Non-contact femtosecond laser-based methods for
investigating glass mechanics at small scales

THESE N° 8323 (2018)

PRESENTEE LE 29 MARS 2018
A LA FACULTE DES SCIENCES ET TECHNIQUES DE L'INGENIEUR
LABORATOIRE GALATEA
PROGRAMME DOCTORAL EN PHOTONIQUE

ECOLE POLYTECHNIQUE FEDERALE DE LAUSANNE

POUR L'OBTENTION DU GRADE DE DOCTEUR ES SCIENCES

PAR

Christos Edouardos ATHANASIOU

acceptée sur proposition du jury:

Prof. D. Psaltis, président du jury
Prof. Y. Bellouard, directeur de thése
Prof. M. Lancry, rapporteur
Prof. J. Vlassak, rapporteur
Prof. F. Sorin, rapporteur

ECOLE POLYTECHNIQUE

FEDERALE DE LAUSANNE

Suisse
2018






Abstract

With the progress made in miniaturizing systemsrabe last decades, understanding
materialse behavior at small scales has becomeesaity.

In this context, glass behavior has remained lgrgelknown, partly for technological

reasons and partly due to the inherent difficultéssociated with its brittle fracture
behavior. Despite their importance for technolobioglementation, questions such as its
failure statistics or its behavior under consta@aid remain unanswered.

This thesis aims at filling the gap of the availmlphethodologies and instrumentation for
the mechanical testing of glass at the micro-/nasuale.

Until recently, suitable methods for manufacturarpitrary shapes in glass were missing,
hampering the implementation of appropriate testiveghods. Fortunately, recent progress
in the field of femtosecond laser processing hasned new opportunities for designing
specific tools adapted to the investigation of glascromechanics. In addition, the careful
observation of nanoscale self-organization procesaking place during laser exposure
offers a novel means for observing fracture siatisbehavior.

Here, we use this novel glass processing methoshttoduce two novel experimental
approaches: one based on novel concept of corgacttecro-/nano-monolithic tensile
tester, and a second one, based on statisticahaliems of an intermittent behavior
occurring during laser exposure. Using these twiwr@gches, we are able not only to load
the material to unprecedented high level of steggkthis, in a pure tensile mode, but also
to study stress relaxation effects and finallyexplore its fracture statistical behavior.

From the technology development perspective, tliesis offers an experimental
framework for contactless testing of glass matsridat, in particular for silica, set
guidelines for microsystems designers. In paraflels work demonstrates the use of
unconventional methods, inherited from other sdientdisciplines, as a means for
extracting relevant brittle fracture parametersjally difficult to obtain at the micro-scale
and requiring extensive numbers of experiments.
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Résumé

Avec les progrés effectués dans la miniaturisaies systémes au cours des dernieres
décennies, la compréhension du comportement deériaat aux petites échelles est
devenue une nécessité.

Dans ce contexte, le comportement des verres eérgémeste méconnu, deune part pour
des raisons technologiques, et deautre part, monales difficultés inhérentes associées a
son comportement fragile en rupture. Entre auties, questions telles que sa probabilité
de rupture ou son comportement sous une chargdatmesdemeurent sans réponse, et
ceux, malgré leurs importances pour lsimplémentatiechnologique. Ceci est deautant

plus vrai pour le verre de silice.

Cette thése a pour objectif principal de comblewidie quant aux méthodes et
lsinstrumentation disponibles pour tester le veteesilice aux échelles micro- et nano-
métriques.

Jusquea récemment, les technologies de fabricalioformes arbitraires dans le verre de
silice étaient limitées, entravant ainsi la miseceuvre de méthodes de tests appropriées.
Leusinage par laser & impulsions femtosecondes angeh la donne en permettant la
conception deoutils spécifiques a lsétude micromémpse de ces matériaux. De plus,
comme nous le verrons dans ce travail, lsobsemationutieuse des procédés deauto-
organisation a lséchelle nanométrique résultantledgposition laser, offre un moyen
inattendu pour lsétude du comportement statistepueupture.

Dans ce travail, nous utilisons cette nouvelle mé¢hdsusinage du verre pour étudier deux
nouvelles approches expérimentales : une premi@ssie sur un nouveau concept deessai
de traction monolithique sans contact, et une deungi tirant profit deobservations
statistiques deun comportement intermittent suraénlars de leexposition laser. En
utilisant ces deux approches, nous sommes capabt®s,seulement deastreindre le
matériau a un haut niveau de contrainte - et caosdin mode en traction pure, mais
également deétudier les effets de relaxation,retléiment, deétudier son comportement en
rupture.

Dans la perspective de futurs développements téopigpes, cette thése offre une
méthodologie et un cadre expérimental pour testesins contact - les verres de silice,
permettant deétablir des lignes directrices powr dencepteurs de microsystémes. En
parallele, ce travail démontre [sutilisation de huftes non-conventionnelles, héritées
deautres disciplines scientifiques, permettant tleéve des parameétres pertinents pour
prédire une rupture fragile, habituellement difisi a obtenir a lséchelle microscopique et
nécessitant un nombre important deexpériences.

Y

Mots clés: verre, mécanique, échelle micrométriquepture, laser a impulsions
femtosecondes.
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Chapter | - MOTIVATION & THESIS
OBJECTIVES



roducing glass-
ee-dimensional
crodevices can
(or separately),
. developed for

(b)

Fig. 1. (a) (Left) Image acquired by an optical microscope
of a monolithic mechanical guidance (known as Hoecken
linkage), machined out of a single piece of fused silica [4].
(Right) Scanning electron microscope (SEM) image of the three-
dimensional hinge. (b) Photoelasticity image of the hinge. The
hinge is in an angular deformation 13° from its rest position
corresponding to a stress of 1.9 GPa.

A first example is illustrated in Fig. la. A Hoecken linkage made of 3D cross-spring pivots
is machined out of glass [4]. The role of this guidance is to convert a rotational motion into
a linear one. An example where the hinge is highly deformed is shown in Fig. 1b.
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nucleation of cracks can take place. The probghiftthe material to fail is following a
two-parameter Weibull distribution [16]:

where is the probability of the material to fail, if i loaded to a stress level The

probability of the material surviving,, is given by: . The quantities and
are model parameters that are determined by fitbhga logarithmic plot based on
experimental data.

The shape parameter,, is a property of the material under test. ltnddépendent of the
testing procedure and the tested volume, and theréfidicates the quality of the material
tested. It essentially represents the scattereoktiength data: the smaller the the wider
the distribution is. is a characteristic strength value which dependsth® testing
method and volume.

A Weibull-type strength distribution arises bothr flomogeneous and inhomogeneous
stress states. Moreover, it should be noted thathi® case of non-uniform stress states a
correction factor representing the effective sweféar volume) tested should be added in
Eqg. (1.1) as it will be further discussed in Chaptée

In this thesis, the experiments are conducted usyrghetic fused silica meeting the
quality standards of Corning 7980 OF [19]. Modedsalyses and interpretations are
assuming properties according to these standardietéiled discussion on the properties
of fused silica glass can be found in Appendix A.

