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Abstract
In the last decades, the femtosecond laser micromachining of glass has attracted a lot of

attention due to its three-dimensional manufacturing ability and flexibility both in terms

of compatible substrates and modification types. Yet, to fully unravel its potential for the

production of multi-functional micro-devices, new techniques able to integrate multiple

materials in the same glass substrate have to be conceived.

In this thesis work, we present a few techniques based on micro-infiltration to integrate

both noble metals and glass architectures in a single glass substrate. Specifically, we select

femtosecond laser-assisted chemical etching as a means to realize the glass molds and we

design a vacuum pressure-assisted micro-infiltration process to cast different materials in

fused silica.

The first part of the study focuses on femtosecond laser-assisted chemical etching as a

manufacturing process. From a technological perspective, (i) we demonstrate the presence of

a low laser fluence regime that enables an order of magnitude increase in laser writing speed

while maintaining or surpassing selectivity and etching rate obtained for commonly used

laser parameters, and (ii) we introduce sodium hydroxide as a novel and more environmen-

tally friendly etching solution and show its superior performance compared to potassium

hydroxide and hydrofluoric acid solutions. From the fundamental point of view, we prove

that the low laser fluence etching regime is mainly governed by the presence of laser-induced

molecular defects, and not by the presence of nanogratings, which were usually accounted for

the origin of laser-assisted etching selectivity. Further, the observation of an anisotropy in the

etching rate for different laser polarization states even with such a low laser fluence suggests

that self-organization phenomena are initiated after far fewer pulses than the amount needed

for the formation of nanogratings.

The second part of the study introduces a pressure-assisted micro-infiltration process and

explains the challenges in translating casting to the micron-scale. In particular, we demon-

strate the ability of such a process to produce micron-scale architectures of arbitrary geometri-

cal complexity in 3D out of noble metals (silver, gold, copper, and their alloys) and an infrared

glass from the chalcogenide family. Additionally, we study its potential for large-scale pro-

duction compared to existing technologies and explore techniques to produce self-standing

glass-metal composites and to perform multiple infiltrations of different materials on the

same substrate.

This thesis is a step forward in the direction of manufacturing multi-materials monolithic

multi-functional glass devices. This combination of materials with completely different
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properties allows almost unlimited possibilities in terms of designing novel architectures for

applications in microtechnologies.
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Zusammenfassung
Im Laufe der vergangenen Jahrzehnte hat sich die Mikrofabrikation von Glass mit Femtosekunden-

Lasern etabliert, nicht nur da freie drei-dimensionale Geometrien hergestellt werden können,

sondern auch aufgrund der hohen Flexibilität im Bezug auf kompatible Materialien und

Arten der Modifikationen. Um das volle Potential dieser Fabrikationstechnologie für multi-

funktionale Geräte auszuschöpfen, bedarf es neuer Methoden um verschiedene Materialien

in ein und dem selben Glassubstrat zu kombinieren.

Im Rahmen dieser Doktorarbeit wurden Techniken zur Mikrofinfiltration von Edelmetallen

und verschieden Gläsern in einem einzelnen Glassubstrat erarbeitet. Die Formen werden

im Quarzglas mittels Femtosekunden-Lasern gefolgt von einem chemischen Ätzverfahren

definiert. Anschliessend können verschieden Materialien mit Hilfe eines Vakuumverfahren in

die Formen gefüllt werden.

Der erste Teil der Studie behandelt den chemischen Ätzprozess nach Femtosekunden-

Laser Exposition als Fabrikationsprozess. Aus einer technischen Perspektive: (i) wir zeigen

ein Regime niedriger Laserflussdichte auf, welches den Ätzvorgang um eine Grössenordnung

beschleunigt, während die Selektivität gewahrt oder sogar übertroffen wird, im Vergleich zu

üblicherweise verwendeten Laserparametern. (ii) Wir führen Natriumhydroxid als umwelt-

freundlichere Ätzlösung ein und demonstrieren einen höhere Ätzrate als mit den Lösung

Kaliumhydroxid und der oft verwendeten aber hochgradig toxischen Fluorwasserstoffsäure.

