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Abstract

The thermomechanical properties of materials are among the most important properties for
designing precision instruments, in particular for devices seeking high-dimensional stability,
invariant temperature-elastic properties or low thermoelastic losses. Dedicated materials
have been created for these purposes, such as Zerodur® and Silinvar®.

In this thesis work, we propose a method for selectively tuning the thermomechanical
behavior of transparent materials using ultrafast lasers. Specifically, we investigate laser-
exposed fused silica’s thermal expansion coefficient and thermoelastic properties. Fused
silica’s already outstanding physical properties, such as low-thermal expansion coefficient
and low thermoelastic losses, offer a promising starting point for exploring its limits as a high
performance thermomechanical material.

This study unraveled the preponderance of certain laser induced modifications in this
process. The results are obtained using micro-mechanical devices specifically designed for
this purpose. A bimorph structure is used to characterize the thermal expansion, while a
resonant cantilever is implemented for investigating thermoelastic properties. Using these
micro-instruments, we show that: 1) These laser-induced modifications can be used to tune
silica’s thermal expansion coefficient permanently. In particular, we demonstrate that a given
exposure regime leads to a lower thermal expansion than the pristine material, while other
exposure conditions yield the opposite result. 2) The positive temperature-elastic coefficient
of silica is reduced by nearly 50% after laser exposure. Such performance turns fused silica
into a good candidate for temperature-stable resonators. 3) The Young’s modulus at room
temperature can display laser-induced elastic anisotropy controlled by the laser polarization.
4) The thermomechanical properties can be fine-tuned with an extra thermal annealing step.

This thesis is a first step towards designing materials with arbitrary thermomechanical
behavior, starting from a given transparent material. This approach stands out from other
methods from the fact that material properties can selectively be transformed at the mi-
croscale level with unique and tailored thermomechanical properties, and this, in arbitrary
substrate shapes. It enables the fabrication of metamaterials with engineered thermomechan-
ical response. From a device point-of-view, this research further expands the capability of
femtosecond laser to tune refractive index and etching selectivity towards thermomechan-
ical properties, forming a larger palette of possible ultrafast laser-induced functionalities.
This addition further enlarges the potential of femtosecond laser for making highly inte-
grated multifunctional devices. This is in particular interesting for precision instruments,
temperature-responsive transducers, as well as temperature-stable optomechanical devices.
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Résumé

Les propriétés thermodynamiques des matériaux sont parmi les plus critiques pour la concep-
tion d’instruments de précision, en particulier pour des dispositifs visant une haute stabilité
dimensionnelle, une invariance des propriétés thermoélastiques ou de faibles pertes thermoé-
lastiques. Des matériaux visant a maximiser ces criteres ont été spécialement congus, comme
le Zerodur® et le Silinvar®.

Dans ce travail de thése, nous proposons une méthode d’ajustement du comportement
thermomécanique de matériaux transparents a I’aide de lasers a impulsions ultra-courtes.
Nous étudions en particulier les modifications du coefficient de dilatation thermique et des
propriétés thermoélastiques du verre de silice apres exposition. Les exceptionnelles propriétés
thermoélastiques du verre de silice, son faible coefficient de dilatation thermique et ses faibles
pertes thermomeécaniques font de ce verre un point de départ prometteur pour étudier les
limites des matériaux a haute performance thermomécanique.

Cette étude a démontré I'importance qu’ont les modifications induites par I'exposition au laser
a impulsions ultra-courtes sur les propriétés thermomécaniques du verre de silice. Les résul-
tats principaux sont obtenus a 'aide de dispositifs micromécaniques. Une structure bimorphe
est utilisée pour caractériser I’expansion thermique, tandis qu'un cantilever résonant est
implémenté pour étudier les propriétés thermoélastiques. A I'aide de ces micro-instruments,
nous démontrons quatre points : 1) ces modifications induites par I'exposition au laser peuvent
étre utilisées pour ajuster de maniere permanente la dilatation thermique du verre de silice.
Nous montrons notamment qu'un régime d’exposition donné conduit a une diminution de la
dilatation thermique, tandis qu'un autre induit le résultat opposé. 2) Le coefficient thermoé-
lastique du verre de silice est réduit d’environ de moitié apres |'exposition. Un tel résultat fait
du verre de silice un excellent matériau pour la fabrication de résonateurs thermostables. 3)
La mesure du module de Young a température ambiante montre ’anisotropicité élastique
causée par I'exposition, dont la direction est contrdlable par la polarisation du rayonnement.
4) Les propriétés thermomécaniques peuvent étre affinées avec un recuit supplémentaire.
Ce travail de thése est une premiere étape vers le développement de composants avec des com-
portements thermomécaniques arbitraires. Cette approche se démarque par le fait que les mo-
difications du matériau se font localement a I’échelle microscopique, permettant d’atteindre
des propriétés thermoélastiques uniques, pouvant étre spécialement adaptées a une appli-
cation donnée, et ce pour des formes de substrats arbitraires. Elle permet la fabrication de
métamatériaux aux propriétés thermomeécaniques personnalisées. Ce travail étend également
la gamme d’applications des lasers a impulsions ultra-courtes, de la modification de I'indice



Résumé

de réfraction et du taux de gravure chimique, vers I'ajustement des propriétés thermoméca-
niques, formant une gamme étendue de fonctionnalités permises par ces sources. Une telle
technologie pourrait en particulier améliorer la fabrication d’instruments de précision, de
capteurs thermosensibles, d’actuateurs, et des composants optomécaniques thermostables.
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|§ Introduction

Dimensional and elastic properties changes of solids due to temperature variations pose
numerous constraints in engineering constructions, instruments or devices. A first issue is
the thermal expansion mismatch between materials. A difference in so-called "coefficient of
thermal expansion" or "CTE" leads to stress in and at the boundaries of the materials. As an
example, railways tend to buckle in summertime if no mechanism is applied to compensate for
the temperature-induced dilation. In electronic devices and/or metal-glass assemblies, solder
joints are subject to thermal stresses due to CTE mismatch among the different components,
leading to failure [1]. Careful material selection and specific design principles are also key for
maximizing the performance of MEMS devices [2, 3]. In these devices, movable structures are
used for sensing e.g. pressure [4], angular velocity [5] or acceleration [6]. Thermal induced
deformations or stresses in these mechanical structures interfere with the measurement,
leading to inferior performance [7].

A vast majority of optical systems, like telescopes, interferometers [8, 9] and gravitational
detectors (LIGO and VIRGO) [10], require a high dimensional stability. Here, in particular, the
thermal expansion must be minimized or controlled, apart from avoiding parasitic thermal
induced stresses and/or deformations.

Alast issue, somewhat less known, is related to the stability of frequency references, which play
a major role in time keeping devices, and other instruments relying on reference resonators,
such as in miniaturized frequency references or RF-filters [11, 12]. The accuracy of these
devices, rely not only on the dimensional stability described before, but also on temperature-
induced elastic modulus change of the resonator. As an example, an accuracy of a second over
a year for a single-beat/second pendulum, would require extraordinary temperature-stable
dimensional and elastic material properties, in the order of 1071° [13].

To address these problems, various approaches have been explored. It includes the design
of new materials such as Aluminium-Silicon-Carbide (AlSiC), a high thermally conductive
material, but low in thermal expansion, is particular useful for electronic packaging. Another
example is Kovar, a low thermal expansion nickel-cobalt alloy, invented to join glass-metal
assemblies [14]. Furthermore, specialized ceramics, such as Zerodur®, ultra low expansion
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glasses (ULE), or Invar®, are used to achieve high dimensional stability. Other methods
include the use of special construction principles. Examples of these types of constructions
are the gridiron pendulum [13], invented in the early 18th century or recently proposed
concepts based on metamaterials [15, 16]. There is a growing interest for metamaterials that
have complex thermal expansion behavior by design, thanks to the advances in 3D fabrication
technologies such as additive manufacturing.

Here, we investigate how laser-induced localized bulk modifications can be used to engineer
the thermomechanical properties of silica. Specifically,

this thesis work c on the characterization of the thermomechanical properties of ultrafast laser
exposed fused silica.

Ultrafast laser machining has in the last two decades paved new ways to fabricate three
dimensional multi-functional devices at the microscale in transparent materials. With this
technology it is possible to modified locally the physical properties of a microscale volume, at
an arbitrarily chosen location of a given transparent material. Using this technology, optical
networks with waveguiding, polarization and/or reflective capabilities can be inscribed and
likewise micro-structures can be fabricated, such as combarrays, positioners, resonators or
fluidic networks. Being able to change the thermomechanical properties, in any given location
of a device, potentially gives the freedom to design arbitrary thermal expansion compensation
schemes, in a system approach, and potentially at the material level, or for the realization of
thermal actuators.

Towards this goal, first, progress in the realization of materials and systems with extraordinary
thermal expansion properties is reviewed. Second, the state-of-the-art of ultra-fast laser
processing of transparent materials is introduced. Third, the envisioned potential of using
ultrafast laser exposure for tailoring the thermomechanical properties is explained. Finally,
the thesis objectives are detailed, followed with a thesis outline.



1.1. Thermomechanical properties of solids

1.1 Thermomechanical properties of solids

The thermal expansion of the vast majority of materials can be understood according to
the asymmetric shape of their interatomic potential well (approximated by a Lennard-Jones
potential, see Figure 1.1a. This potential well describes the potential energy (®) between

a

r[a.u.] r[a.u.]

Figure 1.1 — a) The potential energy, ®, between two atoms as a function of the interatomic distance,
1. The mean interatomic distance increases for elevated temperatures, where T» > T1. b) The potential
energy’s derivative, 0® [0r, which represents the interatomic force and the slope for a given interatomic
distance or temperature is related to the elastic properties.

two atoms as function of their interatomic distances (r). The equilibrium is the balance
between repulsive forces (Pauli repulsion) and attractive ones (i.e. van der Waals) [17]. At
elevated temperatures, atoms "oscillate" around the mean interatomic distance. The mean
interatomic distance increases along with the temperature, because of the potential well
asymmetric character, as illustrated in Figure 1.1a, where T»> > T;. Interestingly, the elastic
properties, hence the stiffness of the material, can also be discussed with this model. As
the spatial derivative of the potential energy 0®/dr is a force (as depicted in Figure 1.1b
as function of r), the spatial change of interatomic force, for small displacements under a
linear approximation (i.e. the indicated slope in the figure), defines the "stiffness" between
the two atoms. For increasing interatomic distances, and thus for increasing temperatures,
the connection becomes less stiff. A temperature decreasing Young’s modulus is therefore a
common behavior among solids. Together with the density and thermal conductivity, these
material properties are usually closely related [18].

This simple two-atom model captures well the thermal expansion behavior of most materials.
However, for more complex materials, it is rather incomplete when considering complex
molecular arrangements, with several vibrational modes, or when considering, the macro-
scopic behavior of multiple component materials as well as phase transitions. The negative
thermal expansion of water near the solidification point is a classical example of anomalous
behavior near a phase transition.
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Figure 1.2 - a) Thermal expansion coefficients for amorphous SiO, and quartz. Notice, the negative CTE
for temperatures below 200K. The figure is adapted from [19]. b) The increasing Young's modulus along
with temperature for amorphous SiO» and GeO, [20].

The thermomechanical properties of fused silica display an anomalous behavior. For instance,
for temperatures below 200K, the thermal expansion coefficient (CTE) is negative [21], see
Figure 1.2a. Above this temperature, at room temperature, the values are abnormally low (~0.6
ppm/K) in contrast with, for instance, its crystalline counterpart, quartz. The other abnormal
thermomechanical property is the temperature-dependent Young’s modulus, (Figure 1.2b).
Where other materials display a decrease, fused silica shows an increasing Young’s modulus
over temperature. We will elaborate more about the current understanding of these abnormal
behaviors in Chapter 6. Nevertheless, notice that both, the CTE and the positive temperature-
elastic coefficient, cannot be explained by a Lennard-Jones potential-based model.

Progress in thermomechanical designed materials and systems

Tailoring the thermal expansion of materials to obtain high dimensional stability is a research
topic for many years. Starting from the discovery of Invar by Charles-Edouard Guillaume, No-
bel Prize in Physics 1920, a great deal of effort has been put into finding materials approaching
zero-thermal expansion while having other interesting physical properties, such as optical
transparency or low density. This has led to the development of specialized ceramics, such as
Zerodur®, which achieves record low thermal expansion, approaching 1072 K71, two orders of
magnitude smaller than fused silica, which has the lowest coefficient of thermal expansion
(CTE) among ‘single material’, and two to three orders less than Invar. The low CTE in Zerodur
is achieved by adding two constituents in a composite, with one constituent exhibiting a
negative CTE balancing the positive CTE of the other [22]. Further efforts have been made in
the search for negative CTE materials in complex material systems [23, 24].

Fused silica is applied for high precision devices and optical elements partly because of its
low CTE, to maintain high dimensional stability. In addition, the positive temperature-elastic
coefficient of this material offers further improvements to the thermal stability of devices. For

4



1.1. Thermomechanical properties of solids

instance in watchmaking, the temperature-induced frequency deviation of a silicon-based
mechanical oscillator is minimized by compensating the negative temperature-elastic coeffi-
cient of silicon, with the positive temperature-elastic coefficient of silica. This composite-like
material is known under the brand Silinvar® [25] which is the successor of Elinvar® and
Nivarox®. For Silinvar®, an oxide layer is grown onto a silicon substrate, forming an SiO» layer.
The main limitation of Silinvar is the growth of the oxide layer, whose thickness is limited to a
maximum of approximately 4 ym due to practical reasons, unfortunately limiting the freedom
in design.

A thermal expansion scheme, which makes use of fused silica’s positive temperature-elastic
coefficient was invented for mirrors, acting like test masses, in the gravitational wave detection
project LIGO [26, 27], with the purpose to suppress thermoelastic losses [28]. The mirrors are
suspended by 800 um diameter silica fibers, as shown in Figure 1.3. The weight of the mirrors
stresses the suspension and the resulting initial strain is a function of the Young’s modulus
(e= 0/ E, Hooke’s law). Due to the positive temperature-elastic coefficient, ¢ becomes smaller
for elevated temperatures, causing the mirror to move upwards (right schematic of Figure
1.3a). While for the positive thermal expansion of fused silica at room temperature, the strains
become larger, and the mirror moves downwards (schematic in the middle of Figure 1.3a).
They demonstrated that a relatively low tensile stress, in the order of 175 MPa, is needed to
compensate for the low thermal expansion coefficient. For their application, this method was
sufficient to suppress the (already low) thermoelastic losses of fused silica below the detection
limit of the gravitational wave detector [28, 27].

a
AT=0 AT>0 AT>0
>0 CE/0T=0 o=0 JE/0T>0
L
&0~m/Eq Ag(T)~aAT Ag(T)~m/E(T)
h g g

g
m

Figure 1.3 - a) The thermal expansion principle for LIGO’s test-masses/mirrors. For simplicity, the two
prominent thermal expansion effects are separated. In the left, no temperature change is applied, the
strain €y, in the SiO, fiber is constant and is a function of the weight (m) and Young's modulus (Ep).
For the situation in the middle, a temperature increase is applied, consequently a downward thermal
movement of the mass, accounted to the positive CTE, is illustrated. In the right schematic, an upward
thermal movement of the mass due the positive temperature-elastic coefficient occurs. Furthermore, the
latter is a function of the initial strain €, or in other words the load. b) CAD-drawing of the test masses,
adapted from [26].



Chapter 1. Introduction

Let us discuss briefly the ancestor of the Elinvar® made oscillator, as it is fruitful for further
thoughts. Nearly 300 years ago, the oscillator was comprised of a thermal compensation
balance wheel, see Figure 1.4. Masses attached to a bimetalic strip, move radially, either
inwards or outwards. This thermally-induced movement changes the inertia, such that it
compensates for temperature-dimensional and -elastic change of the oscillator itself.

a (1)) b

/

Balance wheel

Hairspring

Figure 1.4—-The thermal compensating balance wheel, invented in the 18th century by Thomas Earnshaw
for watchmaking. a) The radial mass position is controlled by a bimetallic rim. In effect, the inertia
is controlled thermally. b) An impression of an hairspring and balance wheel assembly. The image is
adapted from the website https://www.vintagewatchstraps.com/.

Another approach to tune macroscopic material properties is based on metamaterials, where
arepeating microscale unit-cell has a programmable CTE, dictates the effective CTE of the
metamaterial at the macroscale. This microscale unit cell consists of a truss-like architecture,
made out of different materials, having different positive CTEs [29, 30]. Figure 1.5a depicts
the CTE versus a design parameter for different metamaterial designs [31]. Although of large
scale (>1 mm), it demonstrates these theoretical models for tuning and optimizing thermal
expansion behaviors. These unit-blocks are an assembly of aluminum, a high-CTE material,
and titanium bars, a low-CTE material, made with conventional fabrication technologies.
Recent progress in additive 3D-polymerization techniques have enabled the implementation
of composite microstructures [32, 33], see Figure 1.5b. For both examples, a lower effective
CTE is achieved than the individual constituents, and notably, for certain design parameters,
negative CTE values are obtained.

Most concepts discussed so far, use two or more constituents with distinct thermomechanical
behaviors. There, the constituents display opposite thermal behaviors (as in the case of
Zerodur® and Silinvar®) to minimize undesired effects. Other solutions are found at the
system level, where degrees of freedom are added. Allowing for internal temperature induced
movements, while at the outer-boundary, the structure exhibits a defined thermal expansion
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1.1. Thermomechanical properties of solids

behavior (as in the case of the gridiron pendulum and for metamaterials). The latter method
requires the ability to fabricate multiple materials based three dimensional structures, where
the additive fabrication methods are particularly effective. The last method found in the
literature controls the stress such that the initial induced strain varies upon a temperature
change, due to the temperature-elastic coefficient. This method was used for the gravitational
interferometer (LIGO).

a _ 70T
= e S b
L B T SR x 10 |
@\\\t eo°(4s%(h 0 = 70° (56%) "o, = 70%(64%) T T T -
02150 == i
ey oA Rl O'UO}& %
-
~ T \ &% @ ©
s \\ 2& o S =20 (67%) E 2 208k _lmm 298K
~ .0 A o N .
o | e Rl 2
o .60 K C -
> ; * © Experiment
p fazs 4 41 A 2%VolCu |
. $ O 5%VollCu
. . > -64 o 10%VolCu |
F 27, == Is0-CTE Octet: 6;€(35°,90°) 6
5 = Aniso-CTE Octet: 6,€(45°,90°) — ]
ﬁ-@}( = S Concept 03l 30 2 = FEA calculation
~ .= 4 = H-Concept: 0 €(0°, 35°)
A 3w | w -84~ T T - -
0 0.4 02 03 04 05 06 07 08 09 300 350 400 450 500 550

Normalized Skew Angle, Onormaiized

Temperature (K)

Figure 1.5 - Two demonstrations of CTE tuneable metamaterials. In both examples, a lower effective CTE
is achieved than the individual constituents. For certain parameters, negative CTE values are obtained. a)
Set of different aluminum-titanium structures mapped to their effective CTEs and for a design parameter
[31]. b) The effective thermal expansion of a metamaterial versus the temperature. The effective thermal
expansion is further tuned with respect to the copper additive concentration [32].

Controlling thermomechanical properties with meta-material approaches are promising for
increasing the material selection. However, the accuracy on the designed properties remains
limited, see Figure 1.5. This is either because of a lack of control on the fabrication technologies
or due to parasitics effects imposed by assembly steps. Post-tuning the properties, i.e. in a
closed-loop manner, is a possible method to reduce uncertainties, which these approaches
seem not to offer. Unfortunately, the removal of material to create the necessary internal
degrees-of-freedom reduces the stiffness of the meta-material [30], which is undesired in most
cases.

We envision that the principles mentioned above could be integrated in a thermomechanical
tuning method which is based on femtosecond laser exposure of transparent materials. This
could offer several advantages with respect to other methods, because of the ability of e.g.;
tuning locally the material properties in any location of the transparent material. The method
we envision is further detailed in Section 1.3, but let us first introduce the ultrafast laser tech-
nology and how it is used for tuning material properties and the creation of multifunctional
devices.



Chapter 1. Introduction

1.2 Ultrafast laser processing of transparent materials

Tightly focused ultrashort laser pulses focused inside a transparent material trigger non-linear
absorption events, eventually leading to localized bulk modifications [34, 35]. For a variety of
transparent materials, different types of laser-induced modifications can be found depending
on exposure conditions. For instance, in fused silica, for relatively low pulse energies (< 200 nJ)
and short pulse duration (< 200 fs), homogeneous modifications associated with a refractive
index increase were reported [36], while increasing the pulse energies and/or the pulse lengths,
leads to a second characteristic modification characterized by self-organized nanostructures
with nanoscale periodicity, referred as ‘nanograting’ or ‘type II modification’ [37]. The relation
between laser-induced structural changes and exposure conditions are discussed in more
details in the next chapter.

w
fused silica substratell

£ Fs - 'T‘”
-» B .“

Imolorized stage -

Figure 1.6 - An example of ultrafast laser machining setup: a femtosecond laser is tightly focused inside
a fused silica wafer, and by means of translation stages, the focal spot is moved along an arbitrary
trajectory.

The very nature of non-linear absorption, that confined energy in the bulk of the material
makes possible the writing of 3D patterns, opening the door to new applications exploiting a
three-dimensional design space. An interesting property of this second type of modification is
the local increase of etching rate when immersed in low-concentration hydrofluoric acid [38]
or KOH [39]. There, the etching rate increases significantly compared to unexposed material,
typically to a ratio of 1:100 or even more with KOH, making possible the fabrication of arbitrary
high-aspect ratio structures [40]- the schematic of the fabrication process is depicted in Figure
1.7a. Using brittle materials such as glass for fabricating mechanical structures may sound
counter-intuitive, as fused silica - like other glasses, has a low toughness. This problem is
mitigated by the fact that femtosecond laser exposure combined with chemical etching (in HF)
yields to higher quality, defect-free surfaces, preventing the occurrence of crack nucleation
sites. The tensile strength of femtosecond micro-machined fused silica show values well above
1 GPa with low failure probability [41], and eventually reaching 2.4 GPa [42], substantially
above ordinary metals. As a material, fused silica happens to have one of the lowest internal
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1.2. Ultrafast laser processing of transparent materials

friction coefficient, and as such, has nearly no stress-strain hysteresis or thermoelastic losses.
Together with its low thermal expansion, fused silica is particularly appealing as a construction
material for high-precision mechanics. In Figure 1.7b, a femtosecond laser fabricated 3D
cross-pivot is depicted [43]. This structure illustrates the true 3D nature of this manufacturing
process as such device can not be fabricated with conventional lithographic methods. Another
feature, which is not possible to fabricate with conventional processes, are hollow-cavities or
fluidic channels [44, 45, 46]; Figure 1.7c depicts a SEM image of a fluidic channel realized with
the ultrafast laser machining process. As an illustration of the potential of this technology for
integrated devices, fluid-handling and mechanical elements have been integrated into one
monolithic device, a medical device for surgical puncturing illustrating this idea is shown in
Figure 1.7d. The motions of the needle are precisely controlled by a bistable flexure-based
mechanism, ensuring a repeatable and safe puncturing. A fluidic channel is added to the
needle for drug delivery. Figure 1.7e depicts a schematic of a mirror suspended by a set of
flexures, which defines a virtual rotation point at the mirror’s surface [47]. The orientation of
the mirror is itself controlled by means of femtosecond laser exposure of certain locations on
the flexures to induce the motion of the mirror.

Mirror surface

Actuator
fixed end Lever amplification

Laser affected z}

Actuator

Figure 1.7 — a) Femtosecond laser microfabrication process steps. b-d) Examples of monolithic me-
chanical elements or systems which has been fabricated using the process in a), b) a cross-pivot [43], ¢)
branching fluidic channel [40], d) a medical device for surgical puncturing, an assembly of mechanical
flexures with an integrated fluidic channel for drug injection. e) A mirror suspended in a set of flexures
defining a rotation point. The mirror can be reoriented by post-exposing a part of the mechanism [47].

In photonics, various functionalities inscribed with an ultrafast laser in fused silica have been
demonstrated. Davis et al. demonstrated, in their pioneering work, that a low-pulse energy
regime modification is associated with a homogenous refractive index increase in silica [36].
This type of modifications is since then referred as ‘Regime I’ modification in the literature. As
a consequence, they further showed that a written line acts as an optical waveguide [36], see
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Figure 1.8a. The refractive index changes are achieved in the range of 10~* to 107> [48, 49],
which is similar as the one of conventional monomode optical fibers. The reported losses are
in the order of 0.1 dB/cm.

