired electron) and the NBOHC (non-bridgirggen
hole centre) [62, 68, 69] is assigned as an oxygagling bondSi-Oe. These and
other known defects in fused silica have charastieroptical absorption/excitation
and fluorescence/photoluminescence (PL) bands.rib&t of the bands of the

defects in vitreous silica are provided by Skujalef70].
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1.4 Microchannels formation and optimisation

In this section, the femtosecond laser based téopynaesponsible for the
microchannels formation in fused silica is review&de main governing physical

and chemical processes driving the selective efchia discussed.

1.4.1 FLICE technology

The polarisation dependent subsurface nanograitngsnted into fused silica
with femtosecond laser pulses are attracting dubkeio ability to induce selective
chemical etching. The higher etching rate of tls=iamodified regions than the
unexposed material is achieved by using dilute HFJ4] or KOH [75]. A decade
ago, the 70-fold increase in the HF etching foretasxposure with a linear
polarisation perpendicular to the scan directiomgared with parallel polarisation
was demonstrated by Hnatovsky et al. [73]. Theygsated that this selective
etching is related to the formation of the substefaanogratings with the nano-
planes aligned orthogonal to the polarisation diioec The experiments repeated
with the circular polarisation showed the similaghhcontrast in the etching rate,
however lower than for the perpendicular polar@atiue to the disordered nature
of the nanostructures. The main advantage of ttoellar polarisation is that the
etching rate along the curved laser modificatiackris the same. The etching
selectivity as high as 280:1 was reported betwasarlmodified and unmodified
glass [76] for the exposure with 40 fs pulses ametgy of 200 nJ in the 2.5 % HF
solution.

The embedded microchannel length is usually limited 4 mm because of the
undesirable tapering and low control of the crasstienal shape limit applications
of FLICE for fabrication of LOC (Lab-on-chip) systs [73, 77]. The solution of
tapering control was proposed by Osellame et atyTihtroduced the geometry
compensation by the conical wobbling to create I®tgpight and uniform

cylindrical microchannels. However, this technigsenot flexible for creating
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complex cross-sectional shapes [78]. The almo$bumicross-section in the length
of 9.2 mm was demonstrated in fused silica etcheal high concentration (10M)
of aqueous KOH and a high temperature of@@o gain the modest etching rate of
~ 1.7 pm/min [75].

The increased HF etching rate of fused silica foihg the femtosecond laser
irradiation is due to the combination of severalchaisms [79]. A first one is
related to densification of silica that decreases3i—O-Si bond angle induced by
the hydrostatic pressure or compressive stresseckr@athe irradiated region [72].
Thus, the reactivity of the oxygen atoms is inceglaslue to the deformed
configuration of their valence band [80], and tinateases the etching rate of laser-
modified zones. This explanation is particularlyiteth for the low-intensity
modification regime (Type 1), where the formatidnaaveguides is observed. The
second mechanism is suitable for Type Il modifmasiand results in a much higher
selectivity in the etching rate of the irradiatezhions, when the self-ordered
nanograting structures, perpendicular to the ldsection are formed [81].

The chemical process responsible for the dissaolutiosilica glass by agueous

HF is described by the following chemical equation:

=Si—-O-Si=+ HF > Si-OH +=SiF (1.12)

The F ions attack the silicon atoms, while theibins attack the oxygen atoms. For
aqueous KOH, the hydroxide ion, OH-, attack®B& O-SE groups, and the bounds
are separated inteSi-OH and=Si-O. The exact mechanism at the molecular level
is still under the debate.

The features of the FLICE process are following:

1) The process requires multiple femtosecond pulsgsngng to the same
spot to induce a cumulative action. Therefore, pinecessing window
requires the right combination of the intensity arahslation speed during

the writing process.
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2) To be properly triggered, the process requiresptieeise alignment of the
writing laser polarisation with respect to the siation direction [81]. For
the linear polarisation aligned perpendicularlythe translation direction,
the nanogratings are directed along the channg] alkowing easy diffusion
of the etchant. For linear polarisation parallethie translation direction, the
etchant diffusion is blocked (nanogratings are eedicular to the
translation direction).

Based on the above explanations, the FLICE teclkena@n be understood as
follows: the nanogratings act as channels for the diffusion into the fused silica.
The microchannels produced by the Type Il modifaatield much higher aspect
ratios than those fabricated by the Type | modiitcadue to the fast acid diffusion
in the modified region instead of acid carving bywgressively removing the
irradiated material which takes place for the Typ®odification.

The photo-structurable Foturan glass was alsoetlelay the FLICE technique
[82—84]. However, due to the entirely differentdasnater interaction where the
Ce** ions donate an electron to Apns upon laser irradiation, and after the post-
annealing process settles the colloidal Ag phdmerdsolution is limited to a few
microns. The etching contrast in 10% HF solution loa as high as 43:1 compared

with unmodified glass.

1.5 Introduction to microfluidics

The microfluidics is the science and technologyrahipulation fluids (gases,
liquids) at the micron-scale in embedded chanr&d$ It has a broad application
in different fields, such as biology, chemistry, dizthe and physical sciences.
However, the main application of microfluidic is tine bio-chemical field where
the main problem to solve is: how to make machares devices that manipulate
cells, proteins and other biological materials. Tign goals of the microfluidics

are the miniaturisation (smaller things tends téels¢er, cheaper and use less power
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and materials), parallelization and integratiomibaation of functions previously
done on a separate device). Thanks to the evolofidime microfluidics field, the
compact devices called lab-on-chip (LOC) were @@aand many of the modern
DNA sequencing schemes [86] and high-throughputéestng assays [87] are
available. The LOC microsystems are capable ofjmaténg the whole biological
or chemical laboratories in a single chip, whererofluidic channels and active
and/or passive components, such as filters, valvesixers can be integrated.

The flow in microsystems behaves completely difiétaan flow on the macro-
scale. The main difference is that in microfluidibe turbulence is absent. Here,
the flow is smooth and laminar. Other importantedé#nce is that inertia forces are
insignificant on the microscale and the viscos#gdmes crucial. The mixing starts
due to the diffusion that in microscale is an omiyor influence. The interaction
between the forces in microfluidics is completelffedlent due to the reduced
system size where the surface to volume ratio (8itheases dramatically as the
system is downscaled. For example, the evaporatwnbecome critical as the
surface area increases leading to rapid changessnmolarity. The fluid flow
phenomena in microfluidics are described throughediisionless parameters such
as Reynolds, Peclet or capillary numbers, whicpeetvely relate inertial forces

to viscous forces, convection to diffusion and giss forces to surface tension.

1.5.1 Review of microfluidicstechniques

The microfluidic devices can be fabricated by vasidechnologies that are
divided to conventional methods such as wet et¢chomgpventional machining,
photolithography [88], soft lithography [89], hombossing [90, 91], injection
moulding [92, 93], and direct laser writing techueg such as the FLICE technique
[17, 94] and direct ablation [95] of glass in wafdfAFLD) [96]. The methods are
selected taking into account a few factors: prefématerial, cost, speed and the

fabrication capabilities (feature size and aspaiib).
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Many polymers were used to fabricate microfluidevides. Very popular is
optically transparent, soft elastomer polydimetigi@ne (PDMS). However, it is
permeable to many small and hydrophobic molec@ék Microchannels in PDMS
are typically made using the soft lithography [98}is technique can be cheap and
very flexible, but the fabrication of the 3D michaitlic structures in the transparent
substrate requires additional stacking and bongmogesses that increase the total
fabrication time [99]. A promising alternative FLECtechnique to fabricate the
fully integrated 3D structures of transparent glasderials that was reported first
by Marcinkevtius et al. [17] and received strong developmenthm past few
decades [84, 100-102]. Fused silica is the mamsgrarent media in this technique
due to its easy processing and high etching seisctcaused by the type Il
modification [55, 73]. The optical quality, chemiicasistivity and flexibility of the
FLICE technique are the key factors that stimulatexl use of fused silica. The
FLICE technique involves inscribing of 3D microchais in a few steps that do

not require any complex fabrication processes.

1.5.2 Microfluidic flow dynamics

The fluid flow is classified into two main groupsscous flow and inviscid flow.
An inviscid flow is assumed to have no viscosibgerefore in fluid dynamics, this
approach is used to easily solved problems wheeevibcous effects can be
neglected. In the viscous flow, the viscosity ie fhiction between the adjacent
layers of fluid that moves parallel to each othére fluid viscosity is primarily
responsible for the turbulent flow due to the egelgsses associated with a
transport of the fluid in a channel. The majorifyknown liquids are viscous, e.g.,
air and water [103].

The fluid flow in microscale dimensions is very ssttoand is characterised with
almost no mixing between neighbouring fluid pagsckexcept through molecular

diffusion. This flow is called laminar flow. In arbulent flow, the random variation
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in time of the fluid velocity and pressure is cldeaistic due to the irregular
variation of the fluid motion.

The fluid flow is characterised by the main threegmeters: the length scale of
the flow field (the channel width/diameter), thesal average of the flow velocity,
and the kinematic viscosity, which is the ratidha# viscosity and the density of the
fluid. In the case, when length scale or velocityarge enough, the flow may be
turbulent. The same statement is also valid wherkitematic velocity of the fluid
is very small. All that simple fluid parameters aseessary to get information about
the flow in microsystems. If we take the ratio bé tinertial forces to the viscous
forces the dimensionless, a single number callegh®ds number [104] can be
introduced and allows to identify the type of flowthe system. The Reynolds

number is expressed as

VL VL
Re=—=£"= (1.12)
Vo7

where L is the characteristic length, V is the agervelocity of the moving liquid,
v is the kinematic velocityp is the density and is the viscosity. The critical
Reynolds numbeRe;ir can be introduced that shows the boundary betwsen
laminar flow if Re < Reit and turbulent flow if Re > Ra. The flow regime is

typically divided in three cases based on Reynoldsber values: for Re < 2000
the flow is laminar, for Re > 4000 the flow is tutent and for flow between 2300
and 4000 the so-called transitional flow appealene the flow type is determined
by the surface defects [105]. Figure 9 shows thangle of the laminar and

turbulent flows.
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Figure 9 Thelaminar (a) and turbulent (b) flow demonstratiorthie fluids [106, 107].

For the non-compressible Newtonian fluids, suchvater, the relation of the

fluid velocity ant the fluid pressure is descrili®dthe Bernoulli equation:

£+£+ gh=const, (1-13)
2 p

where V is the average velocity of the fluid, ghe pressure is the density, g is
the gravitational acceleration, and h is the heighe Bernoulli equation can be
derived by applying the Newton’s second law of motio a fluid particle.

In order to analyse the fluid flow dynamics in noisystems, the Navier-Stokes
approach should be introduced. An infinite-smadineént of fluid is affected by a
stress fields (force per unit area), which is due to the flugklf, and by an external
forces acting on the same fluid element. The veld®@ld exerted by these forces
for a Newtonian fluid can be determined by the Max8tokes differential equation,
which is built on the fundamental laws of conseoratind is the rewritten version

of the 2nd Newton’s law = ma:
oV 2
p(E+V-VVj=VO'+ f=-Vp+nVv+ 1, (1.14)

where p is the pressure amdis the viscosity, which depends on the system

characteristics. To finalise the equations desugilthe simple incompressible fluid,
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the continuity equation should be taken into actotlihis equation expresses the

conservation of mass that is still valid even ia tontinuous case:

P v (o) =
L1y () =0, (1.15)

For incompressible fluids (like water) the contiyuequation is simplified and is:
V.v=0, (1.16)

which means that the fluid cannot arise from anyehend cannot vanish into
anywhere. For the microfluidic case, the inert@lces are small compared to the
viscous forces. Thus the nonlinear term in the Bla@tokes equation can be

neglected and is transformed to the simpler Stekestion:
ov 2
pE=VJ+f=—Vp+77V v+ T, (1.17)

As the fluids are made of molecules, the diffusiake place both with the fluid

molecules and with particles and tracers disperséd

1.5.3 Diffusion in microfluidics

The mixing at the macroscale is explained by thibuleénce that initiates the
vortices during the fluid flow, however, when thamdnsions fall down to the
microscale, only laminar flow occurs. Thus the tuelmce is neglected, and the
main mechanism responsible for the mixing is thiisiion. Diffusion phenomenon
Is the stochastic process in which molecules tiofh one region to another. Each
molecule moves in one direction until it hit by #m&r molecule and changes its
motion direction. The diffusion in one dimensiomdee considered as the following

equation:

d=+/2Dt, (1.18)
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whered is the average distance moved by particle dutregtimet andD is the
molecular diffusion coefficient of the materialumits of (n¥/s). D expresses how
fast a concentration diffuses a certain distandee Tluid movement due the
diffusion is described by the Fick’s law which pdates that the solute moves from
a region of the high concentration to a region i lower concentration across a
concentration gradient:
%: DV, (1.19)

where c is the concentration aRdcis the spatial gradient of the concentration.

The nature and the strength of the diffusive mix@ag be characterised by the
dimensionless number called the Peclet number elfas the ratio between the

advective and diffusive transport, and it is givsn

VL
PEZB y (120)

For a larger Peclet number in a given system, iffiestbn is going to be less and
less important. It can be noted that for the Peuletbers higher than 1000 diffusion
can be neglected, however, when the Peclet nurabeg than 10 then the diffusion

is the dominating mechanism and the advection eamelglected.

1.5.4 Surface effects

An important consequence of the scaling of the dsians is the increase in
surface-to-volume ratio, which makes of primary artpnce the surface effects
influencing the flow motion, such as surface tensio capillary forces. In fact, at
the micro-scale, surface forces are so promineabmparison to other forces that
a liquid flow can be confined, controlled and ewaamipulated. This effect has been
studied for example in the generation of controllednodisperse microdroplet

between two immiscible fluids [108].
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2 Used methods

The femtosecond laser micromachining system useahdést of the experiments
with fused silica glass is described in this chapAéer laser fabrication, the fused
silica sample should be post- processed to refieahicrochannels or nanograting
structure depending on the investigation aims. pitoeedures such as chemical
etching and precise sample polishing are desciib&gction 2.2 to make clear the
entire procedure.

The etched microchannels have different dimensamd lengths. Thus the
methods how to qualitatively and quantitatively ireate the microchannel
characteristics such as length and etching seigcisvdescribed in Section 2.3.

The revealed subsurface nanogratings were measitre8 EM microscope, and
the tilt angle measurement is introduced. As thisgduration is one of the most
important parameters during the nanograting tijl@nnvestigation, therefore, its
measurement techniques are described more deiaifzttion 2.4.

Finally, in the last thesis section, the variousnafiuidic devices are studied.
For different devices, various output characterssshould be estimated. For that
purpose, the characterization setup used for wasgtegucharacterization and

estimation of the focusing characteristics of therafluidic lenses was designed.

2.1 Laser micromachining system

The laser micromachining system is the main toablved to realise the aims of
the current thesis. The used system is custom aleeelby the ELAS company and
assembled by the author. The experiments performigid the current laser
micromachining system are presented in Chaptetsaéhd 5.

For fabrication of microchannels and subsurfaceogeatings, radiation of first
(1030 nm) and second (515 nm) harmonics from thea-ghort pulse, diode-
pumped, mode—locked Yb:KGW laser (Pharos, Lightv@osion) was utilised. It
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was attenuated with a motorised Brewster anglaadtior and delivered to the 50x
or 10x microscope objective (Olympus LMPlan, NA 5).®lympus, NA 0.25)
which focused the laser beam inside the bulk fis#leth sample. Linear or circular
polarisation of the laser beam was controlled duthre experiments with a setup
formed of the zero-ordeév/2 or A/4 phase plates mounted in mechanical rotation
holders. The linear polarisation orientation befdhe laser processing was
calibrated with the Glan prism polarizer and thé-theave plate. In this way, the
half-wave plate was oriented to get perpendiculaparallel polarisation to the
writing direction. The nanometer resolution positig stages ANT130 (Aerotech)
were used to translate the fused silica substnaXeaind Y directions under the laser
beam. Laser writing was performed at the scannpsged varying from 0.025 to
10 mm/s in the directions (x or y) perpendiculatite laser beam propagation (z).
In order to control the accurate sample positionthg off-axis machine vision
system with a coaxial lighting and charged coupdegtice (CCD) camera were

installed.

HR mirror 515 nm, 300 fs

CCD camera

i

Beam splitter

Aperture stbp

0.55 NA‘

Fused silica my

S‘"’“m_é
Y

Figure 10 Optical design of the laser micromachining sysfkaft) and laser micromachining system picture
(right).

Part of experiments was performed with the optsedlip similar as shown in

Figure 10 at Politecnico di Milano. The femtoREGHNNQ laser (two harmonics
at the 1040 nm and 520 nm wavelengths) was uses.ighan ultra-compact laser
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system based on an Yb:KYW chirped-pulse regeneramaplifier using the intra-

cavity stretching to allow an ultra-compact desifi@xible repetition rates up to
2 MHz with pulses as short as 350 fs. The used lzsm® set repetition rate up to
1 MHz that allowed to look on to etching selectiithen the heat accumulation
effects started to be more visible [109]. The expents performed with that laser

are presented in Sections 3.4 and 4.1.

2.2 Sample preparation and etching procedures

For all experimental work presented in this thesis, commercially available
fused silica samples (JGS1, Eksma Optics) were. iBietknsions of the samples
were 15x4x2 mrf) 20x15x2 mm, and 20x15x1 mfhdepending on the structure
needed to fabricate. The sample was mounted opdbiioning stages with the
double side tape and tilted to get the preciselgyzbatally orientated sample.
Before the laser processing, the sample was cleaitedoure acetone to remove
all residues and dust from the sample surface.

The etching was performed by immersing the samplthé diluted HF acid.
Various concentrations of the acid from 1 to 20 #revused depending on the
application. The 1 to 5 % HF concentration was ugeceveal the nanograting
structure and etching time was from 1 to 5 min. Bh® 20 % HF concentration
was used for microchannels and 3D structures ejchirhe initial etching
experiments were performed without ultrasonic lztthe room temperature. The
required etching time was 1- 14 hours. Furtherultrasonic bath was used in the
etching experiments. The HF acid was heated to03%:7and etching took place

up to 5 hours depending on the sample complexity.
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2.3 Estimation of the etching length and selectivity

The length of the etched microchannels was measiyreah optical microscope
and analysed with a freeware software “Gwyddiomig &tching selectivity was
calculated according to the following formula:

S= (2.1)

fo

whereL is the etched line lengthis the etching time in houns, is the etching rate
[wm/h] of unmodified fused silica. The etching l#m@f unmodified fused silica
was calculated by two ways: 1) measuring the wadtetched microchannels and
subtracting the modified line width before the @ighand 2) measuring the cone
angle of the etched channels and calculating ttieedtlength of the unmodified

fused silica according to the trigonometrical rubéshe right triangle.

2.4 Pulse duration techniques description

There are various laser pulse duration measuriggntgues, however, to
measure the duration of ultrashort laser pulsedQ<s), the nonlinear optical
autocorrelation techniques should be used. Twerifft methods for the pulse
duration measuring were used in the experimentatksvoa single-shot
autocorrelation for the pulse duration and pulsmtfrtiit measurement and the
second harmonics frequency optical-gated (SH-FR@@Ghnique for the pulse
duration and temporal chirp measurement. More léetadlescription of that

techniques is provided in the next section.