D. State-of-the-art mechanical testing at small scales

In this section, the existing experimental techeg@ommonly used to perform static or
dynamic mechanical testing of fused silica at snsdhles are examined (review
publications can be found here [20-22]. The advgegaand limitations of each method are
outlined in the context of their applicability toospecific case.

i) Micro- and nano-indentation

Micro- and nano-indentation is a widely-used teqgoei to determine mechanical

properties of materials at small scales [23-25]altypical indentation test, the load is

applied to an indenter that is in contact with sueface of the specimen as illustrated in
Fig. 8. The load as well as the penetration depthrecorded as the load increases from
zero to a peak value, and vice versa. When thentedés removed from the material, the

material attempts to regain its original shape.

From the indentation load-displacement curve, thglhess and the elastic modulus of the
specimen can be determined. The specimen hardness be calculated with the peak
load by the following equation [22]:
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actuator. These effects can be eliminated by iateggy micro-heat sinks and optimizing
the device geometry as discussed in [55].

Despite the remarkable progress that has been niadaicro- and nano-scale tensile

testing over the last decade, the performance of dasts remains a challenging task.
Difficulties mainly arise from specimen fabricatjomanipulation, and mounting. An

additional challenge is the application of contedl displacements in a highly accurate,
yet reproducible, manner. Moreover, the existingrotensile testers are operated within

SEM chambers, which adds additional technical @raks such as to ensure vacuum
compatible wiring [49] and require clean room fatis to be fabricated.

E. Thesis objectives

The main objective of this thesis is to developehawethods for investigating the
mechanical properties of glass in the micro-/nascale. In particular, material properties
such as ultimate tensile stress (UTS), statistib@cture mechanics (SFM), and
mechanical behavior over time under high constaatlineed to be investigated.

The development of such technology éssential from both a fundamental and a
technological point of view to:

1. Help us understand the fracture behavior ofduskca in the micro- and nano- scale as
well as related scaling phenomena.

2. Study the long-term mechanical stability of flis#lica under constant load in different
environmental conditions.

3. Identify possible mechanical effects in the iattion of femtosecond lasers with glass,
and therefore, optimize the laser parameters tadaracks, and maximize etching.

4. Provide designers with the necessary guideliteespredict phenomena such as
mechanical failure or mechanical relaxation of gess.

F. Thesis outline

In this introductory chapter we reviewed the state-of-the-art methods of meicia
characterization of materials at the micro-scalee possible advantages and drawbacks of
each one of them were highlighted. We concluded tiwene of these methods can be
efficiently applicable for the case of femtosecdasker processed fused silica mechanical
testing.

In the second chaptera monolithic micro-tensile tester tailored forethexclusive
requirements of micron scale glass testing is zedli[57]. The design methodology,
fabrication process, operation, and characterinatiesults of the micro-tensile tester
developed are presented and discussed in detaihdfmore, the Weibull statistical failure
results of fused silica using this instrument arespnted.
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Thethird chapterdeals with the investigation of stress relaxaptienomena and delayed
failure of fused silica at the micro-scale. Usitg tmicro-tensile tester presented in the
previous chapter, we perform long-term stress nooinijg experiments in different
environmental conditions and various tensile sttegsls.

In the fourth chapter based on the observations of self-organized @ate patterns
alternating with chaotic ones, we investigated fbemation of nano-scale patterns
(nanogratings) at the surface of fused silica ugemtosecond laser exposure. We
incidentally discovered a correlation between tbemfation of these patterns and the
mechanics of fused silicper se The mathematical modelling as well as experimenta
results proving that this method may be used tmekfracture statistics is presented [58].

The fifth chapter presents a polarization device, highlighting tmepdortance of the
knowledge on silica mechanics provided in the presichapters from the technological
point of view [59].

The last chapterbrings together all the results of this thesisnglavith discussion and
recommendations for future research.






Based on the publication:
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The confined volume variations inside the bulk loé tmaterial can be used as a loading
tool to avoid electrostatic or thermal actuationd atheir associated manufacturing
challenges.

C. Micro-tensile tester design and working principle

By making use of the femtosecond laser micromanufary and loading principles, we
present a monolithic tensile tester for investiggtiused silicass mechanical response,
fracture mechanics and load-term behavior undesteor load.

The instrument is entirely fabricated out of a &ngjiece of silica glass by a femtosecond
laser. Thesamefemtosecond laser that is used to fabricate thument is also used to
operate it (load the specimen) as well as to perfam situ measurements (strain
measurements). The stress is measured using pasticy.

The contactless manufacturing and characterizati@thods used allow the materiales
testing without any mechanical interaction with test specimen.

i) Micro-scale tensile testing

The device is fabricated using a two-step femtosddaser-based process described in the
previous subsection as well as in [71]. Firstlye #ilica substrate is exposed to low-energy
femtosecond laser pulses. As a result, the mat&matture is locally modified, causing an
accelerated etching rate in laser-exposed regi@i$ [The follow-up etching step is
performed in a low concentration hydrofluoric HRb&2.5%).

In the previous subsection, we demonstrated tisatr{affected zones in silica exhibit a net
volume expansion (Fig. 18) [75]. We use this priteito expand the lateral bars in a
controlled manner by juxtaposing laser-affectedezotonsisting of lines written across the
volume. To mechanically load the specimen, we @esg the two transverse bars (part 1
and 2 in Fig. 19a) to the same femtosecond lasgr.1®b further illustrates the loading
process. We call these laser-affected structustsssorsZ.

To measure the beam elongation resulting from thess load (typically a tenth, to a few
% of the beam length), the displacement is mechdgi@amplified using a two-stage
flexure-based lever mechanism (part B in Fig. 1@aj)nected in parallel to the main load
cell. When a load is applied, the load cell induaesechanical moment on the flexure that
rotates, causing an amplified displacement of #ned. The kinematics and working
principle of this amplification mechanism are fugthdiscussed in the next paragraphs.

Finally, with the use of the same laser, yet at Imlagver pulse energy, so that no further
modification is made to the material we measure thgplacement of the lever

amplification beam (Fig. 19d) using the third hanicooptical signal generated while

scanning the beam across the specimenes surfa@d.]77
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This construction allows for a rectilinear movemehthe loading cell, albeit with a non-
linear stiffness (Fig. 25). The force-displacemesiaitionship of this system is given by
[91]:

0,
o, $%

es VT e [¥(®)

where$ is the displacement of the loading cell from it&ial position, is the width, is
the length, and is the thickness of the guiding flexures. A doubtenpound flexure [1]
could also be used to achieve rectilinear motioth i linear stiffness, but at the expense
of occupying more real estate on the substrate aalting more complexity. The over
guided-one used here is a compromise between iinearsusvolume required. Although
this guiding mechanism is not linear, we bypass tesue by using it in its quasi-linear
regime (Fig. 25), since the displacements are mdhe small.

G.)

D. Experimental results
i) Manufacturing

Our experimental setup consists of a femtosecoser |gositioning stages and a 250
thick silica substrate. The laser (Amplitude SystémBordeaux, France) emits 275
pulses at 103@ from an Yb-fiber amplifier operating at 8A02 . The laser beam is
focused using a34 objective (OFR-20X-1054, Thorlabs, NJ, USA) withnamerical
aperture (NA) of 0.40. The linear positioning stegen which the specimen is mounted,
provide three degrees of freedom with a resolutibf.1- and a repeatability of 02

at the operated speeds.

For the fabrication of the device, a scanning spefet? 5/  with pulse energy of 250
06 is used. The complete exposure step lasted appabely two hours. After laser
exposure, the device is etched for twenty-four BaarHF ... twelve hours are essentially
needed for the laser affected zones to be totadlyesl out; we let the device in the bath for
another twelve hours to achieve better surfaceitguahd therefore enhance mechanical
strength [60].