This property change has been further extended to more complex optical networks i.e. waveg-
uide coupling [50, 51], photonic lanterns [52, 53], Bragg gratings [54] used as strain sensors
[55, 56] or either as an end-reflector in an optical cavity [57, 58], and at last active photonic
devices like waveguide amplifiers and lasers [59].

The Regime II modification is characterized by a strong form-birefringence ( 1072) [60, 61],
due to a spatial modulation of the refractive index within the focal volume. Nano-structuring
the material in arbitrarily location offers the possibility to design sophisticated optical retar-
dance patterns, such as waveplates or polarizers [62], (Figure 1.8b). This strong birefringence
property offers promising ideas for high-density data storage as shown in the lower right part
of Figure 1.8b. This type of data storage would theoretically allow for 360 TB/disc of capacity
and have a theoretical life time of 13.8 billion years at temperatures below 200 °C, because of
their high thermal stability [63].
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Figure 1.8 - Examples of laser written functionalities in photonics (a-c) multifunctional devices com-
bining waveguides with optics and mechanical elements(d-f). a) Ultrafast-laser written waveguides,
produced with Regime I modifications. b) Ultrafast-laser written optical retardance patterns, produced
with Regime II modifications: top, a radially polarized vortex converter [62]. Bottom right, an example of
laser written data storage, here, the universal declaration of human rights. ¢) Optical retardance based
on stress-induced refractive index changes [64]. d) Opto-mechanical device; a flexure-based translation
stage with an integrated encoder use as a sensor [65]. e) Opto-fluidic chip for algae detection [66]. f)
Lab-on-a-fiber; various laser written optical elements, such as waveguides, waveguide couplers, Bragg
gratings, and fluidic channels.

Both types of modifications, Regime I and II, undergo a volume change [67], inducing anisotropic
stress in the surrounding pristine material, which in turn, as a consequence of the elasto-optic
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effect, manifest itself in an anisotropic refractive index change around the laser-affected region.
This property can be exploited to realize waveguides [68], waveplates [64, 69], and polarizers
[70], see Figure 1.8c.

In this new multifunctional manufacturing paradigm, assembly steps can be omitted, and
hence positioning errors when transferring from one process to another are avoided. The
symbiotic combination of optical functions and structural ones using a single process leads
to multifunctional monolithic devices [71], such as opto-mechanical or opto-fluidic devices
[72, 44] as depicted in Figure 1.8d-f. The optomechanical device, in Figure 1.8d, is a flexure
based translation stage with a laser-written waveguide based displacement sensor [65]. The
opto-fluidic device in Figure 1.8e, is capable to discriminate between different types of algaes,
which are flowing via a microscale fluidic channel [66]. In Figure 1.8f, optofluidic capabilities
are integrated inside an optical fiber [73], with various types of optical components. This
device is meant to sense multiple measurands, such as temperatures and strains, and offers a
platform for in-fiber fluorescence detection or absorbance spectroscopy.

To summarize, femtosecond lasers can be used for the fabrication of highly integrated mul-
tifunctional microscale devices in fused silica. Being able to shape and tailor the material
properties of a material like fused silica gives an appreciable advantage for the fabrication
of precision instruments. Further attractive aspects of this fabrication techology are; local-
ized tuning of material properties, the creation of microscale 3D shapes, assembly steps are
omitted (or minimized).

1.3 Proposed method

Investigating the thermomechanical properties of ultrafast laser exposed fused silica is a
rich topic to study. We foresee different methods for controlling them. Using ultrafast laser
technologies, microscale volumes can be transformed in any location of an arbitrarily shaped
transparent material, as illustrated in Figure 1.9. In particular, femtosecond laser exposure
display several types of modifications with distinct morphologies, optical properties and
densities, depending on laser-exposure conditions. Complementary to this, it is expected
that these types of modifications exhibit distinct thermomechanical properties, offering
an opportunity for continuous material properties tuning. As discussed in the previous
section, femtosecond laser machining is capable of creating complex 3D mechanical shapes
at the micrometer scale, see Figure 1.7. This gives the possibility to design metamaterial like
structures in a monolith. Another method we foresee, consist in tuning the thermal expansion
by controlling of laser induced stress fields, creating similar conditions to the case shown
in Figure 1.3, but this time in a monolithic design. This type of material property tuning is
likewise applied for optical components, see Figure 1.8c, although in that case the refractive
index is tuned.

This method based on local tuning of thermomechanical properties using ultrafast lasers, of-
fers not only the possibility to create new types of materials, but also to post-tune the thermal
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Figure 1.9 - An overview of the proposed method used in this thesis for locally tuning thermomechanical
properties. Left, schematic of ultrafast laser exposure of a transparent material. The middle figure
illustrates the research question; what are the thermomechanical properties of ultrafast laser exposed
fused silica? Right, illustrations of possible applications this research can lead to: for example, the
reduction of thermal-dimensional changes of an optical resonator, or the creation of thermal actuators.

behavior of a device made with the same technology. The ability to tune properties in the
thermomechanical domain with a femtosecond laser would enlarge the potential for making
highly integrated multifunctional devices. Furthermore, the control on the thermomechanical
properties could further increase the performance of the devices mentioned in the review
above, by increasing dimensional stability or a better control of parasitic deformations. Ex-
amples of applications could be the reduction of thermal dimensional changes of optical
resonators or the creation of thermal actuators, see the right schematic in Figure 1.9. Note, the
latter example could typically be itself the building block of a metamaterial or a part of the
compensation mechanism like depicted in Figure 1.4.

1.4 Objectives and thesis outline

In this work, we propose an approach based on femtosecond laser exposure to locally engineer
the CTE of bulk fused silica, according arbitrary shapes and without adding any material to
the raw substrate.

Specifically, the objectives are;

1. To demonstrate experimentally that non-ablative ultrafast laser exposure can effectively
affect the thermomechanical behavior of fused silica.

2. To characterize the thermomechanical properties obtained for a variety of exposure
conditions.

3. To propose a model and a framework for predicting how laser-modified glass will behave.

This document is subdivided in two parts;
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Part I describes the essential background information about ultafast laser exposed fused silica
and formulates the problem in terms of locally varying thermomechanical properties and
discusses inherent challenges related to the characterization of locally changed thermome-
chanical properties (Chapter 2). The measurement principles used in this work are explained
in full details in Chapter 3. The last chapter of Part I, Chapter 4, explain the design and valida-
tion of the experimental-setups.

Part Il embodies the characterization results made in this work. Chapter 5 discusses the results
related to tuning the Young’s modulus through direct laser-writing. There, we introduce a
mathematical framework for predicting the Young’s modulus for a given nanostructure ori-
entation. Chapter 6, discusses the laser-tuned temperature dependent Young’s modulus. An
appreciable large part of this chapter is on the interpretation of this material property. Chapter
7, discusses the CTE change, where we demonstrate two distinct behaviors for two types of
modifications. In the final chapter of Part II, Chapter 8 discusses the effect of thermal anneal-
ing on the thermomechancial properties. There, we could further relate the contribution of
certain modification characteristics to the thermomechanical properties changes, such as the
contribution of point defects or densified zones.

In the conclusion, we summarize the main results of this thesis work, the potential use of
these findings and further research directions.
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Y4 Problem statement

One of our objectives is to control the macroscopic thermal expansion of fused silica by
locally changing thermomechanical properties using ultrafast lasers. If there exists a change
in thermomechanical properties after laser exposure, we envision various ways to control
the thermal expansion behavior of a given material, for example, by selecting a certain type
of modification, by changing the exposure conditions or by changing the volume fraction of
the modified material. Towards this goal, we first need to review the key characteristics of
laser-modified fused silica. Second, we describe which material properties are of importance
based on background information and our existing knowledge of the thermomechanical
behavior of bulk fused silica. As it turns out, the CTE is not the only material property of
importance. Third, we briefly discuss the known methods used to characterize these properties.
There, we introduce two characterization methods which are used in this work and explain
the motivation behind these choices. Finally, at end of this chapter, a set of equations and
conventions, used throughout this document, are defined.

2.1 Ultrafast laser exposed fused silica

Ultrafast laser micro-machining technologies make use of non-linear absorption phenom-
ena to modify transparent materials such as glass. This effect can be triggered by a tightly
focused ultrashort laser pulse in the bulk of the material. The threshold power intensity for
material modifications to occur in fused silica is in the range of 10'3 W/cm? [74]. At these
laser intensities, the photon density is sufficiently high to ionize the material, by means of
multi photon interactions. These interactions create seed electrons in the valence bands that
further trigger additional absorption events like avalanche and tunnel ionizations [75]. When
the free electron density exceeds a certain value, excited electrons behave like plasma. At
a time scale of 1071° to 107!%s, a temperature rise occurs in the plasma due to collisions of
the excited electrons with the glass matrix [76]. At these timescales and power intensities
thermal diffusion can occur, although it is negligible. The plasma induced localized pressure
change in the exposed volume generates a shockwave [77]. Sub-picoseconds after the shock-
wave emission, thermal diffusion occurs. The exposed volume cools down and converges to
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Chapter 2. Problem statement

equilibrium in the order of a microsecond [78]. The events described so far are caused by
a single pulse, but are repeated for every subsequent pulse. The modified volume evolves
in size [79, 80], structurally [81], material property changes [49] and point-defects density
[82], with the number of pulses on one spot. Furthermore, as we will see later, for certain
exposure conditions, the pre-modified material, due to previous pulses, triggers additional
events leading to different types of modifications. Apart from the number of pulses on one
spot, other exposure conditions have a significant contribution to the modification taxonomy,
such as the intensity of a single pulse and its duration, the separation time between two pulses,
confocal parameters and the laser beam polarization.

50 100 500
Pulse duration T, fs

Figure 2.1 — a) Taxonomy of three types of modifications as a function of pulse duration and pulse energy,
[83]. 1) Homogenous modification (Regime I), 2) nanograting modification (Regime II) and 3) a chaotic
variant of a nanograting modification. b) A scanning electron microscope (SEM) image of a cleaved
sample, revealing nanopores in a nanograting type of modification, [84].

Just above the modification threshold, a regime (so-called 'Regime I’) is found for low pulse
energy (<~ 200 nJ), and pulses shorter than 200 fs, as indicated in Figure 2.1a. These structural
modifications are characterized by an apparent homogeneously modified volume, in which a
higher refractive index is observed [36]. The change in refractive index is explained by a local
densification of the material [85, 79]. The change in volume has been confirmed using a direct
method, based on micromechanics [67].

Increasing further the pulse energy under similar pulse durations yields another type of
modification (so-called 'Regime II), see Figure 2.1a, characterized by the occurrence of self-
organized, periodic structures spaced by roughly half the laser wavelength [86, 87], and com-
monly referred to as nanogratings [88]. These periodic arrangements of nanoplanes exhibit
strong form-birefringence [60] that indicates a fine modulation of the refractive index. Later,
it was shown experimentally that these nanoplanes consist of a porous structure [84], as
shown in Figure 2.1b. Using SAXS analysis, the porosity was further investigated and two pore
diameters (10 and 30 nm) were found inside these planes [89]. Raman spectroscopy pointed
out the appearance of interstitial oxygen atoms [84, 67], which is highly likely present in the
pores. Contrarily to the Regime I modification, this regime is associated with a net localized
volume expansion [90]. Postmortem experimental studies show a clear evolution of the self-
organization mechanism with an increasing number of incoming pulses [91, 92], as shown
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2.1. Ultrafast laser exposed fused silica

in Figure 2.2a, with a temporal pulse separation far longer than the lifetime of the induced
plasma and self-trapped excitons [93]. The orientation of the nanogratings are controlled
by the laser polarization, the nanogratings are aligned perpendicularly to the laser beam’s
electrical field. Figure 2.2a depicts SEM images of the nanograting modification for three dif-
ferent polarization directions. This property offers the possibility to control the laser-induced
anisotropy which has been proven to be useful for the control of the anisotropic etching-rate
[94], the form-birefringence fast axis control [62], and the anisotropic expansion-induced
refractive index change [70].

Figure 2.2 —- SEM images of laser exposed fused silica in the second regime. The laser is scanned with
a certain velocity across the sample, U denotes the scanning direction and k laser beam propagation.
The samples are cleaved, polished and briefly etched with hydrofluoric acid. a) Three exposures with
an increasing number of pulses on one spot [87]. b) Three polarization states; the nanogratings are
orientated perpendicular with respect to the laser-beam’s electric field, E, [94].

A universal model, which explains the essential physical processes that lead to nanograting
formation, is to date not widely accepted. Here, we summarize a few of the main proposed
hypotheses, others can also be found in [95, 96, 97, 98]. Shimotsuma et al. suggests a spatial
modulation of the intensity due to the inference of the incident-light field with the electrical
field of the plasma wave [99]. This hypothesis is not acknowledged for a set of reasons; 1)
this hypothesis indirectly suggests that a single pulse is sufficient to trigger the self-organised
behavior, however observations pointed out that the nanogratings are formed progressively
as function of subsequent pulses. 2) to meet with the necessary oscillating frequency of
the electron plasma waves, a minimum plasma temperature is required. However, in other
works, it appeared that nanogratings are formed at significantly lower plasma temperatures -
conducted from an energy budget. Another model was proposed, by Bhardwaj et al., based
on a local enhancement of the intensity due to generation of nanoplasmons [100]. In this
model, the plasmons are created due to a dielectric difference, i.e. by pores or point-defects.
The local plasma inhomogeneity evolves from a dot to a sheet like shape perpendicularly
to the polarization. This model would explain the pulse-to-pulse evolution, with the pre-
modified material being a precursor and the verylocalized decomposition of the SiO, molecule.
In addition, to explain the self-organisation mechanism, it is suggested that the plasma
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planes act like metallic waveguides. The lowest modes are supported, if the spacing between
plasma-planes are near the incident light wavelength, explaining the periodicity. However,
nanogratings in an already porous fused silica are also created with ultrafast laser exposure.
Those structures share the same characteristics as the ones created in a non-porous fused silica,
albeit with a spacing of alternating layers significantly smaller, A/10 [101, 96]. This finding
suggests that the spacing between the nano-layers is not only dictated by the laser’s wavelength.
Moreover, although the periodicity scales clearly with the wavelength [87], it significantly
decreases with an increasing number of pulses- typically with layer spacing starting above
A/2n converging to values below it [99, 87]. This is pointed out in the work of Rudenko et al.,
who performed numerical simulations of pre-modified material and demonstrated that the
periodicity is related to the concentration of inhomogeneities (defects and/or pores) [102, 103]
- indirectly also as function of the number of pulses. According to this work, the incident wave
interferes with scattered near field waves emitted by nanoplasmas.
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Figure 2.3 - The experimentally determined volume change, with the aid of micromechanics, of the laser
modified volume [67]. a) The volume change as function of the pulse energy. This finding correlates
well with Figure 2.1a, a Regime I modification below a pulse energy 200 n] and Regime II modification
above a pulse energy 200 nj. b) The transition between a Regime I and II modification as function of the
deposited energy.

Although, the relation between laser-parameters and taxonomy is understood for a large
part, still new findings are reported, refining the understanding, raising new questions and
challenging the aforementioned models. For example, the transition from a Regime I to II
modification is not only dependent on the pulse-intensity and -duration, but also on the
deposited energy. Bellouard et al., [67], showed with a micromechanical based method that
the volume changes invert with an increasing deposited energy, see Figure 2.3. Furthermore,
it appears that the confocal parameters have a significant contribution to exposure condition
values of the Regime I/1II transition. In [104], a collection of studies is reviewed and the
taxonomy map versus the pulse energy and numerical aperture is assessed. Another regime,
the cumulative regime, occurs when the separation time between two pulses is shorter than
the cooling time, about us, of one pulse [105]. The temperature accumulates with each pulse
and goes beyond the melting temperature. In this regime, the nanogratings are erased - and
self-organized bubbles are formed. Rudenko et al., [106], reviews this behavior and studies the
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erasure as function of the deposited energy. However, Kissi et al. reported that nanogratings
"reappear" when the deposited energy is increased even further [107].

In the last two decades, large progress has been made in exploring and understanding the
ultrafast laser-induced modifications in fused silica, with still unanswered questions and
room for further exploration. Despite the gap of knowledge, this process has also proven its
applicability in the fabrication of multifunctional devices, discussed in the pervious chapter.
To the collection of studies, we would like to add the study of thermo-mechanical behavior of
the ultrafast laser modified fused silica. This is to our best knowledge not done by previous
works.

2.2 Analytical description

An important material property to characterize is the CTE. As a matter of fact, it is the only
material property of importance, when the material can thermally expand freely, hence its not
kinematically over-constrained, or when the material is homogeneous, hence without local
CTE differences. However, in an over-constrained case or for an inhomogeneous material,
the elastic properties become important. The CTE mismatch induces a stress upon the
neighboring constituents, constraining the expansion of the material and leading to stress
build-up. For a one-dimensional case and a linear elastic material, the thermal strain (e7) for
a single constitute is defined as depicted in equation 2.1.

er=20T L AT @.1)

Er

04,1 and AT are the stress due to CTE difference and temperature change, respectively. The
material properties E and a are the Young’s modulus and CTE, respectively. The subscript -7
indicates that the parameter is temperature dependent. We consider in this work that a is
temperature invariant. The first term describes the strain due to thermal expansion mismatch
and depends on E7. The second term describes the thermal strain as a function of the CTE
and the temperature difference.

In the previous section, we saw that the laser-exposed volume undergoes a volume change.
This situation is schematically illustrated in Figure 2.4. A fused silica sample is locally laser
exposed with an arbitrary pattern, in red, and to be called laser affected zone or "LAZ". The
cross-sectional magnified view is given, in the left, for two type of modifications, Regime I
and II. The Regime I modification undergoes contraction (¢p) and imposes a tensile stress on
the surrounding material (o). On the contrary, the Regime II modifications expands (+€q)
and a compressive stress is imposed on the surrounding material. Note that the subscript -,
indicates that the stress and strain are temperature independent. Adding the additional strain
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Figure 2.4 - Right: an arbitrary laser exposed volume, shown in red and called "LAZ". The material
properties « and E are indicated for the exposed and pristine volume. Furthermore, the translation
and laser propagation direction is defined with the vectors vs and k, respectively. The two expansion
situations depicted in the 2D magnified views for which no temperature variation is considered. The
regime I modification is given at the top; the modified volume undergoes a contraction (—€g) and creates
tensile stress in the surrounding material. The regime II modification is given below; the modified volume
undergoes an expansion (+€g) and creates compressive stress in the surrounding material.

component, equation 2.1 writes:

o g
ol | gAT + 22 2.2)

T Er

€T =

The added third term denotes the thermal strain due a constant imposed stress, which in other
words captures the prestressing effect of the laser exposure. This term is thermally dependent,
since the Young’s modulus (E7) is itself temperature dependent. Note that contribution of this
term depends on the sign and magnitude of 0. Deriving the effective CTE, by differentiating
equation 2.2 with respect to the temperature and around AT =0 gives:

aeT 1 GUQ,T Oq,T 6ET () 6ET

Il za+|— R - (2.3)

aT Er T  EZ T EZ oT

AT=0 AT=0
Rewriting equation 2.3 and introducing a new variable § = 1/Ey0E7 /0T, gives:

Oe 1 do
-z =a-— “’T—eoﬁ (2.4)
oT E, oT

AT=0
From equation 2.4 it becomes apparent that characterizing the CTE only is not sufficient. The
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other material properties of the LAZ which should be characterized are E,  and €. Note that
04,7 is a function of the CTE difference, Young’s moduli and temperature. Let us now examine
what are possible characterization methods for both the Young’s modulus and the thermal
expansion.

2.3 Characterization methods

2.3.1 Survey of Young’s modulus characterization techniques

Various methods exist for measuring Young’s modulus. Some of them, such as tensile, torsion
or bending tests, are based on applying a defined mechanical loading case, for which stress
and strain information are retrieved and the Young’s modulus is calculated from it. Other
methods use plastic surface deformation, like for instance nano-indentation, or are based on
the measurement of other physical properties that strongly depend on Young’s modulus. This
is for instance the case of mechanical resonance identification techniques.

For tests relying on a loading case, the difficulty arises when testing micro-scale structures.
Alignment of the applied load, sensing of small displacements and forces, as well as the
mounting and clamping of the specimen (especially brittle ones) and preparation of stress
free specimens are common difficulties [108]. To tackle these issues researchers came up
with several innovative solutions, including micro-beam testing [109, 110], bulge test [111] or
monolithic on-chip tensile testers [112, 113]. The main advantages of a monolithic on-chip
apparatus is that clamping and alignment issues are avoided, as the test specimen and the
loading mechanism are both fabricated out of the same substrate. These structures are either
loaded by means of integrated electrostatic comb-array [114, 115], thermal actuators [116],
a nanoindentation tip [114]. Solutions for gauging the small load forces are based on i.e.
electrostatic forces [116], a compliant lever system [117]. The small displacements are either
measured in situ, using an SEM [118] or a TEM [119]; with the aid of an AFM [120]; with an
integrated mechanical-amplified lever [115]; or with an integrated sensor such a capacitive
sensor [121]. A monolithic in glass tensile tester, fabricated with the ultrafast laser machining
technique, was realized by [42]. There, femtosecond laser exposure is used to apply a load,
and the stress is measured by birefringence microscopy, while the strain is retrieved using a
mechanical amplification, as illustrated in Figure 2.5b.

Nanoindentation force measurement on the other end, makes use of an indenter —i.e. a sharp-
hard pyramidal tip, which indents the surface of the test-specimen. The material is expected
to behave elastically at the onset of unloading. From this point forward, the measured load
and displacement are used to determine the elastic parameters. The nanoindentation elastic
theory makes the assumption that the material is a homogeneous continuum. Therefore,
applying this technique to composites or thin-films, numerical simulations are needed to
understand the microscopic stress-strain behavior at and in the vicinity of the indent location
[122]. Related effects with nanoindentation are numerically-modeled, like the friction between
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material and indent-tip [123]; pile-up and sink-in [124]; elastic-plastic behavior [125]; fiber
constraints in fiber reinforced composites [126].

Finally, tests based on mechanical resonance are non-destructive tests, where the resonance
frequency of a mechanical element is analyzed to determine the elastic constants of the
material [127]. Micro- or nano-beams, either clamped at one or both sides, are used to measure
the bulk properties or thin-films. Analyzing multiple vibration modes of thin plates have
also been used to determine elastic constants and Poisson’s ratio of an anisotropic material
(128, 129, 130]. Noticeably and particularly relevant for this thesis work, the temperature
dependent Young’s modulus of fused silica was characterized by analyzing the resonance
frequency of a long fiber or a bar in the 50s [131, 132].

In more recent works, the elastic constants of fused silica have been characterized with the
use of Brillouin light scattering technique — based on inelastic interaction with photons and
phonons [133]. In particular, this technique is used for in-situ measurements, for instance to
retrieve the elastic constants during high compressive pressure and/or elevated temperatures.
Guerette et al. characterized the temperature dependent Young’s modulus using this method
[134, 135].

a

Figure 2.5 — Illustration of on-chip micro-tensile testers. a) A tensile tester where electrostatic force
is applied and measured by a capacitive sensor. The test-specimen is not fabricated from the same
material as the tester. b) A full monolithic fused silica tensile tester made with ultrafast laser machining
technology. The force is created due to the volume expansion of the zones shown in red (1 and 2) using
post-fabrication femtosecond laser-exposure steps. The stress is measured using the photo-elasticity effect,
and more specifically birefringence microscopy (as shown in inset 3). Finally, the mechanical amplified
displacements are monitored optically (part 4).

Let us summarize what has been reviewed so far and make critical notes with respect to our
goals. Although, the methods for characterizing macroscopic material properties are well
established and standardized, the characterization of microscopic material properties remains
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challenging. Tensile test like methods provide a direct measurement of the elastic properties,
however a great deal of effort must be made to minimize parasitics effects, like friction, and
measure the small forces and displacements. The on-chip tensile test method is not very
attractive when measuring temperature dependence of elastic properties. Determining the
stress-strain curve for a large set of temperature setpoints is a time consuming procedure.
Furthermore, the integrity of the on-chip force- and displacement-sensor might not be main-
tained throughout the heating and cooling process. Nanoindention is mostly popular for
studying bulk materials, especially because of the simple sample preparation procedure as
it can be applied locally anywhere on a material surface. Nonetheless, this technique must
be accompanied with numerical simulation, especially when dealing with inhomogeneous
materials. Mechanical resonance and Brillouin light-scattering methods are very attractive
for characterizing the thermal elastic properties, as it gives a nearly instantaneous measure-
ment. Additionally, Brillouin light-scattering method is capable of probing locally inside a
transparent material. However, yielding for both methods, knowledge must exist about tem-
perature dependency of other material properties. Brillouin light-scattering method requires
the knowledge about the temperature dependent density (thermal expansion) and refractive
index, where for the mechanical resonance methods the knowledge of the temperature depen-
dent density is sufficient. The temperature dependent refractive index of the ultrafast laser
modified fused silica is to our knowledge yet unknown, and therefore, it would require an
additional measurement.