2.4.1 FROG technique

Frequency-resolved optical gating (FROG) can swsfatg and efficiently
record pulse characteristics by the overlapping apt partially delayed duplicate
laser pulses in a nonlinear optical medium sucddeasnd-harmonics (SHG) crystal
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[110]. When the pulses are overlapped in the cryatiiequency-doubled pulse of
light is produced that is encoded with the necgsdaaracteristics of the initial laser
pulse [111].

In the FROG technique, the laser pulse is separatedwo pulses, and they
intersect in a nonlinear optical medium (Figure.1Ihe nonlinear signal is
spectrally resolved for various time delays betw@enbeams. For the SHG FROG

case, the envelope of the nonlinear signal fiekltha shape:
E,,(t,7) =E)E(t-7), (2.2)

whereE(t) is the complex envelope of the pulse to be medsamer is the delay
between the two beams. This signal is used asthé to a spectrometer, and the

intensity is detected by a photodiode or CCD array

2

E,, (@, z’)‘2 . (2.3)

I FROG(a)’ T)=

Tthsig (t r)exp(at)

The FROG signal is a positive real-valued functidtwo variables: the frequency
and the time delay between two pulses. This exmerially determined FROG
signal is used as an input to a numerical algoritimnich determines the full
complex electric field, i.e. both the intensity ahd phase, of the pulse that created
the FROG signal.

Ultrashort laser
pulse

BS Probe
Spectrometer

Gate
Lens  Erequency doubling
S— Crystal

Figure 11 SHG FROG experimental setup.

Delay line

The signal field of (2.3) is invariant with respécta change of the sign of the
delay time r so that the SHG FROG signal is always symmetri@tined
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7. IFrod®, T) = IFRod®, —T). This temporal ambiguity is the main shortcomaig
SHG FROG compared with thg® FROG methodThe SHG FROG cannot

distinguish between a pulse and its time-reversptica.

2.4.2 Single shot autocorrelation

For high repetition rate ultrashort pulse lasdrsrd is not much variation from
a pulse to pulse. As a result, the pulse spectrambe obtained by scanning a
monochromator in time or by leaving the shutterrope a camera or diode array
at a spectrometer output and averaging over malsgguSimilarly, the delay in an
autocorrelator may be scanned in time with confidetmat pulses are not changed
during the scan.

Some amplified laser systems have considerably rigmése repetition rates,
however, and the non-negligible pulse-to-pulseatams are expected. In this latter
case, we should use a single-shot method. It isteaxbtain a single-shot spectrum,
simply by opening the spectrometer camera shutteorily a single laser pulse.
The single-shot autocorrelation, however, is mamglex because the delay must
somehow be scanned during a single pulse.

A single-shot autocorrelation signal is obtainednigpping the delay onto the
position and spatially resolving the autocorrelatsoggnal using a camera or array
detector. This involves crossing two laser beanth@nnonlinear-optical crystal at
a large angle, so that, on the left, one pulsegues the other, and, on the right, the
other precedes the one [112-114]. In this manherdélay ranges from a negative
value on one side of the crystal to a positive @ala the other. Usually, we focus
with a cylindrical lens, so the beams are line-gldap the crystal, and the range of

delays is larger.
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2.5 Fabrication of sub-surface nanogratings

Two different femtosecond lasers were used to tecthre sub-surface
nanogratings:

(1) Pharos (Light Conversion) with the wavelengtl1®30 nm or 515 nm, and
the 260 fs laser pulses at the 500 kHz repetitade and the scanning speed of
0.25 mm/s and 1 mm/s;

(2) FemtoRegen (HighQ Laser) 1040 nm, 317 fs abO®@kHz repetition rate
and the scanning speeds from 0.25 to 5 mm/s.

Focusing was carried out in the case (1) with a &lfjective lens of numerical
aperture NA = 0.55 (Olympus LMPlan). For the ca®e the employed objectives
had NA = 0.6 at 50x magnification (Leitz Wetzlar)MA = 0.4, at 20x (Olympus
LMPIlan).

For the nanograting tilt investigation, the radialriented lines starting from a
common centre were inscribed. The scan directieaoh line was from the center
to outside, and in this way, tletar pattern was formed (Figure 34c). The angle
between subsequent ray orientations was- 15°, and thestar pattern was formed
from 24 lines in total.

To investigate the influence of the pulse duratod the pulse front tilt on the
etching selectivity and nanograting orientation, different pulse durations with
negatively and positively chirp were used: 74336 fs, 338 fs (negative chirp),
264 fs (bandwidth limited), and 357 fs, 630 fs (pes chirp).

The pulse energy was measured after the obje@ngedt the sample position to
exclude any absorption and reflection/scatteringsés caused by optical
components. Nanogratings were recorded in a mhdti-exposure regime, e.g., for

a typical spot diameter at the focus of 2.5 um (LO@), 500 kHz laser repetition

rate and a typical scan speedvcf 1 mmi/s. There werdN =1.3x1C pulses per
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spot. For the 515 nm irradiation, the typical numifepulses per spot with the scan

speed of/ = 0.25 mm/s was up toN = 2x1C°.

Nanogratings were recorded at the 10 um depth belmvsurface of the
ultraviolet-grade fused silica (JGS1), and samples2 mechanically polished to
the depth of the strongest modification.

A short immersion into 1% or 5% wt. aqueous sohlutdd HF for 5 or 1 min
correspondingly was used to reveal a surface méogkdoy scanning electron

microscopy (SEM); a 5-10 nm thick gold coating wasd for SEM imaging.

2.6 Nanogratings quality

The nanogratings quality can be understand byréifteways, however, in our
case, we use a visual inspection of the SEM pistir@redict the quality. The high-
guality nanogratings were well distinguished arghhi ordered. When the ordering
and period of the nanogratings appeared hard thgty@and the width of the single
grating fluctuated we call them as low-quality ngradings. The quality of the
nanogratings can also be predicted from the birgémce measurements. In our
case, when the modified area in the sample wasgplédetween two crossed
polarizers in a microscope, the nanogratings wambeared bright were predicted
as of high quality. When the uneven structure amtnight regions were observed

the nanogratings were predicted as of low quality.

2.7 Characterization setup for optofluidic devices

The microfluidic devices were characterised bysbiip presented in Figure 12,
where the beam from the He-Ne laser was directetheéomicrofluidic device
mounted on the high-precision 3 axis positioniragstto adjust the device position
relative to the laser beam. From the opposite sidbe sample, the registration of
optical signals was performed. For that, the 10grasicope objective mounted on
the translation stage along the beam propagatier2®@0 mm focal length lens and

CCD beam profiler were used. The CCD profiler reeorthe near field intensity
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profile. Depending on the microfluidic device typee beam was directed through
the devices in a few ways: the fibre coupling, toeipling with the microscope

objective or simply illuminating the device withcany objective.

/ He-Ne

Microfluidic devicg_
x Il 20x Il } H { I10x O [

a)
Figure 12 The characterization setup of the microfluidicides: (a) schematic design; (b) camera photo.
3 Formation of microchannels in fused silica

The results presented in this section are published the article [P1].

Many microchannels inside fused silica were forrteedind the optimal laser
writing and etching conditions for fabrication d¢fet complex devices inside the
fused silica block. This section is separated fete main parts: laser writing of
modifications in the bulk of fused silica with vamis processing parameters and
inspection, sample preparation for etching, etclupgimisation and investigation
of etching selectivity.

During last decade, numerous works were reporteéde@microchannels etching
in transparent materials [71, 115]. The etchinghafrochannels can be performed
in a few different glasses [71, 94, 116] and feffedent etching solutions as
Hydrofluoric (HF) acid [17] and Potassium hydrox{#&H) [75] or hybrid etching
using both solutions [117]. Both etching solutiomere tested in our work.
However, HF was selected as the main one, andohts¢ etching work was done
with the HF acid of various concentrations. Theividial, single-line and
rectangular microchannels by stacking the individirennels were formed inside

the fused silica at different depths (from 50 um5@0 pm below the sample
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surface). The microchannels were recorded witlouarpulse energy, wavelength,

processing speed, pulse duration and frequendgpddte processing window.

3.1 Influence of polarisation to the etching selectivit

As it is widely known, the Il type modification [f#side fused silica should be
formed to initiate the selective material etchiAgcording to the investigations, the
etching selectivity is maximal for the polarisatierperpendicular to the writing
direction [81], however, in the intermediate pdation state between the parallel
and perpendicular polarisation to the writing dil@e, the etching selectivity has
intermediate values. Thus for the first approahbk, modifications with different
linear polarisation orientation [118] starting frquarallel to the writing direction,
X-axis (0° angle ofA/2 phase plate) and ending perpendicular to theingri
direction, X-axis (at 45%/2 phase plate angle) were formed. The incremept it
the\/2 phase plate was set to 5°. In this way, 10 nieatibn lines with 3 different
pulse energies (264, 372 and 466 nJ with a lasendle ranging from 7.6 to
13.4 J/cr) were prepared. The modifications were formed 6 & below the

sample surface.

Figure 13 The single-line microchannels inscribed in theetusilica sample. Polarisation was parallel (top)
and perpendicular (bottom) to the writing directihaser pulse energy: 264, 372, and 466 nJ frontdop
bottom between a set of 4 lines; writing speed).%, 0.25, and 0.1 mm/s from top to bottom in esef).
Etching in 15% HF acid for 6 hours.
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The embedded and etched microchannels formed étlpolarisation parallel
and perpendicular to the writing direction are shaw Figure 13. As it can be
expected from the results reported in [81], theimah etching selectivity was for
the polarization parallel to the writing directidoe to the nanograting formation
perpendicular to the writing direction. When thaylenof the nanograting planes
changes from 0° to 90°, the etching conditions gednand facilitated acid

penetration leading to a higher etching selecti(figure 14).
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Figure 14 Etching selectivity versus polarization orientatielative to the writing direction (writing speed
250 um/s, laser repetition rate 500 kHz, etching5# HF acid for 6 hours).

The maximum etching selectivity was achieved wihemianograting orientation
angle approached to be ~ parallel to the writimgation, and it was > 75:1. For the
tested pulse energies, the etching selectivityafiétse similar level, that speculates
that the nanogratings have the similar quality, &osv, for the minimal etching
selectivity when the linear polarization was palatb the writing direction, the
etching selectivity was bigger for the lower pulsgergy (S~16:1), and for the
maximal pulse energy of 466 nJ, it was S~ 7:1. Tdebkaviour briefly can be
explained by the nanograting quality (mentioned&eéction 2.6) that is better for
the lower pulse energies [81] and dependence afahegrating orientation on the
pulse energy which is discussed in Chapter 4. uehé¢ manual polarization
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adjustment, the phase plate orientation error appeand, in our case, for the
lowest pulse energy, the nanogratings were oriedtatlightly out of the
perpendicular direction. The increased pulse enengluced the tilt of the
nanogratings in a clockwise direction [119], andtthccelerated the nanograting
rotation to the perpendicular to the scan directaentation, and, consequently,
the lower etching selectivity was observed.

The polarization angle should be quite preciselpstdd to get the expected
maximal etching selectivity. The experiments denvatisg the precision of the
polarization to scan direction angle setting wasfqomed by keeping the
polarization orientation constant and changingdt@&n angle by forming, in this
way, a fan structure [120]. According to that résulo get the etching rate in the
range of 96% of the maximum value, the linear ppddion should be precisely

oriented with deviation only ~ 2° angle.

3.2 Etching with different pulse duration

The pulse duration is one more additional degrdeeefdom that influences the
structural changes in fused silica. It was noteal, tlepending on the pulse duration,
the different morphology of the nanogratings can dmhieved [121]. Thus,
consequently, it induces different etching chamasties which extend the

processing window for the microchannel fabrication.

3.2.1 Influence of the pulse duration on the etching rate

Since the distance of the diffraction gratingshia tised laser compressor have
the ability to be changed, consequently variouseualurations can be achieved.
Based on the information mentioned above and rdpa#] indicating that for the
longer pulse duration the etching selectivity canifaproved, it was decided to
inscribe the internal microchannels with variouspulurations. The positively and
negatively chirped pulses with two different wavejths (515 nm and 1030 nm)

were used. The pulse duration of the Pharos laaesrmaeasured with SHG-FROG

95



(EKSPLA) and a single shot autocorrelator (TiPAghtiConversion) (Section 2.4).
Figure 15 depicts the laser pulse duration, angepi@mporal chirp dependence on

the distance between the gratings measured imalteompressor units counts.
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Figure 15 The pulse duration and chirp parameter dependemdbe distance between the gratings in the
laser compressor. Pulse duration was measuredhet8HG-FROG technique.

The shortest pulse duration corresponds to thetfauchirp parameter. For
negatively and positively chirped pulses, the pdiseation increases.

For the first experimental setup, the 515 nm wawgle was used. The
microchannels etching investigations were performeih different pulse
durations, starting from 1055 fs (negative chirf0@0 compressor position) and
ending at 2250 fs (positive chirp,148000 compregsmition) with 5000 counts
incremental step. The modifications were formethatconstant writing speed of
0.25 mm/s (2000 pulses/um at the 500 kHz repetitage) and ~ 400 nJ pulse
energy for the shortest pulse duration. By chandimg pulse duration, the

efficiency of the second harmonic generation changdich lead to the different
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pulse energy and, consequently, the writing pulsensity of each channel. The

inscribed modifications are shown in Figure 16.

2250t Top view

1920 fs

1550 fs

1260 fs

950 s 3 3
550 fs : >
285 fs @
Ry ©

291 fs m -%
450 fs

740 fs

1055 fs

(a) (b)

Figure 16 The modifications inside fused silica fabricatethwdifferent pulse durations started from 1055 fs
at negative chirp and ending at 2250 fs at posithiep: (a) modifications with perpendicular polagiion
top and side view; (b) modification with paralleblarization top and side view. Pulse density
2000 impulses/um, pulse energy. Respectively: 188, 270, 466, 404, 254, 180, 142, 112, 94, 80'hd.
red scale bar represents 100 pum length.

The morphology difference for the perpendicular aadallel polarization can be
observed. For the parallel polarization, the buldbtenation was noticed for the
shortest pulse duration. The prepared sample witheelded modifications was
side-polished to ensure the initial acid conta¢hwhe modification and was rinsed

to 10 % HF acid for 6 h etching. The etching resale shown in Figure 17.

Figure 17 Etching results of modifications formed with a)grization perpendicular to the scan direction
(Ey,along y axis) and b) polarization parallel to tiearsdirection Ex, along x). 6 h etching in 10% HF acid
solution. The red scale bar represents 100 pmHengt
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The etched length for the perpendicular polarirati@s larger for the longer
pulses, and the minimum etched line length was rebdefor the shortest pulse
duration. The same behaviour was observed forahalpl polarization. However,
in this case, the etched line length was much shtran that for the perpendicular
polarization. It should be noted, that for longeises, the etched channel length
was big enough even for the parallel polarizatitime further investigations were
performed to figure out the detailed influence lod pulse duration and different

wavelengths to etching rate and selectivity.

3.3 Etching selectivity investigation with 515 nm

The more detailed investigations of the etching&elity dependence on the
pulse duration were done by writing microchanngls 400 um depth under the
sample surface. To get more smooth etching, tharneia were separated in the
middle by a series of perpendicular modificatiomghe vertical plane (further it
will be named — “wall”). The height of the wall sied from the microchannel depth
to the sample surface with the material damagéemstarface. The wall is required
to allow the acid to reach all the microchannelshatsame time and induce the
even etching in both directions. This involved tieservation of etching in two
directions. The set of lines with different pulseesgies: 100 nJ, 200 nJ, 400 nJ,
600 nJ, 800 nJ and 1000 nJ and different writingsdies: 100, 500, 1000 and
2000 pulses/um were fabricated for six variousgudisrations. The shortest pulse
duration of 264 fs corresponded to the 115500 cessmr length. Since the
intensity of the 515 nm radiation drops down fardest pulses, and the maximum
required pulse energy of 1000 nJ needed to be\ahi¢he writing frequency was
set to 200 kHz instead of 500 kHz, to increaseptlise energy. The pictures of the
microchannels etched in 15% HF acid for 30 minhim @iltrasonic bath are shown

in Figure 18.
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Figure 18 The microscope pictures of the microchannels etéhel5% HF acid solution for 30 min and
written using different pulse durations: a)743.6¢-fsb) 435.5 fs(-); ¢) 337.9 fs(-); d) 264.3 {8) e) 356.8 fs
and f) 630.3 fs, where negative value means negatilse chirp. The writing wavelength was 515 nnd, a
the pulse frequency was 200 kHz. The dark linegcatd the etched track length. The set of procgssin
parameters in all figures is same. The red scaledpaesents 100 um length.
M. Hermans et al. [122] performed an investigatafnthe etching selectivity
dependence on the pulse duration, where they useshaetching agent KOH
solution and high power, high repetition rate (opltMHz) laser source. In our
case, the etching agent was HF, and the etchingnisgtion for various laser
parameters was done. For etching in the KOH salutiovas shown that the etching
selectivity increases for longer pulse duratiordependently on the pulse chirp
parameter. During the etching in the HF acid, tleimum etching selectivity in
all cases was achieved for pulse duration in thgeaf ~ 600-700 fs for different

pulse density (pulses/ um) settings (see Figure 19)
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The analysis of the experimental data present&igure 19b, d, f, h shows that
the peak etching selectivity can be found for this@ energies from 400 to 600 nJ
and for the 100-2000 pulses/um pulse densities. gdwk selectivity can be
extended from 400 to 800 nJ for the longer pulsatthns independently on the
temporal chirp. The maximum etching selectivity waserved in all cases for the
longest pulse duration exceeding ~ 600 — 700 far{duhe experiments we were
not able to use longer pulses due the insuffigieodifiction intensity) (Figure 19a,
c, €, g), however, the maximum absolute value dsed when the pulse density
was reduced: from ~ 98:1 at 2000 pulses/um to 4 &6:100 pulses/um. That
behaviour can be caused due to the insufficienbsx@ for the nanograting
formation since the quality of the nanogratingsetated with the multi-pulse
exposure regime. For pulse durations > 400 fs agdeb pulse densities, the
etching selectivity grew slowly or stayed constamén for pulse energies up to
1000 nJ. That speculates that the nanogratingsja@ite stable due the proper
exposures.

For the lowest pulse density value of 100 pulsesgpthpulse energies from 100
to 1000 uJ, the etching selectivity behaviour Hael similar tendency. For the
longest tested pulse duration of 700 fs, the etriselectivity was maximal and
dropped to the minimum value at the shortest pdisation of ~ 264 fs. The pulse
chirp influence for the etching selectivity was nbserved. When the pulse density
increased from 100 to 2000 pulses/um, the etchatersvity for the lower pulse
energy of 100 nJ and the pulse energies of 400R8@&ppeared almost constant for
the entire pulse duration range. Only small seldgtidrop up to ~10:1 was
observed for the pulse energies of 400-600 nJtheopulse energy of 100 nJ, the
etching selectivity deviated up to 5:1 for the enpulse duration range, however,
for that pulse energy, the etching selectivity waly ~ 30:1 - 40:1 and is not useful
for practical fabrication of microchannels or 3Dvides. The optimal processing
window for the 515 nm wavelength fabrication wa®-400 nJ pulse energy and

500-2000 pulses/um density. The processing speebdeacreased by setting the
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lowest possible pulse density that allows fabraratip to 1 mm/s at the 500 kHz
repetition rate with the 0.55 numerical apertureroscope objective.