The re-exposure of the specimen to induce the el#siolume variation is implemented by
scanning adjacent lines with a writing speed of 30 and with energy per pulse of 220
06. The re-exposure step requires approximately dights.

For the device fabrication, circular polarization used while for the re-exposure step
linear polarization perpendicular to the scanniirgations is applied (so that the highest
possible volume variation for the given pulse egéasgnduced [61, 75]).

It should be noted that the process was not opéichior speed, and the manufacturing
time could be significantly reduced (by an ordernofgnitude), for instance, by using
higher writing speeds and/or repetition rates [92].
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Considering the operating wavelength of the insentnthe retardance measurement spans
between 0 and 27@ . At higher retardance levels higher orders ofdges are observed.
The final retardance is calculated taking into actahe higher orders and according to
the equation:

8
71 - (9)

where s the final retardance, is the retardance measured in the test bdais the
number of orders, an@ is the wavelength at which the instrument operatg
substituting Eq. (2.5) into Eq. (2.7) the finalests state is obtained.

V) Stress measurement on silica micro-beam

The retardance map is used to extrapolate thesssesn through a small surface of 4
- in the center of the test beam (Fig. 34). The west performed in room environment
(temperature = 23°< + 1°<, relative humidity RH = 53% 2%).

Fig. 34. Stress map of the test beam just before its failline
stress is uniformly distributed along the length &lne thickness
of the test beam.

The stress level was calculated using Eq. (2.7)takithg into account the Poisson ratio of
the material € 3 > ). Indeed, if a material is stretched, it shrinksthe directions
transverse to the direction of stretching. This Aasmpact on the measured stress,
when using birefringence measurements to evalb&tstress as the stress is a function of
the thickness of the material at the point of mearment. Note that due to the small strain
values obtained in fused silica the Poisson effeay be neglected.
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vi) Weibull statistics of femtosecond laser processed fused silica loaded in
uniaxial tension at the micro-scale

Using the tensile tester, uniaxial tests were perém on specimens of equal size in the
same environment (T = 23%t 2 °% RH = 53%x+ 5%). Nine devices were fabricated

using the exact same laser parameters and etdhegrésulting to samples with similar

surface quality.

As discussed in the previous section, in eachthestoad was increased up to the moment
of failure. The strength values of each specimea different, i.e., the strength is
distributed. The fracture results are plotted adicay to the Weibulles two-parameter
model [16, 101] following Eqg. (1.1) (see Fig. 37).

The maximum measured stress was P29 The lowest stress value reported is 229
which is at least 20 times above the recommendsdydesalue (typically 100/ 2 9 [3]).
At a stress level of 3.3 2 9the probability of failure is 99.9%. These valaes consistent
with the ones measured in [76].

Interestingly, the data are grouped around a g$itdige verifying that the Weibull theory
is able to predict the failure of femtosecond Igs@rcessed fused silica. This provides an
indication that the fundamental assumption of theibll theory [16, 102] the fact that the
flaws are not linked with each other ... is not igdl&or the processing method used here.

Fig. 37. Fused silica Weibull plot based on tensile testdat
The circles represent the fracture data. The briaé Weibull fit
to extract Weibull parameters shown in the inlet.

The nominal stressd , and the shape paramete are obtained D= 10.9+ 0.3 andd_=
256+ 0.1 )29. The shape parameter is relatively high indigateither a small flaw
population or low flaw density (or a combination lodth). For the sake of comparison,
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ceramics and glasses with volumes less than3 @%  ( processed by advanced
processing methods are reported to have an[10-20] [51].

vii) Error analysis for the experimental technique

There are several contributing sources of errotherexperimental procedure [104]. The
first source originates in the stress measuremdis.error in the thickness measurement
introduced by the optical microscopy measurementthaf test beam is significantly
affecting the calculated stress of the test beahe @&rror of the retardance-measuring
instrument (LC-Polscope) contributes, as wellha stress calculation.

The stress uncertainty is calculated from the eqoat

& j(?) w7 () A “E)

where is the measured retardance in the test béans the uncertainty of the retardance
measurement, is the thickness of the test beahy, is the uncertainty of the thickness
measurements, and<s & >>4 3 ©F G ©@F

The second source of error stems from the displacémmplification mechanism. Here,
the main sources of uncertainty are the originahsneement of the test beames length and
the output displacements of the displacement aroatibn sensor. Therefore, the error of
the strain measurements is calculated as follows:

s ) A ) A

wherel is the original length of the test beafgjs the uncertainty of the measured length,
M'is the output displacement of the displacement ditguion sensor, andyy is the
uncertainly of the measured displacement, normalizith the amplification factor of the
sensor.

E. Discussion

The theoretical intrinsic strength of fused silican be estimated from the relationship
[105]:

8 3
N,O '

where is the elastic modulus) is the atomic separation, a®dis the period of the
assumed interaction force. Assumi@g 8 / , andP = 72 Q G, the theoretical strength
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optically modify the test beam after fabricatiory, Ussing the same femtosecond laser that
is used for the processing and operation of thécdeBy shaping the laseres pulses and/or
parameters, different kinds of polymorphs can bdexided in the test beam, forming a
laser-induced composite material that will ultimMptee characterized.

A limitation of this instrument is that it can onlye used for single cycle loading
experiments due to the irreversibility of the loggliprocess. Moreover, although the
manufacturing process could be optimized to sigaiitly reduce the manufacturing time,
the loading process remains a time-consuming psones allowing the testing of a large
number of specimens.






chapter 1 [ I

A. Introduction

In Chapter Il we developed a micro-tensile testemvestigate fused silicass mechanics.
By using this instrument, we presented resultsherstatistical fracture of the material.

In this chapter, we will make use of the micro-tentester- a simplified version of it- to

investigate time dependent strength phenomena sddfisilica. The results are of

particular importance from a fundamental standpoid relaxation effects are inherently
connected to the formation dynamics of glass. Meggoour results provide a guideline to
designers and engineers of fused silica-based dsvio avoid unexpected mechanical
performance or failure.

Fused silicass mechanical behavior and failure iswn to be prone to environmental
factors such as humidity and temperature [7-10].188re, we investigate the long-term
mechanical behavior and delayed failure of fusdidasiunder various stress levels and
controlled environmental conditions. At high stresel humidity levels, the experimental
data reveal a relaxation behavior of the materdbie its failure. Similar measurements at
the same stress levels but significantly lower Hdityilevels show neither indication of

relaxation behavior nor failure of the material.

In the first part of the chapter, we demonstraie é¢lxperimental setup used to perform
tensile tests in controlled environments. In theosel part, we present our results and
review the existing fused silica failure modelsttbauld be used to interpret the results.
Finally, we propose a plausible explanation forahigin of the relaxation.

B. Experimental procedure
i) Micro-tensile tester design and working principle

The principle of monolithic tensile testing is ex¢évely discussed in Chapter II. Following
the same approach, we design a simplified tensi¢ing device consisting of solely a
loading cell and the sculpted test beam. This weag/,can fit three testing devices in a
single rectangular fused silica substrate (4 ,> ) as shown in the Fig. 39.