Based on these considerations, we therefore favor the mechanical resonance characterization
methods for measuring the Young’s modulus at various temperatures.

2.3.2 Survey of thermal expansion characterization techniques

The main standardized thermal-expansion measurement techniques can be divided in two
categories: mechanical dilatometry and optical methods [136, 137].

In mechanical dilatometry, the specimen is placed in a furnace and brought in contact with
rods (so called ‘push-rods’) made of fused silica. The rods displacement, induced by the
specimen’s thermal expansion, is monitored outside the furnace. According to the ASTM
standard E228 17, this technique is used for materials having a CTE above 0.5 x 10°%°C ! fora
1000°C range [138] and for specimen lengths ranging from 20 to 60 mm and a diameter-width
from 5 to 10 mm, respectively. Although this method does not seem suitable a priori for
ultra-low CTE materials, it has also been used for small temperature ranges, for instance by
Scott. Using this method, materials such as Zerodur® have been measured in the temperature
range from -50 to 50 °C and with an accuracy of 3x107° °C™! [139].

Optical methods are recommended for materials with CTE values lower than 5x 1076 °C™1,
and for a temperature range from -150 °C to 700 °C (ASTM E289-17 [140]). A large variety of
optical-based methods exist for measuring temperature-length differences, among which, in-
terferometric techniques have shown a significant higher accuracy over other optical methods.
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Fabry-Pérot cavities, Fizeau and polarization interferometers are some examples of techniques
used. An impression of a typical Fabry-Pérot-CTE measurement setup is given Figure 2.6a
(adapted from [141]). The figure depicts a schematic of a thermal chamber, with an optical win-
dow at the top. There, the interferometer is placed on a copper block; a magnified schematic
is given in the lower-left of the figure. The specimen (S) is sandwiched between two optical
flats (0.p.), where the top-one forms the output coupler of the cavity and the bottom-one is
a perfect reflector. Using this method, an uncertainty on the CTE characterization of £2.54
x 1077 °C~! has been reported, for a 50 mm-long polycrystalline copper specimen with an
average CTE of ~ 15x107% °C™! . Polarization interferometers, e.g. a Michelson interferometer,
are the most commonly used for these type of measurements [142, 143, 144, 145, 146, 147].
An example of such a setup (adapted from [144]) is given in Figure 2.6b. The test specimen
(gauge block) is placed in a chamber, and the interferometer light enters from the top. In the
same figure (top part), a schematic of a double-pass interferometer is depicted and shows two
beam lines, one serving as reference, reflecting on the base plate, and the other one, acting as a
probe, reflecting on the top of the test specimen. The intensity of the superimposed reference
and probe-beam is measured by a photo-detector, in the top left of the figure. A beating
frequency is generated as function of the path difference by shifting the wavelength of the two
beams with respect to each other, using an acousto-optic modulators (AOM). Using the signal
of the second photo-detector as a reference signal, a lock-in amplifier further suppresses
the noise. With this setup, they were able to determine the CTE of 100 mm-long steel gauge
blocks, with an uncertainty of +7 x 107 °C~! and an average CTE of 9.8 x107% °C~!. In [148],
a similar principle is used, although they use a four-quadrant-photodiode, instead of single
photodiodes, to measure simultaneously the parasitic movements of the sample, i.e. tilts and
bending. The Physikalisch-Technische Bundesanstalt (PTB) institute in Germany built an
ultra-precise Twyman-Green interferometer [149] that measures the absolute length, by phase
stepping and under cryogenic conditions. The uncertainty on the measurement for a 35 mm
long single-crystal silicon specimen was reported to be +3 x 10~ °C~!, with an average CTE of
0.0802x107¢ °C™! [150].

Beyond the standardized methods, various solutions adapted to small-scales specimens, such
as thin films and nanowires have been proposed. Scanning joule expansion microscopy uses
the atomic force microscope (AFM) to measure thermal length changes of an electrically
conductive material, where the sample is heated by Joule’s heating [151]. Other methods
based on AFM principles using various heat transfer mechanisms are reviewed in [152]. MEMS
based solutions have been explored too, such as measuring the dimensional changes with
capacitive based on-chip sensor [153]. The characterization of thin films has been done by
measuring the temperature-induced change of curvature of a bimorph structure. A thin film
is deposited on a thick substrate, with known substrate material properties. A difference in
thermochemical properties between the thin film and the substrate causes the bimorph to
bend. It should be noted that this method is a coupled problem, meaning that the Young’s
modulus should be known to retrieve the values of the CTE [154]. In [155], they employed
this method to measure the CTE of dielectrics and metals, where the substrate length is in the
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Figure 2.6 - An impression of interferometric CTE characterization setups. a) A setup based on a Fabry-
Pérot cavity [141], b) a double pass interferometer [144].

order of 100 um. They report an uncertainty in the range of 1 ppm/°C. In parallel, the Young’s
modulus is retrieved by analysing the resonant frequencies of the same test structures. In
[156], a method to discriminate between elastic properties and thermal expansion coefficient
of the bimorph thin film was reported.

The interferometric dilatometer shows the highest accuracy in terms of CTE measurements
and is a well established method. However, the volume of the characterized samples are
significantly larger compared to the laser modified volume. For example, exposing a volume of
50 x 5 x5 mm with a laser scanning speed of 8 mm/s, would require approximately a fabrication
time of 75 days. Therefore, smaller exposure and micro-mechanical solutions are favored.
Measuring principles which incorporate an AFM allow for measuring the CTE difference at a
small scale. These methods are typically applied to test specimens with dimensions below
the micrometer scale. These dimensions are around the fabrication resolution of the ultrafast
laser technique. Based on this review, we chose to use the bimorph structure which allows
us to study the thermomechanical problem in greater detail, as elucidated in the problem
description. This structure enables us to measure both thermal expansion and the initial laser
induced volume variation, which are essential for the determination of the CTE, as will be
seen in the next chapter.

2.4 Conventions and composite material properties

Being anisotropic, the modified volumes are characterized in some cases in two directions. In
this document, the notation is defined based on the exposure strategy and not with respect to
a coordinate frame. To clarify this point, the conventions and further corresponding equations
are explained in this section. In Figure 2.7a, a schematic is drawn of an ultrafast laser exposed
material, which is a combination of laser affected zones (LAZ) and pristine material, the whole
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is referred as the "average modified volume". The laser translates linearly, in this case along
the x-axis, and the scanning direction is denoted with ;. The LAZs are the cylinders, with
elliptical cross-section shown in red with the cylinder axis orientated along vs. The LAZs are
arranged perpendicularly to 7s and are separated with a distance /5, forming layers of average
modified volume in the x y plane. Furthermore, these planes are stacked in z-direction (in
Figure 2.7a two layers are stacked on top of each other). We consider that there is no spacing
between the layers in the z-direction.

The material properties(E, a, B, €) are defined either along or perpendicular with respect to v,
which are denoted with the superscripts ./ and L, respectively, see Figure 2.7. The subscripts
sand / indicate if the material properties are referring to the pristine substrate and the average
modified volume or to the LAZ, respectively. Finally, the material properties of the average
modified volume- a volume with exposed and unexposed regions- are indicated with a hat (~)
on top of the notation, as illustrated in Figure 2.7 a and b.

1 1 1 1
E o B g

WO %E
5w by

Figure 2.7 - Definition of the material properties notations E, a, 8 and €. a) depicts an average modified
volume, which consists of laser affected zones (LAZ) and pristine material. The corresponding material
properties are denoted with an hat (~). The notation for an individual LAZ are given. Properties are
defined along and perpendicular Us, with the superscripts / and 1, respectively. The LAZs are separated
in the x-y plane with a spacing l;. b) The LAZ and material properties definition.

1 Bl &

The average material properties are expressed in terms of the volume fractions V; the LAZ
volume fraction, and Vs the pristine substrates volume fraction. The analytical expressions
of the average material properties are given in equations 2.5-2.12. Equations 2.5, 2.6, 2.9 and
2.10 are adapted from [157, 158], and equations 2.7 and 2.11 are derived from equations 2.5
and 2.9 (the thermal derivatives of Ell and E l/ ).
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8] Measurement principles!

The previous chapter discussed the coupled problem of controlling the macroscopic thermal
expansion of a composite-like material created through laser-exposure, as summarized in
equation 2.4. The macroscopic thermal expansion depends not only on the CTE, but also
on the elastic properties of the different phases. Finally, the temperature-dependent elastic
properties are of importance as the laser-exposed material undergoes a volume change and
induces an initial strain. Therefore, to achieve our objectives of controlling macroscopic
properties, the following material properties need to be characterized; i) the CTE, ii) the
volume variation, iii) the Young’s modulus and iiii) the temperature dependance of the Young’s
modulus.

To characterize these properties, we have used two methods;

1. by measuring the deflection of a bimorph structure over a given temperature range.
2. by measuring the initial and thermal frequency shift of a mechanical resonator after

laser exposure.

With the bimorph experiment, we intend to characterize the CTE (i) and the volume expansion

3.1 Bimorph

3.1.1 Measurement strategy

As we have seen before, fused silica exhibits one of the lowest CTE among commercially
available materials (~0.6-107® K™1), only surpassed by a few others - such as Zerodur® and
Sitall. This already low-CTE for the bulk substrate material makes thermal expansion mea-
surement of laser-induced modifications difficult to perform due to the very small amplitude

part of this chapter has been published in [159] and [160]
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of the effects. To overcome this problem, we use a method based on a cantilever amplifying
mechanism illustrated in Figure 3.1. The cantilever is locally exposed just below its top surface
[67,90], such that exposed and unexposed regions form an equivalent bimorph structure made
of two materials, with different CTEs, stacked one on top of another. The laser-exposed layer
consists of an ensemble of discrete lines, forming a plane parallel to the cantilever top-surface
(Figure 3.1 B-B). Just like a thermal bimorph, a difference of thermal expansion coefficient
between pristine and laser affected zones will cause the structure to bend upon temperature
changes, upward or downward, depending on the sign of the difference between the two CTEs.
The cantilever’s tip displacement (§) results from an amplification effect due to the strain
introduced inside laser affected zones (LAZ). The relation between 8, exposed length, and
radius of curvature is given in Equation 3.1.

Li(Lc—L;/2)

6(1)= =1

(3.1
Here, L; denotes the cross-sectional length of the LAZ, L, the length of the cantilever, and
rr is the temperature dependent radius of curvature as shown in Figure 3.1. In our model,
we are representing cross-sections of laser affected lines by plain ellipsoids that define our
‘Representative Volume Elements’ (RVE). Laser affected zones may have finer structures - in
particular for the so-called ‘nanogratings regime’ in which one can find nanoplanes, them-
selves consisting of nanoporous material. However, for this particular problem, and as we
will see later on, the level of granularity for describing the laser affected volume is sufficient
for describing the thermomechanical behavior of the different regimes at the scale we are
considering.

Timoshenko [154] and others [161, 162, 163] formulated an analytical description of the
thermal deflections of a bimorph/multilayer structure. However, these expressions are not
sufficient to describe our problem, as in these models a non pre-stressed state as initial
condition is assumed. In [67], it was shown that the modified regions shrink or expand when
the exposure conditions correspond to Regime I and II, respectively. Consequently, these
volume variations induce an initial bending, pre-stressing the cantilever, and causing a linear
variation of the bending strain (ey) along the z-axis, see Figure 3.1. The magnitude of the
strain induced during initial laser exposure depends, in particular on the Young’s modulus
of the bulk unexposed material. Since the Young’s modulus is itself temperature-dependent
([131, 164]) the strain induced in the pristine material as a result of the laser-exposure of the
top layer becomes also temperature-dependent (Note that C. J. Bell et al. [27], used this effect
to compensate for the positive CTE of fused silica). Therefore, the bending of the cantilever
resulting from a temperature variation contains two terms: one that is inherent to the pre-
loading effect due to the laser exposure, and another one, that truly depends on the difference
of CTE between laser-affected zones and pristine ones. This situation is depicted in Figure 3.2.
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Laser affected
zone

Figure 3.1 — A schematic cross section of a cantilever where the near top layer is exposed to a femtosecond
laser. The red zone represents the laser affected zones (LAZ). The cantilever bends with the radius r and
is the amplified motion of the cantilever’s tip. In the magnified image A-A is the initial strain (eo) depicted
with the thicknesses of the different layers labeled. In the magnified image B-B are the individual written
lines depicted as red ellipses. The line spacing, s , and modified width, wy, are defined in the figure.
Furthermore, the thicknesses of the different layers are denoted as tg;, t; and ts; the length of the cantilever
L., and the modified zone length L. Finally, as, a; and &) are the coefficients of thermal expansion of
the pristine material, the modified material and of the modified layer (which is a composition of laser
affected and unaffected material), respectively.

3.1.2 Pre-strained multilayer mathematical model

To estimate the preponderance of these two effects, a mathematical model is derived based
on a method inspired from [165], in which a closed form solution for multilayer systems is
described. In summary, in this model we introduce an external moment that causes the
initial bending radius. Furthermore, as a first approximation, we assume that the Young’s
modulus is linearly dependent on temperature [131], [164]. Using a Taylor expansion, we then
separate the thermal bending into one term, r,(T), that accounts for the difference in CTEs,
and another one, r5(T), that accounts for the effect of the initial cantilever stress-loading.
This separation is possible with the assumption that the deformation due to the exposure is
much larger than the ones from the thermal expansion (1 / rr<<1 / r9). As we will see later on

— — +

I, I

rmeas

Figure 3.2 — Schematic illustrating the superposition of two effects at the origin of the bending of the
cantilever due to temperature variations: the thermal bending due to the CTE’s difference and the thermal
bending effect due to the initial strain in the material.
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in the chapter discussing the experimental results, this approximation is justified. Further
simplifications are made by stating that the thickness of the laser affected zone is much smaller
compared to the thickness of the unaffected one (i.e. #; << t;).

We define the strain of a three-layer cantilever as;

Z—1y

e(z)=c+ for;—t; <z< )+ ts (3.2)
Where c is the constant strain component, r is the bending radius due to thermal deflections.
tp is the distance between the bending axis and the bottom surface, and z is the position
variable depicted in Figure 3.1, and is defined as zero at the interface between the bottom and
exposed layers. The strain e(z) is defined as the sum of the thicknesses of the different layers,
ts, t; and ts;, which are defined in Figure 3.1. The stresses (0, 0; and o) in the different
layers are expressed by the set of Equations 3.3-3.5:

os = Egr(e—as)AT for;—£,<z<0 (3.3)
o] = ELT(E—al)AT for; 0<z< 1 (3.4)
ost = Esgr(e—as)AT for;tj<z<ty+ty (3.5)

E. and a. are the Young’s modulus and thermal expansion coefficient, respectively. The
first subscript -; and - refer to the modified ("laser affected zone") and pristine volumes,
respectively. The second subscript - 7, indicates that the material parameter is temperature-
dependent. In this problem, we consider that the Young’s modulus is temperature-dependent
and is expressed using a first order linearized equation [131].

Bop=E s BT AT (3.6)

s,T = Ls,0 dT .
AT=0

B r=E +dE"T AT 3.7)

1,T = £1,0 dT .
AT=0

A solution for radius, r, can be found by solving the three following Equations: 3.8, the
sum of forces due the uniform strain component should be zero; 3.9, the sum of forces due
the bending strain should be zero; and 3.10, the sum of moments should be equal to an
external moment. The external moment represents the moment induced by the initial volume
expansion of the modified material.

Esr(c—asAT)ts+Epr(c—aiAT)t;+ Egr(c—asAT) ;=0 (3.8)
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fO—Es'T(Z_tb)dﬁf” —EZ'T(Z_t”)dufw” Esr(z=t) 4o (3.9)
—Is r 0 r 1 r )
0 1 I+t
f as(z—tb)dz+f Ul(z—tb)dz+f ost(z—ty)dz=M (3.10)
—ts 0 174

In Equation 3.10, the moment M represents the moment that causes the initial bending
induced by volume expansion of the LAZ. Substituting and rewriting the latter equation with
respect to the bending radius gives:

1 3{Esr(c—as)[t? -t (201 + tr) |- Eyrti(c— @) J AT+ M

s (3.11)
r Es,T(C1+C3)+El,TC2
With C;, C, and Cs as geometrical constants:
C1 = t2(2ts+31p) (3.12)
Co=17(2t-3tp) (3.13)
Cs = ts (617 +61;t5, + 12, —31(21; + tsr)) (3.14)
Linearizing equation 3.11 using Taylor expansion around AT=0 gives:
dEg dE;r
1 1 M —(C1+C3)+—+C
— 4 ar (O G gr Gy (3.15)

To rr - Es,()(C1+C3)+EA'ly0C2 [ES’O(C1+C3)+EA'L0C2]2
+3{Es,0(c— as)[t2 -t (20, + 1) ]| - Ejo 17 (c— al)}AT
ES,O(Cl +C3) +EA'I,0C2

Where ry is the temperature invariant radius, and rr is the temperature-dependent radius.
Note, that the material constants are not dependent on temperature anymore. Using this
linearized equation, we can express the moment M in terms of ry by setting A T=0.

1 M
1 _ (3.16)
o ES,()(C1+C3)+E1'OC2

Substituting M into equation 3.15 and subtracting the constant term gives the temperature
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dependent radius rr:

s dE
i o ddET'T (C+Cs)+ —51TT Cy l (3.17)
rr Eso(C1+C3)+EpoCa 1o '

+3{E3y0(c_as)|:tsz - tst(ztl + tst)] _El,Otlz(C_dl)}AT
Eso(C1+C3)+EjoCa

Considering the dimensions of the exposed cantilever, we can state that C; + C3 >> C, so that
Equation 3.17 becomes:

1 dE;7 1 1
— = ——== _~ AT (3.18)
rr aT Esy() o
+3{Es,0(c_as)[t32_ tst(2t1+ tst)]_El,Otlz(C_dl)}AT
Eso(C1+GC3)

The simplified analytical model for the measured cantilever bending caused by a temperature
variation writes:

1 1 1
B (3.19)
rr Fg I‘ﬁ

. EA'I’O ] 1 dE,T 1
= |6(ar0-aso)| == (—2)——( > )— AT
ES,O ts Es,O dT 7o

In this equation, we found that the terms for thermal deflection due to the thermal expansion

difference (r,) and due to the pre-strained material one (rg) which is directly related to the
temperature-dependent Young’s modulus. Due to the assumptions made, this linearized
equation holds only for small deflections around the equilibrium position at AT =0, hence
for # << rio . We will see later that this assumption is justified.
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3.2 Resonance

3.2.1 Measurement strategy

The resonance frequency of a mechanical structure depends on its mass and its stiffness
(f ~ \/k/_m). Therefore, modifying the constitutive material of a vibrating structure by laser
irradiation is expected to induce a noticeable frequency-shift of its resonance, as both, Young’s
modulus and mass distribution changes occur. Here, we use this principle to evaluate the local
change of Young’s modulus after laser exposure. Our resonating element consists of a free-end
cantilever, shown in Figure 3.3 a), where the red colored zones illustrate the laser-modified
volumes. Considering a maximum volume expansion of the exposed volume of 0.03% [90],
we estimate that the frequency change due to mass redistribution is negligible. The lowest
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Figure 3.3 - a): Schematic of the test-device: a cantilever (in gray) is locally exposed by the laser in its
upper and lower volumes (shown in red). b): Front and side cross-sectional views of the laser exposed
volumes with the relevant dimensions indicated in the table, at the bottom left. ¢) A laser affected zone

(LAZ) with the transverse and axial Young's modulus indicated, Ell and El/ , and in the magnified views,
the orientation of the nanogratings detailed for two polarization cases, 0° and 90° defined with respect
to the writing direction.

resonant frequency of a clamped-free cantilever is expressed in equation 3.20. p and V are
the mass density and the volume of the cantilever. E. and I. are the Young’s modulus and
the second moment of inertia, respectively, with the subscripts .; and . referring to the laser
affected zones (LAZ) and the non-exposed ones, respectively. A is the wavenumber, which
corresponds to a resonance mode.

A% | E rI;p+Egrl
f:_ 1,TLl, T ;,T s, T (3.20)
27 pTVTlT
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with or :po/(1+aAT), Vr= Vo(l +aAT), lT = lo(l-i-dlAT), Il,T = Il,O(l +d’lAT)4 and IS,T =
Io(1+asAT)*, equation 3.21 becomes

A% | Eprlio(1+ @)AT) + Eg rIo(1+asAT)

f g poVolg

(3.21)

The temperature-dependent elastic constants are linearized to the first order, i.e. Egr =
Eso+dE;7/dTAT. The thermal derivative of the frequency, evaluated at AT =0, is;

of A 1 1 dBir . dE,
oT T an 7 3 I aT +E b |+ 150 T +Esoas
areo FENEroLg+ Esolso /15 poVo IR

Simplifying further the equation, with the assumption that the terms containing the coefficient
of thermal expansion (a.) are much smaller (by an order of magnitude ~ 4) than with the ones
containing elastic constant thermal derivatives (E./0T), gives

1 dE dE
b1 Lo =Xt +Is,o( S'T) (3.23)
2 Epolo+ Esolso dT dT

rewriting the equation in terms of 8, i.e. dE; r/dT = E; o, gives,

9f
oT

AT=0

9f
oT

(3.24)

_ E I:II,OEZ,OBZ + IS,OES,OﬁS]

ar—o 2 L Enolio+Esolso

B and E 1,0 are the average properties of the modified volume, which are further specified in
equations 2.5-2.12, in terms of /; and w (see Figure 3.3).

3.2.2 Fabrication

In previous work [90, 67], the bulk material of the cantilevers was modified in a post-exposure
step, after the fabrication step that also involves a laser-exposed step. Consequently the free-
clamped cantilever bends, due to the volume expansion. In our case, we apply a multilayer
exposure, as illustrated in Figure 3.3, meaning that the second exposure layer is applied to
a pre-stressed structure. Ultimately this leads to a position error of the subsequent layers
(second, third and so on). Therefore, we chose to do the fabrication and modifying exposures
in one step - to minimize the location error of the exposed volume inside the resonator -
followed by the etching step, as depicted in Figure 3.4. Appropriate buffer zones are chosen
between the modified zones and the contour of the cantilever, to prevent the laser-modified
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3.2. Resonance

volume under investigation from etching. The deposited energy is constant throughout the
exposed volume, by irradiating the material at constant translation speeds.

S HF 2.5%

~—— || [

1) 2) 3)

Figure 3.4 — The schematic overview of the fabrication strategy: 1) The geometry of the resonator and the
LAZ -subject of this study- is exposed in one step by the ultrafast laser. 2) The exposed sample is immersed
in a low concentration hydrofluoric acid bath. 3) The resonator is released from the wafer.

In this fabrication strategy, the stress will be released during the etching step, causing the
structure —the resonator- to move with respect to the substrate. To prevent damage on critical
parts throughout the exposed volume of the structure, sacrificial fixtures, forming anchoring
points, are added to the least critical zones to absorb the high stress level. In Figure 3.5, a
schematic is depicted of the resonator and fixtures located not near the exposure. Figures 3.5a
and ¢ show the microscope images of the detached fixtures, located at the base and tip of the
resonator. Figure 3.5b depicts the cross-polarization microscope image, which reveals the
induced tensile stress of a non-detached fixture. Finally, 3.5D-D depicts the side-view of the
resonator, with the exposed volume, near the top and bottom surface, visible.

a

Figure 3.5 — An illustration of the exposed resonator with the fixtures schematically depicted. a) A
microscope image of an exposed cantilever near the anchor, b) a crossed-polarization image of a fixture
under tension, c) the release of the fixture after sufficient etching time, D-D a side view of the cantilever
with the exposed zones visible.