The immediate etching selectivity drop was initiatghen the pulse energies
bigger than 600 nJ were used, and the pulse dordéoreased to its shortest value.
This behaviour indicates, that pulse intensity dracally increased and destroyed
the ordered nanograting structure. The detailed ogating morphology

dependence on the focusing depth and pulse dunatenmalysed in Section 3.4.

3.3.1 Etching selectivity investigation with the 1030 nm wavelength

The wavelength of the laser beam influences theepuitensity that can be
reached at the constant pulse energy and alscetimdpf the nanogratings. This
can lead to the different etching selectivity résdue to the amount of unmodified
material between nanograting planes. The etchilegthaty experiments with the
same conditions were repeated using the 1030 nneleayth. Contrary to the
515 nm wavelength, the pulse duration does notttfee pulse energy, and it
allowed the simpler experimental conditions.

The matrix of microchannels was fabricated with shene pulse energy, pulse
density and pulse duration parameters as for 51wawelength. The 3 mm length
channels were inscribed 200 pum below the samplacand separated in the
middle by the wall. The microchannels etched in%3HF acid for 30 min are
shown in Figure 20a-f. The black lines show théetcpart of the modifications.
The calculated results of the etching selectivdgaading to the method described
in Section 2.3 for the 1030 nm wavelength are shiovFigure 21.
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e)
Figure 20 The microscope pictures of the microchannels etéghd 5% HF acid solution for 30 min laser-
written using various pulse durations: a)743.6)f&(} 435.5 fs(-); ¢) 337.9 fs(-); d) 264.3 (0) &;356.8 fs

and f) 630.3 fs, where negative value means negptilse chirp. The writing wavelength was 1030 and
pulse frequency was 500 kHz. The black lines irtdiche etched volume. The red scale bar represents
100 pum length.

It worth to highlight that for the lowest pulse dégy parameter at the lowest
pulse energy of 100 nJ, and shortest pulse dutatin etching selectivity was
maximal for that pulse energy and decreased tolthevalue when the pulse
duration increased up to 700 fs. Here, the oppdsteviour than in the 515 nm
case for the same pulse energy was observed. Howfevdigher pulse energies
of 200-400 nJ, the etching selectivity was almaststant at all tested pulse
durations. The contrary behaviour was for the makipulse energy and for the
shortest pulse duration value where the etchingecteity dropped down
dramatically (Figure 21a). The processing windows wearrower than for the
515 nm case, and the best selectivity of ~ 1404 nwached for the pulse energies
range from 400 nJ to 600 nJ at the pulse durati@30 fs. We speculate, that the
etching selectivity for the 1030 nm was higher dbe wider gaps between

nanoplatelets in the nanogratings where the acipeaetrate more easily.
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For all used pulse densities (pulses/um), the selkycpeak was observed for
~ 400 nJ pulse energy at ~ 630 fs pulse durationthe larger pulse energies, the
selectivity was at the same level, however, dropdedn for shorter pulse
durations. Therefore, when the laser system haahildy to change the pulse
duration and operates at ~ 264 fs, then the opfimmdessing window is to use the
400 nJ pulse energy and the scanning speed umta/s (100 pulses/im density).
Meanwhile, if the laser pulse duration can be clkdnmy simply operated at longer
pulse durations, the another processing windowbeansed with the higher pulse
energy > 600 nJ and the pulse density starting #0660 pulses/um, that means that
the processing speed, in this case, is only 0.2%mhme lower process speed is
not attractive for large structure fabrication.

The etching selectivity behaviour for the above-tieed case of
100 pulses/um and 100 nJ pulse energy can be e&glay the threshold intensity
required for the nanograting formation. For the r&si pulse duration,
nanogratings are formed and, when the pulse daraimeases, the laser intensity
drops down and weakly ordered nanogratings are ddrmand, finally, for the
longest pulse duration, only the refractive indeodification can be observed. For
the higher energies, the optimal nanogratings emndd, however, with 600 nJ
pulse energy, the ordered structure of nanogratmgiestroyed due to the high
pulse intensity at the shortest pulse duratiomolmrary to the 515 nm wavelength,
the intensity is big enough even for 100 nJ pulsergy to initiate the ordered
nanograting formation and to achieve higher seligtifor the longest pulse
durations.

To summarise, the etching selectivity for the 1680wavelength was ~ 20%
higher than for the 515 nm wavelength. The diffeeens the following: the
selectivity for the 1030 nm wavelength for all ugmrdse densities was less or the
same, while for the 515 nm wavelength the seldgtigradually grew when the
number of pulses per one micrometre increased@dO pulses/um. Interestingly,

that using the 515 nm wavelength even for a langsepenergy of 1000 nJ in
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combination with the long pulse duration, the sy drop was hard to observe,
while for 1030 nm, the selectivity drop was notigeafor energies > 400 nJ. For
both cases, the selectivity drop is due the woustlity and disordering of the
nanogratings [72], however, for 515 nm, the pedbdanogratings is twice smaller
and the width of the nanograting is smaller, thatild initiate lower material

removing rate.

3.4 Investigation of etching selectivity with 520 nm ad 1040 nm at the
constant pulse duration for various pulse repetitio rates

The analogous etching optimisation experiments weeegformed with a
femtoREGEN HighQ laser (two harmonics: 1040 nm &88 nm wavelengths).
The used laser was able to run at high repetita up to 1 MHz when the heat
accumulation effects should be taken into accolO®].

The modifications with two wavelengths (1040 nm &880 nm) were embedded
50 um and 200 um under the sample surface. Fordsgath, 3 different repetition
rates were used: 200 kHz, 500 kHz, and 1 MHz. T$exlpulse energy was the
same as in the previous experiments: 100, 200,a80600 nJ for each repetition
rate value. The microscope pictures of the createdifications, where two

wavelengths were used are shown in Figure 22.
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200 kHz 500 kHz 1MHz 200 kHz 500 kHz 1MHz

Figure 22 Modifications fabricated with different pulse egiers 100, 200, 400, and 600 nJ, and different
repetition rates (200 kHz, 500 kHz, 1 MHz): a) 520 and b) 1040 nm. The laser was operating attids3
pulse duration.

The modifications fabricated with 200 kHz appeaseaboth and birefringent
without any anomalies for both wavelengths. Whem rigpetition rate increased
(Figure 22b), the bubble structure started to beceable (for > 400 nJ pulse
energy), and at 1 MHz repetition rate this bublitecsure appeared extremely
visible. For the 520 nm wavelength, the similar ffiodtions behaviour was
observed, however, the bubble structure for maxpoéde energy had not such a
strong influence. The bubbles in both cases weatadad at the 1 MHz repetition
rate that speculates for the appearance of tharadation effects. To investigate
the etching opportunities of the fabricated modificns, the sample was rinsed to
the 20 % HF acid for 10 min, after that the micogse measurements of the etched
channels were performed, and then additional 22 etaling was done to have the
total 30 min. etching time. The etched microchas@ee shown in Figure 23, and
the etching selectivity measurement is presenté&dgare 24.
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Figure 23 The etching results of microchannels fabricatetth thie 520 nm wavelength at the 200 um depth
(a); and 50 um depth (b); microchannels fabricatéti the 1040 nm wavelength at 50 um depth (c). 3
different repetition rates: 200 kHz, 500 kHz and iz were used. Focusing with the NA=0.6 objectiviee
red scale bar shows 100 um length.

According to the etching results, the lowest se@légtwas achieved for the
1 MHz repetition rate at the 50 um depth (Figurb)2Z he selectivity results for
various repetition rates and speeds are showngur&24. The etching behaviour
for the 200 um depth is similar to that demonstrdte the 515 nm and 1030 nm
wavelengths at the 500 kHz repetition rate. Howgivem this experiment, we can
conclude that the 200 kHz repetition rate showshikst performance in 50 pm
depth and in 200 um depth 1 MHz should be used.efilesiess, the absolute
selectivity value of ~120:1 was not exceeded. Agicde expected, the optimal

pulse energies were in the range of 200-400 nbdtn wavelengths at 200 kHz
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and, occasionally, at the 500 kHz repetition rafidse most attractive situation
shows the 1 MHz repetition rate where differentestity behaviour was
observed. When the pulse energy grew, the selgctivamatically dropped from
100:1 at the 100 nJ pulse energy to 1:1 at thendQilse energy. This phenomenon
was more noticeable for the 520 nm wavelength, gsbbdue to the higher pulse
intensity. The explanation can be found in the audation effects that are more
expressed at the high repetition rate. More heas wamluced that caused
unpredictable behaviour of the nanogratings, andstnlikely, the disordering

threshold was reduced to ~ 200 nJ pulse energy.
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Figure 24 Etching selectivity dependence for the differeravelength and focusing depth: a) 520 nm
wavelength and 200 um focusing depth; b) 520 nmelesagth and 50 um focusing depth; ¢) 1040 nm
wavelength and 50 um focusing depth. The pulseityeasl 00, 500, 1000 and 2000 pulses/um for défifer
pulse energy (100, 200, 400 and 600 nJ). The pdisation is ~ 317 fs. Etching selectivity for the
unmodified material is ~ 13.09 um/h at Z&
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3.5 Investigation of etching selectivity for microchanmls fabricated with 0.25
NA objective and different pulse duration
The longer modifications in the vertical directiare achieved using an objective
with the numerical aperture of NA= 0.25. The midracnels were inscribed
200 um below the sample surface with two diffetasér wavelengths 515 nm and
1030 nm, and with 6 different pulse durations (Bect2.5). The few etched

microchannels in 15 % HF for 30 min. are showniguke 25.

800 nJ

1000 nJ

1400 n
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1000 nJ
1500 nJ
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b)

Figure 25. The microchannels fabricated with 0.25 NA micayse objective with two different laser
wavelengths (Pharos): a) 515 nm and b) 1030 nm7#igh6 fs(-), 264.3 fs (0) and 630.3 fs from leftight.
The red scale bar shows 100 um length.

The calculated spot size (1ZRA) for 0.25 NA was ~ 2.5 um for 515 nm and
~5 um for 1030 nm. The similar pulse energy denagyfor fabrication with the
NA=0.55 objective required the pulse energies i80t0600 nJ range for 515 nm
and 1000 -3000 nJ pulse energies for the 1030 nveleragth. Calculated etching
selectivity for two wavelengths is shown in Fig@@ The etching selectivity was
maximal for the longest pulse duration for bothifpesly and negatively chirped
pulses. Therefore, for the shortest pulse durasiod the 30 min etching time,

almost no channels etching for both wavelengths ets&rved. Even for the low
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numerical apertures, the longer pulse duratiomalithe better etching selectivity.
This speculates that pulse duration plays a cruclialin the nanograting formation
and selective etching. According to the opticalnmscope pictures, the best etching
was observed for the channels that appeared bsighta microscope with crossed
polarisers. For 515 nm wavelength, the selectigbiet) was reached only for two
different pulse energies of 1400 nJ and 1600 nJ fan®000 pulses/mm pulse
density. For bigger pulse energy, the etching sglgcappeared higher, however,
at the maximal pulse duration, the selectivity both energies approached to the
same value. For 1030 nm, the selectivity was lalmyerl0% comparing with
515 nm.
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Figure 26 The etching selectivity of the microchannels featéd with the 0.25 NA focusing objective for
a) 515 nm and b) 1030 nm at 6 different pulse damat The SEM pictures show the cross sectionbef t
microchannels at different depths recorded with1tB@0 nJ pulse energy and 264 fs pulse duration.

For the 1030 nm wavelength the three differentgatsergies and pulse densities
of 1000-2000 pulses/mm showed good etching resttis.pulse energy was up to
3000 nJ in this case. Comparing the maximal etchalgctivity for 0.25 NA and
0.55 NA objectives, it can be found that in botkess the optimal pulse intensity
for 515 nm was 19.5-39 J/éwhich corresponds to the 200-400 nJ pulse energy i
the case of the 0.55 NA objective. For the 1030navelength, the optimal etching
selectivity was at the 9.8-14.6 J&fluence which corresponds to the 400-600 nJ
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pulse energy in the case of the 0.55 NA objectivean be noted that for the
1030 nm wavelength, only slightly bigger pulse gyeshould be used. However,
the pulse density was ~ 2.5 times lower. This destrates that lower fluence is

required to form the adequate nanograting quastggithe 1030 nm wavelength.

3.6 Etching rate comparison with and without ultrasonic bath

Usually, the etching is the time-consuming prodass should be shortened as
much as possible to make this technique more #ttea®ue to this reason, a few
experiments were performed to investigate the wdiffees between the
microchannels etched in an ultrasonic bath andawitlan ultrasonic bath. Two
identical samples were fabricated using the 515vavelength at two different
repetition rates of 200 kHz and 500 kHz for thdie processing parameters were
similar to that described in Section 3.3.1 (4 ddfe fabrication depths, pulses
densities of 100, 500, 1000 and 2000 pulses/mmpaitgk energies of 100, 200,
400 and 600 nJ). One sample was immersed to thétfathe 15 % solution of HF
at ambient temperature, and another sample was rigechd¢o the same jar and
placed into the ultrasonic bath (Bandelin, Son@eger). The etching took 30 min.
After that, the samples were removed from the H&t®m and washed in deionized

water. The microscope pictures of the etched cHarame presented in Figure 27.
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200 kHz 500 kHz 200 kHz 500 kHz

100 um 50 um

200 um

Figure 27 Comparison of the selective etching of microchémfabricated with for 515 nm for two different
repetition rates of 200 kHz and 500 kHz: a) witholtitasonic bath; b) with ultrasonic bath. The sedle
bar shows 100 um length.

There is a significant difference that confirmstthrasonic bath increased the
etched microchannel length. For the 200 um depmtlgtohing during 30 min. was
observed for the samples etched without an ultiadosth. Using the ultrasonic
bath to vibrate the sample, the microchannels @200 um depth started to be
etched. The measured results of the etching sélyadi both cases are depicted in
Figure 28. It can be seen that the microchanndisiciaed with the 500 kHz
repetition rate are etched with a poorer qualityciwhs confirmed by the brightest
channels seen in a microscope for 200 kHz repetitate (Figure 27). The etching
rate of non-modified fused silica was estimatedHieretching without an ultrasonic
bath to be equal to ~3#50.45 pm/h, and with it ~11.6 £ 0.6 pm/h. It is megting
that due the different etching rates for non-mediffused silica in two cases the
calculated etching selectivity shows similar restdtr two samples. This means that

by using ultrasonic bath ~ 3.3 times longer chawcah be achieved during the

73



same etching time, however, the spatial resolutidast due to the higher etching
rate of the unmodified material.

Fabrication depth [um)]
160 |- Repetition rate [kHz]
=& 50 um_500 kHz
140 | —®— 100 um_500 kHz
50 um_200 kHz
=v— 100 um_200 kHz

Fabrication depth [um);
Repetition rate [kHz)
—8— 50um_500 kHz
—e— 100 um_ 500 kHz
e 200 um_ 500 kHz
50 um_200 kHz
—&— 100 um_200 kHz
=5 200 um_200 kHz

Selectivity, S

1 1 1 1 1 1 1 1 1 1 1 1
100 200 300 400 500 600 100 200 300 400 500 600
a) Pulse energy, nJ b) Pulse energy, nJ

Figure 28 Etching selectivity of fused silica in ambient fgenature in 15% HF acid for 30 min: a) without
ultrasonic bath and b) with ultrasonic bath. Thisgwensity for both cases is 2000 pulses/pm. Tdteng
time for different depth was scaled accordinglyingkinto account the etching time of the walls.

For higher temperatures, the etching rate of unfiemtiiused silica increases and
the etching selectivity remains at the same leueltd increased etching rate of the
unmodified fused silica as well. The etching satarais inevitable that speculates
that for the HF etchant, it is not possible to agkihigher etching selectivity that ~
160:1. When the length of the etched channels ase® the selectivity drops to 1:1
and the maximum channel length of ~ 2 mm can beegetl. The calculated etching
of the unmodified fused silica is even higher ~40/h for the HF temperature of

~ 70 degrees.

3.7 Focusing depth influence to the nanograting morphalgy and etching
selectivity
Depending on the focusing depth and the used wagtde the different
morphology of the nanogratings can be achievedcéoventionally used focusing
objectives of 0.2-0.6 NA, aberrations play a sigaifit role in getting the required
intensity field distribution needed for the nandgra formation. In this study, the
influence of different focusing depth for nanogmngtiformation is demonstrated.

The longitudinal internal modifications formed adpthe horizontal plane were
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fabricated with objectives of two different numediepertures (NA = 0.25 and NA=
0.55). For the first step to evaluate the etchilgdivity of the microchannels, a
sample with longitudinal modifications using the55Im and 1030 nm laser
wavelengths was etched in 15% HF acid for 30 matet, the sample was side-
polished to have the direct access to the venrzadification plane and etched for
1 min in 5% HF acid to reveal the nanogratings (Feg29 a, b). For a better
understanding of the phenomena involved and to pakkarization of the focused

beam at tight focusing into account, the Debyeorgtfocusing [123] calculations

was used to model the intensity field distributatrdifferent focusing depths and
compare them with the experimental data. The miodetesults are presented in
the Figure 29 c-e where the revealed nanogratiregassociated with the modelled
intensity distribution. The 1D intensity cross-sest shows that the maximal

intensity is achieved for the 50 um depth, andafaleeper focusing, the intensity
drops down due to the aberrations.

It should be noted that the well-structured nantgga were achieved for a
deeper focusing where the intensity was lower fieariocusing near the surface
(Figure 29 e). The structural modifications witle tiwvo side wings (Figure 29 f) are
observed with the good agreements with the theaatodelling results.

The measured results link the length of the etaiextochannels (Figure 30)
with the quality and morphology of the nanogratiigemed at various depths
extracted from the scanning electron microscop@ésaThis association helps us
to understand how critical is the quality of thenogratings for the etching

selectivity of the microchannels.
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Figure 29 SEM images of the polished and etched for 5 mih%HF solution microchannels in yz plane
recorded with 1030 nm at different depths in fusiida: (a) pulse energy 200 nJ, scan speed 0.25nth)

400 nJ, and 0.25 mm/s. Theoretical modelling resafithe focused femtosecond laser beam in bukkdfus
silica using: (c) 1030 nm and (d) 515 nm wavelesgffhe focusing depths were 50 um, 100 um and
200 um; (e) The modelled intensity profiles alohg focusing depth in the 1D case; (f) SEM imagthef
modified cross-section recorded with the 600 nls@utnergy at 50 um depth formed with 515 nm
wavelength. The wavevector indicated the beam mragien direction.
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Figure 30 a) Dependence of the etching selectivity on tleending depth of a channel using the 1030 nm
wavelength. The channel writing parameters were@@tefs pulse duration and 2000 impulses/yum density
The insets show the transversal profiles of thexchks before and after etching for a specified liept

Depending on the focusing depth, the differentiatgkelectivity was measured.
For pulse energies of 100-200 nJ, the etching sekyavas maximal for the 50 pm
focusing depth, while for the 200 um depth the elity was almost 1:1. This
suggests that for that depth, the intensity is lov to initiate the nanograting
formation. For pulse energies from 400 to 600 Imd gtching selectivity for the 50
and 100 pum focusing depths was in the similar rambes case can be explained
by the process window where the intensities aréhénrange satisfying the well-
structured nanogratings. According to the SEM peguit can be noted that the
etching started from the top part of the modificativhere the intensity level was
lower. The nanograting period dependence on theepehergy for different

focusing depth was found after detailed investarafFigure 31).
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Figure 31 Dependence of the average nanograting period erfdtusing depth and pulse energy for
1030 nm wavelength and ~ 264 fs pulse duration.