Von einem fundamentalen Standpunkt aus zeigen wir, dass das Regime der niedrigen La-

serflussdichte hauptsächlich durch laser-induzierte molekulare Defekte getrieben ist, und

nicht durch nanogratings denen üblicherweise der selektive Ätzprozess zugeschrieben wird.

Darüber hinaus deutet die Anisotropie der Ätzrate in Abhängigkeit der Laserpolarisation

selbst bei niedriger Laserflussdichte darauf hin, dass selbstorganisierte Phänomene bereits

durch deutliche weniger Pulse hervorgerufen werden als für die Formation von nanogratings

benötigt werden.

Im zweiten Teil der Studie wird ein druckunterstütztes Mikrofiltrationsverfahren vorgestellt

und die Herausforderungen bei der Übertragung des Giessens auf den Mikromassstab erläu-

tert. Insbesondere demonstrieren wir die Fähigkeit eines solchen Verfahrens, Architekturen

im Mikromassstab von beliebiger geometrischer Komplexität in 3D aus Edelmetallen (Silber,

Gold, Kupfer und deren Legierungen) und einem Infrarotglas aus der Familie der Chalkoge-

nide herzustellen. Darüber hinaus untersuchen wir ihr Potenzial für eine grosstechnische

Produktion im Vergleich zu bestehenden Technologien und erforschen Techniken zur Her-

stellung freiststehender Glas-Metall-Verbunde und zur Durchführung mehrerer Infiltrationen
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verschiedener Materialien auf demselben Substrat.

Diese Arbeit stellt einen substantiellen Fortschritt für die Herstellung von monolithischen

multi-funktionalen Mikrogeräten aus mehreren Materialien. Diese Kombination von Mate-

rialien mit völlig unterschiedlichen Eigenschaften bietet nahezu unbegrenzte Möglichkeiten

für die Gestaltung neuartiger Architekturen für Anwendungen in einem breiten Spektrum im

Bereich der Mikrotechnologie.
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Résumé
Au cours des deux dernières décennies, la technologie d’usinage des verres par laser fem-

toseconde a reçu beaucoup d’attention grâce à sa capacité à fabriquer des pièces en trois

dimensions, sa compatibilité avec un grand nombre de substrats, et la variété de types de

modifications qu’elle permet de créer. Afin d’exploiter pleinement son potentiel pour la fabri-

cation de micro-dispositifs multifonctionnels, de nouvelles techniques, capables d’intégrer

plusieurs matériaux dans le même substrat en verre, doivent être développées.

Dans cette thèse, nous présentons de nouvelles méthodes dites de ’micro-infiltrations’ pour

inclure des structures à base de métaux nobles et de verres au sein d’un même substrat en

verre de silice. Plus précisément, nous utilisons la gravure chimique assistée par laser femtose-

conde pour fabriquer des moules en silice fondue, que nous combinons avec un procédé de

micro-infiltration sous pression pour y couler les différents matériaux.

La première partie de cet ouvrage présente la gravure chimique assistée par laser femtose-

conde en tant que méthode de fabrication. Spécifiquement, (i) nous démontrons l’existence

d’un régime à basse fluence, permettant l’augmentation d’un ordre de grandeur de la vitesse

d’écriture tout en maintenant, voire en surpassant, les niveaux de sélectivité et les taux de

gravure chimique obtenus jusqu’à présent, et (ii) nous introduisons l’hydroxyde de sodium