An objective of this study is to characterize regime I and Il modifications, typically created with
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a pulse width shorter and longer than 200 fs [83], respectively. To study regime I modifications
using this fabrication strategy, it is necessary to create regime I and II modifications during the
same exposure step - where the regime II modifications serve as the HF sensitive material. In
this work, the pulse width is controlled to create the two regimes. For this, we use the system
Satsuma and an optical parametric amplifier (OPA) from the laser-manufacture Amplitude,
which has a positively chirped - non-Fourier limited- output with a pulse width of 500 fs. A
short, 50 fs, and Fourier-limited pulse is obtained after the compressor, with a set of prisms,
as depicted in Figure 3.6. A motorized flip-mirror is added to this setup, in order to by-pass,
and maintain, the long-pulse, or to compress the pulse. Note, that the resonators that contain
regime II modifications were exposed using a single femtosecond laser, an Yb-doped fiber
amplified system (from Amplitude Systémes, emitting 380 fs pulses at a wavelength of 1030
nm.

a Short pulse config.

Fiber laser : :
4 50fs chirped 550fs 50fs (fourier limited)

OPA worflip R

Fiber laser

+ 50fs chirped 550fs D Q 50fs h|rp ed 550fs : l: :
OPA |m J

_______________ 99@9(?559?_”“_._._, 3um

Figure 3.6 - Schematics of the pulse width control. a) The positive chirped output, with a pulse width of
550 fs, of the OPA passes through the compressor, a set of prisms, and is compressed down to 50 fs. b) A
schematic depicting the long pulse configuration, where a flipmirror is used to bypass the compressor and
hence maintains the long pulse. SEM images are shown for laser exposed fused silica using the two pulse
widths. It is observed that two types of modifications are generated; on top a homogeneous modification
(Regime I) and below a nanograting modification (Regime II).
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4.1 Thermal chamber

To investigate temperature-dependent cantilever deflections, a stable and uniform tempera-
ture distribution across the specimen is needed, which is particularly challenging considering
the low thermal conductivity of fused silica. To achieve this goal, a dedicated environmental
chamber was realized. The low thermal conductivity precludes the use of conduction mecha-
nism through the specimen to achieve a homogeneous temperature. Furthermore, to be able
to probe optically the out of plane motion of the bimorph structure described in the previous
chapter, an optical viewport is needed on top of the chamber. This window represents a ther-
mal leak in our chamber, as it is not well isolated, which may create a temperature gradient in
the volume where the specimen is placed. To overcome these two issues, we have chosen an
approach based on gas convection to regulate the specimen temperature.

Figure 4.1 — The exploded view of the thermal chamber in two parts. a) The base plate (1) containing
the gas channels and the sample shown in green (2). On top of the base plate a cover plate (3) seals the
chamber and the ensemble on top (4) forms the optical viewport. b) The isolating housing (dark red) (7),
in white the thermoelectric devices (6) and in blue the cooling blocks (5).

part of this chapter has been published in [159] and [160]
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In practice, a preheated (or pre-cooled) inert gas (N») flows in a laminar regime across the
chamber volume and thermalizes the specimen by convection. A close-loop control algorithm
is used to keep the gas at the desired temperature and to apply heating or cooling ramps.
Heating and cooling of the gas is done in elongated 1m-long serpentine channels made in an
aluminum substrate cooled or heated up using thermoelectric devices. With this scheme, the
measured thermal fluctuations throughout the chamber volume are in the range of ~10 mK.

In Figure 4.1 an exploded view of the complete environmental chamber is given. In Figure
4.1a, the aluminium base plate (1) is in the bottom, which contains the gas channels — done by
CNC milling. An aluminum cover plate (3) and thermally conductive material seals the gas
channels. The three components (4) on top form the viewport. Figure 4.1b, the aluminium
core described before (1-4) is isolated by a thick housing made out of Bakelite (7) — a material
with a low thermal conductivity and a reasonable machinability. The thermoelectric devices
are shown in white (6), and covered by water-cooled blocks (5) to transfer the subtracted heat
and the inherent Joules heating.

Finite element simulations were conducted to simulate the temperature distribution in the
sample space to optimize the design. Figure 4.2a, the temperature distribution given for a
flowing gas is shown and in Figure 4.2b a line graph depicts the temperature distribution in
the sample space. In this FEM simulation, a set point temperature of 100°C (AT=75 °C) is
used. As the gas passes through the sample space, and hence below the viewport, a decrease
in temperature along the propagation direction of a maximum of 1 °C is observed. Increasing
the flow velocity up to 5 mm/s decreases the spatial temperature difference below 0.02 °C.

a Temperature [‘C]

100 { 1 mm/s 2 mm/s 5 mm/s|

99.9

- ,

Temperature [°C] =

99.8 : . . .

0 10 20 30 40
Line x-x [mm]

Figure 4.2 — a) A thermal-flow FEM simulation with the temperature of the gas is shown. b) A graph

depicting the temperature distribution in the sample space, for a set of flow rates.

The temperature control is validated by measuring the gas temperature with a negative ther-
mistor (NTC). Thermal fluctuations are measured over a period of 15 min for various setpoints
ranging from -10 °C to 100 °C, shown in Figure 4.3. The PID controller temperature is tuned
such that over the complete temperature range, the temperature fluctuations are minimized.
With these PID parameters, a maximum fluctuation of 0.07 °C, at 95 °C, and a minimum of
0.0045 °C, at 15 °C are characterized. With the aid of a gain scheduling scheme, the perfor-
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mance at the higher temperatures could be further improved.
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Figure 4.3 — The thermal fluctuations are validated over temperature-set points ranging from -10° C to
100°C - measured with a negative thermistor.

Figure 4.4 - Pictures of the thermal chamber at different moments of the assembly process. 1) The gas
inlet, 2) the gas channel, 3) the gas outlet, 4) the optical window assemble, 5) aluminium cover plate
with gas-tight sealing, 6) thermal isolation, 7) thermoelectric peltier devices, 8) water-cooling blocks 9)
kinetic specimen support (ruby spheres).
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4.2 Bimorph deflection measurements

A digital holographic microscope (DHM), from Lyncée Tec, is used to measure the cantilever
out-of-plane deflections, with nanometric resolution. The temperature controller (that regu-
lates the temperature in the chamber) and the DHM are synchronized, such that the recorded
holograms are acquired at known-temperature points. A commercial software (Koala from
Lyncée Tec) reconstructs an intensity and phase image from the recorded hologram, depicted
in the top-right Figure 4.5, where the intensity image is used, in a post-processing step, to
track parasitic motions of the sample in lateral directions that are inherently induced by the
chambers thermal-expansion itself. The phase image is used to measure out-of-plane motions
of the cantilever tip, relative to a reference taken on the specimen. With this, the metrological
loop is minimized by measuring the thermal deflections relative to the specimen’s base itself,
minimizing errors caused by thermal expansion, force distortions and misalignments. To pre-
vent further parasitic thermal stress, the specimen is placed on a kinematic mount supported
by precision ruby spheres ensuring three well-defined contact points. With this strategy, the
specimen can expand freely.

a) b)

Substrate

Digital
Holographic
Microscope

Temp. Controller

Specimen
Temp.
................. sensor
Gas > 1 >
flow = / —
« X P »
L Peltier

Figure 4.5 — Schematic of the experimental setup for measuring cantilever deflections. The exposed
cantilever is placed in a ‘miniature’ environmental chamber and thermalized thanks to a laminar flow of
a pre-heated/pre-cooled inert gas (N, ). The deflection is measured using a digital holographic microscope
(DHM) that measures the motion of the cantilever surface through a window. In the top right, the
intensity (a) and phase image (b) acquired from the DHM are depicted. The parasitic motions of the
substrate are recorded and the intensity image is used to track down the in-plane motion while the phase
image measures the out-of-plane motion.

To validate the performance of the experimental procedure, two types of calibration exper-
iments are preformed; 1) a known step-height is measured as function of temperature, 2)
the temperature induced motions of a bimorph structure, with known material constants,
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4.2. Bimorph deflection measurements

is measured. For the calibration experiment, step-heights, of approximately 200 nm, are
fabricated in a fused silica wafer using an etching mask method. A staircase temperature
profile is applied, with temperature steps of 5 °C, out of which 20 data points from each
temperature setpoint are collected. Figure 4.6a) depicts the measured error in the step height
measurement, which is an average of the collected datapoints (the error bar represents the
95% confident interval). In the temperature range of interest, [10-40] °C, the uncertainty is
+/- 8 nm. This value is considered in uncertainty calculations discussed in the next chapter.
For the second calibration experiment, a bimorph structure is fabricated. In practice, a fused
silica cantilever, realized using the ultrafast laser machining technology, is covered with a thin
silver layer (556 nm) using a physical vaporized deposition (PVD) method. The measured
and estimated motion, using the equations determined in the previous section, are shown in
Figure 4.6. It demonstrates that the thermal behavior of such structures can be measured and
estimated with a reasonable accuracy. However, no further conclusion on the measurement
accuracy can be made, since the material parameters are known with a limited accuracy. In
particular, the material properties of the deposited thin silver layer might differ significantly
from the nominal bulk properties.
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Figure 4.6 — a) Step height error measurement versus temperature. Data points are based on an average
of 20 samples and error bars are defined as the 95% confident interval of this estimate. b) Measured and
modeled deflections for a cantilever with a Ag coating deposited on it, as function of temperature.

In the final part of this section, we discuss the measurement of a laser-exposed cantilever and
the error of an inclined plane, induced by the parasitic lateral displacement of the specimen.
As discussed in the previous section and illustrated in Figure 3.2, the laser-exposed cantilevers
are initially bent due to the volume change of the LAZ. This situation, illustrated in Figure 4.7,
causes a dependency between the parasitic lateral motions (i.e. along to the cantilever main
axis) and the measured tip-displacement. An example of the temperature profile is shown
in Figure 4.7; a periodic staircase temperature profile with steps of 5 °C from 10 °C to 40 °C
is applied. The lateral parasitic motions, extracted from the intensity plot, are shown below;
these movements have an amplitude of approximately 10 ym. In the figures further below,
the tip displacement is depicted, where uncorrected and corrected data are given. The error
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magnitude induced by the lateral parasitic motions, is dependent on the magnitude of the
initial deflection.
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Figure 4.7 - a) Top: recorded temperature profile, middle: in-plane displacement and bottom: tip
displacement as function of the recorded data points. Top graph: the steps size of the temperature profile
is 5 °C spanning from of 10 ° C to 40 ° C. Middle graph: parasitic in-plane motions along the x- and
y-directions, extracted from the intensity plot. Bottom graph: tip displacement, where o and O are the
non- and corrected data. b) An illustration of a bent bimorph structure and the definition of e, . ¢) The
corrected and not-corrected data as function of the temperature.
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4.3 Frequency resonance measurements

A piezoelectric transducer excites the resonator, while a contactless displacement sensor
(Keyence LKH022) measures the tip displacements. The resonant ensemble is placed in the
environmental chamber discussed in the previous section. To track down and maintain
the system at its resonance frequency, a phase-lock loop method is applied using a lock-in
amplifier (L) (Stanford Research Systems SR850) and a proportional-integral (PI) controller,
see Figure 4.8. The lock-in amplifier determines the phase delay ¢ between the input (S;) and
output signal (S,). At ¢p =-90° the resonator is in resonance, as illustrated in the amplitude
and phase diagram in Figure 4.8. The -90° phase delay is used as a reference point for a PI
controller. The PI controller closes the loop by sending a new frequency to the signal generator
(S). The frequency is recorded and further synchronised with the recorded temperature.

Examples of temperature-induced frequency shifts are depicted in Figure 4.9, for two res-
onators, R1 and R2, with a regime II exposure versus the reference resonator, R0. In this
example, the thermal frequency shift decreases approximately by 5 Hz over a temperature
range of 30°C. From the slope (0 f/dT) measured on these graphs, we determine the material
property AB (1/Ey0E/0T), see equation 3.24, with respect to the f of the reference resonator.
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Figure 4.8 — a) Schematic of the experimental setup for the frequency measurement. The resonator is
placed in the environmental chamber that controls the temperature. The resonator is excited by a piezo,
in dark blue, and the response is measured by a laser triangular displacement sensor. Furthermore, the
resonator is kept at his resonance by a closed-loop arrangement. The phase () between the input (S;)
and output signal (S,) is determined by a lock-in amplifier (block L), the loop is closed by a PI controller
(Block PI), and finally, an updated frequency (f) is send to a signal generator (Block S). The frequency f'is
stored for further analysis. b) The amplitude and phase delay information of the lock-in amplifier are
shown for frequencies around the resonance.
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30 - O RO
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Figure 4.9 - An example of measured frequency shifts versus temperature, for an unexposed (R0), and
two exposed resonators (R1 and R2).
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5] Young’s modulus !

The Young’s modulus change is studied for the two different types of laser modified materials,
Regime I and II. First, we present the results on the LAZ’s Young’s modulus of Regime I and
second the results of Regime II. Furthermore, for Regime II we make an estimation of the
local properties of nano-layers and conclude by proposing an interpretation about these local
properties changes.

In these experiments, 1 mm-thick fused silica (Corning 7980 OF) substrates were used, each of
them containing five resonators. On each substrate, one resonator is left unexposed and is
used as a reference.

5.1 Regime I: "homogeneous modifications"

To generate a Regime I modification, a laser source (a combination of a fiber laser and a OPA
from Amplitude) emitting at 850 nm and a pulse length of 50 fs, with repetition rate of 120 kHz
is used. The method depicted in Figure 3.6 is applied for the fabrication of these resonators,
which enables to generate Regime I and Il modifications in one exposure step, by switching
from a 50 fs to 550 fs pulse width. Furthermore, the modifications are generated with varying
deposited energies, by changing the writing speeds, for fixed pulse energy, 250 nJ.

In Figure 6.1 the measured frequency shift is depicted as function of deposited energy and
where the data point at 0 J/mm? deposited energy corresponds to the reference resonator.
The frequency shifts are positive and rather small. Using equations 2.5 and 3.20, the Young’s
modulus is calculated and depicted on the right axis of Figure 6.1 - the error bar corresponds
to the dimensional uncertainties. These values are in good agreement with Young’s modulus
measurement described in [166], who report a measured increase of 2 to 3 GPa, characterized
by the nanoindentation technique. The increase in Young’s modulus is expected as this
modification is associated with a denser structure [67].

part of this chapter has been published in [160]
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Figure 5.1 - Measured frequency shifts and estimated Ej., as function of deposited energy, for a regime I
modification. The exposure conditions are; pulse energy of 250 nj, repetition rate of 120 kHz, pulse width
of 50 fs, N.A. of 0.4 and a wavelength of 850 nm. The substrate contains high content of OH, ~1000 ppm.

5.2 Regime II: "nanogratings"

Nanogratings have a complex structure consisting of nanoplanes parallel to one another. To
be able to discriminate between the two Young’s moduli of nanolayers defining the nanograt-
ings, two sets of exposed cantilevers are used, with orthogonal polarization states. Using a
composite expression for the effective Young’s modulus of the entire LAZ, one can formulate
two independent equations, out of which the actual values of the Young’s modulus for the
nanolayers can be extracted. In practice, two nanograting orientations, oriented along and
perpendicular with respect to the cantilever principal axis, are selected for solving the system
of equations. The deposited energy is changed by varying the translation speed from 1 to
10 mm/s, with a fixed pulse energy of 240 nJ and a repetition rate of 750 kHz. Finally, for
these experiments the lines were written perpendicular to the cantilever, as depicted in Figure
3.3c. Figure 5.2 shows the measured frequency shift and the corresponding estimate of the
Young’s modulus for the transverse direction, using equation 3.20, for the two polarization
cases, with respect to the reference resonator and as function of the deposited energy. For a
zero-degree polarization, nanogratings are oriented transversally to the writing direction, a
slight positive frequency shift is observed revealing a stiffer material than the pristine material.
For a polarization of 90°, i.e. nanogratings orientated parallel to the writing direction, large
negative values of the resonance frequency shift are observed. For this case, E io decays from
50 GPa to 35 GPa, going from lower to higher deposited energies. Athanasiou et al. [42] made
an estimate, by indirect means of the transverse Young’s modulus with similar exposure con-
ditions - a polarization of 90°, pulse energy ~210 nJ and deposited energy ~20 J/mm?. They
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report a significant decrease of the elastic constant, with an estimated value of ~30 GPa. At
this stage, it is not clear if the difference of about 10 GPa with our observation is due to the
difference in exposure conditions or the measurement method. Nevertheless, both methods
show a similar trend.
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Figure 5.2 - Measured frequency shifts and estimated Elfo as function of deposited energy, for two
polarization cases. The triangles and squares represent the 0° and 90° polarizations respectively, for
which the angles are defined relatively to the writing direction. Further exposure conditions are; pulse
energy of 240 nj, repetition rate of 750 kHz, pulse width of 300 fs, N.A. of 0.4 and a wavelength of 1030
nm.

For polarizations aligned along and perpendicular to the writing direction, the nanogratings
are parallel and serially arranged, respectively, with respect to the cantilever long axis. For
the two nanolayer arrangements, we can express E 1{0 in terms of volume fractions and local
Young’s moduli. This is outlined in equations 5.1 and 5.2, where E;,; and E,,; are the Young’s
modulus of the porous layer and of the surrounding layer, respectively. V;,; and V),; are the
corresponding volume fractions. V),; defines the ratio between the width of porous nanolayers
and the spatial modulation period of nanolayers. Based on the observations from others
[92, 60], we chose Vp1=0.1. By definition, the volume fraction of the intermediate layers is
expressed by Vy;; =1- V).

Ejo = EniVni+EpVy for 0° polarization (6.1

N EpiEn

Ejy=—————— for90° polarization (5.2)
’ Eanpl+Eprnl
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The estimated values of the local elastic properties are depicted in Figure 5.3. It is found
that the porous layers (E,;) have values of Young’s modulus 90% lower compared to the
host material (SiO>) and that the intermediate layers (E),) (in between porous layers) stiffen,
eventually reaching a mean value of 80 GPa.
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Figure 5.3 - Estimated local properties of porous (Ey; - ) and non-porous layers (Ey; -0 ). The Young's
modulus of the pristine material is 72 GPa.

The decrease in Young’s modulus for the porous layer can be understood as the lowering of the
material density as the addition of pores effectively limits the number of interatomic bonds
that can store elastic energy when being strained [167, 168]. The presence of free molecular
oxygens, found by Raman and fluorescent spectroscopy [84, 67, 49], supports a decrease in
the matrix connectivity. The increase of Young'’s moduli (E) is an interesting observation
and is to date, not directly supported by other types of experimental observations, due to the
lack of a suitable technique having the resolution to effectively measure only the interstitial
layer. Note that for a so-called ‘Regime I, modification’, a Young’s modulus increase of about
2 to 3 GPa was measured using nanoindentation [166]. Here, the observed stiffening effect
implies that this zone gets denser. Furthermore, a densification of these non-porous layers
is also indirectly suggested in [88], where they estimate an increase of the refractive index
of this layer by analyzing the strong form-birefringence induced by the nanogratings. The
increase of the Young’s modulus, refractive index, and possible densification, is like a Regime
I modification [67, 36, 166] which exhibited similar characteristics. Previous works [84, 49]
made similar observations. Lancry et al. [84] proposed a plasma density profile where, in the
non-porous layers, the density meets the conditions for a Regime I modification, while in the
position of the porous nanolayers, a decomposition threshold for SiO, molecules is exceeded.
In this work, the measured values of the local Young’s modulus increase and its corresponding
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refractive index increase, measured in [60], from 2 x 1072 to 5 x 1072, are significantly higher
than the one found for the Regime I modification [169, 170], where an increase 1071073 is
reported. The mechanism, which have been accounted for the refractive index increase for
laser irritated fused silica are i.e.: (i) compaction due to rapid cooling down from temperatures
near and above the glass temperature -eventually resulting in higher fictive temperatures [171]
(ii) increase of densification due to bond breaking and reorganization [172] (iii) color centers
increase [173] (iiii) or simply, mechanical compression [133, 174]. The increase of either the
Young’s modulus or refractive index cannot only be accounted by densification due to thermal
quenching, and consequently an increase of the fictive temperature, as it may for a Regime
I modification. The studies about fictive temperature increase show a AE ~ 1.3 GPa [175],
and An ~ 600 x 1076 [175, 176, 177] for a Ty =1600 °C, as no dramatically higher values can
be expected as the fictive temperature is limited by the melting temperature. Furthermore,
the authors in [49, 172] argue that this thermally-driven reorganization is too slow for these
ultrashort time scales. As no increase of the Young’s modulus is expected due to the formation
of color centers, rather a decrease due to the lack of connectivity of the SiO, network, it is
more likely that a mechanism based on the occurrence of fast compressive stress combined
with thermal quenching is responsible for the high value increases, observed in our experi-
ments. In hot-compression studies reported in [174], an external pressure is applied on heated
samples assisting an accelerating micro-flow towards a denser structure. In combination
with rapid cooling, high densification configurations are quenched and stabilized. While
cold-compressed fused silica behaves elastically at pressures below 9 GPa [133], thermally-
quenched compressed silica shows residual densification and an increase in Young’s moduli,
with significantly higher thermal stability [174]. A similar effect could occur here, consider-
ing the presence of hotspots within the porous layers [84], that pressurize the surrounding
material -already at elevated temperatures- due to the intense localized plasma state. The
pressure is maintained after the rapid cooling as free-oxygen molecules are not recombined
with the glass matrix and remain trapped in a gas phase within the porous structure. To
support our hypothesis, we note that pressures in the order of 2 GPa at elevated temperature
are sufficient to reach the values we obtained for the Young’s modulus and refractive index
[178]. Note that in another work [179], the local stress in a single layer was indirectly predicted
to reach about 2 GPa, which further supports the present observations. This is in essence
contradicting the ideas that suggest that the formation of porous layers is not the driving force
for compaction, but rather are cracks as a consequence of the neighboring densifying material
[93, 49]. Additional evidence [79], based on scanning thermal microscopy, supports the fact
that nanoporous layers are not cracks.

We like to extend this discussion towards a more general ongoing discussion. As briefly de-
scribed above and broadly reviewed by i.e. P. E McMillan [180], fused silica can undergo
transformations towards different amorphous states, also coined by M. Grimsditch as "amor-
phous polyamorphism’ [181]. Roughly two amorphous states are recognized, the low (LDA)
and high density amorphous state (HDA). However, unlike amorphous ice, fused silica pos-
sesses multiple unique sub-states in the LDA and HDA domains [135], which can be reached
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depending on the thermal- and pressure-history. In the next chapter, examples are highlighted
on the dependence of fused silica’s properties to the pressure-temperature path. To thermody-
namically formulate the state of a metastable material, such as glass, additional state variables
needs to be defined. The fictive temperature is meant to be the third state variable, besides the
state variables; temperature and pressure, to quantify the thermal history from equilibrium
(liquid) to a metastable state (actual temperature) for thermodynamic calculations. However,
it seems that the fictive temperature information is insufficient to describe metastable state
changes due to different thermal histories, as differences in material properties are obtained
for glasses with an equal fictive temperature [182]. Therefore P. K. Gupta introduced in ad-
dition another state variable, called the fictive pressure [183]. According to J.C. Mauro this
approach seem not adequate enough to describe the state of the glass [184], nevertheless the
quenching pressure and temperature seems both of importance. As mentioned in the previous
paragraph, for the nanograting modification, we believe that additional internal pressures are
needed to reach the state as we obtain in our estimation on the local properties.
Local compressed

type I modification?

AEN  Anh AEY  AnY

This work E Bricchi et al. This work  E.Bricchi et al.
[22] p [22]

p ¢ :[E A. Champion et
al. [4] \)Xygen
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Plasma density AR A AN

or /\ /\ Decomposition

e | VU™

Non-linear picture of the plasma density wave, adapted from M. Lancry et al. [5]

Figure 5.4 - An illustrative summary of the discussion to explain our observations, with in the middle an
illustration of the nanograting structure. Top-right: an illustration of the predicted material properties
and chemical composition signature of a porous layer - the refractive index change estimated by [60],
the oxygen filled pores [84] and elastic modulus estimated in this document. In the top-left, a refractive
index increase [60] and the elastic modulus increase. Below the spatial distribution of plasma density,
with peaks exceeding the decomposition limit, adapted from [84].
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5.3 Modeling of in-plane elastic properties

In the previous part, we derived the local material properties from experiments. In this section,
we use these values to predict in-plane elastic properties as function of arbitrary nanograting
orientations. Specifically, we test the validity of our model for two loading directions, axial and
transverse. In practice, the LAZ is loaded along the cantilever’s longitudinal axis, for instance a
writing direction along the cantilever corresponds to an axial loading of LAZ as depicted in
Figure 5.5. For these two writing directions, along and transverse, we vary the nanograting
orientation by changing the laser beam polarization. Furthermore, the model is validated for
two deposited energies, 20 and 64 J/mm?, by varying the translation speed - the remaining
exposure conditions are kept constant, repetition rate of 750 kHz and pulse energy of 240 nJ.