The discovered dependence shows that the nanagemod is related to the
focusing depth. For deeper focused modificatidms period was maximal, and for
the 500 um focusing depth, it was equal id2 However, when the focusing was
near the surface, the period dropped and was ¢gual/2n. From 100 to 200 nJ
pulse energy, the period grew, and it was maximalittie 200 nJ energy for all
focusing depths. The further pulse energy growttiated the period drop. For
100 nJ pulse energy, the nanogratings started tfodmeed and, had not well
arranged period. For the 200 nJ pulse energy, weheaoptimal conditions and for
bigger pulse energies the period started to deniséylower nanograting quality

consequently was achieved.

3.8 Rectangular channels formation

For many applications [118], the microchannels wiitler and rectangular cross
section are required. In this section, the wrifangcedure of the microchannels with
a rectangular shape with the 515 nm wavelengthrepetition rate ranging from
100 to 500 kHz is described.
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The principle of rectangular channels formatioshewn in Figure 32a, where
multiple lines are inscribed close to each oth@b66 um under the sample surface.
The rectangular microchannels were recorded wdlffdrent pulse energies: 200,
660, 1300, and 1700 nJ (appropriate fluencies &e19.1, 37.5, and 49 J/éat
the repetition rate of 100 kHz. Each of that chémmeas repeated four times by
varying writing speed (0.05, 0.2, 0.5, and 1 mmrI$)e multiple-line scanning in
the y direction with a spacing between the lines (b um) and z (15 pum) direction
was utilised. In such a way, the channels with w@wasg| cross section were formed
by 8 x 3 scanning lines in x and z directions beftre etching. The recorded
microchannels array is shown in Figure 32b whicpicis the microscope picture
with the crossed polarizers. The brightest channaldicated the largest

birefringence caused by the existence of the natiogis [81].

s
v L
0 mm/s
b)

Figure 32 Rectangular channels formation principle by stagkinodifications in x y and z directions (a);
Microscope picture of formed rectangular modifioag8 with different processing parameters (8 x 8 lin
array) (b). dx, dy and dz indicates the distandeséen the pulses in x, y and z directions.

The irradiated samples were immersed into an acuéiution of HF acid of 10 %
of concentration and etched 6 hours at the roonpéeature. After the etching
procedure, the samples were rinsed into 2-propl@nd min. The etching results

are represented in Figure 33.
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Figure 33 Transmission-light optical microscope picturesméro-channels etched in 10 % HF acid for 6 h
(8 x 3line array) inscribed with polarization pengeular to the writing direction and repetitiorteaof
100 kHz: (a) xy-view (right) and zy-view (left) dar pulse energy:200, 660, 1300, and 1700 nJ fopriot
bottom between groups; writing speed: 1, 0.5,&#,0.05 mm/s from top to bottom in each groujpl) @
microchannel cross section length dependence oscdrening speed with different laser pulse energies

3.9 Conclusions

The wide range of process parameters such assbevavelengths, repetition
rate, pulse duration, focusing depth with two défg laser systems and few
different focusing objectives was applied to fihe bptimal etching parameters of
fused silica in diluted HF acid. It was found tha critical influence to the etching

selectivity plays the pulse energy that shoulddiarsthe range of 200-400 nJ for
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the 0.55 NA objective and the range of 1400-250fonthe 0.25 NA objective, and
the pulse duration, that for all cases exceeded 708 fs value. The etching time
can be improved more than 3 times by maintainiegséime etching selectivity by
using an ultrasonic bath. To improve even more dtahing time, the etchant
temperature needs to be increased up to 70 degteewver, the spatial resolution
is lost in this case.

The method of inscribing micro-channels in fusdacaiusing the line-array
writing is presented. This method can be applieddonation of channels with the
rectangular cross-section of different size. Thre sif rectangular cross-section is
controlled by adjusting laser pulse energy and dsma of the lines array. By
increasing laser pulse energy, the longitudinalificadion of voxel increases faster
than the transversal modification, and the heightsdth ratio of rectangular
channel increases. The processing speed usedsiwaink just slightly influences
the channel cross-section dimensions. The negiigibanges of the channel cross-
section appear due to the laser pulse energy.

The experiments demonstrated that the processiegdspould be increased
when the laser with a higher repetition rate isduSéhe processing speed up to
1 mm/s was achieved with the 500 kHz repetitior taser.

These experiments are an introduction to the faonaif more complicated 3D

structures in fused silica substrates for fluidiplecations.
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4 Orientation of sub-surface nanogratings

The results presented in this section were publisden articles [P4].

Understanding of material behaviour at nanoscatkeumtense laser excitation
is underpinning future laser processing technokdechanical, optical, structural
and compositional properties of materials can beréal for novel alloy formation,
catalytic and sensor applications. Light polarmatis an effective parameter to
control the energy delivery in laser structuringsoffaces and volumes [124-128].
The orientation of self-organized deposition of enais [129], melting and
oxidation of thin films by dewetting [130], laseblation [131, 132], and self-
organized ripple nano-patterns induced on the seaiffal, 133] are some examples
of polarization related phenomena that gained @stenecently.

The creation of surface ripples in metals or digleenaterials under the laser
irradiation is a well-known method to nanotextureswaface, where the ripple
orientation can be finely controlled with the patation direction [51] and
extended over two dimensions field [134, 135]. lelettrics, nanostructuring is
also possible below the surface, in the bulk ofrttsgerial, by using femtosecond
lasers. In particular, laser irradiation can cresié-organized nanogratings in the
volume of a fused silica substrate with a periothaorder of a fraction of the laser
wavelength [14]. Besides the fundamental interegtése nanogratings, which are
the smallest structures that can be created bylighe inside of a transparent
material, a few applications stemmed from thesecstires. In fact, it was
understood that they are the basis of the micrantlaiormation when using the
FLICE technique [81], which paved the way for thevelopment of several
optofluidic devices for biophotonic applications 97 Another important
application of nanograting formation in fused silis the direct writing of spin-
orbital polarization converters [136], e.g. for fahtion of g-plates [137]. In
addition, nanograting can be exploited to writenp@ment optical memories with a

very high capacity [138]. In many of these devi@sultrafine control of the laser-
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induced nanogratings is crucial. As an exampleag found that optical function
of g-plates in silica is affected by nonhomogendtumescence across the optical
element due to a complex spatial pattern of thet ldpsorbing defects [139]. This
anisotropy is presumably due to a heat conductitaradion during fabrication,
which affects the laser writing itself and, in #wd, the performance of the optical
element. Therefore, vectorial nature of the liglatier interaction has to be better
understood in the case of nanograting formatio®].14

Here, a systematic study of the nanograting widériod and orientation as a
function of several irradiation parameters and mmagably of the writing scan
direction was carried out in fused silica, whichais isotropic matrix regarding
absorption and heat diffusion. Fourier analysis@dnning electron microscope
images revealed unexpected features of the namugytaiat were never reported
before. While it was widely considered that nantiggs are occurring perfectly
perpendicular to the incident laser polarizatioB, [35], however, we demonstrate
that the significant tilt is observed dependingtiom scanning direction relative to
the laser polarization. Repeated experiments onowsrfemtosecond laser
fabrication setups and various focusing conditiomere implemented, and
consistently confirmed the period variations anting of the nanogratings for
different writing directions at industrial laseiiqting conditions. A vectorial light-
matter interaction model is put forward to explaihthe observed features and to

improve our understanding and control of nanoggafiimmation.

4.1 Estimation of the nanograting tilt angle

In order to determine the angl&between the orientation of nanogratings and
polarization for different scanning directions, fiolowing procedure was carried
out (see Figure 34). The orientation anffeof the wave vector K2t/A of the
nanogratings was determined for each scan direatiitrrespect to the SEM image

X-axis. There were 24 scan directiopsjn a star pattern withp=15° separation
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between the neighbouring rays (Figure. 34c). Adixmlarization,Ey orientated
along Y-axis, i.e. it is always perpendicular te tk-axis translation was used to
write all the lines, i.e. a polarization paralleltheK-wave vector ap =0°. The tilt

angle of the nanograting wave vector with respethé polarization direction was

calculated as‘Pp(Oo)—‘Pp(qo) for the various scanning directions in order to

compensate the possible misalignments betweemthge X-axis and the =90
orientation when placing the sample in the SEMtiBy definition, the positive tilt
+¥ corresponded to a clockwise (cw) rotation of theagmating orientation. This
is a determination of the tilt angles in respecthe initial scan angle=0°. To
further reduce errors in positioning and judgenwmanograting orientation, the
Fast Fourier Transform (FFT) of the images werecudated in random and
sequential order with respect to thangles. In addition, a test of two different
people carrying out the analysis using the same $&afjes with the Gwyddion
and ImageJ freeware packages was used as a refeesnc

In Section 4.3.2., the nanogratings orientatioledgpendence on the half-wave
plate rotation anglepwas determined, and the relevant nanograting @riemnt
angle is defined a¥’(¢) = ¥'( ¢=0°)- ¥'(¢;) at B;=const. Here the nanogratings
rotates because the laser polarization directiamnaged and therefore this is the
classical nanogratings rotation but not the nartoggst tilt.

The tilt angle for different pulse durations in Bec 4.3.4 was determined
relative to the smallest pulse energy and the skipulse duratiol¥ = ¥ (=264 fs;
E,=50 nJ — ¥ (7, Ep=cons}, at g=const

In this document, the term “nanogratings tilt” ged to describe the nanogratings
angle deviation from the direction perpendiculatht® polarization orientation and
is related to the scan direction, pulse frontdilipulse energy. However, this term

is not related to the polarization direction.
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4.2 Subsurface nanogratings induced with 1040 nm waveigth

The fabrication method of the subsurface nanoggatia described in Section
2.5. In the case of linear polarization, the oioh of the nanogratings is usually
predefined by the polarization orientatidfy, However, the corresponding wave
vectorK defining the period and orientation of the nantggs was found to be
affected by the scan orientation and was systeaibtistudied here. The wave

vector K is defined a& = 27/4, where A is the nanograting period, and tKe
direction is orthogonal to the nanograting orieinta(Figure 34a). The anglé;is
defined as the angle between the horizontal referaris and the nanograting wave

vector (Figure 34b). The tilt angle of the nanogugbrientation¥(¢) is determined

precisely for various scan directions as explaindéigure 34c.

Figure 34 Determination of the nanograting tilt angtefor different scanning directions. (a) SEM imade o
sub-surface nanogratings in fused silica recordekDaum depth and polished afterwards for obsesmati
(b) Fast Fourier transform (FFT) image of the SENage shown in (a); polarizatidg, is fixed in all
experiments. (c) Optical image of thkar pattern with thed ¢ = 15° angle between subsequent rays. The

red arrow showsp = 0° position; inset shows fabrication orientation wathlines drawn from the centre
outwards.

A few representative examples of SEM images ofgbkshed and wet-etched

samples are shown in Figure 35 shows. The spotsittee focus (represented by

the yellow circle in the figure) had a diametdr=1221/NA= 21 um with

NA=0.6. Measurements were carried out for all 24 scaentaitions (only 6 are
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shown here). Polarization was fixed &g Immersion into aqueous hydrofluoric
acid solution was used to reveal the nanogratireggeh but also enhanced the
visibility of random scratches in the laser non@sgd surrounding areas due to

non-optimal polishing process.
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Figure 35 SEM images of nanogratings recorded at differeahglirection§’. Processing parameters were

A=1040m, Tp=317fs pulses (HighQ Laser) oEp =60nJ energy (measured on target after the
objective lens) at the repetition rate of 500 kResults for two different scanning speedare presented

in;hf two rows of images. The yellow circle in figaire represents the spot size in the focus avidlameter
~21um.

Figure 36 shows that a tilt between the nanogratirentation (wave vector) and
the polarization for different scan directions daas high ast ~2° (measured
according to the method described in Section d,the tilt angle was maximal
when directions of the scan and the polarizatiahdraangle of /4. This tendency
was observed for various scanning speeds, pulsgieagand numerical apertures
at a moderate focusing.

The SEM image analysis (Figure 34) also revealad tihere was an evident
difference in the width of the nanograting regioapending on the scanning
direction. Interestingly, FFT data showed that dl#® nanograting period had a

remarkable angular dependence. Results of thesasase presented in Figure 37.
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A continuous change of the width of the nanostneztdine,w, betweenp=0 and

n/2 was observed, with a maximumgat0. This tendency was present for different
pulse energies, pulse durations (for up to twicgér pulses), focusing conditions
and scanning speeds; not all results are showréwity. A linear dependence was

observed for the modification widttv, on the pulse energy (Figure 37Db).
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Figure 36 Tilt angle orientational distributiol(¢) for the different scan speedsat pulse energiega) E;

=400 nJ,NA= 06 and (b)E, = 600 nJ,NA= 04 . The inset in panel (a) defines all the relevarrities.
The dashed line is a sinusoidal function plotted gsiide for the eye. Schematic markers show tbeage
orientation of nanogratings (corresponding to &cteic field along the y-direction) while the bloakrows

mark the scan direction; the markers are placdgeatorresponding?positions. This figure presents an
analysis of the data partially shown in Figure B&or bars represent the standard deviation of flata
five different analysed areas of nanogratings.

A substantial change in the period of nanogratingwas observed with a strong
increase at arounpl= 7/2 and 3t/2 (Figure 35c). At these angles, the scan direction
was perpendicular to the electric fidlgd of the laser radiation. On the contrary, the
smallest period was observed when the scan direatas parallel to the electric
field. The strong dependence of the period on thlentation of scans is intriguing
since the pulse energy was maintained constantomoding was too looséNA <
0.7) to justify polarization effects at the focal sdikte those predicted by the Debye
vectorial focusing [141]. The largest peridd of nanogratings was observed at the

orientation of the scanned lines where the widththaf line w was minimal.
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Differences in light absorption and heat diffusfon the different scan directions

have been investigated, and they are discusséa ifollowing section.

4.2.1 Atheoretical model of the nanogratingstilt

Formation of nanogratings inside materials [14] andhe surface [34, 40, 142]
are related to the same phenomenon in the cadseletuic materials [51, 56, 57,
133]. Inside transparent materials, the periotheftanogratings becomes intensity-
dependent via the permittivity=(n+K)* at the focal volume and is approximately
following the A(1)=(1/n(1))/2 dependence, whene and k are the real and
imaginary parts of the refractive index, respedyive
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Figure 37 Dependence of the width and period of the nanograton the laser writing (scan) direction: (a)
The width of the nanogratings, , vs. scanning orientation at different pulse energids,. Focusing was

NA = 0.5 laser pulses atl=1030m and Tp=5705 (Pharos laser); (b) The span of the width of

nanograting line ., — Wi, ) at different pulse energids,; (c) Period of nanogratingSA, VS. scan
orientation, @, at different scan speeds, Focusing wasNA = 0.6 laser pulsed = 1040 nm,

Tp:317fs (HighQ Laser). Insets in (a) and (b) show corresiiay SEM images; arrow markers in (c)

show the scan direction and schematic nanogratiegtation. In all cases, polarization wags

A significant departure from such prediction waserved when surface plasma
waves — the surface plasmon polaritons (SPP) - werecded at the interface of

plasma and the dielectric inside the sample. The $Bve between dielectric
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(glass) and plasma can be launched wheeg,)<-n*, where &, is the

permittivity of plasma at the focal volume (a nesa@y condition with the Bragg

phase-matching being the satisfactory conditioft) [513—146]. This follows from

the requirement of the wave vector of the surfaseenk_, =k, /s,/(¢, + &) tO

be a real number, whelg =27/ A1 .

Nanogratings are imprinted at the plasma-dieledtiterface with a period
corresponding to the half wavelength of the stagdimve, the Bragg condition.

This is why a smaller period is expected for agaggasma density (more negative

values Of(—‘Re(gp)‘) ), induced by a stronger absorption of the femtosddaser

pulses.

However, if the pulse energy is fixed, what can alatk the light absorption in
the material? One possible mechanism is the intubatf defects in the heat-
affected zone. In fact, defects or modified bonttuced by laser irradiation can
favour ionisation when the same region is irradiadgain by subsequent laser
pulses. We can, therefore, expect that absorptiaing area that has been heat-
affected by laser irradiation will be enhanced widspect to absorption in an
unmodified zone. Heat accumulation effects in fusiéida are not dominating, in
particular for a repetition rate of 500 kHz anditwel [109]. Therefore, a single-
pulse modification of the material should be takea account. This means that the
incubation of defects should depend on the pulseggmand the number of pulses
impinging on the same area and not on the timeratpa between laser pulses.

A careful analysis of the heat flow in the presentd-field reveals that an
anisotropic heat diffusion is present in a therynalbtropic material, and this causes
a dependence of the absorption process on thedgeamion. The heat conduction
flux g in the plasma placed inside an external high-feegy electric field, linearly

polarised along the y-direction can be expressétids 148]:
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where the unit vector€, and €, correspond to a generic directian and the

direction of the electric field in our case, redpesty. The coefficientss, , are two

scalar quantities obtained from the solution ofkimetic equation [147]. It follows
from (4.1) that the heat diffusion process can éeodposed into two terms. The
first one is a conventional isotropic heat diffusiovhile the second one is
influenced by the presence of the electric field &g orientation. In particular, the
field-related term induces an enhanced heat flukendirection of the electric field
while its contribution vanishes in the directiorthmgonal to the electric field. The
heat affected zone, after the plasma creation énfdlcal volume is, therefore,
asymmetrically shaped with an elliptical cross isec{see Figure 37a), where the
major axis is aligned with the linearly polarisddatric field. The absorption of
subsequent pulses with a strong spatial overla®®(9llses per spot in our
experimental conditions) should thus be influertmgthe shape of the pre-modified
region. In fact, as previously discussed, the presef defects in the heat-affected
zones enhances the ionisation of the material mipect to unmodified zones. The
asymmetry of the heat-affected zone can explainothserved variations in the
nanograting period, width and tilt, as discussedatails in the following sections.
It should be noted that the manifestation of sudiaaced heat diffusion along the
E-field in 3D laser printing has also been obsenfed the two-photon

polymerization process [128].