(NaOH), plus communément appelé soude caustique, comme nouvel agent de gravure chi-

mique, plus écologique, pour lequel nous démontrons ses performances en comparaison de

celles obtenues avec l’hydroxyde de potassium (KOH) ou l’acide fluorhydrique (HF), qui sont

les deux agents utilisés jusqu’à présent. D’un point de vue plus fondamental, nous démon-

trons que le régime de gravure consécutif à une exposition au laser à basse fluence résulte

principalement de la présence de défauts induits par l’irradiation laser dans la matrice de

verre, plutôt que par l’existence de nano-réseaux - une hypothèse communément formulée

pour expliquer la sélectivité à la gravure chimique des zones exposées. L’observation à des

niveaux de fluences très faibles d’une anisotropie du taux de gravure en fonction de l’état de

polarisation du laser suggère quant à elle que les phénomènes d’auto-organisation démarrent

au bout d’un nombre d’impulsions bien plus faible que celui requis pour la formation de

nano-réseaux.

La deuxième partie de cette thèse s’intéresse à un procédé de micro-infiltration sous pres-

sion, et détaille les difficultés pour miniaturiser le coulage à des échelles micrométriques.

Nous montrons la capacité d’un tel procédé à produire des structures de géométries tridimen-

sionnelles micrométriques et arbitrairement complexes constituées de métaux nobles (argent,

or, cuivre, et leurs alliages) ou de verre de chalcogénures. De plus, nous étudions son potentiel
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pour une production de masse en comparaison avec les technologies existantes. Enfin, nous

proposons des méthodes pour produire des composites verre-métal autoporteurs et pour

réaliser des infiltrations multiples de matériaux différents dans un substrat unique.

Ce travail forme une avancé vers la fabrication de micro-dispositifs en verre, multifonc-

tionnels, monolithiques, et composés de plusieurs matériaux. Cette approche ouvre de nom-

breuses possibilités pour la conception de structures fonctionelles nouvelles, particulièrement

adaptées à des applications en microtechnique.
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Sommario
Negli ultimi decenni, la microlavorazione del vetro tramite laser al femtosecondo ha suscitato

molta attenzione grazie all’abilità di fabbricare pezzi tridimensionali e alla flessibilità sia in

termini di substrati compatibili che nel tipo di modificazione. Nonostante ció, per sfruttare

completamente il suo potenziale nella fabbricazione di micro-dispositivi multifunzionali è

necessario sviluppare nuove tecniche capaci di integrare piú materiali nello stesso substrato

di vetro.

In questa tesi, vengono presentate alcune tecniche basate sulla micro-infiltrazione per inte-

grare architetture sia di metalli nobili che di vetri in un unico substrato di vetro. Nello specifico,

stampi di vetro alla micro scala sono fabbricati tramite la combinazione di incisione con laser

al femtosecondo seguita da rimozione chimica, mentre un processo di micro-infiltrazione a

vuoto e sotto pressione è progettato per infiltrare diversi materiali all’interno di substrati di

quarzo fuso.

La prima parte dello studio si focalizza sulla combinazione di incisione con laser al femto-

secondo e successiva rimozione chimica come processo manifatturiero. Da una prospettiva

tecnologica, (i) viene dimostrata la presenza di un regime a bassa intensità laser che consente

un aumento di velocità di scrittura di un ordine di grandezza, mantenendo o sorpassando

allo stesso tempo la selettività e il ritmo di rimozione chimica ottenibile con i parametri laser

comunemente utilizzati; (ii) viene introdotto l’idrossido di sodio come nuova e maggiormente

ecosostenibile soluzione per la rimozione chimica e viene dimostrato come le sue prestazioni

sorpassino quelle di soluzioni basate su idrossido di potassio o acido fluoridrico. Dal punto di

vista dei fenomeni fondamentali, viene comprovato che nel regime a bassa intensità laser la

rimozione chimica è prevalentemente governata dalla presenza di difetti a livello molecolare

introdotti dal laser e non dalla presenza di nanogratings, a cui solitamente veniva attribuita

l’origine della selettività. Inoltre, l’osservazione di una anisotropia nel ritmo di rimozione

chimica collegata allo stato di polarizzazione del laser anche per il regime di bassa intensità

suggerisce che fenomeni di auto-orientamento hanno inizio già dopo decisamente meno

impulsi di quanti necessari alla formazione di nanogratings.