To model the in-plane transverse and longitudinal stiffness coefficients of a LAZ as function of
the nanograting orientation (6), we first establish the stiffness matrix of a projected portion
of the nanogratings in the local coordinate frame (1-2), as illustrated in Figure 5.5. Secondly,
to obtain the elastic properties in the global coordinate frame we introduce a rotation to
the local coordinate frame with respect to the global coordinate frame (x-y). We treat the
nanograting modification equivalently as a fiber-composite, and we assume that it is defining
an orthotropic material [162]. The local coordinate frame 1-2 is defined such that the 1 and
2 direction are along and transverse to the nanogratings, respectively. The in-plane stress-
strain relationship for an orthotropic material is expressed by the matrix form in equation
5.3. With Q ,asa symmetric 3x3 stiffness matrix, Q;;; and Q; », are the stiffness elements
along and transverse to the nanograting orientation, respectively, and Q; 2 and Q; »;, are the
cross-coefficients. Finally, Q1212 is equal to the shear modulus (G 12).

on €11 Qi Q2 0 €11
022 |=Q,| €2 |=[Qr21 Q22 0 €22 (5.3)
T12 Y12 0 0  Quizizllyiz
1 Ernn Ernva 0 €11
:m Ej2ovi2  Ej2 0 €22
e 0 0 Gri2(1-vi12vi21) 1 Ly12

The elements of the matrix are expressed in terms of the material properties E. , v_ and Gy ;5.
Where E; ;) and Ej », are the Young's modulus in the longitudinal and transverse directions.
v1,12 and v, ) are the Poisson’s ratios and they can also be determined by the rule of mixtures,
like for instance, for the longitudinal direction, v; 12 = vy Vy,; + v V). For the Poisson’s ratio
in the transverse direction, we use the symmetry property of Q ; and rewrite the diagonal
elements, as —v21 = E; 11/ E} 22V 12- We can further detail the coefficients E; 1; and Ej »,, as we
did during the discrimination experiment, in terms of the experimentally retrieved Young’s
moduli of the local layers, as Ej 11 = E;;; Vi + Ep1 Vg and Ej 2o = EpiEpi [ Eni Vi + Epi Vg Giao
is also expressed in terms of the local shear modulus, G;; and G,;, and the volume fractions
as Gp12 = GniGpi1/GuiVpr + Gy V. Assuming that the layers are isotropic, we can express
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the local shear modulus in terms of the corresponding Young’s modulus and Poisson’s ratio,
Gy = Enl/Z(l +an) and Gpl = Epl/Z(l + Vpl)-

0 Ql,xx

e k
nogratings.
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Figure 5.5 — Schematic of the writing direction strategy, the definition of the nanograting orientation
and definition of Q; xx and Q. On the left, the transverse laser-written lines and on the right, the
longitudinal laser-written lines, with respect to the cantilever long axis. Furthermore, for both cases
the nanogratings are mirrored with respect to the cantilever long axis for each subsequent line. In the
middle, the magnified view illustrates nanogratings with a local coordinate frame (1-2) and the global
coordinate frame (x-y) and below the loading direction (when the cantilever is set to vibration).

At this stage, we have expressed in-plane elastic properties as a function of the local material
properties. In the next step, we introduce a rotation operator, in order to model the nanograt-
ing orientation, by means of a coordinate transformation from the 1-2 (local) to x-y (global)
coordinate frame, see equation 5.4.

O xx €xx Ql,xx Ql,xy Ql,xxy €xx
_ T _
Oyy =R Q Ry |€yy [=| Quyx  Quyy  Quyxy || €y (5.4)
Txy Yxy Ql,xxy Ql,yxy Ql,xyxy Yxy
cos?6 sin®6 —2cosOsinf
with; R, =| sin®6 cos? 0 2cos0sin6

cosfsinf —cosfsinf cos’H—sin’0
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5.3. Modeling of in-plane elastic properties

The elements Q; ., and Q; ,, are of particular interest for us as these are the quantities we
measure. These two terms are expressed in equations 5.5 and 5.6, and can be expressed as
functions of the local Young's moduli, E;; and E,;, the nanograting orientation, 6, and the
local Poisson’s ratios, v,,; and v,,;. As the Poisson’s ratio, are not known, we will evaluate Q; .
and Q,yy for a set of different values of v,,; and v,,; equal to the one of fused silica -vs;0, =0.17.

1 . .
Q1xx = Qp11 c0s" 0 + > (Q112+2Q1,1212) sin 20 +sin* 0Q; 2 (5.5)

1 . .
Quyy = Qiazcos*0+ E(Ql,lz +2Q1212) $in” 20 +sin* 0Q 1 (5.6)
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Figure 5.6 - Estimation of the LAZ’s Young's modulus, Q; x and Qy,y,,, as a function of nanograting
orientations (0) —defined with respect to the x-axis of the global coordinate frame- for a deposited energy
of 20 Jimm?, figure a and b, and 64 Jimm?, figure ¢ and d. The experimental estimation is illustrated by a
set of markers that correspond to a given specimen measured. The result of the modeling is shown with
solid lines for different Poisson’s ratios (v). The remaining exposure conditions are; pulse energy of 240 nj,
repetition rate of 750 kHz, pulse width of 300 fs, N.A. of 0.4 and a wavelength of 1030 nm.

In one exposure, the lines are written along alternating positive and negative writing direc-
tions, as illustrated in Figure 5.5. The polarization for the writing directions is controlled
such that the nanogratings are mirrored with respect to the axis along the cantilever, to avoid
parasitic effects due to the expansion in the transverse direction of the cantilever. The es-
timations of the model and experiments for both loading directions are depicted in Figure
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5.6, for deposited energies of 20 J/mm? (figures a and b), respectively, as a function of the
nanograting orientation (0) — defined with respect to the x-axis of the global coordinate frame.
Figures a and b are corresponding to the transverse, Q; vy, and axial properties, Q; . The
experimental estimations are illustrated by markers specific to a given measured specimen.
The mathematical estimation is shown with a set of solid lines representing different Poisson’s
ratios Vp)- The experimental values follows the same trend as the model. For both deposited
energies and considering Q; ., the stiffness decreases steeply from 0° to 45° and saturates
from 45° and 90°, as the model does. For the experimental estimation of Q;,,,, a similar trend
is observed, but mirrored. For the transversal direction and lower deposited energies, Figure
5.6a, the model is over-estimated for 0°<6<90°. To explain this discrepancy, it is possible that
the nanogratings are not well developed for theses polarizations and low deposited energies.
Indeed, Zimmermann et al. [92] show that the nanogratings orientation other than parallel or
perpendicular to the writing direction requires a higher pulse number to fully develop. There-
fore, to validate this expectation we conducted the same experiment, but at a higher deposited
energy, 64 J/ mm? shown in Figures 5.6c and d. For both, axial and transverse directions, no
dip is found, only an increase from lower to higher values. Indeed, it suggest that the dip in
Figure 5.6a might be due to underdeveloped nanogratings for ranging orientations 0°<6<90°.

For the case of axial properties and both deposited energies, the model under-estimates the
experimental retrieved values, except for two data-points in Figure 5.6b. It seems that there
exists a bias of nearly 5 Gpa between axial and transverse directions. It should be noticed
that the model is constructed based on experimental values regarding a transverse loading.
Shear-lag could be one possibility to explain the difference in results. The stress or strain
transfers from inclusion to the host material, and vice versa, does not appear instantaneously
[185], see Figure 5.7. The stress in the inclusion gradually develops, starting from the front-
and back-end of the inclusion, and stabilizes towards the middle of the inclusion. Obtaining
the transverse loading case, the discontinuing nature of this situation would not allow for
efficient stress/strain transfer. The lag-length, [;,,, depends on the Young's modulus ratio
between the host material and inclusion and the volume fraction - in our case V. For the
volume fractions and stiffness ratios in our experiment, /;, is small, below 1 um, according to
Cox’s model for shear-lag [186, 187].

Another possible scenario, which may play a role, is that there is stress induced transversely
to the loading direction, as there might be a difference in Poisson’s ratios between pristine
material and laser modified written lines [158]. In effect, more elastic energy is stored resulting
in a higher effective Young’s modulus. This effect would typically be noticeable in axial
direction of a fiber type inclusion.

These effects described above are not captured in our model, which is based on simplistic
mechanics. To improve the model, one could consider more sophisticated approaches. Models
postulated by Eshelby take into account the shape of the inclusion [188]. Other composite
modeling methods could also be applied in [189]. Nonetheless, these models seem particularly
necessary when there exists a high contrast between material properties of the host material
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Figure 5.7 — A two phase material being uniaxially loaded. The red area is the inclusion and in light
gray volume the host material. The vertical lines represents the displacement field. o ;;, is the stress in the
inclusion, and with l;,¢ as the shear-lag length.

and the inclusion. In our case, the contrast of Young’s modulus between pristine material and
laser affected volume seems to be low (E;/Es ~1/2). Although, at the nano-scale, the contrast
between porous and non-porous layer, starts to be significant (E,;/E,; ~1/10).

5.4 Summary

The key results of this study are summarized below.

* A Young’s modulus increase, 2-3 GPa, is measured for the homogeneous laser-induced
modification (Regime I).

* The elastic properties of the nanograting modification (Regime II) are characterized
to be anisotropic, for which the axis of anisotropy is dictated by the orientation of the
nanograting.

* The local elastic properties of the nanograting modification, i.e. the porous and non-
porous layers, are estimated, and for which the increase of non-porous layer’s properties
are estimated to be remarkably higher than found for a regime I modification. We
speculate that the densification mechanism of this layer is based on the combination of
internal pressures and rapid cooling from temperatures near the glass temperature.

* A mathematical model, which predicts the in-plane elastic properties as function of
the nanograting orientation, is implemented and experimentally validated. The model
seems to capture experimental observations reasonably well.

* However, for elastic properties in the axial direction, an appreciable discrepancy is
observed between the model and experimental values. This observation suggests that
more sophisticated modeling approaches should be implemented to capture the fine
details of the stress-strain relation.
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Temperature dependent Young’s mod-
ulus

The temperature dependence of the Young’s modulus of silica compared to other materials is
uncommon. While the vast majority of materials see their modulus decreasing upon heating,
fused silica displays an opposite behavior and gets stiffer when the temperature increases
[132, 131]. Understanding this puzzling behavior remains a challenging topic, despite nearly
a century of research [190] and recent work based on molecular simulations [191]. In this
chapter, we explore how this temperature dependence evolves after localized exposure to the
femtosecond laser.

For this specific study, the specimens described in the previous chapter are used. In prac-
tice, the effect of temperature on the resonant frequency of the beams is monitored over a
temperature range from 10-40 °C. The changes are described with two metrics: the ‘tem-
perature coefficient of frequency’ or ‘TCF’ that captures changes of the resonant frequency
with a changing temperature, and the normalized Young’s modulus change with temperature,
or ;. We further investigate for certain exposure conditions the role of OH-content in the
glass composition on the change of ;. Specifically, we compare low OH-content substrates
(~1 ppm) (Heraeus,Suprasil 3002) with high-OH content glass (~1000 ppm) (Corning 7980).
Furthermore, the CI content of Suprasil 3002 is in the range of 1000 ppm — 3000 ppm and for
the Corning 7980 substrates it is in the order of 100 ppm.

Furthermore, on each substrate, a reference resonator is added. Note that a mean value of
TCF for all reference resonators is found around 109 ppm/°C. The error-bars in this chapter
are regarding the measured TCE and not to the estimated ;. The main source of error for TCF
is related to the clamping force of the resonator on its base. To support this observation, we
have noticed that the deviation in TCF measurement is minimized when choosing thicker
substrates/bases. For a 1 mm-thick substrate/resonator-base, the deviation is in the order of
+/-3.6 ppm/°C.
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6.1 Results

We first will present our findings regarding regime I and II modifications as function of de-
posited energy, which are regarding the transverse properties (;). Figure 6.1 depicts the
change in TCF and the estimated f; for resonators exposed with a pulse-width of 50 fs and
pulse-energy of 250 nJ, creating a regime I modification. The TCF of the reference resonator
is significantly higher compared to the mean TCF (109 ppm/°C). This discrepancy might be
caused by the composition of the substrate itself. Overall, for the four exposed resonators, a
lower TCF is measured compared with the reference resonator, (at 0]/ mm?). An average TCF
shift, over the complete deposited energy range, of -4.6 ppm/°C is found. The changes are
too small to identify a clear trend as function of the fluence. The corresponding mean shift of
B; is estimated to be -16 ppm/°C, using the composite equations in Chapter 2, equation 2.7,
meaning that the positive temperature-elastic coefficient of the modified volume is reduced
by 7%.
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Figure 6.1 - TCF and ﬂll as function of the deposited energy, for a regime I modification. The mean
reduction of the positive temperature-elastic coefficient is reduced by 7%. The exposure conditions are;
pulse energy of 250 n]j, repetition rate of 120 kHz, pulse width of 50 fs, N.A. of 0.4 and wavelength of 850
nm. The substrate contains high content of OH, ~1000 ppm.

Let us now discuss the change of ﬁll regarding a Regime Il modification, which is preformed for
two nanograting orientations, along and perpendicular to the loading direction. In Figure 6.2a
and b, results are presented which are regarding a substrate with an OH-content of 1000 ppm,
Corning 7980, and in Figure 6.2c and d are the results regarding the low OH-content substrates,
Suprasil 3002. As a reminder, the high OH-content substrate is the type used throughout this
document.
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Figure 6.2 TCF and ,Bll as function of the deposited energy, for a Regime Il modification. a, b) are results
regarding a high-content OH glass (Corning 7980) and c, d) are regarding to a low-content OH glass
(Heraeus, Suprasil 3002). Where, the left figures (a and c) are regarding a polarization of 0° and the
right figures (b and d) are regarding a polarization of 90°. On top, the orientations of the nanogratings
with respect to the loading direction are illustrated. Furthermore, an estimation on the dependence of
B1 versus the individual plane properties, B, and Bpp. The markers in one figure make the distinction
between substrates. The lines are drawn to guide the eye. By reduces for all the cases, and at a certain
deposited energy, down to approximately 50%. The exposure conditions are; pulse energy of 240 nj,
repetition rate of 750 kHz, pulse width of 300 fs, N.A. of 0.4 and a wavelength of 1030 nm.

The first observation we want to highlight is that the reduction of f; is significantly larger than
for a Regime I modification. For all cases, we find a reduction of up to approximately 50%,
albeit at different deposited energies for the two nanograting orientations considered here.
A second observation to highlight is the difference in behavior between the two nanograt-
ing orientations. For nanogratings aligned along the loading direction (figures a and c) ,Bll
gradually decays for an increasing deposited energy, while for the orthogonal case, (figures
b and d), a rapid decay is observed, for the low deposited energies, reaching a minimum
of 50%. Note that lines are drawn as visual guide but do not have a physical meaning. For
the orthogonal direction, the reduction becomes smaller at higher deposited energies and
saturates above 50 J/mm?. It should be noticed that a similar behavior — a rapid increase to-
wards a peak value, followed by a decay and saturation, is also observed for volume expansion
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[90] and CTE measurements [159]. The rapid decay, in figure b and d, could be linked to the
laser induced CTE increase, created in this regime [159], as an increased CTE would reduces
TCE see equation 3.23. However, based on the CTE values predicted in Chapter 7 and taking
volume fractions into account, this is unlikely to be the case. The influence of the increased
CTE would result in a ~1 ppm/°C reduction of the TCE Furthermore, if the CTE would be
dominant in this measurement, the TCF would be sensitive to the removal of point-defects,
achieved with thermal annealing at 300 °C [159]. As we shall see later in Chapter 8, this does
not occur in this temperature range. Notice that the athermal ! volume expansion and CTE
in other works [90, 159], also reported a similar behavior for nanograting orientations along
the loading direction- similar to the case of figures a and c. Interestingly, such behavior is
not observed for §; (figure b and d). Following this chain of thoughts, we do not expect the
increase in CTE of laser affected volumes to interfere with the measurement. However, the
induced strain resulting from the volume expansion in the neighboring pristine material may
play a part in the reduction of the ;. This hypothesis is further discussed in the next section.
The difference observed between the two nanograting orientations provides us with informa-
tion about the nanogratings’ individual layers temperature-elastic coefficients. Intuitively,
we can predict that for nanogratings aligned along the loading direction, the non-porous
planes are dominant, as these planes are an order of magnitude stiffer than the porous planes
and occupy 90% of the volume. The contribution of both planes cannot be neglected for the
orthogonal case. This intuition is supported by estimates made in equation 6.1 that considers
nanogratings aligned along the loading direction (as shown in Figure 6.2a and c), and equation
6.2 that considers nanogratings aligned perpendicular to the loading direction (as shown in
Figure 6.2b and d). The subscripts nl and pl refer to the non- and porous layers, respectively.
In the right-hand side, the expression of the dependence between ; and the local properties
B and B, is depicted, where for V;,; ~ 0.9, V,; ~ 0.1 and E,; ~ E;;;0.1 is chosen, as applied in
Chapter 5. From this analysis, it becomes apparent that the trend in Figure 6.2a and c is mostly
governed by non-porous layers temperature-elastic coefficient §,,;. Furthermore, according
to this analysis, we can conclude that the low-deposited-energy minimum, 6.2b and d, should
be due to the porous layer. In the next section, we discuss which structural rearrangement
could explain these results.

EniBniVai +EpiBpiVpi

br = B7 ~ Brni0.9+ f,,0.01 (6.1)
: Eannl+Eprpl ! n p
:BannIEpl"‘,BprplEnl
i = Vi Epi+ Vi1 Eng - BT ~ Bni0-9+ By (6.2)
n p p n

! Athermal; An adjective, indicating if the referred quantity is not temperature dependent. For example, in this
case, the change in volume expansion is a consequence due to the laser irradiation and not due to the thermal
expansion.

66



6.2. Interpretation

6.2 Interpretation

The anomalous properties of amorphous silica are known and studied for nearly a century.
These are: the Boson peak [192], the softening upon compression [193], the low-temperature
plateau behavior of the thermal conductivities [194], the relation between fictive temperature
and density [171], a negative CTE [195, 196] and the one discussed in this chapter, the posi-
tive temperature-elastic coefficient. The Boson peak - found in the Raman spectrum band
30-120cm™!- and the low-temperature plateau behavior of the thermal conductivities - 2.2K
<T<90K-, are generally related to the excess of vibration modes in the THz frequency range.
The mechanism behind these anomalies and how they correlate one with another have been
debated [197]. The conundrum was even bigger for researchers back in time, as the structural
model based on SiO; tetrahedra network itself was still heavily debated [198, 199, 200]. Ex-
perimentally, it is hard to retrieve the molecular structure of glass formers, as the amorphous
structure is isotropic, which does not allow us to study the 3D information at macroscopic
level as it does for crystalline materials [201]. Consequently, pre-defined models, at the molec-
ular level, are necessary to decipher characterization results made with for instance, X-ray or
neutron diffraction methods. An important point is that it is a challenging task to interpret
femtosecond laser-induced material-properties changes, because the mechanism itself re-
sponsible for the positive temperature-elastic coefficient is not established. In an attempt to
understand laser-induced changes, we review previous studies and debates/hypothesis. Al-
though the main focus is on the positive temperature-elastic coefficients, we highlight findings
about other anomalies that may allow us to suggest an interrelation between them.

6.2.1 Review on the nature of SiO, positive temperature-elastic coefficient

Early record of a positive temperature-elastic coefficient was made by R.B. Sosman in 1927,
cited in [202]. The negative CTE below room temperatures was reported in 1942 by J.A. Beattie,
cited in [195]. Furthermore, it is noteworthy that the CTE, at and above room temperature, is
remarkably low in comparison with other glass formers or even silica’s crystalline polymorphs.
Anderson et al. related these material properties based on thermodynamic relations and
postulated that the low-CTE causes a thermal-stiffening effect, cited in [175]. His hypothesis
was rejected later on, as other glasses with significant higher CTEs such as GeO,, BeF, also
display a positive temperature-elastic coefficient [203]. Other theories suggests that fused
silica’s open structure would allow transverse vibrations of the bridging oxygen bonds as
depicted in Figure 6.3a. This vibration mode would become more dominant than longitudinal
ones, due a significantly lower stiffness, causing a shrinkage of Si-Si interatomic distance
resulting in a negative CTE [204]. The same low-stiffness bridging oxygen is related to low
temperature acoustic losses (an excess of vibrations modes) [205]. Although this could not
be the case for fused silica, as X-ray-diffraction measurements pointed-out that there is an
insufficient amount of 180° Si-O-Si bond angles [206], Os;_o-s; (Figure 6.3a), which would
support these transverse vibration modes. Furthermore, this theory would not explain the
positive temperature-elastic coefficient.
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Figure 6.3 — a) Two silica, tetrahedrally coordinated silicon by four oxygens and which share both an
oxygen, referred as the bridging oxygen. Os;_o-s; is the angle of the bridging oxygen, furthermore, r
and 0p_g;—o are the short range characteristics of the tetrahedral structure. b) An early impression of
fused silica’s network envisioned by Zachariasen made in 1932 [198]. ¢) The ring statistics of fused silica,
calculated based on the ab-initio molecular dynamics method [207].

In earlier work (1954), Babcock et al. introduced the idea that the anomalous behaviors are
due to two co-existing structural phases [190]. Specifically, the two phases would be similar
as the low- and high- temperature forms of cristobalite, a polymorphic phase of silica [206].
The idea of a hybrid structure causing the anomaly behavior is adopted, and/or related to,
in several works [208, 175, 19, 209]. Before we go deeper in exploring these ideas, let us first
discuss key characteristics of glassy and crystalline phases of silica. The main building block
of nearly all phases is a silicon atom surrounded by four oxygen atoms forming a tetrahedral
molecular geometry. The exception to this is the six-coordinated stishovite, a high pressure
phase of silica. Tetrahedra are interconnected one with another by sharing an oxygen, see
Figure 6.3a, and the spatial arrangement of tetrahedra, if regular, define different crystalline
polymorphic phases. When this arrangement is irregular, an ‘amorphous’ phase is found and
consists of rings of various sizes. The different polymorphs are reached by a bondbreaking irre-
versible process, due to a pressure and/or thermal load, called a reconstructive transformation.
Some of the crystalline phases, such as quartz, tridymite and cristobalite, can also undergo
a thermally-driven reversible transformation, i.e. from a a- to a -form, called a displacive
transformation. The former and latter forms exists at low and high temperatures, respectively.
Essential information is that the low temperature forms (a) possess a lower density and lower
elastic modulus compared to their high temperature counterparts (§). Similarities between
cristobalite and fused silica is found in the neutron scattering [210], X-ray measurements
[206], Raman spectrum [211], infrared spectrum [212] and have remarkably similar density. In
general, the amorphous material shows broader vibration peaks in these spectra, compared to
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6.2. Interpretation

its crystalline counterparts, but shares similar peak positions. These similarities are mostly
found back in the mid-range characteristics, as there are nearly no differences found at short-
order range (tetrahedral molecular geometry) among the phases. The mid-range is mainly
characterized by the 85;_o—s; [199] and ring statistics [213].

In-line with the characteristics described above, Vukcevich suggested that cristobalite has a
double potential well [19], as drawn in Figure 6.4. The two minima, ¢4, and bp,0, correspond
to the equilibrium position, 8s;_o-s;, of cristobalite’s low- and high-temperature forms. With
A indicating the threshold energy for a @ — § transformation. 6g;_¢_g; for the a- and f-form
is characterized to be 147° and 151° [192], respectively. According to his theory, the potential
well is a superposition of the potential energy of two states and the electrostatic repulsive force
between the SiO,. The "normal" thermal expansion of the tetrahedral SiO, causes a decrease
of bridging-oxygen angles. The rigid rotation of the tetrahedral SiO, shortens Si-Si distance,
which effectively increases the repulsive force. The change in balance between the repul-
sive force and potential energy causes that ¢4 ¢ to be the global minimum, at temperatures
T > Ty, p. Obtaining fused silica large variation in the 6s;_o-s;, Vukcevich theorized that fused
silica has two potential wells with two minima, however, unlike their crystal counterparts,
do not have distinct transformation temperatures. Instead, the material would gradually
transform for an increasing heat, converging to the § form, resulting in a contraction and
stiffening effect for higher temperatures [19].
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Figure 6.4 - Cristobalite’s potential energy as function of O0s;_o-—s; at three different temperatures, en-
visioned by Vukcevich [19]. The two minimum locations, ¢q,0 and ¢pg o, correspond to the equilibrium
angles Os;—o-s;) of cristobalite’s low- and high-temperature forms. For temperatures below the transi-
tion temperature of & <  (T<T,_.g) the minima of the a-form is lower than the 3-form, hence ¢q 0<dg,0.
For increasing temperatures the potential energy minima shift with respect to each-other, such that
for T>Ty _, g the potential minimum becomes ¢q,0>Pp 0. A represents the threshold energy fora a — 3
transformation.