4.2.2 Explanation suggestion of the nanograting period and line-width

Figure 37 shows a dependence of the width and ¢gberith respect to the pulse
energy used to inscribe the nanogratings. In facn increasing pulse energy, the

width of the written lines expands, and the nantggaperiod shrinks for all
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scanning directions. This general behaviour caexpdained considering that the
absorption process is nonlinear. Hence a highesepuitensity can broaden the
absorption volume (thus increasing the width of nla@ograting region) and also
increase the plasma density, and therefore, redtiea@gmission [149] (thus
reducing the nanograting period, as discussedarpthvious section). These two
effects are rather straightforward, but they dotakée into account that the width
and period of the nanogratings can also vary fiberdint scan directions using the
same pulse energy. This aspect can be simple aepldiased on the theoretical
model presented in Section 4.1.1. The largest geraf the nanogratings were
observed at the scan orientations equaH@'2 and3w/2, in correspondence to the
minimum widths of the modified region. As previopshentioned, during the
sample scanning, the laser absorption is modifietthé defects accumulated in the
heat-affected regions. However, as shown in (4h&)heat diffusion process during
the laser irradiation is anisotropic, and that teea heat affected zone which is
elliptical in the plane orthogonal to the directioiithe laser beam propagation (see
Figure 38a). As a consequence, the beam movingfereht scanning directions
encounters a material which has been more or kesmpdified and thus prepared
to a larger or weaker absorption. Figure 38b-d rbleaisualises three distinct
situations. When the scanning direction is along ¢kectric field ¢=0, =), the
subsequent pulses encounter a pre-modsiibdtrate and experience the maximum
absorption. Whenp=n/2 and3n/2, instead, the absorption is at the minimum, while,
in all other directions, we have an intermediataagion. Since larger absorption
leads to wider modification with a smaller nanomrgperiod (due to higher plasma
density), as already discussed, this mechanisny fekplains the observed

peculiarities in nanograting variation dependinglmscanning direction.
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Figure 38 Schematics of the thermal diffusion process affébtethe coupling between the plasma electrons
and the electric field. (a) The anisotropic he&cted zone (red region) due to an enhanced heaafbng

the electric field direction. Yellow spot represethe plasma in the focal volume. (b)- (d) Threféedent
scan directions (represented by the arrows) orientdative to the heat affected region. The average
orientation of the nanogratings is also schemdgicaported as a reference.

4.2.3 Explanation suggestion of the nanograting tilt

The tilt of the nanograting orientation is an eveare puzzling phenomenon
which was observed here for the first time (FigBég No tilt of the nanograting
orientation was observed for the scanning direstmrresponding t¢ = 0, ©/2, &
and 3v/2; while the maximum rotation was observed §ot n/4, 3n/4, 57/4 and
/4.

Since the formation of nanogratings is defined prity by the electron plasma
excitation, initially, the possible role of the tparal and spatial chirp of the ultra-
short laser pulses was investigated. Temporal gatas chirps were measured,
varied and correlated with the tilt and period ahagratings. Both the temporal and
spatial chirps were found having an influence amtili of the nanogratings, but
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only at very large chirp values. At the conditiarsed in the experiments presented
here, the pulse duration was the shortest, anghulse front tilt was negligible.
Therefore, temporal and spatial chirps cannot beked to explain the nanograting
tilt dependence on the scanning direction.

The same theoretical model, used to explain themtgnce of the width and
period of the nanogratings, can also explain thiadieffect. The conditions when
no tilt was observed corresponded to a symmetiat aiected zone with respect
to the scanning direction (see Figure 38b, c), evthie maximum tilt was observed
when the heat affected zone had the largest asynymith respect to the scanning
direction. The symmetric heat affected zone mehasthe subsequent pulses hit
an evenly preheated material. Thus, the absorptiotess is the same in the whole
focal volume, and the symmetry of the process ®the nanograting wave vector
K to be parallel or orthogonal to the polarizati@m the contrary, when the heat
affected zone is asymmetric with respect to thesicg direction, absorption is
different on the two sides of the focal volume, #mat induces a nanograting period
which is shorter (longer) at the pre-modified (umiified) side. As a consequence,
the overall nanograting orientation is affectedthwihe wave vectoK rotated
toward the pre-modified side.

As an example, the situation feE= n/4 is presented schematically in Figure 38d.
In this case, each new-coming light pulse meetsiierial that it hotter on the left
side of the scanning direction and colder on thetrside. Therefore, the periodicity
of the nanogratings (generally orthogonal to theeteic field direction) is slightly
reduced on the left side comparing to the right. dres results in a negative tilt
Y<0 of the nanogratings for this particular scanningeation, what is exactly
observed experimentally (Figure 36).

Figure 36 also shows that the amplitude of the geating tilt increases with the
pulse fluence (compare panel (a) and (b), wheréduenée of 11.4 J/ctnand
7.6 J/cm was used, respectively), while the dependencéest¢anning direction
is the same. This further feature can also be egdaby the above model. In fact,

93



a larger pulse fluence means a stronger tempergtachent induced in the focal
volume. According to (4.1), that corresponds ttranger contribution of the field-
related term in the heat diffusion process, resgliin a more elliptical heat affected
region. This causes even stronger unbalance ah#terial temperature on the two
sides of the scanning direction@t r/4, thus inducing a stronger rotation of the
nanograting orientation. Consistently with the megd model, a larger tilt was
observed for the larger pulse fluence.

Further studies are required to elucidate the efédcstress in writing of
nanogratings. A presence of stress can causeteltexan heat transport in silica
[150]. It could be expected, that coupling betwé®sm pulse front tilt and stress
takes place, however, in all our experiments thefinanogratings was extracted
from experiments with the chirp-free (temporal @patial) pulses. Also, if stress
was playing a significant role in the tilt of namatings, one would expect a strong
variation of the effect at the different depthsc@ding to a non-uniform stress
distribution in that direction [151]. However, tha#s not observed experimentally.
Stress distribution around the affected zone wassitigated earlier [152], showing
a dependence of the generated amount of stre$ée@tan direction. However, no
stress asymmetry was observed around each scafilfiithat could justify the

nanograting tilt discussed in this work.

4.2.4 Influence of the pulsefront tilt (PFT)

Dependence of the nanograting tilt on the tempouide chirpy was measured

by changing the pulse compressor grating positience, varying the second order
dispersion of the fs-laser pulse. The compressaitipo for the shortest pulse

duration corresponded to the chirp-free or Founiansform limited bandwidth

pulses with the chirp parameger 0fs?. The pulse duration was measured by an

SHG-FROG algorithm using (Ekspla, Ltd).
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The spatial chirp measurements were carried owdciyr on the target by
mounting the single shot autocorrelator (TiPA, ltigtonversion) instead of the
sample without a microscope objective. In this waayy tilt induced in the optical
path was taken into account. The pulse compresssigl in the used lasers can
affect the pulse front tilt at the laser outpub(eg the X-axis), i.e., when scanned at
p=n/2 direction, there could be a difference in the p@gival time on the target at
the outmost left and right parts of the focal sotquill writing” effect (inset in
Figure 39c). The temporal and spatial chirps wemasured for thisp=72
condition. It is noteworthy, such measurement dattarses laser pulses of the
fundamental wavelength of 1030 nm and not directlyhe second harmonics at
515 nm which was also used in the nanograting foomaThe pulse duration at
SHG was estimated from ad énvelope of the Gaussian pulse. The second
harmonics pulses are usually preferable for lasactsiring since the excitation of
plasma by a nanosecond pedestal that can presdhefpulses at the fundamental
frequency can be avoided [153] (peak the intensftghe pedestal is onlyf)
however, the entire energy can be substantial dukorig ~ 20 ns duration).
Figure 39 summarises experimental observationseothirp measurements.

The temporal chirp was tuned by the pulse compressage position
(Figure 39a, b). Around the shortest putse?60 fs setting of the compressor stage,
there was a sign change of the nanograting tiltlearfigpm negative values
Y <0 (aty < 0) to the positive one¥ >0 (at y>0), however, the overall effect
was not strong. Experiments showed that no tilidcde expected¥=0 for the
shortest pulse y£0). For the strongly positively chirped pulses, i of
nanogratings returned to negative valu#s< 0 (Figure 39a). The front tilt
measurements were carried out with a 2-mm-dianegam at the target location
using the Pharos laser. The pulse front tilt atdbmpressor settings around the

shortest pulse duration showed a presence oftheo15- 05)° pulse front tilt

(Figure 39c) foryfz_ZfS_2 (i.e., pulse duration was changed by a factotith@s as
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compared to the shortest pulse setting). The didiheopulse front tilt was always
the same. The spatial chirp can be consideredgielgliat the compressor position
corresponding to the shortest pulse (close to amelwidth-limited duration).

By the focusing of the 1 um wavelength laser puigiésa commercial objective
lens optimised for the visible spectral ranges éxpected to increase the pulse front
tilt. Even for exaggerated=1°the difference between the left- and right-sides (se
the top-view image in the inset of Figure 39c imcide correspond to only

dtan(°) = 22 nm for thed = 2.5 pm-diameter focal spot or ~0.2 fs in tim&de the

glass. Even though these values appear smallctrewgtill play an important role
at ~ 1 TW/cm peak intensities in the electron generation rateesthe plasma
density can change by a factor of two (or morehwitf an optical cycle of ~ 3.5 fs
[154]. The electron-ion relaxation time is evenrsbio~ 1.1 fs [155] at the glass
breakdown conditions, and the “quill writing” eftqmushing electrons by the tilted

pulse front can influence the formation of selfppad excitons and defect

formation at later times (~ ps).
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Figure 39 Spatial and temporal chirp influence to the naatigg tilt angle (a) The tilt angle't’ vs.
compressor position (a measure for a temporal ghirpnsets show corresponding SEM images of

nanogratings at three different compressor postiqi) The chirp,]f[fSQ] and pulse duratiofdp,

dependence on the compressor setting. Two scac@ngfressor stage in positive and negative direstion
were carried out; (c) Spatial chirp, the pulse ftdhvs. the compressor position. Insets showesgonding
second harmonics intensity distribution profile m@®d by single shot autocorrelation; top insetwsho
schematically the spatial chirp (pulse front tiHjong the propagation (z-axis). Laser pulses were

4 =1030 nm , Tp=260S (Pharos).
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The first observation of the “quill writing” effe¢156] was analysed considering
much higher intensities and several degrees ofrtim tilt when the difference in
structural changes of glass along two oppositectimes of a scan was observed.

In conclusion, we demonstrated that the pulse ftitirdnd chirp parameters at
the 1030 nm wavelength can induce negligible naatougs tilt effect (< 1 degree)
when the constant pulse energy is used. Howeverge#periments of the star
writing were performed using the shortest pulseation when any PFT influence
was eliminated. The more detailed investigation e nanogratings tilt
dependencies was performed with the 515 nm wavtHerig Section 4.3.4, we
demonstrate the significant pulse front tilt andspuduration influence to the

nanogratings tilt when various pulse energies wsssl.

4.3 Nanograting rotation using a laser with the 515 nnwavelength

Induced rotation of nanoplanes embedded in fuskcasunder the tightly
focused 515 nm femtosecond laser pulses at a 5¥il@gpth were systematically
studied. A significant > 3 degrees tilt of nanogrgé from the polarization
orientation at different scan directions was obsdnand it was larger than the tilt
for the gratings recorded using the 1030 nm wayglerThe tilt was dependent on
the pulse energy, pulse front tilt of the lasembeand pulse duration at the constant
pulse intensity for the fixed scan direction. Arymsetrical heat distribution on

two sides of the scan-line can be responsiblehtitt of nanogratings.

4.3.1 Orientation instabilities of nanogratings fabricated with 515nm
wavelength

The experiments performed with the 1030 nm wavdlemgere repeated using
the 515 nm wavelength. Hence the 515 nm wavelesgiknerated in a nonlinear
crystal, the larger intensity of 1030 nm pulsesagquired to increase the SH
generation efficiency. Therefore, the shortest grilshould be used. It can be

supposed that nanosecond pedestal emergent fomb@3Mould be separated by
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the nonlinear crystal. For that reason, the resadiseved with 515 nm can differ
from that using 1030 nm and should bring the mejtarest.

The femtosecond Pharos laser operating at the Bilwawvelength and 500 kHz
repetition rate was used to record the embeddedgnatings inside fused silica
with the system described in Section 2.1. The [sddtiern was inscribed with the
shortest pulse duration of ~ 260 fs with ~ minif&IT and the 0.25 mm/s scanning
speed. The detailed fabrication method of subsearfemnogratings is described in
Section 2.5.
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Figure 40 (a) SEM images of nanogratings recorded witb15 nm wavelength fs-laser pulses at various
scan directiong (scan along x-axis corresponds¢gta 90 deg). Pulse duration was=264 fs and energy
E,=150 nJ at a repetition rate f = 500 kHz. SEM insagkthe nanograting cross sections are shown from
two perspectives: front-view xy-plane (a) and sitew yz-plane (b) for two pulse energies£50 nJ and
100 nJ; scale bar 2 um. (b) Schematic 3D view abgeatings; (c) Period of nanogratinggs/s. scanning
angleo for the pulse energy,E= 200 nJ at 0.2 mm/s scanning speed; polarizéitiear E,.

The revealed nanogratings recorded at different stigections are shown in
Figure 40 for two perpendicular cross-sections. [Emgth of modification was ~
15-20 um (yz-plane) with the strongest modificatiength of ~ 3-5 um. Few

modification lines were recorded at the same sogfeabut different depth with the
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Z-step of 1 um to increase a probability of sucitésgoss section for the SEM
analysis. Hence, the XY-plane cross-section in fegi®d shows three lines made
for the same scan angle at three different depgide the sample.

The tilt angle? of the nanogratings was determined by the proeedascribed

in Section 4.1.

4.3.2 Dependence of the nanograting tilt on the pulse energy

It is accepted by default that nanogratings areagdyperpendicular to the linear
laser polarizatiof81]. However, in most of the experimental studies, naatirggs
appear slightly tilted. Among possible reasons whared is depolarization of the
laser beam upon delivery to the sample. The maiy maw to rotate the
nanogratings orientation is the rotation of thestaseam polarization during the
inscription experiments. Physically, the differe@inograting angle was recorded
by changing the rotation angle of the half-waveplatound its optical axis. The
half-waveplate physical angk¢ was rotated by 1-degree increment in the range
from O to 45 degrees. Two sets of the experimentssed silica with two different
pulse energies were performed. Tjhe= 0° half-wave plate orientation (angle)
corresponded to thE&y polarization. The nanograting orientation antjle was
measured in relation to the image X-axis. All sujusnt nanogratings angles for
each half-waveplate angle valg&ere measured in the same manner and then were
compared relatively with the 100 nJ pulse energgsuRs of the nanograting
rotation angle vs. the waveplate physical rotaimmsummarised in Figure 41.

Normally, it is believed that the pulse energy o related to the nanogratings
rotation, however here it was found that the naatngy recorded for a constant
half-waveplate angle with two different pulse emesgwere rotated at different
angles in relation to the image X-axis. Subsequyetiie nanogratings possessed
energy dependent tilt angl#’(¢; E;=200 nJ)-¥"(¢; E,=100 nJ),) which can be as
large as ~ 10° fop=0° (Figure 41). For the largest used pulse enerd@006fnJ, the
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nanogratings rotated clockwise in relation to therdation observed for the smaller
100 nJ pulse energy. Interestingly, when the playsangle of a waveplate
approache@=45°, the difference between the tilt angles ofagatings recorded
using two different pulse energies (100 and 200 vekhished ¥ (¢=45°;
E,=200 nJ) -V (¢=45°; E,=200 nJ) ~ 0°. The nanogratings became nearly
perpendicular to the scan direction. The lineas §ihow different curves slope
coefficients of 2.29 for 100 nJ and 2.13 for 20Qumich corresponds to the 1.56°
angle difference between the fitted curves. Therg&ction of the curves was
observed at th¢ ~ 45° waveplate position.
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Figure 41 (a) Nanograting rotation angl¢€ for different phase plate physical angles rotafar the 515 nm
wavelength. The phase plate was rotated with agtegeincremental step which corresponded to the
2 degrees polarization rotation. The insets shosvSEM images of the nanogratings for few selected
polarization angles; (b) SEM images of the nandiggatrecorded at 22.5 degrée2 phase plate angle using
pulses oftp,=743 fs duration at different pulse energies. Tle tines per a single energy image were
recorded with\z = 1um shift (cross sections 2 and 3 in the conventimws in Figure 40). Incident E-field
polarization is shown as polarization after passieg./2-waveplate.

It should be noted that the nanogratings recortded@® (Figure 41 a, left side
inset) are orientated not strictly along the X-a$igch deviation can be caused due
to this reason: the zero-degree orientation ohddéwave plate was calibrated by

using the Glan prism polarizer by measuring theimmirm transmitted laser power.
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The error due to the human factor can be as lavgela3 degrees for the polariser
rotation that should correspond to ~ 2-6 degreeshefnanogratings rotation.
However, even when we take into account this ertog, initial nanogratings
orientation could be as high as ~ 14 degrees fomliGand ~ 4 degrees for 200 nJ
pulse energy in relation to the image X-axis far lalf-wave plate at=0° position.
Following, the human error factor can partially kp the primary nanogratings
orientation not perpendicular to the X-axis andnzamebut the energy dependent

nanogratings tilt.

4.3.3 Analysis of nanograting tilt

The nanogratings were recorded at different scagnairections by scanning the
star pattern with lines af¢=15° scan angle increment (Section 4.1). The fets s
of stars were recorded where for each set the @ohlshear polarization was used
with the following half-waveplate physical angkes — 15° for 1 set, 0° for 2 set,
10° for 3 set, 15° for 4 set and 30° for 5 set. $kre0° angle corresponds to tEg
polarization vector. The different nanograting aitigles were expected. Fpr 0°
half-waveplate physical angle the wavevector ofoggatingsK = 274 was
perpendicular to the stages X-axis. The nanogratmtated anti-clockwise, and
their tilt was minimum at «/2 scan angle. For the large scan angles, thaaotat
direction changed to the clockwise. The 0° tiltlangas achieved for the-z angle
when the electrical vector was parallel to the stiegction. The maximum tilt was
obtained forp~3r/4 scan angle when the electrical vector was perpalatito the
scan direction. The maximum tilt angle of ~ 3° whserved. Comparing with the
1030 nm tilt results, the approximated sinusoidahction for the 515 nm
wavelength results have a twice longer period amsequently the tilt minimum
was shifted from «/4 to ~n/2 scan angle. For 515 nm, only one minimum and one

maximum were observed during the star writing cycle
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The dependencies presented in Figure 42 show thegreting tilt for the five
recorded stars sets. For each set and the sameirsgalirectiony, the different
nanograting tilt and tilt propensity were observéte reference for the tilt angle
measurement was the scan directpowhere the nanogratings were perpendicular
to the scan direction (electrical vector was aldhg scan direction). All 24
modifications were initially analysed, and the refece scan direction where the
nanogratings are perpendicular to the scan dimegtes selected for the relative tilt
angle calculation. To demonstrate what is the difiee between the nanogratings
tilt tendency recorded in different stars sets, aompared the scanning angle
difference between two sets where the maximum (minmum) tilt angles were
observed. According to our concept, the scan atiffierence in two different sets
where the nanograting tilt was maximal (minimalpsld be equal to the linear
polarization orientation difference for which tharsset was recorded. For example,
for the set recorded at= 30° half-wave plate angle and the0° scan angle, the
nanograting tilt corresponded to the negativeréilies, and the maximum tilt angle
was at ~ 75-105 degree scan angle. For the satextatp = 15° half-wave plate
angle, the maximum tilt angle was achieved at &% degree scan angle. Taking
into account the measuring errors, the differeretevéen maximum tilt angles for
two stars setspE30° andp=15") was with an average value of ~ 30 degrees, which
corresponds well with the half-wave plate rotation 15 degrees or 30 degrees
linear polarization rotation.This behaviour addiadly proved the existence of the

nanograting tilt.