For the three tensile testers in each substrageyitith of the loading bars is varying while
the dimensions of the test specimens are of eqmal b this tensile testing design, the
loading bars are working against the stiffnessheftest beam. Therefore, as the test beam
is being loaded, stress also develops in the Igadiars. This stress might induce
permanent relaxation effects in the loading baesnelves. To investigate the occurrence
of any possible coupling phenomena originating fribk@ loading bars that may affect the
stress state in the test beam, we design the lgdxdirs in each of the tensile testers with
variable stiffness.
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Overall, based on both results we can safely assbaighere is no major influence of the
actuation (laser affected zones) in the evolutioh tloe stress behavior in our
measurements.

Fig. 45. Using cantilevers experiments (the method is
described in the previous chapter), we are ablequantify
whether the stress in the laser affected zonegalvieg at room
temperature and humidity4(= 23° %t 2 ° % RH = 53%z* 3%).
There is no obvious change in the average stresshef
cantilevers.

ii) Interpretation and discussion

Fracture of fused silica is often preceded by stibal crack growth which results in

delayed failure of the material. The exact mecharlily which water molecules break Si-
O bonds has been largely investigated the lastd#escg/-10], yet a concrete model is still
missing.

In our results, what triggers more our curiosityn® the delayed failurper se but the
mechanical relaxation behavior taking place beftive failure. Based on the existing
models of subcritical crack growth and glass freetwe will propose a scenario to explain
the relaxation behavior of the material.

The test beam shown in Fig. 39 is processed using temtosecond laser
micromanufacturing method described in AppendiXJpon processing, surface flaws of
different geometries are present which under higess are stretched, and may be seen as
cracks as illustrated in the schematic of Fig. #@tlier discussion on surface quality after
processing can be found in Appendix C).

The stress intensity factor can be computed foivangcrack size and geometry using
Griffith's law expressed below:

- dv'wW 2 3
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D. Conclusion

In what precedes, we investigated the behaviomuséd silica at high stress levels under
different humidity conditions. Using the monolithiensile testing platform developed in
the previous chapter, we loaded devices at vargingss levels. We have designed a
photoelasticity setup to automatically measuresstriem multiple devices for long time
periods, which we have used to monitor the stresmior of micro-scale fused silica test
specimens. At low humidity conditions neither s¢reslaxation effects nor failure of the
material was observed. At high humidity levels, n@/e observed a relaxation behavior
and subsequent failure of the material.

The relaxation results are of great importance fitbm applications point of view since
commercialization of mechanical devices made oufuskd silica has recently started.
From the fundamental point of view, further invgation of this puzzling phenomenon
requires more experiments to get insight on the odlwater molecules in crack initiation
and propagation. A more systematic study at vangrtgrnal loads and environmental
conditions is needed to provide the basis for theetbpment of a quantitative model.
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A. Introduction

In chapter I, we developed a micro-tensile testérich we have used to investigate the
fracture statistics of fused silica. This instrurmefiers significant improvements in testing
the mechanics of glass in comparison to previouslgorted micro-tensile testers.
Nevertheless, the operation of the instrumentnsetconsuming, limiting the number of
specimens that can be tested.

In this chapter, v (N
.Sy

We investigate a peculiar phenomenon forming astiréace of fused silica when exposed
to femtosecond laser irradiation. For the irradiaticonditions for which nanogratings
were expected to be found [83], two outcomes ocperiodic patterns with nanograting-

like EroEerties and chaotic iatterns |113|. Thisveh _ith

B. Experimental observation of intermittent behavior

i) Experimental method

Using an Amplitude Systémese femtosecond laser wiffulse length of ~270 and a
wavelength of 1030 , lines are written at the surface of fused silitass as shown in
Fig. 47. The repetition rate of the laser is 808 . The velocity of writing is varied to
achieve the desired energy deposition, or dosagjaglhigh precision linear translation
stages (Pl Micos GmbH). The conditions of exposueeset by fixing the range of energy
depositions (dosage) between 2 and680 - for pulse energies of 184, 188, 191, and
196 06 that has previously been identified as likely toquce the most interesting results
[113]. The laser is focused onto the specimen usid@®X objective lens (OFR/Thorlabs)
that has an NA of 0.4 creating a maximum modifmatividth of approximately 1.R as
observed by the scanning electron microscopy (SEh)ging. By varying the depth of
laser tracks with respect to the surface of theispen the modification is ensured to cross
the surface plane. This method also allows therobsien of the material modifications at
different locations within the focal volume. Foethanalysis, the tracks, which are roughly
50% within the volume of the material, are used.
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The general hypothesis is based on two assumptiorss, each single enano-fractures test
is independent to the previous one; second, eacbph@ne forming at a given and known
deposited energy corresponds to a known stresinpaelvel. The second point has been
validated in reference [75]. Let us now establish validity of the first one by examining

the statistical nature of the intermittency.

To do so, a number of lines are written at the amefof three brittle materials using a
femtosecond laser with varying deposited and pefsegies following a similar approach
reported in [113].

As laseres deposited energy we define the amourgnefrgy passing through a given
surface element equal to the spot area in the beaist plane that can be estimated as

s ([@D)E U,

in which  is the energy deposited for a single pulsgyxis the non-linear absorption
beam waist, is the laser repetition rate, aids the writing speed.

The deposited energy is governed by three parametermely the pulse energy, the
writing speed (scanning), and the repetition rédtéhe laser (Fig. 50). Depending on the
selection of parameters, both volume expansioncandénsification can be induced in
fused silica.

Fig. 50. Schematic illustrating the concept of energy
deposition, as influenced by the laser process npeters.
Repetition rate, , is the rate at which pulses are emitted, writing
speed and energy per pulse are the main parantbtrsan be
tuned to control the energy deposition. Repetitimie and speed
define the distance between pulsésThe pulse energy defines
the size of the laser affected zone [61].

Then, we measure the length of sections displagimaptic and self-organized patterns.
The results are shown in Fig. 51 where black amtdddemains represent self-organized
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geometric probability law, the average idle periode is [\] 8 ©@Fand is variance
reads - 858 -

Accordingly, we assimilate the beginning of the Yoyeriod start with the arrival of a
virtual customer in an abstract discrete time quguystem belonging to the Geo/G/1
dynamics. The notation Geo stands for the geomédric governing the arrivals and G
specifies the general service time distributioes (i writeR®"and -, for the average and
the variance, respectively). From [114], the fixgdb moments of the busy periddof the
Geo/G/1 queue are explicitly known and read:

P} ——
-0 U8

P () PRI

where_  85R a b3 c is the QS offered traffic. Note that for the abstrQS, all times
appearing in Eq. (4.3) are now expressed in theraltime units . As for an alternative
stochastic process in general and hence for théGzkeathe \] 8 ©F we have [115]:

"}

- PG7PM) Ly

Eq. (4.4) implies that can be measured directly from the experimentdbpag in Fig. 52.
In addition, keepingR fixed while varying the traffice (i.e., the delivered deposited
energy), the first line of Eq. (4.3) implies:

where”; and ¢ for 1 , stand for two different BPs resulting from two fdient
traffic loads.

Accordingly, whenever (up to experimental errot®) equality of Eq. (4.5) is satisfied for
a set of experiments, one can conclude that theothgges underlying our abstract
Geo/G/1 picture hold. If this is the case, theHartconclusions can be drawn:

a) a singleR exists and it characterizes the typical energwipiion rate that can be
associated to thé& patterns generation.

b) Most importantly, the basic hypothesis undedyihe QS theory is realized. Since these
conditions are fulfilled, the successive busy (BY idle periods (IP) as well as their
alternation are statistically independent.
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By linearly fitting the data points, a visual assesnt of the validity of the initial
hypothesis .nanoplanes form independent tensile testss provided. As shown in Fig. 59,
the experimental data form a single straight lineaccordance with Eq. (4.7) with high
level of confidence. The nominal streds and the shape parametel) are obtained

* and d = * ) 2.9The shape parameter is low, indicating the nefed
further calibration of the process. This can beiadd by testing a surface with known
Weibull parameters.