In the period Vukcevich published his work, researchers started to recognize that amorphous
silica has more structural order -even though an accurate two-dimensional picture was al-
ready drawn by Zachariassen in 1932 [198], see Figure 6.3b, as previously predicted using
continuous random network models [214]. The SiO, molecules forming closed ring-structures,
constructed by three to twelve-membered rings, where the six-membered ring is the most
abundant [213, 215, 200, 207, 210], see Figure 6.3c. With the aid of molecular dynamics simu-
lation Huang et al. studied in several works the anomaly behaviors [216, 217]. Although the

69



Chapter 6. Temperature dependent Young’s modulus

simulation-results could not fully reproduce the experimental-observations [216], a positive
temperature-elastic coefficient and the softening upon compression are demonstrated. Ac-
cording to their analysis, 8gs;_¢-g; cannot specifically be accounted to an anomalous behavior,
but rather due to abrupt localized Si-O-Si bond rotation around the Si-Si axis affecting the
ring-geometry. These changes would gradually occur throughout the bulk for a range of
temperature or pressures, converging to a network containing symmetric ring-geometries,
see Figure 6.5. The driving force for the abrupt rotation of the Si-O-Si bond would be due to
the tension in the network imposed by the "normal" thermal expansion of the tetrahedral
SiO,. The convergence to a more symmetric structure would equivalently occur for cristo-
balite a < B transformation, specifically for the six-membered ring. The symmetric form of
the six-membered ring -the  form- would be stiffer than the asymmetric form- the a-form,
explaining the thermal stiffening effect. Although the symmetric six-membered ring occupies
more volume, the CTE of the §-form is lower - a possible mechanism causing the low CTE
of this form is given in [218]. It should be stressed that it is not stated that the material is
composed by two crystalline phases (a and ), the microcrystal theory has been rejected long
before. Nevertheless, fused silica material temperature dependent properties share similari-
ties with the low- and high-temperature forms of the crystalline phases, but over a broader
temperature range due to its amorphous character. Recognize, that Huang’s observations can
be described as a double potential well, however in this case as function of the rotation the
Si-Si axis.

Figure 6.5 - The six-membered ring for cristobalite’s a and 3 form. The six-membered ring of the former,
the low temperature form, is the non-symmetric form. The high-temperature form, B, is symmetric and
forms a stiffer structure.
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6.2. Interpretation

6.2.2 Review of the change in positive temperature-elastic coefficient

Let us first start discussing mechanical compression studies. Fused silica softens with (cold-
Jcompression pressures from 100 kPa to 3 GPa, at room temperature. In these pressure
regimes, it is observed that the intensity of the (anomalous) Boson peak reduces [219, 220, 221].
Furthermore, evidences are given that the average and spread of 65;_¢_s; become both smaller
[219, 220], subtracted from the mainband information using in-situ Raman spectroscopy
measurement. Compressing fused silica beyond 9 GPa, the material undergoes irreversible
densification; up to pressures of 50 GPa the SiO, coordinate number converges from 4 to 6
and a so-called "high density phase" is reached [222] - converging locally to stishovite-like
structures [223]. Unloading from the irreversible pressure regime and subsequently reloading
the material shows that the softening upon pressures is permanently reduced or either not
present anymore [181, 224]. Guerrette et al. studied the temperature-dependent modulus for
hot-compressed and quenched Suprasil 300 silica glass (class I) and demonstrated a reduction
of more than 80% of the positive temperature-elastic coefficient - for compression pressures
equal to 6 GPa and temperatures of 1100 °C [135]. When considering the mechanical-densified
structure, a clear distinction should be made between cold- and hot- compressed silica.
Martinet et al. studied the Raman spectra versus densification for the two methods [225], and
observed that the vibration frequency and the population of the breathing three-membered
ring mode is mostly affected by cold compression. This was also observed in [219]. While in the
case of hot-compression, nearly no increase is obtained in three-membered-ring’s population,
but rather an increase of five- and seven-membered rings at the expense of the six-membered
ones [174]. In addition, material properties such as Young’s modulus, and elastic pressure limit
are significantly different, for cold and hot compression densification methods [174], obtained
at similar densification ratios, which indicates that the end result is dependent on the pressure-
temperature pathway [226]. Finally, the influence of shear stress on the elastic limit should
not be left unnoticed as fused silica’s irreversible pressure regime appears at lower stress under
the action of shear stress, and a larger amount of the three-membered rings is obtained for
similar densification [227]. The lack of correlation between densification and three-membered
rings formation is also demonstrated in [228, 229, 230]. Applying different loading conditions,
thermally, mechanically or a combination of the two, gives distinct results, nevertheless it
seems that they share common changes, which are the reduction of the six-membered ring,
Osi—o-si and the increase of coordination. The dependence of the pressure-thermal history on
the structure of permanent densified glass is further discussed in greater detail in [180, 231].

In other studies, correlations are made between thermal history (fictive temperature) and
anomalous behavior [175, 221]. In the case of fused silica, the density increases along with
the fictive temperature and, as for mechanical compression, 8s;_o-s;, is inversely related to
the fictive temperature [232]. Specifically, Le Parc studied the positive temperature-elastic
coefficient for a class I fused silica. He showed that for a fictive temperature difference of
400°C, a change of approximately 4% is found[175]. In earlier work by D. Fraser, it was shown
that the TCF of a torsion bar is reduced by 7% and 22% for a class I and III fused silica,
respectively, corresponding to a fictive temperature change of 400°C [233]. Likewise for the
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other anomalous behaviors [221] and structural changes [232], no large changes are reported.
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Figure 6.6 — A summary of AB found in the literature. The dataset are found in, Guerrette et al. 2018
[135], Le Parc et al. 2006 [175], Fraser et al. 1968 1968 [233], Strakna et al. [234].

Apart from mechanically- and thermally- driven compaction, it is known that irradiation-
induced compaction has also an impact on the anomalous properties. Strakna et al. in-
vestigated the elastic positive temperature-coefficient of fast-neutron irradiated fused silica
-knock-on radiation- for the temperature range 100 K to 300 K [235]. The positive temperature-
elastic coefficient reduced by approximately 70%. In other work, it is shown that the main
band shifts towards higher frequencies and becomes narrower due to fast neutron irradiation
[236]. Typically, in the case of knock-on radiation maximum reduction of 10° for 8g;_¢_s; and
a maximum density increase of ~3% (~2.26g/m?) [237], are found. For the ionization type of
radiations, a more gentle reduction is found, approximately 6% in the case of y radiation. The
diminishing of the other anomalies due to irradiation have been also reported [234, 238], i.e.
the excess of low temperature vibration modes.
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6.2. Interpretation

Finally, the relation found between the fraction of the Si-molecules and anomalous behavior in
composite glasses has been reported [239, 240]. In these works, the temperature dependency
of the Young’s modulus is nearly suppressed. In recent work, Shi et al. showed, based on a
neutron scattering, that the population of the six-membered rings increases along with the Si-
concentration, at the cost of the four- and five-membered rings [210]. Finally, in these works,
[239, 210], it is recognized that there exists a correlation between the anomalous behavior and
the temperature behavior of 6g;_¢_s;, subtracted from the main band of the Raman spectra.

In general, the reduction of fused silica’s anomalous behaviors find close correlations due
primarily to compaction, even though compaction mechanisms are different in nature. For
instance, no bonds are broken when compressing the material in the elastic regime, and yet,
similar results are observed for bond-breaking compaction, due to irradiation for example.
Some investigators argue that the material is compacted to a more homogenized structure
[203]. Otherwise, some would argue that the boundary A between the two minima in the
double potential well, as sketched in Figure 6.4, is increased by external or internal irreversible
stresses [241, 217]. These arguments and findings support the ideas of two coexisting phases
being responsible for the anomalous behavior.

The reduction of § found in the literature is summarized in Figure 6.6 and is plotted versus the
density. No strong correlation is found between the densities among the various studies. Our
result, regarding the non-porous layer embedded in the nanograting modification, is plotted
independently of the density as an horizontal zone.

6.2.3 Femtosecond laser induced positive temperature-elastic coefficient reduc-
tion

In view of the preceding literature review, let us revisit our results from the previous section.
The Regime I modification shows nearly no reduction in the TCF, whereas the Regime II
modification exhibits a remarkably high reduction. We estimate, by calculating the local
laser affected material property ;, a maximum reduction of ~7% and ~50% for Regime I and
I1, respectively. The former seems to be in close-agreement with the other ionization-type
radiations, where the reduction obtained for a Regime II is exceptionally high for this category.
Moreover, in the former modification, for both non- and porous layers 8; seems to reduce.
Interestingly, they appear to have distinct trends versus the energy deposited. As discussed
above, the reduction of the positive temperature-elastic coefficient is observed with different
structural rearrangements. In the following, we argue how the observations from other works
might interrelate with our results.

Compaction solely due the change of thermal history seems not to reach the 50% reduction
we obtained in our results. Furthermore, a factor three difference is obtained between the low-
and high-OH content silica [233]. This correlation is not found in our case, assuming that the
thermal history is similar for both cases. Based on the former observations and the magni-
tude of the reduction, we suggest that the fictive temperature has no preponderant effect on £3;.

73



Chapter 6. Temperature dependent Young’s modulus

The knock-on radiation (neutron radiation) and temperature assisted mechanical compres-
sion is capable of suppressing the abnormal behavior beyond the values we obtain. Moreover,
both for the elastic and irreversible compression regimes a diminishing anomalous behavior,
i.e. the Boson peak, is observed. However, no data is found in the literature, which relates
elastic compression and the positive temperature-elastic coefficients. In the case for the
nanograting regime, in between the modified-volume the unexposed material is compressed
by the modified volume expansion, where pressure values correspond to the elastic regime
[179]. To further understand the preponderance of elastic compression, we design an ad-
ditional experiment, where we study the induced stress and §; as function of the modified
volume fraction (V). The stress is indirectly measured using the bimorph structure described
in Chapter 3.1 and the stress estimation is discussed in details in Appendix A. Figure 6.7a
depicts the stress evolution as function of V; and Figure 6.7b the measured TCF and estimated
B; - The exposure conditions are given in the captions of the figures. The TCF seems to scale
proportionally with the line spacing, where the stress starts to decay to a maximum value
above aline spacing 4 ym. Based on our comparative study, we like to state that the elastic
compression has no significant influence on the TCF’s reduction, as no correlation is found
between 6. Note, that the TCF is not linearly dependent on V}, which is not surprising as we
expect an interfering effect for closely packed exposure strategies [159]. The saturating behav-
ior of stress and strain is, in Appendix A, also demonstrated for other substrate thicknesses,
alarger volume fraction range and other exposure conditions. At this point we have further
established that the change of the resonator TCF is due a change of ; and not a secondary
effect.
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Figure 6.7 - Two volume fraction studies, demonstrating that there is no correlation between induced
stress and TCE a) The temperature invariant average stress due to volume expansion in the LAZ (61,)
conducted from a bimorph structure. b) The TCF versus the line spacing and volume fraction, conducted
from the resonance experiment. The exposure conditions are; pulse energy of 300 nj, repetition rate of
750 kHz, scanning velocity of 5 mm/s, pulse width of 300 fs and a wavelength of 1030 nm.

Neutron and femtosecond laser irradiated fused silica share similar characteristics in the
Raman spectra i.e an increase of the D2-peak is observed - an increase of the three-membered
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ring population -, narrowing and red-shift of the mainband. Although, there is a clear dis-
tinction in the magnitude of changes. Both Shcheblanov et al. [242] and Vukelic et al. [243]
discussed, for femtosecond laser irradiated SiO», that three-membered-ring’s structures are
created at the cost of mainly the six-members (and higher order ring members). Further-
more, Shcheblanov et al. observed, based on a MD-simulation, that the Si-coordination is
converging to higher numbers, from 4 to 5 [242]. In the same work, a maximum change of
bridging bond angle is approaching 4 °-conducted from the Raman spectra’s mainband-,
where for the neutron irradiation, values in the order 10 ° are achieved. In addition, the density
increase is an order of magnitude larger, and the three-membered ring population is bigger
for the neutron irradiation. Nevertheless, we envision that the generation of three-membered
rings at the cost of the six-membered rings could be responsible for the reduction of §;. The
sharp D; and D, peaks correspond to a symmetric form which would be, intuitively, the stiffer
temperature-form. Therefore no stiffening effect upon a temperature increase is expected for
these ring-numbers, as this would be the case for the six-membered rings in fused silica and
cristobalite. Furthermore, unlike higher order ring members, the three- and four-membered
rings has a lower degree of freedom, implying a higher threshold energy (A in Figure 6.4)
between two possible ring geometries. However, no sustainable large difference is found in the
D, and D, information for a Regime I and II modification, for similar pulse energies applied
in our work [79]. As a matter of fact, we found in the literature for high pulse energies, > 1uJ,
higher values of the D,-peak for the Regime I modification, a factor of three to five [244, 49],
than found for the Regime Il modification. This does not correlate with the §; for the two types
of modifications and, hence, cannot solely be explained by the generation of the (symmetric)
low number ring-members. In simulations from Shcheblanov et al., the structural changes are
observed for a Regime I modification and hence the generation of the porous layers is omitted.
We believe that the addition of porous layers plays a significant role in the reduction of §;.

The mechanism responsible for these low values might be due to the same mechanism as
discussed in the previous chapter for the Young’s modulus. We envision that a mechanism
equivalent to hot compression is responsible for the high Young’s modulus [160] and refractive
index [60] obtained for the non-porous layer. At the porous-layer locations, higher pressures
are generated, which would pressurizes the non-porous layer. The pressure and elevated
temperature would lead to higher densification. According to the work of Guerette et al.,
pressure quenched at 2 GPa and 1100°C would result in a reduction of ~50% [135]. We would
like to emphasize, that we predicted similar pressures to explain the high Young’s modulus of
the non-porous plane [160]. Hot-compression would lead to seven-membered rings at the cost
of the six-membered ones, in the addition of the ionizing based transformation. It is not clear,
for us, if this transformation is the basis of the low values we obtain for ;. It may be indeed,
that the seven-membered-ring’s high-temperature form is of lower stiffness, compared with
his low-temperature form counterpart. Guerette et al. [174] mention that for hot compressed
conditions, the material is converted to a more homogeneous structure, with smaller pore
sizes. This could mean, that the network does not allow displacive transformation, simply
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due to the lack of space. The latter thought, implies that the energy threshold for a displacive
transformation has increased. Future studies should reveal if these statements are indeed true.
Finally, this work opens-up other question, such as; how does the other anomalies behave

under the action of femtosecond laser irradiation and how does it correlate with the results

obtained in this chapter.

6.3 Summary

Let us summarize the key findings in our experiments and from the literature:
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A reduction of the temperature-elastic coefficient is found for regime I and II modifi-
cations. The regime I modification reduces down to about ~7%, while the regime II
modification is lowered by ~50%.

Using an approximation, we estimate the contribution of the individual layers, embed-
ded in the nanograting modification, to the reduction of temperature-elastic coefficient.
There, we could conclude for the non-porous layers that the temperature-elastic coeffi-
cient decreases as function of the deposited energy.

In the literature, a similar mechanism as for the low- to high-temperature transforma-
tion of silica’s crystalline phases, is responsible for fused silica’s (abnormal) positive
temperature-elastic coefficient. Huang et al. pointed out that in particular the six-
membered ring is responsible for the stiffening effect [216].

In Figure 6.6, a summary is given of works reporting a reduction of the temperature-
elastic coefficient imposed by various densification methods.

Based on our literature review and our measurements, we suggest that a combination of
internal pressures at elevated temperatures might be responsible for the densification
mechanism observed in nanogratings and the related changes of thermomechanical
properties.



d Thermal expansion !

Although, chronologically this work was performed before the elastic-property related work
presented before, we place this chapter here, since we use the elastic-property information for
arefined estimation of the CTE. Nevertheless, the work presented in [159] was an important
milestone in this thesis work, as we gave experimental evidence of the capability to locally
tune fused silica’s CTE with a laser.

As discussed in Chapter 3.1, to study this material property change, the thermal deflections
of a bimorph structure placed in a temperature controlled environment is measured with a
digital holographic microscope. In this chapter, the volume variations due to laser exposure
are reported as well. Each substrate contains eight cantilevers and are fabricated out of
500 um-thick fused silica substrates (Corning 7980-0F) using a two-step process combining
femtosecond laser exposure and chemical etching as described in [90] and Chapter 3.1. The
substrates have a 1000 ppm OH content and traces of Cl in the order of 100 ppm (class III fused
silica). To study a wide range of exposure conditions, two femtosecond laser systems having
different pulse characteristics are used. The first one emits 50 fs-pulse (an OPA from Amplitude
Systémes, emitting at 850 nm) and is capable of producing regime I type of transformations,
while the second one is a Yb-doped fiber amplified system (Amplitude Systémes, 380 fs at a
wavelength of 1030 nm) and is capable of producing regime II type of transformations.

Two types of experiments are conducted; first, we investigate the preponderance of possible
effects affecting the thermal response of the bimorph structure, and second, we study the
thermal response for different laser exposure conditions.

7.1 The effect on the thermal response of a pre-strained bimorph

In the problem description in Chapter 2 and in Chapter 3.1, it is discussed that the effec-
tive thermal expansion behavior of the bimorph structures might be not only due to the
CTE difference between the laser exposed and pristine volume. The pre-strained material,
due to the volume variation of the laser exposed material, and the temperature dependent

part of this chapter has been published in [159]
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Young’s modulus, causes also a change of volume expansion upon a temperature change. To
demonstrate the contribution of the pre-strained effect we designed an experiment for which
laser-exposure conditions are kept constant, but the filling factor of the exposed volume is
varied. The motivation is to validate our model (Equation 3.19) by effectively changing the
average CTE (@; ) of the LAZ and the initial bending strain (e¢). The filling factor was altered
by changing the line spacing between the individual lines (/; in Figure 3.1). The modifications
were written using the fiber laser emitting 380 fs at a wavelength of 1030 and 250 nJ-pulses, at
a translation speed of 1.7 mm/s and a repetition rate of 800 kHz.

It is known that the femtosecond laser exposed regions exhibit an increase in defects, such
as non-bridging oxygen hole center (NBOHC) and E’ centers [245], and the generation of
interstitial oxygen [67]. In order to minimize possible long-term changes, for instance due to
the outgassing of trapped oxygen or quenching of defects, the samples are thermally annealed
to remove these points defects and interstitial oxygen. The thermal response of the samples is
measured, before and after annealing, using the previously described experimental setup. The
annealing step is done in a furnace under normal atmospheric conditions, at 300 °C for 10
hours. These annealing conditions are adopted from [82]. Additionally the initial deflection at
room temperature due to the volume expansion after femtosecond laser exposure, is measured
using a white light interferometer (WYKO NT1100) and is reported in Table 7.2 -these values
are used to estimate ry. It should be pointed out that annealing has no large effect on 69 and
therefore, variation of the r4(T) remains small after annealing.

Table 7.1 - Measured initial tip deflections (5) after exposure and annealing, with a measurement
uncertainty of 200 nm. The third column lists the difference between the two measurements.

Ig (um) 0o (um) do(um) Difference (%)
before annealing after annealing
2 -76.1 -78.7 3.4
4 -65.7 -64.7 -1.5
6 -50.5 -50.2 -0.6
8 -40.8 -40.8 0
10 -34.4 -34.5 0.29

The graph in Figure 7.1, considers an example of thermal tip displacements in nanometers as
function of temperature. The slope of the curve before annealing is negative. In other words,
the cantilever bends down due to a temperature increase. After annealing an opposite effect is
observed. One might conclude that the difference of the thermal expansions (Aa = a;—a;)
is switching sign due to the annealing step. This behavior is confirmed when observing the
thermal displacement rate (05/0T) for all the line spacing, see Figure 7.2a. When observing
the trend as function of the volume fraction (V}), one would expect an increasing magnitude of
thermal deflection rate for higher volume fractions, if the CTE difference dictates the thermal
behavior of the bimorph. However, this is not observed for the unannealed case in Figure 7.2a;
the magnitude of the thermal deflection rate does not increase, instead, it converges to a zero
value for higher volume fractions. This indicates that another effect is interfering with the
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Figure 7.1 - The measured thermal deflection (0 meqs) for annealed and un-annealed specimens in the
case of Regime Il exposure. Exposure conditions: E;,=250 nJ, E4=10 Jimm?, pol=90° and ls=4um.
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CTE characterization. The error-bar on the measured displacement rate (06 ;;¢45/0T) is based
on the 95% confidence interval obtained form the linear regression estimation method and
found typically smaller than 0.2nm/°C. Where for 85,/dT uncertainties on the dimensions
are included.

When subtracting the term related to the pre-stress effect (6 p) (see Chapter 3.1) from the
measurement, we observe that the thermal bending rate only caused by the thermal expansion
difference (0) is negative for both cases (Figure 7.2b). From the latter, it becomes apparent
that the magnitude of the thermal strain rate decreases when an annealing step is applied,
hence a; converges to a, which may indicate that some fine reorganizations of the material
matrix might be taking place. From the bottom graph that excludes the initial strain, we
conclude that in Regime II, the modified volume expands more than the unmodified region,
hence a; > a;. Indeed the magnitude of §, decreases as function of the line spacing, as the
exposed volume decreases, and due to the annealing step. In Chapter 8, a dedicated study
about the annealing induced changes of thermal expansion behavior is discussed in greater
details.
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Figure 7.2 - The thermal deflection rate (00/0T) for the annealed and unannealed case as function of
the volume fraction of exposed material (V) in the case of Regime II exposure. a) Measured thermal
displacement rate, b) estimated thermal displacement rate only due to the CTE differences (06,/0T). In
the top of each graph, the contribution of the two main thermal expansion effects, 6, and 6, can be
conducted from the equation. Exposure conditions; a pulse energy of 250 nj, a deposited energy of 10
Jimm?, the repetition rate is 80 kHz, N.A. of 0.4, a wavelength of 1030 nm and a polarization of 90°.

7.2 Thermal response vs deposited energy in Regime I and Regime
II

In this section, we discuss the thermal deflections as function of the exposure conditions
and, in particular, the pulse width and the deposited energy. The regime I modifications are
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created by irradiating the specimen with 50 fs-pulse length and 250 nJ pulse energy, while
regime II is obtained by using 230 nJ pulses using the longer pulse laser. The scanning speed is
adjusted to reach a desired deposited energy level. The number of pulses is directly expressed
by the ratio between repetition rate and the scanning speed. In regime I, it ranges between
26.5 and 1600 pulses per micron and for regime II, between 18 and 1200 pulses per micron.
The line spacing was fixed and set to 4 um, hence more than two times the width of the
laser affected zone. This choice is motivated by observations of cross-talk phenomena [166]
when the spacing becomes comparable or smaller than the laser affected width. In addition,
for regime II, two polarizations are chosen, 0 © and 90° (defined as the angle between the
electrostatic vector field and the writing direction), to validate the effect of self-organized
nanograting orientations. The transverse and axial properties are characterized for a regime
I modification, whereas for the Regime I modification, only the transverse properties are
studied. The remaining experimental details for each substrate are given in Table 7.2, as well
as additional information regarding the substrate thickness (#.) and laser affected length (L;).
The latter two are important for understanding the differences in measured values. At last, the
results obtained in the remaining of this chapter are regarding annealed samples at 300 °C.

Table 7.2 - The experimental details for each substrate.