La seconda parte dello studio introduce un processo di micro-infiltrazione tramite pressu-

rizzazione e presenta le sfide da affrontare nel traslare la pressofusione alla micro-scala. In

particolare, viene dimostrata l’abilità di tale processo nel produrre architetture alla micro-scala

di arbitraria complessità geometrica in 3D sia fatte di metalli nobili (argento, oro, rame e le

loro leghe) che di vetri per l’infrarosso della famiglia dei calcogenuri. Inoltre, viene studiato il

potenziale per produzione in larga scala rispetto alle tecnologie esistenti e vengono esplorate
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tecniche per produrre compositi vetro-metallo e per realizzare molteplici infiltrazioni di diver-

si materiali nello stesso substrato.

Questa tesi rappresenta un passo avanti nella manifattura di dispositivi di vetro monolitici

multi-funzionali e multi-materiali. La combinazione di materiali con proprietà completamen-

te differenti permette una libertà pressochè illimitata in termini di progettazione di nuove

architetture per applicazioni in microtecnologia.
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Chapter 1. Introduction

Last decades have seen extraordinary development in terms of manufacturing capability both

at micron- and nano-scale. In the ’90s, the pioneering work of Davis et al. [1] paved the way

to femtosecond laser direct writing of waveguides inside a glass. Shortly, this technology

attracted lots of attention thanks to its flexibility in terms of multi-substrates compatibility

and three-dimensional printing capability. In parallel, Kondo et al. [2] first and Marcinkevi-

cius et al. [3] then demonstrated that the regions of the glass illuminated with femtosecond

laser pulses could be selectively removed by chemical etching at a much higher rate than the

surrounding pristine material. In this fashion, femtosecond laser micromachining of glass

based on laser irradiation followed by chemical etching was initiated. As a result, femtosecond

laser became a flexible and versatile platform both for direct-writing of optical components

and micromachining of glass, and this, in three dimensions. In the following years and until

nowadays, a multitude of devices and applications have been explored. From mechanical

micro-actuators [4–8] to integrated photonic devices as 3D waveguides, couplers [9, 10], Bragg

gratings [11–14], phase plates [15, 16], and photonic lanterns [17, 18], just to cite a few. Fur-

thermore, the combination of optical devices with micro-fluidic channels and components

[19–25] attracted a large research interest for lab-on-a-chip applications [26–33], while the

possibility of creating 3D highly dense and stable modifications in glass resulted in studies in

the context of memory storage [34–36].

To further expand the use of femtosecond laser micromachining of fused silica as a platform

for functional integration, this work investigates the use of infiltration processes to form

glass-metal and glass-glass composites.

This work aims at defining methods for integrating complex geometries of different materials, in

particular glass and metals, in a single glass host substrate. Specifically, (1) we explore femtosec-

ond laser-micromachining of glass as a technique to fabricate three-dimensional micron-scale

free-form cavities that we fill with metals and glass by a vacuum pressure-assisted infiltration

technique, and to this end, (2) we optimize femtosecond laser-assisted chemical etching

processes in terms of both speed and aspect ratio and we investigate the origin of the etching

selectivity.

This introductory chapter presents the core technologies of femtosecond laser micromachin-

ing of glass and micro-infiltration as a means for building multi-materials 3D structures, and

ends by describing the thesis’ objectives and outline.

1.1 Ultrafast laser processing of transparent materials

Since their invention in 1960, lasers have become a fundamental tool for a multitude of fields,

ranging from telecommunications to medicine and from fundamental research to industry

and particularly relevant for this dissertation, manufacturing. A milestone in pulsed-lasers

history was the discovery of chirped pulsed amplification (CPA) in 1985 [37]. It consists in

2



1.1 Ultrafast laser processing of transparent materials

temporally stretching the laser pulse prior to the amplification, so to avoid the build-up of

high-peak intensity in the amplifier cavity. This conceptually simple, but fundamental idea,

combined with high spectral bandwidth crystals like Ti-sapphire, led to high peak-power

table-top lasers.