The theoretical fracture value for bulk fused silis estimated in the order of 212 9
indicating that it fails due to the presence offate flaws on its surface. Here, the
maximum stress obtained reaches 12 9with a corresponding 80% failure probability.
This value is lower, yet in the same order of magie with the reported ones in Chapter
Il via the use of the tensile tester. Notwithstaugdiin this case we test the surface of the
pristine material; the tensile testing instrumentesting the surface of the laser processed
material.

i) Further validation: Effect of surface quality on mechanical strength

It has been reported by a plethora of works [6@, 1124] that chemical etching of glasses
in hydrofluoric acid (HF) improves the mechanicakistance of the materiales surface.
More specifically, for the case of fused silicahiis been demonstrated that chemical
etching in HF does not change the average surfagghness; yet it improves the so-called
geometric average slope paramet& J60].This parameter indirectly provides informatio
for the density of peaks contained in a given peofaind in this specific case, decreases as
the etching time increases. More information alibatsurface parameters can be found in
Appendix C.

Fig. 60. The graph represents the probability of fused aitt
two different surface qualities to fail under ateér stress level.
The green line represents an un-etched specimeite thie blue
one an etched one. The etched specimen is proiad &t higher
stresses indicating the significant impact of theace quality in
the mechanical tests.
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Sapphire -Quartz

192nJ 188nJ
0.94 0.89 0.05 0.68 0.68 0.00
0.70 0.73 0.03 0.85 0.99 0.14
0.77 0.66 0.11 0.62 0.84 0.22
0.24 0.15 0.09 0.68 0.60 0.08
E{ ME{ i} (1- )(1-)) Absolute 0.55 0.21 0.34
difference 0.22 0.14 0.08
E{ VE{ i} (1-)/(1-;) Absolute

difference

Table 3. Summary of the queuing theory results for -qaaahd
sapphire. In both cases, the system follows theaohjcs of the
Geo/G/1 QS. For the calculations, measured valtigs o] and
_ are used to validate the left and the right parEq. (4.7).
Values within 0.15 range are represented in gredouc, while
outliers are represented in red colour.

E. State-of-the-art nanogratings formation models andliscussion

Let us now discuss the state-of-the-art knowledgehe formation of the self-organized
patternsper se (hanogratings), and the contribution of our disrgvto their further
understanding.

Since the initial observation of the nanograting8]] the phenomenon has been widely
investigated in numerous dielectrics. Neverthelessprofound ambiguity still holds
regarding the formation of these peculiar self-aiged patterns. Two solid models have
been proposed so far as tentative explanatiorfseofi@nogratings formation.

The first model [83] is based on the interferentéhe laser field with the field of the bulk
electron plasma wave. More specifically, when fesetmnd laser pulses interact with
fused silica, multi-photon ionization takes plapepducing high density of free electrons
when the laser interacts with glass. A plasma {@manealized as an electrically conductive
fluid) forms, which linearly absorbs the followirlgser light pulses through the inverse
bremsstrahlung mechanism. The bulk electron plaseee is excited by the absorption of
the laser light in the electron plasma. A perioslicicture is produced as a result of the
interference of incident light and the excited belkctrons of the electron plasma, leading
to the modulation of the plasmass concentratiom sutbsequently resulting to structural
changes in the material.

The second model [82] explains the nanogratingsiédion with a nanoplasmonic model
based on the enhancement of the electric fieldtdueherent defects in the material, such
as color centers. Electrons or holes are trappeitiénpoint defects and their ionization
potential is reduced so that they can be ionizesleeahan other electrons in the atoms.
Eventually, this reduced ionization threshold at tlefects at the defects sites leads to the
production of nanoplasmas. The nanoplasmas loealhance the electric field producing
modulated structural changes.
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The first model holds a valid explanation on th@etelence of the nanogratings period
from the irradiation wavelength. However, it doest explain why nanogratings are a
cumulative phenomenon (present after tenths ofgsilsvhile interference is present from
the early start of the interaction. The second rhddes not provide solid arguments on
how self-organize patterns appear based on thectdefmndomly distributed in the
material. For a more detailed discussion and arguatien on the validity of the two
models, we refer the interested reader here [61].

Studying the dynamics of the nanogratings formatiwould require experimentally
demanding pump-probe experiments and is out otctmext of this thesis. Our analysis
on the intermittent behavior is based on obsermatiof the laser written patterns. The
bottom-line of our model, in the context of furthenderstanding the nanograting
formation, is the significant presence of mechansteess very close to the nanogratings
regions. Furthermore, previous works have revettiedpresence of minor cracks forming
at the tips of the nanogratings at pulse energest that the ones used in this work.
These findings point out the necessity of the naatggs models to take into
consideration the presence of mechanical effectsfulty capture their formation
mechanism.

F. Conclusion

In what precedes, we investigated the intermitbeitavior of self-organized nanopatterns
and chaotic patterns on the surface of brittle nete (fused silica, sapphire, -quartz)
when exposed to femtosecond laser pulses. Usingegug theory, we unraveled striking
similarities with the intermittency that we useddemonstrate that the formation of each
nanoplane formed within the self-organized pattésrindependent of each other. This key
finding, in conjunction with our previous knowledg@é the stress generation associated
with the formation of these nanoplanes, lead usdojecture that each single lamella
formation is equivalent to a single ¢loadinge exment.

We proved that the intermittent behavior findsrieets in the fracture mechanics of the
material. From the number of nanoplanes formed reefiacturing the material, one can
extract important parameters of the glasse surfamgehanics, such as the Weibull
parameters commonly used for defining the probaiflyrupture for brittle materials.

Further calibration of the method is needed for #lteurate extraction of the Weibull
parameters. As a first step towards the calibratbrihe method is its comparison to
established methods.

Overall, this methodology offers straightforward and contactless methéat extracting
fracture data of surfaces and yet with minimal amoaf material used, as the affected
zones is of micro-scale and confined to a smalfaser It opens new opportunities for
rapid diagnosis of surface strength, for instarmregiality control of consumer electronics
and other fields, a quality control test that igrently hard to implement; but also for
further analyzing the behavior of brittle materiatehe nano-scale.
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A. Introduction

In Chapters Il and IV, we have proposed methodexjglore the mechanics of glass at
small scales and, more specifically, we extracted materiales statistical fracture
information.

In Chapter lll, we have investigated the long-testress behavior of fused silica under
different loading and environmental conditions. Tékect of humidity triggers stress
relaxation phenomena at tensile stresses above G6 At lower stresses, there was no
obvious change of the stress evolving over time.

In this chapter, we apply the knowledge we accutadla the previous chapters on fused
silicass mechanical behavior to demonstrate a tépi for manufacturing polarization
devices.