102



4L g Half-waveplate
- angle ¢:
_3r _ _3f —,i/g \§§ v 15
» -~ 7 » Z
§ L \\ ; // ){,Al} g .L Qﬂ oo é a 30
i AN ¢330 348 % |8 %éé S
1 1 ot 1 1 14 ~
E, ABT \[ i(q, §\ T N : %
o 1 ! o
S o o AN / g 3 S ot \ é%
7 l‘\A%}“,_ / ;ﬂ I IR 3% :
€T gadg N i? l’% Half-waveplate | £ ' % \ g $3’ 7
> ,1§ </ Lé’ angle ¢: . \ eYY y;
IR A I S
N 9| 49
3k % 0 3k ~ -
N <L o0 I /— ]
-4 1 VTV W P WY VR [ VT W U N U UNN N VNN W U U N DR W 0 G Al

1 1 1 1 1 1 1 -4 1 1 1 1
0 45 90 135 180 225 270 315 360 0 45 20 135 180 225 270 315 360
Scan orientation, ¢ (degrees) Scan orientation, ¢ (degrees)

a) b)

Figure 42 Nanogratings tilt angle orientational distributi#y) for different stars set recorded at: a) -15, 0
and 10 half-wave plate angles; b) 15 and 30 halfemglate angles. The pulse energy=E150 nJ was
constant for all sets. Pulse duration was 264 dsfaausing with the NA=0.55 objective. The insethwthe
red directional arrows indicates the scan direcfidre dashed line is a sinusoidal function plo&ted guide
for the eye

The direction of the nanograting tilt is qualitaiy discussed next. As it has been
shown in [128], the electron scattering and redunctif its mean free path is the key
to the understanding of excessive heating via cogphe temperature gradient and
the electrical field vector. When the line is scathnat ¢ = 45 degrees and
polarization isEy, the most different modification takes place oa tipposite sides
from the scan line. Due to the polarization andgerature gradient coupling [119,
128], an enhanced thermal diffusion along polaigzratirection of E-field takes
place. Hence, an excessive defects generatiorcansequently, heat accumulation
occurs on the anti-clockwise side causing antitalase tilt (towards hotter side) as
it was demonstrated in [119]. The strongest lasempodified zone and structural
defect creation takes place when the scan andipatian directions are aligned and
the lowest when they make an anglepof 90 degrees. The consequence of the
enhanced heating leads to stronger absorption @uadles periods as commonly
observed in nanogratings on surfaces and in thenel[51]. Thermal disbalance
on two opposite sides of the scan line causeghtdlifference in the period which
is imprinted as a tilted from the E-field orientati[119]. For the twice shorter

wavelength (515 nm), an approximately twice largeriod of the sinusoidal
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function eye guided fit was observed. We discusssdifference as being due to the
twice shorter nanogratings period that increased loealisation (a shorter free

mean path of heat carriers).

4.3.4 Pulseduration and pulse front tilt influence on the nanograting tilt

A few more laser processing factors were found rigavan effect to the
nanograting tilt: the pulse duration, spatial pubk&p, or pulse front tilt (PFT). Six
pulse durations with negatively and positively pbunl pulses were chosen to record
a set of sub-surface nanogratings (Figure 43).eSime pulse intensity was different
for different pulse durations, two cases were itigated: (i) tilt of nanogratings at
the constant pulse energy and (ii) at the congtalse intensity (the corresponding
compensation of the pulse energy was applied).

The tilt angle measurement was carried out as thestin Section 4.1. In the
constant pulse energy case, three different pulseyes of 50, 100 and 200 nJ were
tested in 2 experimental sets. 1 set the 45° alion, and for 2 set the 90° was
used (Figure 43b). In all cases, the minimal naaibgy tilt was observed for the
shortest pulse duration of ~ 264 fs (referencetjpogi The tilt angle was calculated
relative to the lowest pulse energy of 50 nJ. I whserved, that by measuring the
nanograting tilt relatively to the shortest pulsgation and lowest pulse energy
(reference position) the change of the tilt wite #bsolute tilt values up to ~ 17.5°
can be seen when the larger pulse energies arekusetthe longest pulse durations
(both negatively and positively chirped pulsesg thit angle exhibited maximal
changes and gradually was decreasing by approatmenghortest pulse duration.
For the negatively chirped pulses and thereforettemal PFT value, the counter-
clockwise rotation of the nanogratings was obsemyeithg to the shortest pulse
duration and the opposite rotation from the shomesse in the direction of the

positively chirped pulses that correlates well vitie PFT signs direction. Starting
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with 100 nJ pulse energy, the tilt angle for th& @@larization shows lower changes

that for 45° polarization state.
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Figure 43 Orientational distribution of the nanograting &hgle¥(p) depending on the laser pulse duration
for a) the constant pulse duration of ~ 264 fs différent scan angle; b) the constant pulse enefi&; =

50, 100 and 200 nJ and the constant pulse inteofsigy= 37 TW/cn# (100 nJ pulse energy at shortest pulse
duration of ~264 fs); ¢) SEM images of the nandggst at the)=0° polarization orientation for various pulse
durations.

The differential behaviour of the maximal and miainthanges for different
pulse energies is the following: 1) for the 45° gyation, the maximal tilt
difference was achieved for the 100 nJ pulse enanglydecreased for larger pulse
energies; 2) for the 90° polarization, the tilt Enignearly decreased in the direction

of larger energy values. Such behaviour shows ftifierehce between two
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polarizations that can be influenced by a diffe@md non-symmetrical (in respect
to the scanning direction) material heating foimas polarization orientation [128].
When the pulse energy was kept constant for difitgpalse durations, very similar
nanogratings were formed in terms of the pattextiwand period of nanogratings
(Figure 43c). Next, the reference pulse energy @ riJ for the shortest pulse
duration was selected (corresponded to the 37 TWicise intensity), and
nanogratings were recorded at the constant inte(iSigure 43c). The orientation
of nanogratings was the same as for the constamggrase, and the nanograting
tilt angle difference between maximal and minimalsp duration was ~ 17.5°
which is ~ twice larger than that observed for tmnstant energy case. The
nanograting tilt for three different constant lingmlarizations of 0°, 45° and 90°
was approximately the same.

Two aspects are noteworthy for the constant putssrgy case. The pulse
intensity dropped for longer pulses, and the skbpelse duration was ~ 2 times
larger than in the constant intensity case. Segomiaé larger nanograting tilt was
always observed for longer pulse durations eveth@iower intensity. The SEM
images (Figure 43c) show better-evolved nanogratiggality for longer pulses
judged by a wider extension in the z-direction (eundkr in the lateral cross section).
The nanograting tilt observed in this experimens wdluenced by a combination
of PFT and the pulse energy. The influence of P& be extracted from the
constant energy experiments, and the combinatioAFdf and pulse energy was
observed in the constant intensity data. In thiedatase, the pulse energy was
increased to achieve the same intensity. It wasddbat PFT was always the same
for the fixed pulse duration (defined by compregsasition). The increased pulse
energy caused the clockwise nanograting rotatiomgreement with non-even
heating around the scan line [119, 128] discuss&kction 4.2.3.

It should be noted that the experiments for theD1128 wavelength were carried
out with a constant pulse energy and linear paéion, and only the scan direction

was varied. Such kind of experiments was perforfitratly and demonstrated the
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new phenomena of the nanograting tilt effect. frentthe experiments with the 515
nm wavelength were performed, where the nanogmatitigvas measured not only
for the constant pulse energy. Various parametere waried: the pulse front tilt
(as it showed larger influence to the nanogratitigjs pulse energy and pulse
duration. In this case, the different referencersevgelected to estimate the different
nanogratings tilt values. The 17.5° nanogratingsvias noted when the reference
was: the shortest pulse duration and smallest petsrgy for the fixed scan

direction.

4.4 Conclusions

e A systematic study of the main nanograting featoeégtive to the direction of
the laser beam scanning was carried out in a bieoagk of the parameter space.
In particular, the influence of different pulse mgies, scanning speeds,
focusing, and temporal and spatial chirps were stigated. In all these
conditions, it was shown for the first time a reguwoible dependence of the
nanograting width, period and tilt on the scanrdimgction, which can affect
the performance of directly written photonic coments based on the
properties of the nanogratings, as the laser-wrgtplates.

e For the fundamental wavelength (1030 nm) and liggaolarised laser pulses
at the constant pulse energy, the strongest vamgmtf the nanograting width
and period were observed for the scanning direstamallel and perpendicular
to the electric field direction while the maximunit tof the nanograting
orientation was observed when the scanning dinestias atp=45° relative to
the electric field direction. All these observasaran be consistently explained
by an anisotropic heat-diffusion model which takes account coupling of the
hot electrons in the plasma with the pulse eledtelt, enhancing the heat
diffusion in the direction of the latter. This amiiopic heating of the substrate
could be responsible for a modulated absorptidigbf along the different scan

directions and explains all the observed phenomena.
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The experimental results represent a clear evideheepolarization-affected
light-matter interaction process. The observeduestare expected to be even
richer in the case of vector beams and at the faghising, where the vectorial
nature of light has a strong presence. This workepdhe way to a clearer
understanding of these phenomena and their extibitéor optimisation of
current devices and the design of innovative oakimg full advantage of the
vectorial aspects of light-matter interaction.

The tilt of nanogratings formed with the 515 nm fesecond laser pulses was
systematically studied at various fabrication pagtars: scan angle, pulse
energy, pulse intensity, pulse duration and putsatftilt. At this second
harmonic wavelength, there is no ns-pulse pedeatad, the investigated
nanograting tilt dependencies were separated fitber dieating and absorption
mechanisms which are essential for this phenomeHuntilt was observed by
scanning the nanograting structures by forminguasttern. The maximum tilt
angle exceeding=3° was measured for the 150 nJ pulse energy at/thand
3n/4 scan angles using the ~ 260 fs-long pulses alatipation perpendicular
to the x-axis Ey). By changing the constant polarization directioneach star
set, the corresponding tilt of nanogratings wasatingly shifted (followed E-
pol.).

The precise nanograting tilt investigation on tladf-tvave plate orientation
angle for a few different pulse energies for thé& Bin wavelength showed
evident nanograting tilt dependence on the pulsggsn The differential tilt
change was maximal for polarization perpendicwdahe writing direction and
vanished for polarization parallel to the writinigedtion.

The further investigations demonstrated that coatimn of the pulse energy,
pulse duration and pulse front tilt in the 515 nawvelength case could induce
the tilt angles as high a&=17.5°. The larger nanograting tilt angles can be

achieved for longer pulse durations referencinthéoshortest pulse duration.
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The nanograting quality and propensity also inardasor longer pulse
durations. These observations are important forctijpal applications of

nanogratings in optical memory and formation ofpiaation optical elements.
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5 Microfluidic devices

The results presented in this section were publisden articles [P2, P3].

All experience achieved from the experimental nobignnels writing activity
was used to fabricate micro devices. During theoesitannels writing, the required
parameters were found which were used as inputrpseas for the 3D microfluidic
devices recording. Due to the complex structuréhef microfluidic devices, the
geometry compensation and etching parameters atastwere performed. The
different functionalities of the microfluidic dews were demonstrated: from
micropump devices to microfluidic device for thdipdometric application and
microfluidic aspherical lens.

Development of the method for formation of thremensional (3D) structures
etched in bulk fused silica is presented. 3D stmest were inscribed inside the
transparent material according to the designed 3D @rawing and etched with
hydrofluoric acid. Two different scanning strategigere used to investigate the
volume etching rate. The main technique in thisithéor the formation of three-
dimensional structures was based on the lasertdivating by scanning the
multiple line arrays slice by slice inside fuselitaito obtain rectangular channels.
Complex 3D structures were formed by applying défé scanning strategies in
combination with linear and circular polarizatiamdadifferent pulse energies when

the laser fluence was sufficient to induce the tffprodification in fused silica.

5.1 Slice by slice 3D structures with two scanning sttagies

In order to get the true 3D structure in a transpimaterial, the prepared 3D
drawing was sliced into layers in the z directidhe distance between slices was
kept constant during the experiments (3.5 pum). @ifferent scanning strategies —
lines and contour scanning — were used to invdstitee etching rate (Figure 44a,
b). The distancel between scanning lines was changed from 2t 3luring the

experiments.
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Figure 44 The principle of 3D structure formation by twofdilent scanning strategies: a) Lines scanning
strategy @l — distance between scanned lines); b) contounstgustrategydl - distance between contours).

The microstructures for etching testing (Figure we&ye formed using various
laser pulse energies. This structure was formedhawe one narrow channel
perpendicularly oriented to another wider channiéh wvo acid access terminals.
In this way, the acid can access the laser-writt@arostructure in different
directions and penetrate to the different volumiesig or perpendicular to the
formed nanogratings. The laser pulse energy wasyethin the processing window
where the nanogratings can be formed as was shoj{#d8] to achieve the highest
etching rate. The micro devices were formed usuiggenergy 200 nJ, 400 nJ and
600 nJ and the linear polarization perpendiculah&scan X-axis) direction and
with the circular polarization using pulse energy#00 nJ and 600 nJ.

The scanning was performed by the contour scarsimtegy that facilitated the
penetration of HF acid to the modified region (ftaarization was maintained
perpendicular to the X-axis). In the case of thetaor scanning, the acid always
penetrates to the modified region along the saam diirection, and for the line
scanning, the acid can penetrate perpendiculdoongdhe scanning line depending
on the structure orientation. The etched volumeafaricro device fabricated with
the different writing parameters was inspectednayersing the sample in 10% HF

acid for 13.5 hours. After 6 and 10 hours, the danwas pulled out, and the

111



removed volume was registered. Figure 46 showdependence of the normalised
etched volume on the etching time. Some micro destuctures were fully etched
only after 13.5 hours of etching and fluid trangation through the hollow cavities

was implemented.

a) b)

Figure 45 a) 3D model of the microdevice for testing apglmas; b) microstructure modified with the
femtosecond laser in fused silica and etched in BB%&cid for 13.5 h. The red bar indicates 160
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Figure 46 Dependence of the etched volume of the micro @esticictures formed with the contour scanning
on the etching time when linear and circular paktibns were used. The total volume of a micro ciewas
~0.79 mm

The maximum etching rate was achieved for the &iras fabricated using the

pulse energy of 200 nJ (for the linear polarizgtiand 400 nJ (for the circular
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polarization) that may slightly vary with the retsuhchieved for the single channels
writing (Chapter 3) due to interaction of the adjaicmodifications. As can be seen
from Figure 46, the etched volume in the sampldsidated with the circular
polarization and 400 nJ pulse energy after 6 h-wag % larger and with 600 nJ
pulse energy ~ 9.3 % larger compared to fabricatih the linear polarization at
the same conditions. This dependence shows tltad&irpolarization can improve
the etching time for the complex 3D microstructurBise presented results are in
good agreement with the data reported in [157]. &lew, the circular polarization
in combination with the contour scanning methoa ew way how to improve the
acid penetration into the complex structures. Tloegssing with the pulse energies
< 600 nJ generated the nanogratings inside the inalierial without microvoid
formation [55] which can enhance the acid pen@maitnto the modified material
and, in this way, the higher etching rate was addeAs was discussed before, the
line scanning of the complex structures obstrucied! penetration into the
modified region as nanograting orientation wasro@ed only for a single scan
direction. To solve this problem, the contour sdagrstrategy was proposed.
Figure 47 shows the difference between micro devgteuctures fabricated and

etched with linear and contour scanning strategies.
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Figure 47 The micro device formed with: the line scanningtggy: a) optical microscope picture; b) SEM
micrograph of enlarged etched area; and the corgoamning strategy: c) optical microscope pictale;
SEM micrograph of enlarged etched area. (digm?2 v = 1 mm/s, E = 400 nJ, circular polarizatior)e red
bar indicates 10Qm.

d)

The surface of the etched devices showed the ggmergal shape of grain-like

morphology. Depending on the laser processing gndrge grains were of a
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different size. The orientation of the grains defeehon the scanning directions as
can be seen from SEM pictures in Figure 47b, difguthe experiment, the grain
dimensions were measured after 13.5 h of etchinlgaareraged in three different
samples processed with 200 nJ, 400 nJ and 600thihei linear polarization and
in two samples processed with 400 nJ and 600 m§juke circular polarization.
Figure 48 shows the grains diameters (sizes) depmedon the fabrication pulse
energy.

The devices fabricated with the lower pulse endaye grains of a smaller size.
The grains that correspond to the fabrication Withcircular polarization are larger
than that get with the linear polarization. It éis from the results that the
fabrication with a lower pulse energy is necesgaryinimise roughness of the
etched surface without any post processing of titteeel devices. The pulse energy
that corresponds to the type Il modification thdhshould be applied. Anyway,
annealing of the samples is required to achieva@oth surface for micro-optical

devices fabrication [157].
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Figure 48 The grain size achieved after the 13.5 h etchiagedding on the fabrication energy (a);
microstructures fabricated with linear polarizatismd contour scanning strategy: b) 200 nJ; c) 40@Inh
600 nJ. The red bar indicates 3i0@. The insets show the enlarged grain structure.

To find out the morphology of the formed micro dmv/cross-section, the sample
was cleaved in the yz-plane, and the SEM analyass performed (Figure 49). As
can be seen from the figure, the sharp edges ahitmstructure can be achieved.

From the enlarged microchannel, it is evident, thiamhost perfect rectangular
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~40x55um? cross-section was achieved which can be usedéigr lew volume
fluid pumping and transportation. The rough surfagfe the bottom of a
microchannel demonstrates the scanning line otientand shows that not all the

modified material was removed.

16V X950 20pm FTMC LTS

X60 200pm FTMC LTS

Figure 49 SEM micrograph of the cross-section of the micewice structure cleaved in the yz-plane. The
cleaved sample was coated with 5 nm gold layerSteM analysis. The inset show the enlarged etched
microchannel with the residuals of the not etchedemial.

Finally, the complex structure with the embeddedtay that rotates on its axis
was fabricated. The device was designed to comgertba taper angle of the
microchannels arising from the etching selectiliityitations. The etched structure
was filled with acetone, and the optical microscqpetures were snapped at
different time moments during acetone evaporatiahshow rotation of the micro-
rotor due to capillary forces (Figure 50). In thepar part of the microrotor, the
terminals which could be used as an interconnetgtween micro to macro fluidic

were formed.
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a) b) c) d)

Figure 50 The micro-rotator embedded inside a fused siliwhfdled with acetone. a), b), ¢), d) — Acetone
evaporation at different time moments. Dark linesvg an empty channel. The red bar indicates,iti0

5.2 Passive Venturi micropump

In microfluidics, liquids are transported througicrachannels, and one of the
most important functional components are the mpuroips and micro-mixers that
can be used in active microfluidic devices [85,]1&&ing these components, the
fully functional device can be miniaturised and echted in a single chip. The
syringe pumps are one of the most used devicesdatrolling the flow in
microfluidic. The drawback of these pumps is thHayt are expensive and it is
difficult to miniaturise them [159]. Miniaturisatmis critical for the use of pumps
in microfluidics. Therefore, there is a need fangie methods for creating flow in
a microfluidic device. Many types of pumps haverbdeveloped for microfluidics
that can be divided into mechanical pumps such estmane pump [160, 161],
rotary pump [162], and non-mechanical pumps: edestmotic/electrophoretic
pump [163]. The mechanical pumps have higher pugwahocity but also moving
parts. Sensitivity to particle contamination inldd makes it difficult to use them
in microfluidics as may result in a short lifetiraad low reliability. Fabrication of
non-mechanical pumps is simpler but small pumpialpaity and charged fluid
requirement limits their application.