Substrate Tp [fs]  E,[n]] Pol [°] Is[pm] L;[mm] t.[um] Orientation

Regimel- A 50 250 90° 3 4800 480 1
Regimel - B 50 250 90° 3 2000 534 1
Regime Il - C 300 230 0°,90° 4 4800 560 1
RegimeIl-D 300 230 90° 4 4800 440 1
Regime Il - E 300 230 90° 4 4800 583 1
Regime Il - F 300 230 0° 4 4800 538 Va4
RegimeIl-G 300 230 90° 4 4800 497 V4

The measured athermal and thermal deflections are depicted in Figures 7.3a,b and 7.4a,b,
for transverse and longitudinal writing directions, respectively. The corresponding estimated
strains, occurring in the laser affected layer, is depicted in the remaining figures (c and d). For
the transverse case (Figure 7.3a), the athermal tip deflection (§) of regime I and II displays
an upward and downward movement, respectively. Meaning that the net density increases
and decreases for a regime I and II modification, respectively. The distinction in volume
variation between the two regimes is well established in other works, [90] and [67]. The curves
of substrates regime I - A and - B do not overlap, neither do they have equal slopes, which is
due to the difference in laser affected length (L;). Evidently, the corresponding strain shows
an overlap and a similar slope, see Figure 7.3c.

The measured thermal deflections also show an opposite behavior for the two regimes, see
Figure 7.3b. Note that the thermal movement is in opposite direction with respect to the deflec-
tion due the athermal volume variation (6¢). The reason for this is that the thermal movement
due to athermal strain and the positive temperature-elastic coefficient is dominant in this
experiment. The stiffening effect of the prestrained substrate for an increasing temperature,
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Chapter 7. Thermal expansion

forces the cantilever to bend towards its initial position. As we will see later, there is also a
contribution to the thermal deflection due to the CTE difference. The corresponding thermal
strains in the laser affected layer are given in Figure 7.3d, where maximum values are in the
order of 10 ppb.

The regime Il modification and the two orthogonal polarization cases (0° and 90°), controlling
the nanograting orientation, is tested for the axial properties, the results are given in Figure 7.4.
Unlike for the transverse case, a low and high deflection magnitude are observed for the 0° and
90° polarization cases. This effect is not observed for the transverse case in our experiment
(Figure 7.3), nor in other works [90]. Nevertheless, based on the conclusions we made about
the density of the porous and non-porous planes in Chapter 5, we indeed expect a dependency
of the volume expansion on the nanograting orientation. It is therefore puzzling to observe
that the transverse direction is insensitive to the nanograting orientation.

It is further interesting to notice that for the volume expansion of substrate G, polarization of
0°, an inverse trend is obtained, see inset of Figure 7.4a. Instead of a peak, it displays a dip
in magnitude of §¢. This might be due to the volume expansion in transverse direction (ell),
which imposes a contraction in axial direction due the Poisson’s effect, ¢7 ~ely,

7.3 Estimation of the CTE of laser exposed silica

Let us consider equations 2.5-2.12 and 3.19, and rewrite them as depicted in equations 7.1 and
7.2. Based on the measured values, we derive the thermal deflection due to the CTE differences
%. The uncertainty on the estimation of a; o described in [159] is rather large, due to the lack
of knowledge about the elastic properties. In this estimation, we implement the values for E; g,
from the previous discussed characterization, presented in Chapter 5.

11£2(V, E 1
i 118 (B B L,
’ ra 6 5 \'V; El,O AT
11£2(1E 1
afy=—~ =2 tay (7.2)
O 16 g V,El//0 AT

The results are shown in Figure 7.5, which corresponds to the substrates discussed in the pre-
vious section. To test the repeatability of the CTE tuning process, three additional substrates
were exposed and measured, the corresponding datapoints are illustrated with lighter shade
of green. The results are also shown in Figure 7.5. (The labels I and II indicate the modification
regime). The graphs represents the mean values, with error bars based on estimates of the
geometrical measurement errors for laser affected zones (extracted from paper [166]), on the
instruments errors (white light interferometer and digital holographic microscope) as well
as error estimates on material parameters based on previous works [42, 164]. The estimated
CTE for regime I converges to a value factor two lower, roughly, than the pristine material.
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Figure 7.3 - The room temperature and temperature-dependent measurements for the regime I and 11
types of modifications, annealed at 300° C and lines written transversely with respect to cantilever. a,
b) The measured athermal, §,, and thermal tip deflection, 08 eqs/0T. ¢, d) are the estimated average
volume expansion, éll,o' and thermal strain, 3¢} [0T, in the laser affected layer. For regime I, the pulse
energy is 250 nj, the repetition rate of 120 kHz, the pulse width is 50 fs, a wavelength of 850 nm, N.A. of
0.4 and a line spacing of 3 um. For regime Il the pulse energy is 230 nj, the repetition rate is 80 kHz, the
pulse width is 300 fs, a wavelength of 1030 nm, N.A. of 0.4 and a line spacing of 4 um, the latter is done
for a polarization of 0° and 90°.

It approaches 0.3 ppm/°C for deposited energies above 100 J/mm?. The CTE’s mean value
for regime II, and polarization of 90°, makes a sharp increase for deposited energies below
20 J/mm? and drops for higher values. We can state that the CTE increases strongly, approx-
imately by a factor two. For regime II and polarization 0°, a similar trend is observed when
compared to the perpendicular polarization state. For low deposited energies below 20 J/mm?,
the values seem to overlap. For higher deposited energy the values are slightly lower than the
perpendicular polarization.

The estimation on the axial CTE (« ﬁ)) is given in Figure 7.6. For both polarization cases, lower
values are obtained than for the transverse properties. In the case when nanogratings are
oriented along the cantilever’s long axis and a polarization of 0°, nearly no change is observed.
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Figure 7.4 - The room temperature and temperature-dependent measurements for a Regime II type of
modification, annealed at 300° C and lines written along the cantilever. a, b) The measured athermal,

8o, and thermal tip deflection, 06 meqs/0T. ¢, d) are the estimated average volume expansion, él//o’ and

thermal strain, aéf /0T, in the laser affected layer. The pulse energy is 230 nj, a repetition rate of 100
kHz, a pulse width of 300 fs, a wavelength of 1030 nm, N.A. of 0.4 and a line spacing of 4um.

The Regime II modification shows a slight increase in CTE for low deposited energies, while
for fluences above 20 J/mm?2, a decrease is observed. A similar trend (peak, followed by a
decrease) has been noticed for etching rates versus deposited energy experiments [246] as
well as for volume variation vs deposited energy range, and finally, the stress vs deposited
energy; suggesting a correlation between the two [90]. In [90], we suggested that the abrupt
decreasing volume variation was due to crack formation in the modified volume. However,
in the next chapter, we would like to put forward that the decrease in volume expansion and
CTE, at higher deposited energies, could be due to the densification of the non-porous layers.
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longitudinal CTE for Regime II as function of a deposited energy, with both at

a polarization of 90° and O° for Regime II. The value for pristine fused silica is shown as reference.

7.3.1 Discussion on

the estimation

The CTE changes due to laser-exposed fused silica is non-trivial. In general, for the vast-
majority of materials, a trend is recognized between density and thermal expansion, where the
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density and the CTE are inversely-proportionally related [247]. For both modifications, this
interrelation also seems to exist: regime I with a higher density and a lower CTE, and regime II
with net lower density and a higher CTE. Nonetheless, we elucidated in Chapter 6 that fused
silica’s CTE is abnormally low and even negative at temperatures below 200 K. Recently, in-situ
neutron scattering has been conducted to retrieve the short-range thermal expansion [248].
They found that the SiO, molecule expands to ~9 ppm/°C, which is considered as a "normal"
thermal expansion coefficient. Furthermore, they found that at medium ranges -bridging-
oxygen angle and the ring size- the CTE is even larger, ~21 ppm/°C. This further suggests that
this material behaves like a rigid-unit mode, where the open structure allows for large thermal
movements, and consequently, the "normal” thermal expansion of the SiO, molecule does
not affect the macroscopic thermal expansion. One could argue that densifying fused silica
would hamper these internal motions, in effect the "normal” SiO, thermal expansion becomes
more prominent. Nevertheless, according to experimental work, this line of thought seems
to be untrue. Densification due to fast neutron irradiation leads to a CTE decrease, reported
in [249, 250]. In the latter case and our femtosecond laser exposed case, the generation of
smaller membered rings (three and four) might disrupt the network, in a way that more open
space is created where the large members can fold into and move freely.

The nanograting orientation dependency with the volume variation and CTE is expected to
occur, as it does for the longitudinal case, where the volume variation and CTE is higher for
nanogratings perpendicularly organized to cantilever long-axis, compared with nanogratings
orientated along the cantilever long-axis. It is surprising that this is not obtained for the
transverse properties in our results and the ones reported in [90]. An explanation based on
shear-lag seems not to hold in this case, as it might be the case for bias between the transverse
and longitudinal Young’s moduli. This effect is not entirely understood with our current
knowledge about this modification.

7.4 Summary

Let us summarize the findings discussed in this chapter:

* Itis demonstrated that laser-exposed fused silica induces thermal deformation.

» Evidences are given that the laser-induced athermal strain and CTE difference contribute
significantly to the thermal deformation of the bimorph.

¢ Based on an analytical model and measurements, it has been established that the CTE
of fused silica is modified by femtosecond laser irradiation in a notable manner, i.e.,
typically in the order of factor of 2 for the laser exposure conditions investigated. While
densified zones (Regime I) display a decrease of CTE, nanogratings (Regime II) show the
opposite trend, with respect to the pristine material.

* The properties in transverse- and axial direction of the athermal volume expansion and
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CTE, show distinct behaviors depending on the nanograting orientation.
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The effect of annealing

Studying the effect of annealing of an unknown material can be a tool to reveal the different
structural rearrangements affecting material properties, as they may have distinct quench-
ing thresholds. Apart from understanding the origin of the thermomechanical properties in
greater detail, another motivation is more application-oriented. Laser exposure induces both
a volume expansion and a CTE change and it seems that they both behave similarly. Meaning,
that for an end-user willing to tune the thermal expansion behavior i.e. in a precision device
using laser exposure, the athermal position will also be affected. Thermally annealing the
material may give an opportunity to circumvent this coupled problem.

In the previous chapter, it became apparent that the thermal deflection of the bimorph struc-
ture changes sign by virtue of quenching point defects. In this chapter, we extend the annealing
temperature ranging from room-temperature to 900°C. Preliminary results are shown in Figure
8.1; the raw data of the bimorph tip deflections versus the temperature, which corresponds to
different annealing conditions. Remarkably, the thermal deflections increase continuously for
higher annealing temperatures; for a non-annealed case a slight negative tip deflection rate
and for annealing temperatures of 900°C, larger positive tip deflections, reaching 120 nm, are
obtained. In Chapter 3 and 7 it is explained that the thermal deflection is a function of the
CTE, E, B and €. Most probably, the CTE is affected by the low-temperature annealing step,
although in this stage it is not excluded that the other thermomechanical properties are too
affected. Furthermore, assumably, for higher annealing temperatures all properties undergo
a change. Therefore, we perform a dedicated study to all the material properties discussed
so-far in this thesis work, the CTE, ¢, E and . The results are discussed first and followed with
a discussion, in specifically about the CTE and the volume expansion, €. The latter reveals also
some intriguing results.

8.1 Results

The specimens are annealed sequentially at four annealing temperatures, 300, 500, 700 and
900 Celsius degrees, in a nitrogen environment. The duration for each annealing step at the
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Figure 8.1 — The bimorph’s tip-displacement as function of the temperature, for five annealing cases.
The exposure conditions are; a pulse energy of 230 nj, repetition rate of 80 kHz, pulse width of 300 fs,
wavelength of 1030 nm, polarizations of 90°, scanning speed 4.2 mm/s (deposited energy of 3.7 Jimm?), a
N.A. of 0.4 and a line spacing (I5) of 4 um.

set-point was 10 hours and the heating-up and cooling-down rate was below 1 °C/min. These
conditions are chosen to avoid any transient effects during heating and cooling. The material
properties are measured after each annealing step, conducted from the bimorph structure
and resonator. First, the elastic properties, athermal and temperature dependent, and second,
the CTE and volume expansion, versus the annealing conditions are discussed.

8.1.1 Elastic properties

To study the athermal Young’s modulus, the specimens discussed in Chapter 5 are reused.
Specifically, the ones regarding a Regime I modification, a polarization 90° and the transverse
Young’s modulus (Elfo), see Figure 5.2. The reference resonators were also measured for each
annealing step. No dependency with the annealing steps was observed, for both thermal and
athermal properties. The latter measurements gave a standard deviation on f; and TCF of
<5.02 Hz and <4.18 ppm/°C, respectively.

Figure 8.3 depicts the change of the Young’s modulus as a function of the annealing temper-
ature (T455,). The change is with respect to the pristine material for the non-annealed case,
meaning that 100% corresponds to the non-annealed case and 0% to the unexposed case.
Overall, the laser-induced changes tend to recover for an increasing T,,,. For Ty, < 700°C
the changes are below 2%. At T,,, = 900°C the values decayed significantly, towards values
of 80%. Remarkably, the low deposited energies exposure, 16 J/mm?, decays more sharply.
As we see later, a similar effect is observed for the athermal expansion. It seems that the low
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deposited energy modifications are less stable.
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Figure 8.2 - The change in the LAZ’s Young's modulus (Elf0 ) versus the annealing temperature. The
change is with respect to the pristine material for the non-annealed case. The inset is the magnified
view for the annealing temperature range 0 - 800°C. The error bar on AE;:O is £0.128%. The exposure
conditions are; pulse energy of 240 nj, repetition rate of 750 kHz, pulse width of 300 fs, wavelength of
1030 nm, polarization of 90°, a N.A. of 0.4 and a line spacing (l;) of 4 um.

The initial changes in the TCF of the specimens discussed in Figure 8.3 are marginal. Therefore,
to study the fine changes due to annealing conditions, we choose a specimen, exposed with a
higher exposed volume fraction (V;). Figure 8.3 depicts the changes versus Ty, ,. The absolute
values on measured TCF can be found in Figure 6.7b. The exposure conditions are mentioned
in both figure’s captions. The error bar is only given for the line spacings (/;), 1 and 2 ym, for
linespacing 3 and 4 ym it exceeds +20%.
For T4, <500 °C, nearly no change is found, although all the values of A:Bll,o are lower com-
pared to the unannealed case. The change corresponds in absolute values typically to 1-2
ppm/°C, which is in the range of the error bar. These minor changes are likely due to the
reduction in the CTE, which occurs for these annealing temperatures, as we shall see in the
next section in greater detail. At T,,, =700°C, §; starts to return more clearly to the pristine
values, except for the one with I[;=4um. At T,,, =900°C, all values are measured above the
values corresponding to the pristine case. They all are exceeding the reference value of 109
ppm. Note that the athermal Young’s modulus in Figure 8.3 at 900°C did not approach the
pristine value. An interpretation of these findings will be given in the discussion.
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Figure 8.3 - The change in LAZ’s temperature-elastic coefficient (/31{0 ) versus annealing temperatures.
The change is with respect to the pristine material for the non-annealed case. The exposure conditions
are; pulse energy of 300 nj, repetition rate of 750 kHz, pulse width of 300 fs, wavelength of 1030 nm,
polarization of 0°, a N.A. of 0.4 and a scanning velocity of 5 mm/s (deposited energy of ~ 40 Jimm?).

8.1.2 CTE and athermal volume expansion

For these experiments, we reuse two specimens discussed in Chapter 7. Specifically, the ones
with a Regime II modification and polarization of 90°, depicted in Figure 7.5. The specimens
are labeled A and B, and will be mentioned in the figure caption accordingly. The athermal
volume expansion changes versus the annealing temperature are shown in Figures 8.4a and b.
Figure 8.4a depicts the absolute value of ej versus the deposited energy and figure b depicts
the change, with respect to the unannealed case, versus the annealing temperature. For an
annealing temperature of 500°C, there is no significant change observed for €. Increasing this
annealing temperature to Ty, = 700°C, two opposite behaviors are observed, a decrease and
an increase of 40%, with respect to the initial volume expansion. The decrease is corresponding
to deposited energies below 30 J/mm?, and the increase to deposited energies above 80 J/mm?.
Indeed, higher rate of decay is likewise observed for the Young’s modulus at low deposited
energies.

Now that the elastic and volume variation values are known, the estimation on the CTE can be
made for all the annealing temperatures, shown in Figures 8.4c and d. From room temperature
to an annealing temperature T,,,=300 °C, a significant decrease is observed. For the low
deposited energy cases, <30 J/mm?, the CTE roughly decays by 20%, where a decay of nearly
40% is obtained for the highest deposited energy exposure in this data-set (234 J/mm?). As no
change of this magnitude is obtained for the elastic properties and athermal volume variation,
it is therefore evident that the change in sign of the thermal deflection rate, as depicted i.e. in

92



8.1. Results

Figure 8.1, must be accounted to a change in the CTE. From 300°C to 700 °C, a small decay
is observed, except at higher deposited energy. Those follow a similar trend as the athermal
volume variation - i.e. an increase at 700 °C. At 900 °C, the CTE decays largely towards pristine
material properties values.

To confirm these observations, we study another sample with similar exposure conditions,
whose results are depicted Figure 8.5. We added additional annealing steps to study the
volume expansion increase at 700 °C in finer detail. The exact values are not reconstructed.
Nevertheless, the global trend is reproduced, a monotonic decrease for the low deposited
energies and an increase of volume expansion at 700 °C for higher deposited energies.

250
2251
20044
1754- -4
E 1504~ g
Q.

& 1251
m]

<1004

<y

754
501
254

0 50 100 150 200 250 0 200 400 600 800 1000

—0—3.7 J/mm?
120 —0—7.8 Jmm?

(@]
o

100 Q\Qﬂ —2—9.2 Jmm?
s 80 ——29 Jmm?
= 60 =
% 40
< 20
0 )2
T T T T T 1
—0—78 J/mm?
1(2)8 1. N —>—117 Jimm?
\\ —>— 234 Jmm?
< 80 I§;Q///E\
< 60 P[5 5
5% 40
o]
< 20 \%
0
0 50 100 150 200 250 ) ) ) ) ) 1
0 200 400 600 800 1000
Deposited energy [J/mm?] Annealing temperature [°C]

Figure 8.4 — Sample A: volume expansion (élL,o ) and CTE (“IL,O ) as function of deposited energy and
annealing temperature, up to 900° C. a,c) depicts the absolute values versus the deposited energy. The
inset shows a close-up view of the deposited energy in the range from 0 to 35 J/mm? b,d) shows the changes
versus the annealing temperature. Top and bottom figure d) illustrates the low- and high-deposited
energy ones, respectively. The exposure conditions are; pulse energy of 230 nj, repetition rate of 80 kHz,
pulse width of 300 fs, wavelength of 1030 nm, polarization of 90°, a N.A. of 0.4 and a line spacing (ls) of

qum.
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Figure 8.5 — Sample A: volume expansion (éio ) and CTE (all’o ) as function of deposited energy and
annealing temperature, up to 900° C. a,c) depicts the absolute values versus the deposited energy and b,d)
depicts the changes versus the annealing temperature. Top and bottom figure d) illustrates the low- and
high-deposited energies ones, respectively. The exposure conditions are; pulse energy of 230 nj, repetition
rate of 80 kHz, pulse width of 300 fs, wavelength of 1030 nm, polarization of 90°, a N.A. of 0.4 and a line

spacing (I;) of 4 um.

94



8.2. Discussion

8.2 Discussion

The high thermal stability of the nanograting modification was first reported in [88], done by
analyzing the birefringence behavior versus annealing treatments. Specifically, the athermal
Young'’s modulus seems to be invariant (< 2%) for a broad annealing temperature range, up-to
700°C. Overall, the four other discussed properties respond distinctively upon annealing. The
trends regarding high deposited energies (>30]/mm?) are summarized in Figure 8.6a. To guide
the coming discussion, we summarize in Figure 8.6b the laser-induced-defect recovery for
different annealing temperatures. We further note that the recovery is not only dependent
on the annealing temperature but also on the duration, meaning that certain defects are
recovered only after sufficient amount of time. Those events are not necessarily characterized
in our work, but it is based on what is found in the literature and in our observations. The
references are made in the next discussion.
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Figure 8.6 — a) The general trends of the three material properties and volume variation versus the
annealing temperature, observed in our experiments. b) An illustrative summary of laser induced defects
and changes for the nanograting modification. py;, p,; and ps are the densities of the non-porous layer,
porous layer and pristine substrate, respectively. T is the softening temperature of the substrate.
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8.2.1 CTE, T3nn<300°C.

For lower annealing temperatures, i.e. T4;,,<300°C, the change in CTE reduces by nearly 40%.
It is known that point-defects are quenched in this temperature range. Irradiation - by neutron,
electron, ion, y-ray, X-ray and laser irradiation- of fused silica leads to the increase of various
point-defects and interstitial oxygen [251, 252], in here we review the most common defects
induced by laser irradiation.

These point defects can be roughly classified into two categories; oxygen-deficient defects and
oxygen-excess defects. The oxygen-deficient defects are E’, E’5 centers, ODC(I) and ODC(II),
where E’ and E’5 centers are trapped electrons in an oxygen vacancy and the ODC(]) represents
a bond between two silicons without a bridging oxygen. One of the possible mechanisms of
the aforementioned defects can be due to self-trapped-electrons, created during laser expo-
sure and surviving shortly after. Furthermore, E'center and NBOHC are created by breakage
of strained Si-O bonds. The ODC(II) seems to dominate the E’center generation when ex-
ceeding a certain energy intensity threshold of the incident laser, as reported by Zoubir et al.
[253]. We conclude from their description that the energy intensity is related to the one of the
Regime I-1I transition. This means that the nanograting modification studied in this chapter
should contain a considerable amount ODC(II) concentration - which is also observed in [49].
The two common laser induced oxygen-excess defects are non-bridging-oxygen-hole-center
(NBOHC) and interstitial oxygen (O») or ozone (Os). The generation of these defects depends
on the type of irradiation and the composition of the glass. For instance, hydroxyl groups
(OH-content) are the precursors for the generation of NBOHC [254, 253] and of interstitial
oxygen [255]. Other mechanisms of the creation of NBOHC are related to pre-strained bonds
[256] or plastic deformation [257]. Finally, peroxy-type of bonds, i.e. a peroxy radical (POR)
Si-0-0° are formed by reaction between a E’ center and an interstitial oxygen, which is usually
stimulated at elevated temperatures.

The quenching behavior of femtosecond laser exposed fused silica and the induced point
defects is studied using photoluminescent (PL), absorbtion spectroscopy, electron spin reso-
nance (ESR) and Raman spectroscopy. The production of O, and its diluted form is detected,
after femtosecond laser exposure, in the Raman spectra [84, 67]. In earlier work, Sun et al.
studied the magnetic centers with the ESR technique, where the laser induced E’-center and
ODC(I) population decayed for annealing temperatures in the range of 25 °C<T,,<400 °C,
accompanied with an increase of POR - the latter trend is likewise reported for y radiation
in [258]. They argue that the latter increase is due the recombination of the E’ centers and
oxygen-excess defects, such as atomic (O) or molecular oxygen (O;). Therefore, they conclude
that interstitial oxygen is quenched in this annealing range [259]. The NBOHC, an oxygen
excess defect, is quenched for these annealing temperatures [82], which could mean that the
NBOHC and atomic oxygen form POR. Skuja et al. argue that the atomic oxygen is generated
by destruction of the O, (forming 20°), which is the case after neutron bombardment [255].
The atomic oxygen has far higher mobility at these low annealing temperatures than molecular
oxygen, therefore it would be a more plausible reaction.
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8.2. Discussion

Apart from the works reporting a decrease in the NBOHC population upon annealing [82, 87],
other works reported an increase [49, 245]. This could be due the recombination of the E’center
and atomic oxygen or due to the rapid cooling these works apply to achieve isothermal an-
nealing conditions, (i.e. 100 °C/min is applied in [245]). It is suggested in these studies that
the generation of the NBOHC during the post-annealing step is due the thermal stress. Note,
that for these conditions, rapid cooling down, the mismatch in thermal conductivity plays an
important role in the generation of thermal stresses [79].

In the experiments discussed in this chapter, it is likely that NBOHC monotonically decrease
for T,,,,<300°C as they react with oxygen-deficient defects recovering the material. We do not
expect an increase of NBOHC for higher annealing temperatures, as the cooling down rates
are low.