More specifically, we present a technique for mactiring polarization devices by
controlling the stress in the material. Once theicke geometry is defined; we use a
femtosecond laser to locally induce stress in g$pecegions within the bulk of the
material. The action of the induced stress to éiquaar aperture of the material results to
birefringence. Unlike other techniques, which rely direct light interaction with form-
birefringent nanogratings [128], this clear apegtus free from laser-modifications,
potentially affording higher power handling capéldk, higher overall device
transmission, and a cleaner undistorted beam profitiditionally, the use of fused silica
substrates provides a broad transmission windovenpially enabling a wide tuning range
for the operating wavelength. With fast fabricatiimes and full control over the device
retardance, broadband-like devices consisting afynveaveplates on a single substrate are
possible. Furthermore, by using the same femtoskdaser for both machining and
subsequent loading, the device manufacturing peocas be greatly simplified.

B. Waveplate concept

The principle of a laser-machined waveplate is show Fig. 63. A rectangular clear
aperture (labeled as zone c) is defined by two made through a fused silica substrate
using the femtosecond laser manufacturing processepted in the introductory chapter

[1].

After etching, a set of lines (which we call *stese) are machined in the bulk of the
material at opposing ends of the rectangle (b)ngusiriting parameters sufficient to
generate nanogratings within the laser-affected488]. These nanogratings are oriented
parallel to the laser writing direction, such tttz principal component of the stress tensor
[74, 129] is directed perpendicular to the linesatation.

This arrangement of opposing stressors inducesasi-gumiaxial loading of the material in
the center (as indicated by the red arrows in Big), generating a sizeable optical
retardance within the clear aperture. In this sergrrangement, the cuts serve as a stress-
free interface.
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2.5% solution of hydrofluoric acid (HF) for eighblirs. The repetition rate of the laser is
setto 76QL 2 during machining [1].

Using the same writing configuration, each devisddaded by incrementally forming
stressors perpendicular to the cuts at both endbeofvaveplate. The stressors are then
arranged in blocks at each end of the waveplatefixied spacing of 5 or 10 , with the
laser polarization set perpendicular to the writtigection in order to generate maximum
stress along the long-axis of the waveplataifection in Fig. 63) [74, 129]. Here, we
define a single estressore as a series of stacksmtetie laser-modified regions withza
spacing of 15 , forming a modified esheete of material in tkeplane, for a total of 29
lines per sheet.

Each group of stressors is embedded in the bulkeo§ubstrate and spaced-20 from all
exterior surfaces to limit stress concentration aocdnsequent crack formation.
Additionally, each block is inset 180 from the ends of the device.

The resulting stress-induced birefringence was oreas using an optical microscope
(Olympus BX51) equipped with a liquid-crystal unigsal compensator for measuring
birefringence (VariLC).

The measured retardance is a result of a changélectric permittivity due to applied
stress, and is given by [130]:

gh Nupi s +ejkl' &l &)

whereNyi is the fourth-rank piezo-optic tensor ang is the second rank stress tensor.
The tensorial equation in matrix form for a biax@anar stress in an isotropic material
becomes:
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and finally, the retardance is given by:

of
< |g .1G0Z< —(Neg Npg) >>)

where is the thickness of the substrate, the value<fothe stress-optic coefficient for
fused silica, is 3.55 & G @F[97].

Note that the above equations rely on the princgedsses found in the substrate, which
for the case of the 2D analytical model must be mated from the , m and shear stress
components using the following relation:

. 7 nno\/( , nn):7p:n G )

i) Experimental results

We first examine the evolution of stress within ttiear aperture of the waveplates as a
function of deposited energy [92]. A pulse ener§2®0 06 is selected, corresponding to a
laser-modification which lies solidly within the magrating regime for optimal stress
generation [74, 129]. The speed was varied fromO1l#® 170-5/ , resulting in a
deposited energy range of 10 to 18® - . The results of this experiment are shown in
Fig. 64 below.

For this experiment, the line spacing of individstessors is fixed at -0 , with a total

of 16 stressors per side (32 per device). Accordingig. 64, the developed stress peaks
around 20665 -, giving a maximum retardance of just over5. Above this point the
retardance begins to decay, which we interpret@maequence of stress-relaxation due to
crack formation within the nanogratings. This measwent not only serves as a calibration
to develop maximum stress during the writing precésit also confirms previous findings
for stress evolution in the nanograting regime [#r reference, the phase shift at 546
0 (the wavelength used by the VariLC measuremenesysis given on the right-hand
side of the graph.

While the peak retardance developed in Fig. 64nilg on the order of ~ 18 , this plot
serves as a calibration for process control tordetee the best writing conditions for
generating stress in a single line. For furtheimjziation of the developed stress, we now
turn our attention to the lateral spacing of thesgors.

Based on the results shown in Fig. 64, a depositedgy target of 265 - is chosen to
fabricate three additional devices: one with asstoe spacing of 106 and 64 total
stressors, and two with a reduced spacing of 5 each with 64 and 128 total stressors,
respectively. The results are shown in Fig. 65 Wwelbhe device in Fig. 65a is the same
displayed in Fig. 64, and is used as a referen@é€%2 -, ~ 150 max retardance).
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correspond to the spacing between laser-modifieglons (vertical sheets) and the
thickness of these regions (along thelirection), respectively< is the stress-optic
coefficient, o, is the initial length of the clear-apertusg,, , is the elastic modulus of
fused silica, andyy, is the net volumetric expansion induced duringiaxposure [75].

From a design point of view, Eq. (5.7) gives an rgiev of the tuning parameters
available to the user. The choice of Younges maosliduixed by the choice of fused silica
(material component), while the induced straindfasduced component) is also relatively
fixed for optimized stress generation, as demotexiray the waveplates shown in Fig. 65.
This leaves device geometry as the main parameaterye note that, for large numbers of
stressors, the parameticonverges to zero, leaving only the ratio of ttressor spacing,
material thickness, and the number of stressors.

It should be noted that this model is a simplificat as the interfacial energy between the
various domains (laser-affected, pristine, etc.hos considered. However, so long as we
assume that the behavior of these regions is gederby linear elasticity, this
approximation remains valid. Despite these suleidetthe mechanical behavior of the
system is reasonably well predicted using this agpghn.

#$

& " (((

Fig. 67. Prediction of waveplate retardance as a function of
the number and spacing of machined stressors usieglD
stiffness model. Here, the individual data poirite teveloped
retardance in each waveplate (measured in theecefhthe clear
aperture for each device shown in Fig. 65), while turves are
the predicted values based on the model. For eaasuned data
point, the error was estimated from the measuremmense,
which on average was not greater than H 1. The reader
should note that the measured data points showhenabove
graph compare different sizes of clear aperturee Tevices
written with 32 stressors 10 spacing and 64 stressors 5
spacing have the same clear aperture size, whilgersely the
second two data points are also comparable.
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dimensional body (finite rectangular domain) witlc@ntinuously distributed load along
the width (provided by the action of the stressars)depicted in Fig. 68.