In this section, we demonstrate the novel micro{jpuhevice based on the
Venturi tube (Figure 51) fabricated in fused silloa the FLICE technique. The

Venturi micro pump is easy to miniaturisation amagd ho mechanical moving parts,
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and that simplifies the fabrication. It is showre tability of fluid pumping and
mixing in a single device that can be attractivevamious microfluidic fields. A
preliminary study was performed to measure the irequnegative pressure for

suction.

5.2.1 Design, working principle, and fluid flow simulation

The Venturi tube [164] produces pressure drop witimoving parts in the vena
contracta region (the narrowest channel part) anbists of a converging and
diverging channels with an additional pumping chlenihe liquid enters the
device with a cross-section ar8a pressurd, and velocityin. According to the
fluid continuity, the volumetric flow rate at thewa contracta should be maintained
constant that means that fluid velocity in the #trwill be faster and that can be

derived from Bernoulli principle and continuity exjion:

S
Pin_Pt:%(Vtz_vii)zgvii[g_]'}' (5.1)

wherePi,, P; are inlet and throat pressuress densityvin, W are inlet and throat

velocities, andsn, S are the channel cross-section areas.

I liquid inlet (1) Output (3)
Pin, Vin
Sin
——»  Vena contracta e

Suction channel (2) T

[l liquid inlet

Figure 51 Schematic drawing of the Venturi-based micro-pufiie outlet is open to the atmosphere.
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The accelerated liquid in the vena contracta regreates a pressure drop which
should be compensated by the negative pressurea andtion flow from inlet Il
appears. The design of the micro-pump device wagstdl to maximise the
negative pressure. The Comsol Multiphysics softwaas used to optimise the
micropump design and to find the threshold velotdtyinitiate the suction. The

Navier-Stokes equation for the laminar flow was/edt
p(i—?+u-Vu)=[—Vp+yV2u]+ F (5.2)

wherep is the liquid densityy is the velocity vectorp is the pressurqy is the
dynamic viscosity an# is the gravity force. The main assumptions thaeweade
during the modelling were: no-slip boundary cormtitiand steady-state laminar
flow condition. The simulation results are showrfigure 52. As a fluid used for
micropump characterization was water, Table 1 shinesnain water parameters

used in the simulation.

Velocity magnitude (m/s) 41.9 Surface pressure (bar) 273
0 -0.13
a) b)

Figure 52 The velocity distribution (a) and pressure figij hen the inlet water velocity is 1 m/s. The
negative pressure in the vena contracta is -0.05 ba
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Table 1 The fluid parameters used in the simulation

Parameter Value Unit
Density 1000 kg/m?
Viscosity 0.001 Pa-s
Diffusion coefficient 2.99e-9 m?/s
Inlet fluid velocity 0.1-2 m/s
Concentration 1 mol/mn?

5.2.2 Simulation of mixing

The Fick's law can be used to describe the diffastvansport. At the
macroscopic level, systems usually mix fluids usmegchanical actuators or
turbulent 3D flow. At the micro-scale level, howeyveeither of these approaches
are practical or even possible. Inside the mixes following convection-diffusion

equation describes the concentration of the disslbubstances in a fluid:

%-FV-(—DVC):R—U-VC (5.3)

wherec is the concentratiorD) is the diffusion coefficient, anR is the reaction
rate. In this modelD = 2.99-10° m%s andR = 0, because the concentration is not
affected by any reaction. The mixing results whiea inlet concentration was
1 mol/mn? and the concentration in the suction channel wa®bmn? and vice

versa are shown in Figure 53.
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Figure 53 The ink concentration distribution in micro-pumevite after 1 s: (a) Ink concentration at the
inlet is 1 mol/ni and at suction channel ink concentration is 0 mbl(b) Ink concentration distribution at
the cross section of the outlet microchannel (dicaied red line); (c) Ink concentration at theeinis

0 mol/n? and at suction channel ink concentration is 1 mpl{d) Ink concentration distribution at the cross-
section of the outlet microchannel (indicated tiad)l

According to the simulation results, it is evidémat the concentration distribution
at the output of the micropump is not uniform. Tiféerence between minimal and
maximal concentration is ~ 10 %. In the case, whenol/mn? concentration of
ink was at the inlet (Figure 53a), the concentratjicadient at the outlet was positive
and opposite gradient value when the concentratidhmol/mn? went from the

suction channel (Figure 53c).

5.2.3 Fabrication of the micropump device

The micro-suction device was fabricated by thedlifaser writing technique.

with 500 kHz repetition rate and 400 nJ pulse energe beam was focused by the
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50x (NA = 0.55) objective at a depth of ~ 550 punotethe sample surface. The
sample was moved perpendicularly to the beam paiagdirection at a speed of
~ 3 mm/s. The 3D micro-pump device was sliced tal vertical planes, and each
plane was fabricated by the contour scanning meftt@s]. The linear polarization
was set perpendicular to the X-axis direction. Mualified sample was immersed
in diluted 15 % HF acid for ~ 15 hours subsequechiag at 30 °C temperature
without ultrasonic batch. Fabricated micro-suctaevice possessed the micro-
channels with a rectangular cross section. Thet icl®ss-section was ~
670x150 uri the vena contracta cross section was ~ 63x150 amd the outlet
cross section was ~ 455x150 fiffihe cross section of the suction channel was ~
122x150 uri During the experiments, a few designs of micropsinwere
fabricated (Figure 54) to optimize the device gemynand the size of the vena
contracta. The micropump of the first design wamsitated without the simulation
approach and exhibited no suction effect; the sgemwl third design versions were

optimised during the simulation.

a) c)

Figure 54 The micropump devices fabricated and etched iedisslica. (a) The second design approach
with the ~ 130 um wide vena contracta; (b) the 6 fith wide vena contracta and the ~ 170 pum widéicsuc
channel (c) the third design approach with the v162wide vena contracta and the 122 um wide suction
channel; (d) the ~ 87 um wide vena contracta. €ddbar indicates 10am.

The maximum suction effect was achieved when timawentracta region was the
narrowest. It is evident because the fluid speesiivighest in the narrower channel.
At the input and output part of the microchanret, wider channels with a diameter
of ~ 650 um were fabricated as connectors fromartemacro. The sliced syringe

needles were glued to the interconnectors with Wi.grhen the rubber hoses were
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connected and glued to another needle side. The+piomp device is shown in
Figure 55a. The inlet of the prepared device waseoted to the micro diaphragm
liquid pump (KNF N10) with the controlled flow rat&he suction pressure was
measured with the vacuum sensor (SMC ZSE 30). Téasared and simulated
dependence of the suction velocity on the inputvfleelocity is shown in
Figure 55b.

—&— Experimental measurments
—6— Theoretical modeling

Suction speed, mm/s
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T T
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Input velocity, m/s

a) b)

Figure 55 The fabricated micropump device (a) and the soctielocity dependence on the inlet fluid
velocity (b).

The suction flow rate was measured by immersingstngion hose into the
painted water cruet of a 2 ml volume. The suctioretfor 1 ml was measured, and
according to this, the suction flow rate dependemtéhe inlet fluid velocity was
estimated. The threshold inlet fluid velocity atighthe fluid suction started in the
suction channel was ~ 0.05 m/s for the micropumfhwhe narrowest vena
contracta (~62 um). When the vena contracta size inereased, the threshold
velocity increased as well. For the vena contrafta 100um in size, it was ~

0.4 m/s. The captured picture of the working micnop is presented in Figure 56.
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Blue ink
vena

contracta

Figure 56 Image of the working micropump device in the veaatracta region captured with a CCD
camera. The diluted blue ink was sucked in thei@ucthannel and mixed with water. The speed obthe
ink is ~ 110 mm/s. The red bar indicates 160

In conclusion, the flow dynamics inside microchdameas investigated in order
to achieve the suction effect in the Venturi tygeropump. Depending on the used
the input flow speed, the liquid injection or pumgpican be achieved. The
simulations showed that the narrowest vena comtramte should be fabricated to
get the best suction results. Experimentally, t6€ +m width of the vena contracta
zone was demonstrated with the minimal inlet fepeéed threshold of ~ 0.05 mm/s
to initiate the pumping conditions. The pumpinghwit 110 mm/s velocity was
achieved when the inlet fluid velocity was ~ 2 m\hen the both inlets of the
designed micro-pump were connected to liquids wittifferent concentration of

dyes, the micropump acted as a micromixer.

5.3 Microfluidic device for ellipsometric biosensor appication

In this section, the internal-to-external microfligi device is presented. The
micro-channels were prepared with the direct lasgimng technique using different
scanning methods [165]. To remove the modified maltex sample was immersed
in diluted 10 % concentration HF acid.
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Microchannels were designed to act as flow cell66]1lin the imaging
ellipsometric surface plasmon resonance (iISPRpgetstudy the real-time kinetics
of biological materials (proteins or DNA). Mostthfe current iISPR devices [167—
169] measure the data from a single channel thaesthe measurement process
time consuming and expensive. Typically, one sembip is used for a single
measurement only and for the next measurementdiesensor chip should be
used. The goal of this study was to prepare theafticdic device in fused silica
that allows characterising the adsorption kinatidsiological materials by the iISPR
method. A set of parallel independent microchanaaee inscribed, and each of
them was connected to the pump to circulate theeprosolution during the
measurement preserving a constant flow rate. Thgoohannel configuration
involved parallelization of independent measure@fitadsorption kinetics thus
allowing to perform several independent experimentghe same sensor chip by

shifting the microchannel position.

5.3.1 Setup for Imaging surface plasmon resonance

Imaging surface plasmon resonance (iSPR) experiments were performed in
Kretschmann  configuration  [170] with  imaging  null-ellipsometer
(Nanofilm_Ep3se, Accurion GmbH). Measurements were carried out with the
658 nm wavelength laser light at the 70.2 ° angle of incidence. Gold coated BK7
glass sensor chips (Biacore), and 60 BK7 glass prism were used. EP4 Model data
analysis software was used for thickness modelling.

For all biosensor experiments and buffer preparation, the ultrapure water was
used, taken directly from Synergy UV water purification system (Merck Millipore).
Before the use, the sensor chips were cleaned with SC-1 solution, a mixture of
ultrapure water, 30 % hydrogen peroxide (Carl Roth GmbH), and 25 % Ammonia
solution (Carl Roth GmbH) in a ratio of 5:1:1, respectively, at 85 °C for 7 min., two
times, followed by excessive rinsing in ultrapure water and drying with a nitrogen

gas stream.
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The self-assembled monolayer was formed by incubating the SC-1 cleaned
sensor chip overnight in a solution of thiols in ethanol (Sigma-Aldrich), containing
8 uM concentration of biotin functional group containing thiol (HS-Ci1-EGs-biotin,
ProChimia) and 32 uM concentration of protein adsorption resistant EG3-OH group
terminated thiol (HS-C11-EG3-OH, ProChimia). After incubation, the sensor chips
were rinsed and sonicated in ethanol for 3 min. twice, sonicated in ultrapure water

and dried with a nitrogen gas stream.

5.3.2 Fabrication and investigation of the external-to-internal microchannels

To get the internal-to-external microchannel, a part of the modified zone of
fused silica should be near the sample surface, and the top part of the channel
appears as surface damage. The design of such microfluidic channel is presented in
Figure 57. The 3D model of the microchannel was imported to the fabrication
program (SCA, Altechna R&D) and sliced into planes with the distance between
them equal to 5 um. Each plane was hatched by lines, and the scanning direction of
lines was perpendicular to the laser beam polarization. The scanning speed and laser
pulse energy were as follows: 4.5 mm/s and 400 nJ. For the first etching approach,
the modified sample was submerged into diluted 10 % concentration HF acid for
12 hours. The improvement of the etching time was achieved by immersing a jar
with the acid into heated to 40 °C water in an ultrasonic bath. In this case, depending
on the etching conditions, the etching rate was increased from 5 to 10 times.

A large area of the modified zone in the external part of a microchannel is
exposed to the etching solution (along the all external part of the microchannel). In
this case, etching takes place in the perpendicular direction to the microchannel
direction. However, in the internal part of the microchannel, only a cross-section of
the microchannel is open for the acid, and the etching goes along the embedded
modified zone. Therefore, the external part of the microchannel is formed much
faster than the internal part. According to our investigations, the maximum achieved

etching rate in 10 % HF for fused silica modified by 500 kHz and 400 nJ pulses was
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~ 1000 pm/h while for unmodified fused silica ~ 15 pm/h (see below). This gives
the etching selectivity of ~70 times. To fabricate good-quality microchannels, the
etching selectivity should be taken into account. The modification depth for external
microchannel was ~ 40 pm. The modification width of the microchannel was 50 pm
for all microchannel lengths. Taking into account the 1000 pm/h etching rate of the
laser modified zone, the estimated etching time for the external part of the
microchannel should be only ~ 3 min. and the rest of time, the width of the external

microchannel increased with the 15 um/h rate (Figure 59f).

me—— o

Open surface
channel

“Internal channel
part

C) Connectrs
Figure 57 Design of the microfluidic external-internal mict@mnnel (a); the optical microscope pictures
from the top of the laser-induced modificationguaed silica (b); and design of the setup withrimaéto-
external microchannels (c).
The depth of the external part of microchannelrafteour of etching remained
almost unchanged. The length of the embedded paheomicrochannel varied

from 2.5 to 3.5 mm, and the etching of this paakiplace from both sides (from
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the transition between the external and embeddé@pd the connector side). That
part of the channel should be fully etched aftés riin. — 105 min. This estimation
shows that design of the external-to-internal nubemnels should be with
minimised length of the embedded microchannel letgsave the external part of

the microchannel from degradation.

The design of microchannels plays a significané folr the etching time and
quality of the external microchannel part. Theling part of the microchannel was
used to prepare the interconnection with capilthgt directs an analyte from an
external pump to the microchannel. A few designwigfochannels were prepared.
The first design was used only to check the fumetiby of the single channel
measurements (Figure 57a). The second design wasoged with close to each
other placed microchannels to allow parallel meas@nts (Figure 58a). The latest
design was developed with a close distance of adjamicrochannels and the
minimised length of the embedded part of the micammel (Figure 58b). As the
internal part of the microchannel is embedded seéLsilica, its vertical dimensions
should be scaled by the refractive index of fugkdas(n ~ 1.4615 at 515 nm) to
get the correct shape of the microchannel dueddigiht refraction in transparent

materials.

> o

a) b)

Figure 58 Two optimised designs of the internal-to-extermatrochannel. The vertical dimensions are
scaled by the refractive index of fused silica.

According to the described design, the samples adrcated and etched in

10 % HF acid in the ultrasonic bath for 2 hours. get the microchannels with
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different surface roughness, each microchannel faéisicated with various
fabrication parameters. The fabricated microchanneith different design
approaches are shown in Figure 59. Influence optbeessing parameters to the

surface roughness is described in the next section.
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e) f)

Figure 59 The pictures of fabricated microchannels witheatiéht design approaches: (a) full microchannel
set with integrated connection tubes preparedefstirig. The red scale bar indicates 10 mm; (b) Giele

of the embedded microchannel part etched for 12shioul0 % HF acid; (c) SEM picture of the trarsiti
from the external to internal microchannel with ezond design approach etched in HF acid 2 h@irs;
The top view of microchannels of the design appndaosm Figure 58a; (e) SEM picture of the transitio
from the external-to-internal microchannel of thesidgn approach from Figure 58b etched in HF acid fo
2 hours; (f) The depth profile of microchanneld-igure 59d, after different etching time.
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The fabrication parameters of microchannels shawRigure 59c are 300 nJ,
10 mm/s, dy = 3um and dz = fum for the left channel in Figure 59¢ and 200 nJ,
5 mm/s, dy = 1..um and dz = um for the right microchannel. In Figure 59e, the
fabrication parameters are 300 nJ, 5 mm/s, dyum3and dz — 3um for the left

channel and 300 nJ, 10 mm/s, dy g8 and dz = um for the right microchannel.

From the depth profile of microchannels in Figu8asthe etching rate of non-
modified fused silica can be estimated, and it wd$um/h. The volume of the
etched microchannel increased, however, the depttained almost unchanged
because the measurements of the depth were doespect to sample surface that

was also etched with the same ~ub&'h etching rate.

5.3.3 Surface roughness estimation of the external channel part

During the ellipsometric measurements, the solutibproteins flows through
the external part of the microchannel, and the nmeasent results depended on the
quality of the microchannel because of flow disturbe and light scattering from
the channel walls. The surface roughness of thermat microchannel was
investigated. For that purpose, an array of extamerochannels was fabricated
varying the pulse energy (200 nJ-400 nJ) and sognmipeed (2.5 mm/s —
20 mm/s). One channel was inscribed by a set afssitathe y-direction with the
distance between scansly-and in the z-direction with the distance betwesans
- dz Five sets of the microchannel arrays with differdy anddz distances were
fabricated. The last layer was focused on the samsiface to initiate the surface

ablation. The processing parameters for each settenwn in Table 2.
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Table 2 Processing parameters of the external é&nn

Microchannel Laser pulse dy, dz, Translation speed for one
set no. energy for um um set, mm/s
one set, nJ

1 3 5

2 1.5 5

3 200 — 400 5 5 2.5-20

4 5 3

5 5 7

The fabricated external channels were immersed idiuted 10 %
concentration HF acid in the ultrasonic bath amthed for 1 hour. After one hour,
the sample was inspected by an optical microsc@bar(pus), scanning electron
microscope (JEOL JSM-6490LV) and stylus profilemryBer Dektak 150+) to
measure the longitudinal surface roughness oftttteed channels, and then placed
for etching for one more hour. After 2 hours offetg, the sample was inspected

by the same methods.
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Figure 60 Dependence of longitudinal roughness of the eatechannel part on the scanning speed. The
microchannel etching time in HF acid was 2 houtse Taser pulse energy and repetition rate weraset
constant: 200 nJ and 500 kHz.
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The surface roughness dependence on the scanneeg siing the constant
200 nJ laser pulse energy is shown in Figure 66.stiiface roughness decreased
reducing the scanning speed. More pulses wereattetiMo a single point using the
lower scanning speed at a constant pulse energyefidre, the overlap of adjacent
modifications increased and larger exposure doasstngle point induced stronger
modification of surrounding material. That led he smaller grain size, and smaller
surface roughness was achieved. The SEM picturéseottched microchannel
prepared using different processing energy are showfigure 61. The grain size
increased by increasing the pulse energy that m@eaavith the results reported in

the previous work [165].

"3 A
30kV X150 Opm C LTS 30kV X150  100pm FTMC LTS 30kV X150 100pm

Figure 61 Images of external microchannels etched for 2$0uf.0 % HF acid.
5.3.4 Investigation of the surface roughness of etched devices

For many of optofluidic devices the channels rowggsplays an important role,
due to the light scattering and unwanted lossesiefbre it was decided to
investigate more detailed the channels roughngssndience on the different laser
parameters and sample heating influence to theastirfimorphology. The
experiment was prepared in the following way: thel 4used silica surface
modifications matrix was prepared where the scaedpvas changed from 0.25 to
5 mm/s in the X-direction and the distance betwaacent modification lines was
changed from 1 to 10 um in the Y-direction. The &BI2 repetition rate and

520 nm wavelength were applied. Four matrices wecerded, and the different
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pulse energy from 100 nJ to 600 nJ was applieddoh matrix. The samples etched
for 32 min in 20 % HF acid are shown in Figure 62.