It is suggested that the pores in the porous layers are filled with O, [84]. One could imagine
that the gaseous oxygen existing in the pores adds a part to the CTE change. To our knowledge
there does not exist data on the ultrafast laser generated molecular oxygen evolution versus
the annealing temperature, and therefore, we can not infer that the CTE reduction of 40% is
due the removal of the gaseous oxygen. Only starting at annealing temperatures of 900°C, and
for the applied annealing time, the diffusion length becomes long enough to reach the top
surface of the cantilever - for this calculation we choose an activation energy of 29 kCal [260].
Nevertheless, it is possible that the trapped oxygen penetrates the lattice over short distances
and forms POR with the E’, which would typically occur at 400-500 °C according to [261]. It
is hard to assess that this is too the case in our experiment, as the densified material further
hinders the mobility of O, [262]. To further assimilate the role of trapped gaseous oxygen,
an estimate of the thermal pressure change (3P/dT) of the trapped oxygen, see equation
8.1 - derived from the ideal gas law - is compared with the thermal stresses found in the
experiments. With n and R as the number of moles and universal gas constant, respectively.
v,

p
porous layer and V), is the absolute pore volume.

1 is the volume fraction of the porous layer, V), is the volume fraction of porous in the

6_P = ﬂV Vv 8.1)
OT  Vpor plVfp :
The filling factor of the pores, Vy), in the porous layers is roughly 30% [263] and the pore
diameters appear in two distinct dimensions, 6 nm or 28 nm [89]. Assuming that these pores
are completely filled with oxygen at a pressure of 1bar, the number of moles would be 4.7 x
10722 mol - conducted from the ideal gas law. The trapped oxygen adds roughly 10 Pa/°C to
the pressure change inside the laser affected volume. This is roughly four orders lower than
the stress changes due CTE difference (Aa E; ~30 kPa/°C). Therefore, it is more likely that the
point-defects removal throughout the whole modified volume is responsible for the 40% CTE
reduction.

The increase of CTE due to point defects is observed for crystalline materials, such as for
silver chloride [264], gold [265] or aluminum [266]. They relate the CTE of a perfect crystal to
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Chapter 8. The effect of annealing

the summation of the Griineisen parameter and Debye temperature of each lattice vibration
mode, and add to this the contribution of the point defects. It would be ambiguous to derive
for our amorphous material the CTE based on lattice vibrations. Nevertheless in general terms,
the vacancies and interstitial would induce phonon scattering, shortening the free mean path
of the lattice vibrations [267]. This would not directly mean that the CTE increases, as it does
for the decrease of the heat transport due to point defects [268]. Furthermore and intuitively,
the scattered waves would not necessarily contribute to the vibration modes. An increase in
the CTE is more likely to appear due to the addition of non-linear forces contributing to the
increase of anharmonicity.

8.2.2 Athermal volume expansion, 500 °C<Ta,, <700 °C.

The increase of the volume expansion, for 500 °C< Ty, <700 °C, is in the first place unex-
pected as one might expect a recovery of the exposed material at these annealing temperatures.
Nevertheless, a similar behavior is obtained for the birefringence in this temperature range,
reported in [88, 269]. In [269], the samples are heated-up and cooled-down rapidly to mimic
isothermal annealing conditions. They argue that thermal expansion difference, between
modified and pristine material, induces additional stress, which remains at room tempera-
ture due to the rapid cooling strategy they apply. Bricchi et al., apply similar cooling-down
rates as done in this study, 1°C/min. They argue that the porous and non-porous layers
exhibit two distinct annealing temperatures, at which the material recovers towards a similar
structural arrangement as the pristine material. The latter speculation is in line with our ob-
servations we made for the elastic properties. The increase in Young’s modulus and decrease
in positive temperature-elastic coefficient of the non-porous layer indicate an increase in
density (hence a decrease in volume expansion). The increase in volume expansion at 700°C
may indicate that the densified layers relax to densities similar to fused silica. The nature
of the porous structure indicates that higher activation energies are needed to recover the
disrupted structure, whereas for the non-porous layers, a lower energy activation energy is
sufficient to reobtain the pristine configuration. Witcher et al. and Zhang ef al. monitored
the D; and D, of thermal annealed femtosecond laser exposed fused silica [82, 270], where
typically the population of both defect lines converge to the pristine values for T, >600°C.
Furthermore, the recovery of densified fused silica is likewise observed in this temperature
range of 600-800 °C [135, 171, 271], using different densification methods. It should be further
noted that the recovery in this annealing temperature window is specifically obtained for
hot-compressed methods [135], compaction due to thermal quenching [171] or irradiation
[271]. Where cold-compressed specimens would show a monotonic recovery, starting from
annealing temperatures near room temperature towards the glass transition temperature
[272].
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Figure 8.7 - The volume expansion evolution of the nanogratings versus the deposited energy, adapted
from [90]. In the red area, for low deposited energies, the volume expansion is mainly due the porous
layers. In the green area, the densification of the non-porous layers reduces the volume expansion. The
inset illustrates the evolution of the nanograting modification, adapted from [87].

The relaxation of the densified zone appears specifically at higher deposited energies. This
suggests that the density of non-porous layers evolves as a function of deposited energy and is
higher for a higher dose of energy. The evolution of the nanogratings versus the pulse-number
(number of pulses per um) is introduced in Chapter 2. For low pulse-numbers (<100 -/ um) the
modification is characterized by a randomly organized porous structure, and the modification
organizes gradually for an increasing pulse-number towards a modification with two type
of layers, the non- and porous layer [87]. This evolution is depicted in the inset of Figure
8.7. We speculate that the rapid increase of volume expansion for low deposited energies, or
pulse-numbers, is due to a porous-dominant character, see Figure 8.7. For deposited energies
above ~10-20 J/mm?, the volume expansion decreases gradually, eventually, resulting in a 50%
lower volume-expansion, with respect to the maximum. We further speculate that the latter
decrease can be accounted for the density increase of the non-porous layer. Hence, the trend
of the volume variation, as depicted Figure 8.7, is a result of two distinct density changes of the
non- and porous layer. Ideally, one would like to deduce the densification magnitude of the
non-porous layer, however we do not have information about the volume expansion evolution
of the porous layer. The pore volume versus the pulse number is investigated using a small
angle X-ray scattering method in [89]. For pulse energies of 200 nJ, the pore volume increases
steadily when approaching a pulse number of ~1000 -/ um the pore volume is increased by a
factor two.
Additionally, this study could tell us more about the compression nature, when indeed as-
suming that high densities are achieved by hot-compression. Even though the compression
imposed by the porous planes from room temperature to the annealing set point is mostly
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maintained, the non-porous planes still recover. This suggests that the stationary pressure of
the porous planes is not the main driving force for the compaction. Instead; could this mean
that the high pressures at the porous plane locations due to the a higher ionization density
(see plasma density profile drawn in Figure 5.4 (adapted from [84]), is the driving force for
compaction?

8.2.3 Elastic properties, 600 °C<Tn<Ts

The onset for the recovery mechanism of f is closely related to the one of the athermal volume
expansion at 700°C, discussed in the previous section. Nevertheless, it is noteworthy to further
emphasize the mechanism behind the reduction of the positive temperature-elastic coefficient.
In Chapter 6, we deduced from the experiments that the non-porous layer of the nanograting
modification is mainly responsible for the decrease of positive temperature-elastic coefficient.
We further learned, in the literature review, that densifying fused silica generally leads to
a reduction of the positive temperature-elastic coefficient. These findings correlated well
with the findings related to the athermal Young’s modulus, summarized in Figure 5.4, where
we concluded that the non-porous layers are densified, we further speculated that thermal
quenching with the assistance of compressive pressures leads to the results we obtained. Once
more, the athermal volume expansion at 700°C, discussed in the previous section, may reveal
that the nanograting modification contains densified material. The annealing studies of f;
further establish that the reduction may be due to the densified zones and cannot be attributed
to the CTE change or to the porous layer. The porous layers are not erased at Ty;,,=900°C
and for the applied annealing duration, as athermal Young’s modulus is not recovered at this
annealing temperature (only by 20%). Therefore, we conclude that the reduction of §; is due
to the densified zones, as no reduction is found at this annealing temperature. Instead, a slight
increase of §; is measured.

8.3 Summary

Studying the effect of thermal annealing on the thermomechanical properties gave us further
insights on how certain laser-induced structural rearrangements are related to thermome-
chanical properties. The key findings presented in this chapter are summarized below. Note
that in this study, only nanograting modifications are investigated.

¢ The athermal Young’s modulus remains stable up to annealing temperatures of 700°C,
beyond which the measured values are converging back towards the pristine material
one.

¢ The laser-induced CTE reduces by ~40%, when applying annealing temperatures at
300°C. We speculate that the removal of point-defects is responsible for this effect.

¢ The athermal volume expansion increases by ~40%, at an annealing temperature of
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700°C. This could indicate that densified zones, embedded in the nanograting modifica-
tion, recover at these temperatures. The density of these zones converges to pristine
material density values, and therefore, a volume expansion increase is obtained.

* The laser-induced temperature-dependent Young’s modulus reduction remains stable
up to annealing temperatures of 700°C. At annealing temperatures of 900°C, no reduc-
tion is measured. This may point-out that the densified zones is responsible for the
temperature-dependent Young’s modulus reduction, since for these annealing condi-
tions (annealing temperature and duration), the porous-layers are still present in the
material.

* The thermal response of the bimorph is affected by the annealing process, shown in
Figure 8.1. This further demonstrates that the thermal response of laser-exposed micro-
mechanical devices can be fine-tuned by a post-annealing step.

A visual’ summary is proposed in Figure 8.6.
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Conclusion

In this thesis work, we have experimentally demonstrated that the thermomechanical proper-
ties of fused silica are altered upon the action of femtosecond laser irradiation. We believe that
this ability of transforming the material in any location of the volume gives nearly unlimited
design freedom for defining a landscape with arbitrarily tuned thermomechanical properties
with microscale resolution. This result is particularly useful for improving the performance
of micrometer-scale precision positioning devices, time references, such as resonators, and
optomechanical devices.

The investigation of thermomechanical properties of ultrafast laser-exposed glass is a chal-
lenging problem. To capture the main complexity of this problem, it can be best posed as a
"coupled multiscale problem". The ultrafast laser exposure of a transparent medium, causes
various material property changes at different scales, from the nanoscale up to the macro-
scopic scale. Consequently, the macroscopic thermomechanical response of the material
is dependent on various material properties and structural changes, and differs at different
length-scales.

For investigating thermomechanical properties of ultrafast laser-exposed glass, we specifically
designed an experimental framework based on micromechanical test devices. Specifically,
the thermal expansion behavior was characterized using a bimorph-type of structure, while
elastic properties were explored using resonating cantilevers. The temperature of the microme-
chanical test specimens was controlled by a dedicated environmental chamber, specifically
designed for that purpose. In addition, specific mathematical models were implemented,
to decipher the thermomechanical response from the micromechanical test specimens as
function of material properties.
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Chapter 9. Conclusion

9.1 Main results
Let us summarize the main results obtained during this thesis work:

1. Thermal expansion coefficient reduction or increase

It has been established that the CTE of fused silica is modified by femtosecond laser irradiation
in a notable manner, i.e., typically in the order of factor of 2 for the laser exposure conditions
investigated. More interestingly, we have shown that the sign of CTE change depends on
the type of laser-induced modifications that is governed by pulse duration and/or the pulse
energy. While densified zones (so-called Regime I modification) display a decrease of CTE,
nanogratings (Regime II modification) show the opposite trend, with respect to the pristine
material. A parametric study to determine the most relevant exposure conditions has been
conducted, and shows clearly an evolution of the thermal expansion behavior.

2. Tuning of the Young's modulus

For the homogeneous modification (regime I), a slight increase of the Young’s modulus is
estimated, approximately 2 GPa. Nanograting modifications are considered to be anisotropic,
where the orientation of the anisotropy depends on the orientation of the nanogratings. The
Young’s modulus is estimated to be slightly stiffer (1 to 2 GPa) along the nanogratings, and
more compliant along the orthogonal direction. In the latter direction, the Young’s modulus
decays exponentially towards values of 35 GPa. Based on the local properties estimation,
a mathematical description of the in-plane elastic properties was derived and was experi-
mentally validated for axial and transverse properties. This study effectively demonstrates
“laser direct-write nanocomposites” obtained without adding another material, but rather by
reorganizing the distribution of matter from the inside, in a controllable way, and according
to an arbitrary pattern. These “direct-write” nanocomposites are particularly attractive for
novel types of precision resonators and mechanical micro devices with anisotropic and tuned
elastic properties.

3. Temperature dependence of laser-tuned Young's modulus

The temperature dependent Young’s modulus, known as one of the anomalous material
properties of fused silica, shows in both regimes a reduction of the positive temperature-
elastic coefficient. As for the athermal Young’s modulus in Regime I, reduction of 7% is
observed. In regime II, for both nanograting orientations, this modification shows a large
decay of the positive temperature-elastic coefficient, approximately within 50%. This result is
a preliminary result towards eventually suppressing the thermal dependency of resonators
using ultrafast laser irradiation. This thermal stability is for instance desired in seismic sensors
or watchmaking.

4. The effect of annealing on thermomechanical properties of laser modified material

A dedicated study was conducted to investigate the effect of annealing on thermomechanical
properties in a temperature range from 25 to 900 °C, for the nanograting modification. The
Young’s modulus displayed a high stability - a change < 2% is observed for annealing tempera-
tures 700 °C.
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9.1. Main results

It was revealed that the laser generated point-defects and possibly molecular oxygen con-
tribute to the total CTE change. These contributions account for 20-40%, while we believe that
the remaining change is related to structural changes.

At annealing temperatures around 700 °C, the densified zones relaxed towards the pristine
configuration, whereas the porous layers remained - this conclusion is made based on the
athermal volume expansion.

The laser-induced temperature-dependent Young’s modulus reduction remains stable up to
annealing temperatures of 700°C. At annealing temperatures of 900°C, no reduction is mea-
sured anymore. This may point-out that the densified zones is responsible for the temperature-
dependent Young’s modulus reduction, since for these annealing conditions, the porous-layers
are still present in the material.

These results gave us more insight into the contributions of the different laser-induced ma-
terial reorganizations. It further demonstrates that the thermomechanical response can be
fine-tuned after laser exposure. More interestingly, the thermal deflections of bimorphs were
affected without affecting the athermal deflection. This result is potentially useful for applica-
tions, which require specific athermal position and fine adjustments in the thermal domain.
Most important, this experiment suggests that property changes have a long term stability.

5. New insights related to the nanograting modification

We reported the characterization of local and in-plane elastic properties of femtosecond laser-
induced nanogratings in bulk fused silica. The estimation of the values for individual layers is
in good agreement with earlier observations of the local refractive index changes. This further
confirms that the regions between porous layers, found in the nanograting modification,
has similar characteristics as a regime I modification, i.e. a denser structure, with a higher
Young’s modulus with respect to the pristine material. Interestingly, the estimated elastic
properties of this region are significantly higher compared to a regime-I modification. This
observation suggests that the densification mechanism of this layer is more complex than
the one for regime-I modification. A similar conclusion was made for the thermal dependent
Young’s modulus. The estimated reduction is remarkably high with respect with other ionizing
compaction methods, only hot-compression and fast neutron irradiation have until now
shown higher reduction. We make the hypothesis that the compaction of the non-porous
layers is similar to the hot-compression method, i.e. the non-porous layers are compressed at
elevated temperatures (1000-1500 °C), due to the high pressures generated at the porous layer
locations during exposure. Finally, we found evidences of densified zones in the annealing
experiments, which is revealed at annealing temperatures of 700 °C. Unfortunately, from
this experiment, we could not deduce the high densification we would have expected for a
hot-compressed situation.
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9.2 Discussion and outlook

A multiscale problem

The local laser affected volume, that itself contains a complex composite structure, is a perfect
example of a multiscale problem. In composite type of materials, the macroscopic material
properties may be affected by the heterogeneous micro-structure and the morphology of it.
For example, the strain-response at the micro-scale upon loading at the macroscopic scale
might not be trivial due to subtle differences of material properties at the microscopic scale.
Stress is not efficiently transmitted from one constituent to another. Meaning, for instance
that the thermal expansion of a particular constituent at the microscopic scale is merely a
fraction at the macroscale, and therefore, one should rather speak of "effective" material
properties. Complexity rises with the increase in different constituents and the packing ratio
[273]. Advanced homogenization and/or multiscale models address these problems [189]. In
these modeling schemes, the material properties, which are implemented for each constituent
are values, which occur for homogeneous materials at a macroscopic scale. Note that, for our
problem the laser affected zone cannot be treated separately from the pristine material, only
by approximation, and consequently only the effective properties can be measured. One could
retrieve the "real" properties by discriminating it from a volume fraction study, however, with
the side note that the laser induced structural changes might be affected for closely exposed
volumes (<4 pm). Finally, we like to address that the Poisson’s ratio is an important material
property for further optimization of the characterization, as the microscopic scale problem
cannot be treated as an one dimensional problem.

The transverse expansion behavior and nanograting behavior

For nanograting modifications, we observed a dependence of the nanograting orientations
on the thermomechanical properties. However, this dependence is not observed for the
transverse athermal volume expansion (ell,o) and the CTE (all‘o). The mechanism causing these
results is not understood and remains an open-question in this thesis work.

Further study on the anomalous behaviors

Although the question remains whether the origin of the five anomalies of fused silica relate to
the same mechanism, it is interesting to study those for ultrafast laser-irradiated specimens.
According to our results, we would expect a suppression of the Boson peak in the Raman
spectra and the main band would show a smaller blueshift upon a temperature increase. It is
hard to predict the effect of the abnormally high internal friction at low-temperatures for the
nanograting modifications as the porous layer might induce a higher degree of internal friction.
Nevertheless, the excess of vibration modes might be suppressed in the densified locations.
These predictions are solely based on the assumption that the anomalies are interrelated and
the modification contains densified volumes.

Exploring other glass systems
Studying the thermomechanical properties of other laser-exposed glass formers might give
more desired effects for certain applications. For instance, a glass former with a negative
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temperature-elastic coefficient might be interesting for thermal actuators, for which typi-
cally large motions are desired. We observed in our experiments that the thermal motion
due to the positive temperature-elastic coefficient compensates the thermal motion due to
the CTE difference. The question remains what the laser affected CTE would be after laser
exposure. Another example, vitreous germania has a positive temperature-elastic coefficient
[20], although the magnitude is a few factors smaller than fused silica. With the action of laser
irradiation, an invariant temperature-elastic coefficient might be more likely achieved. In
[274], it is shown that ultrafast laser induced nanogratings are formed in this material.

Towards applications

This work gives an overview on how the thermomechanical properties are tuned versus vari-
ous exposure conditions. We envision different approaches of tuning the thermomechanical
response of microdevices made in glass using laser exposure. For example, for improving
the dimensional stability, regime I modifications seems a suitable candidate. However, the
improvement would be incremental, as the CTE is reduced by a factor 2. We believe that a
system approach is more promising to achieve higher dimensional stability. As an example,
a structure with internal degrees-of-freedoms and CTE differences, can be specifically de-
signed to minimize temperature induced length changes, for instance between two points
in the material. Another approach could be based on thermally-induced motion caused by
initial induced strain and temperature-dependent Young’s modulus for compensating the
thermally-induced motions due to the CTE of the material. The above mentioned compensa-
tion schemes are interesting to implement in applications such as Fabry-Perot cavities and/or
on-chip laser cavity, and can be likewise implemented in other precision devices.
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.\ Bimorph stress differentiations

In this annex, we derive a mathematical expression for the stress in the modified layer of the
bimorph structure introduced in Chapter 3. To test our model, we designed experiments for
which laser-exposure conditions are kept constant, but the filling factor of the exposed volume
is varied. The filling factor was tested by changing the line spacing between the individual
lines (I; in Figure 3.1). Additionally, we have preformed these experiments on two wafers, with
different wafer thicknesses, 235 um and 570 ym. The modifications were written using the
fiber-laser emitting 250 nJ-pulses and a 300 fs pulse width, at a translation speed of 1.7 mm/s,
and a repetition rate of 80 kHz. These exposure conditions correspond to a deposited energy
of approximately 10 J/mm?. It should be noticed that the LAZ length (L; in Figure 3.1) is 2.4
mm and 4.8 mm for the wafers with a thickness of 235 ym and 570 pum, respectively. Finally,
the differentiations are assessed with FEM simulations.
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Figure A.1 — An example of the FEM simulation, with a 4 um separation between neighboring LAZs
and a wafer thickness of 235 um. The figure at the bottom depicts a stress map of a deflected bimorph’s
broken-view, with a tip-displacement 6. At the top, magnified images of the stress and strain maps of
the LAZ region. The red dashed lines represents the Line x-x, z, -z, and zp -z
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Appendix A. Bimorph stress differentiations

For the FEM simulations, the complete bimorph is modeled, as depicted at the bottom of
Figure A.1, with a fixed constraint at the anchor, and where the elliptic shapes represents the
modified volume. The LAZ’s initial volume expansion is applied and iteratively changed, such
as the tip-displacement of the cantilever corresponds with the measured tip-displacement. At
the top of Figure A.1 magnified images of the stress and strain map, around the LAZ, are given.
The stress-map indicates a constant compressive stress throughout the LAZ, and the strain-
map indicates a positive strain at the LAZ’s location and a negative strain -a compression- in
between the LAZ.
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Figure A.2 — a)The simulated strain and stress extracted along the line x-x. The position of the LAZs
is indicated by the yellow shaded area. b) The linegraphs along the z-axis are located on (z,-z1) and
in-between the LAZs (z,-zp). The neutral-axis is indicated at ts/3, which is in this case at 65 um.

Figure A.2 depicts the stress and strain along x-direction (0 and €) from the Line x-x and
z-z, which are defined in Figure A.1. Considering Figure A.2a, the compressive stress is also
here indicated constant (o ~ -195 MPa), and takes into account that the compressive strain
in between the LAZs is equal to 0,/ E; . Figure A.2b depicts the lines graphs of ¢, from the
lines z; — z; and zy — z, which corresponds to a line on and in-between the LAZs, respectively.
The neutral axis - i.e. the axis with no stress and strain - is at t;/3 with respect to the bottom of
the cantilever, which is expected according to [165] to be the volume expansion of the LAZ
and does not represent a pure bending moment, but rather an off-center force - which causes,
apart of the bending strain, a spaciously constant strain in x-direction.

The estimated LAZ’s average strain (€;) due to volume expansion by the FEM model and
equation 3.1 are depicted in Figure A.3, where we found a satisfying match between the two.
For volume fractions <0.4, the average strain is proportional to V;. For higher volume fractions,
the volume fraction seems to saturate. The deviation from this proportional relationship at
high volume fractions -tight line-spacing- is at this stage interpreted as cross-talk among the
lines during the exposure. Finally, it is apparent that €; ; of the thin wafer is roughly twice
larger than the thicker (hence stiffer) wafer. Considering the average stress (), a large
deviation is found for the thin substrate with the Stoney’s equation, mentioned in [67, 165],
and the FEM simulation, see Figure A.3b. In Stoney’s estimation, only a substrate and one
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layer is considered, which is not similar to our situation. A layer of non-exposed material is
above the LAZ, with a similar thickness, which can be conducted from the graph in Figure A.2.
Newton’s third law is used to analytical determine LAZ’s stress, see equation A.1

0 0 £:2/3 1:2/3+ 1+,
O:CL(Z)ES(f z-dz+/ z-dz+/ l z-dz)+61,0t1 (A.1)
0z ~1;/3 0 £:2/3+1

The geometrical constant are defined in Figure 3.1. We assume that 6 is spatially constant
and we can write for €,x(z) = =. The LAZ’s stress becomes;

) Eg?2 By [1( 2 21tV
Olp=—————-———| = ts_+tl+ts,t - = —+tl (AZ)
’ 6trg tiroL2 3 2\3

Note, that the first term is the Stoney’s equation. Equation A.2 matches well with the FEM
simulation, see Figure A.3.

a
600’ """""""""" E’-’:'—':I::' """""""""

s00,

Rl

—(O— 235um-Stoney|
—_— 570um-Stoney|

Q_ 4
530007 o Fomsiom
<3 200+ —@&‘— —————————————————— - & 570um - FEM
1 1 —{— 235um
Ooi 777777777777777777777777777 - X 235um - FEM T TR :;’;’jg"
O T T T T T T T T T T T T T 1 T T T T T T T T T T T T T 1
0.1 02030405060.70.8 0.1 0.2030405060.70.8
Vi Vi

Figure A.3 - A comparison between the FEM simulation and analytical estimation (equation A.2) on
the averaged strain (Figure a) and stress (Figure b). Additionally in Figure b a comparison is made with
Stoney’s equation.
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