While a full derivation on the use of Airy stresm€tions is beyond the scope of this work,
we will briefly outline the process here, referritiythe notation used in Fig. 68. Here, we
assume a right-handed coordinate system, the asfgivhich is taken to be in the center of
the rectangle defining the clear aperture. Follgntime work in [134], a general solution to
the stress developed in the waveplate is founddbinithg a stress functiop m , which
satisfies the biharmonic equation:

% % %
IO I S

T G
The equatiof m is of the form:
. N
{Cm /0 —.(m > 3)

where is an integer, andhis the only independent variable ofn . Substituting Eq.
(5.10) into Eg. (5.9), and making the substitution N '/, leads to the following
equation for determiningm :

/jo (O)[."m ,0 . " (M70% (m] 3 G )
The stress function then becomes, after integraifdfq. (5.11):
{Cm) /j0 (O)[<¢)+ (OM7 <. [jo+ (Om 7 <m)*/+(OmM 7 <om/jO+(OmM] > , )

where the coefficientsg <q,are computed using the boundary conditions oktliestrate

at the upper and lower edgesn (o) ). In order to accommodate generalized
representations of the load applied to one edgheobubstrate, a Fourier series is used, as
follows:

J(O) =+7 ) = [0(0)7 ) = ) (0) ¢ &
€F

€F

with an additional loading term computed for thevés edge. For our case of symmetrical
loading, the terms containidg O  vanish from Eq. (5.13), and the coefficiertsand
~* may be computed by:
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Here,~. represents the uniform load applied to the rigiichedge. Finally, the 2D stress
tensor is related to the stress function by:

| *{ | *{ | {

— — GO0z P > >

Im: nn | : n’] |m ( )
where |, ,,, andp, are the , m and shear components of stress, respectively.
Computing the derivatives of Eq. (5.12), we arrige the solutions that satisfy the
biharmonic equation, giving a full tensorial deption of the stress field in the clear
aperture of the waveplate:

WhereO fl— }+ is the applied stress, D is a calibration factéwose presence will be
explained in the next paragraph, ,...T+, and/+ T3+ .

Finally, for the equations shown above, we comphte stress components for the first
fifty orders of the Fourier series, which we findeguately describes the stress-field
developed in the clear aperture.

iii) Comparison with experimental results

Fig. 69 illustrates a comparison between experialetidta and the analytical model for
line profiles taken along theandy directions through the center of the clear apertior
reference, the retardance map for the peak deniE&i 65d is shown in Fig 69a.

We first examine the prediction of the shape ofdtress field. Qualitatively, the 2D model
Fig. 69b is in good agreement with the contourhef neasured retardance. While the 2D
model performs well for the contour, the overallgndéude variation is not properly
estimated, as shown by the line profile plots fary andx directions in Fig. 69c and Fig
69d, respectively. The upper insets show the aicalytmodel prediction, and while the
shape of the profile closely follows the measuretyigre overall magnitude is incorrect.

We attribute this to a slight out-of-plane deforibaf suggesting that the loading induced
by the stressors requires further optimization.ebdi no compensation for spherical
aberration was used during the writing processdiasussed for the tensile tester in
Chapter II. This can account for a decrease oflitead intensity with increased writing
depth, resulting in a slightly unequal distributioinstress across the substrate thickness.
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methodology to design compact stress-based polanizdevices. As an example, a basic
geometry was used, consisting of a series of \@ytiaser-written planes arranged in a
perpendicular fashion (similar loading scheme wvilth one used to load tensile testing
device in Chapters Il and Ill), creating a rectdaguegion under uniaxial compressive
stress of 2606 G.

From the design perspective, the results presdantdliis chapter are not fully optimized.
Nevertheless, we have provided a generalized frarevior manufacturing complex
polarization devices. The flexibility of the direatite process allows for virtually infinite
combinations of cuts and stressors, opening updesign opportunities for more complex
polarization devices with clear apertures. For gxamnone could consider devices based
on two-dimensional stress states (as demonstratgtB6] at the macro-scale), leading to
the creation of optical vortices. The technique lvewe introduced here allows for such a
concept to be implemented at the micro-scale, aay e tailored to a variety of complex
stress states.

Further development of the technique requires ekterknowledge of the properties of the
material used as a substrate. Thus, the necedsityirng the mechanical testing methods
proposed in Chapters Il and IV for extracting mialenformation is unraveled.
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A. Retrospective

Until recently, suitable methods and available rimsientation for investigating the
mechanical properties of glass in arbitrary shapesme missing, hampering the
development of glass-based microdevices as wellhasinvestigation of fundamental
challenges of glass mechanics in small scalesifnthesis, we made use of femtosecond
laser processing which proved to be a unique piaitfeo explore fundamental and
unresolved issues related to the study of the gthenf glass. Two novel experimental
approaches were proposed: one based on a novamorfca monolithic tensile tester, and
a second one, based on statistical observatioas oftermittent behavior occurring during
laser exposure.

The main advantage of the monolithic tensile testirethod in comparison to the existing
methods is theontactlesgabrication and operation of the instrument. Thane a full test

is performed without the need to physically inténaith the test specimen, overcoming the
problems of manipulation and alignment.

The intermittent methodology offers a straightfordvand contactless way for extracting
fracture data of surfaces and yet with minimal amoaf material used, as the affected
zones is of micro-scale and confined to a smafbser.

Using these two approaches, we were able to:\fjrethserve a linear mechanical response
of fused silica at the micro-scale, secondly, ldad unprecedented level of stress, thirdly,

to measure relaxation effects of the material ghtstress level, and finally to explore its

fracture statistical behavior.

In the first chapter of the thesis, the existing experimental methods rhechanical
characterization of materials at small scale wekgewed. The advantages and drawbacks
of each method, in the context of micro/-nano- abtarization of glass, were discussed.

In the second chaptera novel technique to perform micro-tensile testivas proposed in
which the material under test was itself sculptetb ia tensile tester. The micro-tensile
tester was fabricated by a femtosecond laser;tlyetsame femtosecond laser was used as
a loading tool to accurately apply a force to thsttspecimen and as a diagnostic tool
allowing us to measure the generated displacemdifis. stress on the specimen was
observed via photoelastic measurements. Therefdedyrication, loading, and
characterization of the device were performed withghysically interacting it. As a proof
of concept, we performed tensile testing of fusi#idasreaching stress levels up to 2.7
Q G. Furthermore, we extracted a shape parameter 8fL  for the femtosecond laser
processed silica. These results indicate that feectond laser machining combined with
chemical etching can produce high performance nréchhparts with tensile strength at
least 20 times above the recommended design value.

In the third chapter we used the monolithic tensile tester to invesggrelaxation
phenomena in fused silica. We investigated the -k@ngn mechanical behavior of the
material under various stress levels and underacibed environmental conditions. At high
stress and humidity levels, we revealed a relaraiehavior and subsequent failure of the
material. We performed similar measurements atdme stress, yet lower humidity



Conclusions & Discussion

levels. Neither any indication of relaxation belwavinor failure of the material was
observed in this case. We used models from theatitee to try to understand the
relaxation behavior of the material; we attributined effect to the influence of water
molecules in the strained silica bonds and the rstidad crack growth.

In the fourth chapter we investigated the intermittent behavior of smtjanized
nanopatterns and chaotic patterns on the surfacdéusdd silica when exposed to
femtosecond laser pulses. Using queueing theory,ummveled similarities with the
intermittency, which we used to demonstrate thatfdrmation of each nanoplane formed
within the self-organized patterns is independehteach other. From the number of
nanoplanes formed, one can extract important paemef the glasse surface mechanics,
such as the Weibull parameters commonly used fbnidg the probability of rupture for
brittle materials.

In the fifth chapter based on the statistical fracture results as wasllthe relaxation
behavior of fused silica we obtained in the presiahapters, we designed a polarization
device which is fabricated and operated by a feetosd laser. Though a simple geometry
is used in this example, we provided a generalfeathework for manufacturing complex
polarization devices in glass. The direct-write qgass is contactless allowing easy
manipulation and loading of the device. An additibfaser exposure step can allow the
integration of further functionalities on the samdstrate. In comparison with the existing
methods, the one introduced here, can potentialigvige higher power handling
capabilities and higher overall device transmission

B. Future work

This work is expected to set the scene for thedtigation of the mechanical properties of
glass at small scales and serve as the backborfietfioe innovations in the use of glass in
microdevices. In this subsection, the author presid guideline for future work.