100 nJ 200 nJ 400 nJ

b)

Figure 62 The surface channels etched in 20 % HF acid fanB2(a) and after heating until 1210 with
the 300°C/h rate (b).

From the microscope pictures it can be noted thmennealing of the sample can
smoothen the surface of the channels, however,| siradks appear during the
heating. The small material parts were chippedfalidn the channel bottom and
then melted. Such surface morphology is visiblthenFigure 62b. This speculates
that the heating rate was not optimal, and thegg®should be in further optimised
to avoid the surface chipping.

The surface roughness of each channel was measitedhe stylus profiler
(Bruker Dektak 150+) in the X-direction along theas direction and the Y-
direction — perpendicular to the scan directione fieasured results are presented
in Figure 63. The smallest achieved roughness (R& rm) was for the 200 nJ
pulse energy that was meanwhile the optimal enkengihe nanograting formation.
For pulse energies of 100 nJ and 200 nJ, the rasghmnas minimal for the 1 mm/s
scan speed and increased in both directions fdrigieer speed. For pulse energies
from 400 nJ to 600 nJ, the maximal surface roughireshe X-direction was for

the 1 mm/s scan speed.
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Figure 63 Dependence of the etched channels surface rougbndke scan speed for a) 100 nJ pulse energy;
b) 200 nJ pulse energy; c) 400 nJ pulse energyda®@0 nJ pulse energy. The distance betweenejac
lines was d1 — 10 um, d2 - 5 um; d3 - 2 um; d4uarl Suffix X means roughness along the scan dinecti
and Y — perpendicular to the scan direction.

The maximum surface roughness was achieved witm8Qtulse energy, and it
was Ra ~ 950 nm. In optofluidics, the surface rawgs of the microchannels
should be smaller than the wavelength, and in masts, for getting the valuable
results, the roughness should be/4 and even better. For inscribing with the
515 nm wavelength, this condition was satisfieddrternal channels fabricated
with 200 nJ pulse energy and 1-2 um distance betvtiee modification lines.
Unfortunately, in most cases, this pulse energy massufficient to achieve the
maximum etching rate. Therefore it should be ineeelauntil 400 nJ, and then the
minimal surface roughness was Ra~ 250 nm for 5 jstartte between the
modified lines. This value was only 2 times smatlen the 515 nm wavelength

and thus was not sufficient for optical applicaiaonsequently only the longer
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wavelength can be used in the IR range. The surfamphology before heating
and after the heating until the ~ 12@temperature is shown Figure 64.

E=200 nJ; v=1 mm/s E= 200 nJ; v=1 mm/s
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Figure 64 The surface profile and SEM pictures of the chasngace etched for 32 min in 20% HF acid
(a) and surface profile of the same surface chanimehted until 1218C temperature with the 30C/h
heating rate (b). The scan speed was 1 mm/s anglthe energy 200 nJ for the 520 nm wavelengtheat t
500 kHz repetition rate.

The surface roughness was minimised until the Rard0n this way, and the

ratio ofA/12 can be achieved which is sufficient for theiagitapplication.

5.3.5 Assembling of the microfluidic device

Microchannels were designed to act as flow cebB$]1n the iISPR setup to study
the real-time adsorption kinetics of biological eréls (proteins). The microfluidic
device was connected with the prepared sensor-@iass substrate coated with a
thin gold layer. The non-modified surface of thecrofluidic device was also
affected by HF acid. Therefore, the flatness wassuofficient to ensure hermetical
sealing between the external part of the microceaand the Au-coated sensor

chip. To secure a reliable sealing, a thin PDM®riayer with the thickness of
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100 um was added. The fluid to the sensor chimesanivas delivered through slits
in the PDMS interlayer with the size of a microchah The slits in PDMS were

cut by the laser. After laser cutting, the PDM&itayer was cleaned in ethanol and
mounted on the top of the device with open microdeds. Then the glass surface
was hermetically sealed with the PDMS layer. Ferfthal step, a prism was placed
on the sensor chip to obtain the Kretschmann cardigon for the iSPR setup. The

design of assembled iISPR setup is shown in Figbire 6

Reflected
laser beam

Polarized
laser light

Connector Internal channel part

Figure 65 The design of iSPR setup with the integrated irgkto-external microfluidic device.
5.3.6 Characterization of the microfluidic device

To test the performance of the assembled micrafiuddvice, it was connected
to the peristaltic pump with a constant flow rateieth pumped the HEPES buffer
(20 MM HEPES, 150 mM NacCl, pH 7.5) at 1@@min. flow rate from vial A. The
fully-integrated and connected device was mountéd the ellipsometer for the

specific protein adsorption kinetic measuremengire 66).
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The specific and well-known biotin — streptavidatognition reaction [166] was
chosen to test the system performance. The sehg® were modified with biotin

functional group bearing a self-assembled monolayer

Figure 66 The fully integrated microfluidic device for elipmetric measurements. A — vial with a buffer
fluid and specific protein, B — the microfluidic\dee with the mounted prism, C — ellipsometer, Buid
pump.

After rinsing with the buffer, the 1 mg/ml bovineram albumin (BSA, Sigma-
Aldrich) solution in HEPES was injected for 5 mido protein adsorption was
visible, what indicated that the sensor surface su§iciently protein resistant
(Figure 67). The second injection was the prote#at should adsorb specifically on
biotin groups — streptavidin. The 250 nM conceidratstreptavidin (Serva
Electrophoresis GmbH) solution was injected inlibh&er for 25 min. The specific
adsorption was clearly visible. The thickness efdldsorbed streptavidin layer was
0.2-0.3 nm according to the ellipsometric modekugktions. The break in the

kinetics appeared because of the air bubble, tchppthe microchannel.

137



250
~ [BsA| STREPTAVIDIN

255]

260"

275}

280 — : :
0 20 40 60

Time, min.

100

Figure 67 The specific protein adsorption kinetic measurdmessults achieved in the fabricated
microfluidic device. Abbreviation on the graph: BSAovine serum albumin. Inset - the measuremerg zo
in the microfluidic channel that is seen in thépsibmetric device. The red scale bar indicatesrf0 p

In conclusion, we have demonstrated the microftudgvice for ellipsometric
applications with internal-to-external microcharm#iat served for measurement
parallelization. We showed, that the protein ad$onpkinetic can be properly
measured by using our fabricated microfluidic devi@he formed parallel
microchannels allow the more efficient use of serdup and repeatability of
experimental conditions. Due to decreased volunietow cells, much shorter
solution mixing time was obtained, that made itgqilole to registration of the

protein association kinetics at a constant its eatration.

5.4 Microfluidic lens design and fabrication

The microfluidic lenses fabricated inside the tgarent materials are embedded
devices without any adjustment requirements. They able to make a direct
focusing and imaging inside the lab-on-chip devioescharacterization purposes
in microfluidics. That lens as an example can bedufr the selective plane

illumination microscopy (SPIM) device fabricatioh7[l]. The FLICE technique
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was used to fabricate a complex shape of a miane te show the ability of

collimation and focusing of the light coming frohetlaser-inscribed Y-waveguide.

5.4.1 Design, fabrication and characterization of aspheric lens

Usually, the microfluidic devices have limited dinsgons. Therefore, the main
task was to design and fabricate the asphericalueth the focus of 1.5 mm. The
flexibility of the focusing was designed by fillindpe hollow lens volume by a
refractive index compensation fluid. The surfacapghof the aspherical lens was
estimated according to the Snell's law and theas@rturvature radius formula:

_ nl_ n2
r@)=r, —nl cosi—n, (6.1)

where g corresponds to the radius atahgle, n — is the refractive index of the lens
filled with the refractive index compensation flu{di=1.73) and n — is the

refractive index of the surrounding material (fuseleca, 1.45). The fabrication
algorithm of the lens is presented in Figure 68&o Tnterconnections from both

sides of the lens were fabricated to connect ttexrnal channels which direct the

refractive index matching fluid into the lens sture.

AJWaIIs

il = B

a) b)

Figure 68 Microfluidic lens design with two sides intercortiens a) and the lens structure etched in the
15 % HF for 4 hours. The red scale bar indicatés| i
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The lens cavity was surrounded by the walls thaated the shape of the whole
structure. After the etching, two hoses were ghaetthe microfluidic structure with
the UV glue and mounted on the characterizationpsdescribed in Section 2.7.

The focusing characteristics of the microfluidindeare presented in Figure 69.
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Figure 69 The focusing characteristics of the f=1.5 mm asphens. The pictures shows the intensity
distribution at the different distance from thedbpoint: a) -1.5 mm; b) -1.05 mm; c) -0.6 mm; @)3mm;
e) focal point; f) 0.2 mm; g) 0.4 mm; h) 0.7 mm.
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To visualise the focusing ability of the lens aldhg beam propagation direction,
the microfluidic lens together with the reservomsvfabricated (Figure 70a). The
reservoir was 2 mm in length and was filled witke fluorescence fluid with the
maximum fluorescence intensity at the 532 nm wangile The 532 nm laser beam
was directed to the aspheric lens, and the snamghbie fluorescence intensity

distribution was registered (Figure 70Db).

a) b)

Figure 70 a) The microscope picture of the aspheric lené Wit reservoir; b) The fluorescence of the
focused beam. The red arrow shows the beam prapagtfitection.

The registered focus position was almost in thetreeaf the reservoir that
corresponded to ~ 1.5 mm focal length. The asphenis demonstrated excellent
focusing properties, and that was used for morepbexnstructures formation (in

the next section).

5.4.2 Design and fabrication of a complex lens system in combination with a
waveguide
In this section, the new complex lens structure gesgned and tested to build
the micro device for beam collimating and focusirggn the Y-waveguide which
further can be used in microfluidic devices for filned velocity measurement based

on the laser Doppler velocimetry.
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First of all, the Y-waveguides were recorded 1 natoty the fused silica surface.
It was found that the optimal pulse energy requicedhe waveguide writing was
100 nJ and the 0.5 mm/s processing speed at th&HsO0@epetition rate. The
microscope objective with NA=0.55 and the 515 nnvelangth laser radiation
were used. The best guiding characteristics wemeodstrated for 12 stacked lines
in one Y-waveguide branch with the distance of 1hatween the stacked lines.
The distance between Y branches was selected 26@@m. The total length of
the waveguide was 5.5 mm to keep the optimal bendidius of the waveguide.
The microscope picture and near field intensityriigtion are demonstrated in

Figure 71.

c)

a)
Figure 71 The Y-waveguide inscribed 1 mm below the fuseda#urface with the 100 nJ pulse energy and
0.5 mm/s translation speed. a) Microscope pictiith® inscribed waveguide; b) CCD image of thetligh
guided through the waveguide; c) Near-field intgndistribution of the light at the Y-waveguide put.

After exiting from the waveguide, light propagatath a divergence defined by
the refraction index contrast and distribution (HPAa waveguide). Therefore, the
light should be collimated. For that purpose, thecsal double aspherical lens was
designed (Figure 72a). The lens is fabricated effdibal length distance from the
end of the waveguide. The lens initially collimatight coming out of the

waveguide, and, consequently, two collimated andallgh adjusted beams
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propagate. They are focused by the second surfabe tens (Figure 74b). In this
way, the interference pattern is achieved, thath@&srcan be used for sensing
applications. The laser beam was coupled into tineeguide using a single mode

fibre which was glued in the specially etched catoe(Figure 74e).

VN |

a) e)

) o f)

Figure 72 The 3D design and fabrication of the special desiigaspherical lens. a) The design of double
side aspherical lens for collimating and focusibgThe operation principle of the double side asight
lens; c) The crossed polarizers microscope piatfifabricated lens structure; d) The lens structiohed

in 15% HF for 4 hours; e) The etched inlet for fiber; f) The full view of the waveguide and colkiting-
focusing lens structure.

The external hoses (Idex, 350 um external diamatet)ibre were connected to
the fabricated structure, and then the whole sirectwvas mounted in the
characterization setup (described in Section Z.#¢ microfluidic lens was filled
with the refractive index compensation fluid (n=3,.Figure 73a) and the red beam
from the He-Ne laser was directed through the wawmgstructure and the lens.

The near field intensity profile was registeredwo planes: directly at the lens back
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surface (Figure 73b) and at the focal plane of léms (Figure 73c) where two

focused beams were combined to a single spot.

Figure 73 a) The camera picture of the double side asptami filled with the refractive index matching
fluid; b) the near field intensity distribution tie light beam passed the lens, directly on therskdéens
surface; c) the intensity profile pattern of thetfecused and combined to a single spot beams @gdark
the white circle).

To summarize, we have demonstrated the complexgmesispherical
microfluidic lens that is able to collimate and dscthe light coming from the Y
shaped waveguide. The concept design of the emUbeatklece was demonstrated
and the prelaminar focusing ability showed thatgeeng on the right way. The
focusing conditions further should be improved Ipyimising the lens design by
applying the shape compensation calculations tteatreguired due the different
etchant penetration time periods into the alreddiyesl and non-etched areas. The
further work is required to fulfil the device fdne attractive applications such as
fluid and particles speed in the fluid measuremerthe real time. This can be
achieved by including one additional channel whieedfluid will flow. The focused
radiation from the Y shaped waveguide will integf@and the Doppler shift will be

measured, that actually will show the fluid speed.

5.5 Conclusions

e First of all, various scanning methods were tegstesptimise the etching
conditions, then a few microfluidic devices of cdexp3D geometry were

fabricated. Three different microfluidic devicesrevdabricated: Venturi-type
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micropump, internal-to-external microfluidic devider the ellipsometric
applications and double side aspherical lens.

Two different scanning methods for the formation tbfee-dimensional
microsystems were tested: the line scanning styaiad the contour scanning
strategy. The etching selectivity with the proposeditour scanning shows
promising results as enable easier acid penetratiorthe modified region.
The formation of structures with different laserlgau energies, the pulse
overlap, polarization states and distances betwsesnning lines was
performed. The maximum etched volume speed foatirmlarization was
achieved with the 200 nJ pulse energy and for ttoailar polarization — with
the 400 nJ pulse energy.

The volume etching rate with the linear polarizatweas larger when the pulse
energy was decreased to 200 nJ that may be cowcevite nanograting
singularity dependence on the laser pulse energthd circular polarization
case, the etching speed does not depend on theisgahrection. It has been
shown that the circular polarization in combinatieith the contour scanning
strategy is preferable when the complex 3D striestare formed.

The grain size of the etched structure can be nseidhwhen the lower pulse
energy for the formation of structures is usedhis case, the surface roughness
could be minimised.

The micropump device with mixing capability was derstrated. The design
of the device was optimised during the simulat®everal micropumps designs
were simulated and fabricated. The femtosecondr-ladeced chemical
etching technigue has shown a flexible possibiiidyfabricate such type of
micro devices.

The internal-to-external microchannels were falbeidand interconnected to a
single device for the iISPR setup. The roughneskeoexternal microchannel

part was investigated and shown that the procesgitiglower pulse energy
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(200 nJ) and with low speed (<10 mm/s at 500 kHiougd be performed to
improve the quality of microchannel. However, tgnove the processing time
the> 10 mm/s speed should be applied, and then thetyyadlthe external
channel decreases slightly.

e The protein adsorption kinetic was measured inatgembled microfluidic
device. The formed parallel microchannels allow timeeasurement
parallelization that enables more efficient usaearisor chip and repeatability
of experimental conditions.

e The microfluidic aspherical lens filled with thefnactive index matching fluid
was demonstrated. The characterization showedthkatocusing comparing
with the simple spherical lens was improved. Thehasc design further was
chosen for complex double side aspheric lens fatioic that showed the ability
to collimate and then focus the light from the Yweguide to a single spot on
the focal plane that further can be used for thigl fineasurement based on the

laser Doppler velocimetry.

6 List of main results and conclusions

e The femtosecond lasers operating at the 515 nn1@8d nm wavelength is
able to form high-resolution modifications in fusstica with the high
etching selectivity of ~140:1 for 1030 nm by thel€E technique. The
combination of the single lines modifications erablhe formation of the
rectangular shaped microchannels and complex 3tates.

e The etching time rate enhancement more than 3 twaes achieved by
etching in ultrasonic batch.

e The optimal pulse duration for the maximal etctsetectivity of fused silica
(JGS1) exceeds ~ 700 fs independent on the pulgemdrameters.

e The etching selectivity using the 1030 nm wavelbengas ~ 20% higher

than for the 515 nm wavelength.
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The etching selectivity for the microchannels relear at the 200 um depth
using 1030 nm was ~ 32 % lower than for the chanredorded at 100 pm
and 50 um depths. For the NA = 0.25 objective ndeogratings started to
be formed at higher pulse energies, and their genias not as strongly
arranged as in the case of the NA=0.55 objectitie.Manograting period for
the deeper focusing was higher due to the lowesnmdadensity at that depth.
The tilt between the nanograting orientation (wassetor K) and the
polarization for various scan directions can behmh as¥~ 2 at the
constant pulse energy. Tilt angle was maximal wihegctions of the scan
and the polarization had an anglewf (@1030 nm).

For the linearly polarised laser pulses, the steshgvariations of the
nanograting width and period were observed for gb@nning directions
parallel and perpendicular to the electric fieledtion while the maximum
tilt of the nanograting orientation was observeewkthe scanning direction
was atp=45°.

Theoretical anisotropic heat-diffusion model whitdkes into account
coupling of the hot electrons in the plasma witk flulse electric field,
enhancing the heat diffusion in the direction @& katter was proposed. This
anisotropic heating of the substrate can be redpentor a modulated
absorption of light along the different scan direes and explains the
nanogratings tilt phenomena and period and widttatians.

For the 515 nm wavelength, the maximum tilt angleeeding?=3° was
measured for the 150 nJ pulse energy (~ 4.7%)/atthen/2 and %/4 scan
angles using the ~ 260 fs-long pulses and polasizaterpendicular to the
X-axis (Ey).

The precise nanograting tilt investigation on th#-wave plate angle for a
few different pulse energies for the 515 nm wawglkenshowed the

dependence of the tilt on the pulse energy. Thegmating tilt difference
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between two sets recorded with two different pasergies was maximal
for polarization perpendicular to the writing diiea and vanished for
polarization parallel to the writing direction.

For the 515 nm wavelenghth, the combination of ghkse energy, pulse
duration and pulse front tilt could induce the aittgles as high a&=17.5°.
The larger nanograting tilt angles can be achiéoelbnger pulse durations.
The microfluidic device with parallel internal taternal microchannels is
able to enhance the ellipsometric experiment. Thiscrochannel
configuration involves the parallelization of inédeglent measurements of
adsorption kinetics thus allowing to perform seVeiadependent
experiments on the same sensor chip by shiftingnilcseochannel position.
Two different scanning methods for the formationtlofee-dimensional
microsystems were tested: the line scanning styategl the contour
scanning strategy. The etching selectivity with theoposed contour
scanning shows promising results as enable easgkipanetration into the
modified region.

The surface roughness of the microchannels wasnaptivhen the pulse
energy was 200 nJ, and the scanning speed was m/4. mhe roughness
value of Ra~ 75 nm was achieved. The sample amgeahtil 1210 C can
smoothen the surface roughness ~ 2 times, and Ravas ~ 40 nm could

be achieved.

Fabricated difficult microfluidic lens enabled coikate the light from two

separated waveguides and focus to the single spot.
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