€ Provide the necessary design criteria to enginemsigners regarding the
statistical failure of femtosecond laser proceskexd silica.

A novel technique to perform micro-tensile testimgs proposed. As a proof-of-concept,
we measured the stress-strain response of the ialatend extracted the Weibull
parameters for a fixed set of exposure and etchamgmeters. For providing the design
criteria needed for full exploitation of the matdss properties, a parametric analysis
(varying the exposure conditions and the etchingejiis required to identify the optimal
window of mechanical performance. Furthermore, nthen thirty specimens need to be
tested each time to provide adequate Weibull stredigtribution.

€ Diversify the monolithic micro-tensile testing cept for various glasses and
ceramics.

The instrument is not only applicable for testingdd silica; it can be adapted for testing
other materials, pending that an adequate specmierostructuring process, compatible
with the instrument fabrication process itself, famund. Thus, future works requires
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identifying adequate exposure conditions and etriprocesses in the materials that may
be of interest from the device development perspect

€ Making use of the micro-tensile tester to charaeeefemtosecond laser-affected
zones in glass.

The femtosecond laser fabricated and operated rArcigile tester offers a suitable
platform for the investigation of the mechanicsfeimtosecond laser affected zones in
glass with a simple additional exposure step. Iddethe mechanical properties of
femtosecond laser-induced polymorphic in silica asegely unknown which is a

bottleneck into involving new material phases entsedin complex systems made of
glass.

€ Quantify spseudoplasticZ deformation of glass a trano-scale.

At the nano-scale, silica glass is found to exhibitconventional behavior such as
pseudoductilityZ [11-13]. Due to the lack of apmiate experimental tools this peculiar
behavior could be identified, yet not quantifiedheTmonolithic approach offers a suitable
platform to explore glass mechanics at the nantesca

€ Investigation of stress relaxation behavior of flissilica under various
experimental / loading conditions.

In this work, first results were provided on theamnanical behavior of fused silica glass
under high stress. To obtain these results, besidetensile testgrer se an experimental
setup where the user can tune the water contentaatwmatically test more than one
specimens for a long period of time was built. TiotHer explore the rich topic of glass
static fatigue under varied experimental conditjoirssestigation of the temperature
dependence of this phenomenon needs to be inviestigarherefore, additional
temperature control needs to be incorporated imteasurement platform.

€ Verification of the subcritical crack growth modedsulting in the relaxation
behavior and failure of fused silica.

From the fused silica relaxation results perspegtimechanical testing in a heavy water
environment would allow a further insight on whetttee relaxation behavior originates on
the surface or the bulk of the material. Furthemno€Q laser morphing of the test
specimen will allow an insight of whether the sutical crack growth model is valid.

€ Investigation of crack propagation phenomena ocagrrduring the intermittent
behavior.

The energy deposited is governed by three parametarmely the pulse energy, the
writing speed (scanning) and the repetition ratahef laser. A same level of deposited
energy can be achieved by an ad-hoc selection aingrspeeds and repetition rates.
However, considering the crack propagation dynandi¢gerent patterns of alternating
sequences of erratic and organized nanoplanes eaachieved for different pairs of
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scanning speed / repetition rates, although theydyio identical amount of deposited
energy into the material. A follow-up study may yide more information on the complex
phenomenon of crack propagation in conjunction i feed rate of pulses as well as the
scanning velocity.

€ Calibration of the nanogratings technique using séikg methods and
investigation of the applicability of the model sapphire and -quartz

Since there are not any reported results on thiststal fracture mechanics of fused silica
specimens with the exact surface quality that wstete here, we cannot compare our
statistics results. Nevertheless, calibrating thethmd is an important step for future
studies. Furthermore, we were not able to explarthér if the method is applicable to

sapphire and -quartz since we were not equippedhvthe proper equipment for

producing the cantilevers required to evaluatesthess level between the nanogratings.

€ Development of monolithic glass optical and optanagical devices at the micro-
scale

The flexibility of the femtosecond direct-write mess demonstrated by the development
of a polarization device, allows for virtually infite combinations of cuts and stressors,
opening up new design opportunities for more compléglass polarization devices with
clear apertures and potentially zero transmissiossds. The generic mathematical
framework used can be exploited for developing cevibased on two-dimensional stress
states (as demonstrated in [136] at the macro)sclglading to the creation of optical
vortices.












The fracture toughnesS,g of the material (which measures its resistancenaty@rack
propagation) is low: between 0.5t8%4G >, i.e., about 20 to 50 times less than that of
common metals [10, 108]. Like other glasses, fusiida is also prone to static fatigue
under constant loading due to stress-corrosionceffe.e., spontaneous crack growth
leading to a reduction of the fracture strengtthiepresence of water molecules.

Fused silica is clustered dielectric[98] as it can hardly conduct current. Therefdrean

be used as an insulator with dielectric loss facésr low as 0.0004 at %o 2.
Notwithstanding, unlike other insulators it doewvdaecond order electric characteristics
since it can be polarized under an electric fiéidother words, its atoms form dipoles
which do interact with an electric field.

Its thermal propertiesnclude a remarkably low coefficient of thermalpaxsion (0.48
10°%S over the -108 to 35< temperature range) and a high resistance to theshualks,
which make it an excellent material for applicatidhat require the utmost in dimensional
stability over a large temperature range [98]. Eomparison, the INVAR (nickel-iron
alloy), which has the lowest thermal expansion agnah metals and alloys near room
temperature, has a mean coefficient of thermal msipa that is more than twice that the
one of fused silica (1810°5S over the 26< to 100< temperature range). Furthermore, it
has one of the lowest thermal conductivities amealids (1.385S  at 25<), 100
times lower than that of silicon (148 S  at 25<).

Fused silica offergptical propertiesthat compare favorably with other optical material
[98]. It is transparent from the deep ultraviol&t\) to the infrared making it a very
suitable material for high-end optical componemis aptical fibers.

Appendix B: Types of modifications in fused silica

Three types of structural modifications have beeported as a function of energy per
pulse and pulse duration in fused silica. Thesémeg are labelled as Type I, II, and Il
[139] as shown in Fig. 71.

Thefirst regime(Type |) is the one that homogeneous modificatiake place within the
laser affected zone (LAZ). In this regime, the miateundergoes a slight increase of
refractive index K10 >4 3 ©() [140] and shows an increased etching rate [78g T
positive index variation makes waveguide fabricapossible [140].

The intermediate regiméType Il) is where self-organized patterns comsisbf adjacent
nanoplanes are formed (also called nanograting2) 8, 141]. These structures are
radically different than those found in the Typerdgime as they are polarization
dependent. They also present interesting opticapeies such as form-birefringence
[128], giving the possibility to create novel phoics devices such as polarization
converters [142]. The presence of these nanostesieads to strongly enhanced etching
rates [143]. Moreover, nanogratings exhibit usefakchanical properties such as
controlled volume expansion [75, 144]. The comhoratof the chemical and the
mechanical properties found in the Type Il regire@ds us to use only this type of
modification for all the devices presented in tihissis.
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