Around the same period, nanosecond lasers emerged as an efficient, high-throughput,

and innovative tool for metal processing, both in common industrial applications such as

thin-sheets drilling, cutting, and engraving and innovative additive manufacturing processes

such as selective laser melting and sintering. Since then, femtosecond lasers have revolution-

ized material processing. Femtosecond pulses being shorter than characteristic relaxation

times observed during the laser-matter interaction, the thermal damage and laser affected

zone are greatly reduced, leading to higher spatial resolution and high processing quality.

Furthermore, tightly-focused femtosecond laser in transparent material overcoming a given

threshold-intensity (e.g. in the range of 1013 W/cm2 for fused silica [38]), triggers non-linear

absorption phenomena that lead to material modifications confined in the focal volume or

into even smaller volume. This effect enables laser-induced transparent materials modifica-

tions three-dimensionally (3D) in the bulk.

In transparent materials, depending on the material, laser parameters, and focusing condi-

tions, different types of laser-induced modifications can be found: (i) a local homogeneous

modification, usually associated with a densification, and consequently, a refractive index

increase; (ii) the formation of self-organized structures, commonly identified as ’nanograt-

ings’, which often increase locally the reactivity of the material to etchants, but also bear

interesting optical birefringence properties; (iii) confined bulk melting that can culminate in

micro-explosions [39–41]; (iv) elemental diffusion both in doped glass, as in [42], and at the

interface of different materials (see for instance [43]); and (v) localized crystallization [44, 45].

During the last two decades, the first three types led to industrial applications in the field of

manufacturing. In the sequel, we focus our attention on the first two that are of particular

interest in the context of this study.

On one hand, homogeneous densification and related waveguiding properties were ob-

served in a variety of substrates. Fused silica [1, 46–50], silicate-based glass [46, 51, 52], lithium

niobate [53–59], diamond [60–62], and silicon [63] are just but a few where this effect was

reported. On the other hand, laser-induced self-organized structures, even if not always

related to an enhanced etching rate, have been reported in fused silica [64], silicate-based

glass [25, 65–69], tellurites [70], chalcogenides [71–73], diamond [74, 75], and sapphire [76].

In this work, we focus on femtosecond laser interaction with fused silica, which along the

years has been adopted as the principal substrate for the experimentation and integration of

femtosecond laser-written devices. Apart from being transparent over a broad spectral range

(from ultraviolet to near-infrared), fused silica is highly stable from a chemical point of view,

making it an ideal candidate for both bio-compatible and harsh environments applications.

Its glass transition temperature surpasses a thousand degrees Celsius and its coefficient of

thermal expansion is one of the lowest among non-engineered materials, which combined

3
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with high mechanical strength makes fused silica thermal-shock resistant. Despite having a

low toughness like other glass, micro-machined fused silica according to the process used in

this work shows a tensile strength well above 1 GPa with low failure probability [77, 78]. Finally,

it has one of the lowest internal friction coefficients, resulting in near-zero thermoelastic losses.

Altogether, these characteristics elect fused silica as an ideal substrate for the integration of

multi-functional devices ranging from micro-mechanics to micro-optics and micro-fluidics.

The following sections present in more detail first, the mechanisms behind ultrafast laser-

matter interaction with dielectrics, and then, with a special focus on fused silica, the two main

types of modification achievable, and their broad range of applications.

1.1.1 Ultrafast laser-matter interaction

Ultrafast is commonly attributed to pulsed lasers with pulses in the order of the picosecond

(10−12 s) or less. A unique feature is that with such a short laser-matter interaction thermal and

structural events triggered by the light do not happen concomitantly to the pulse presence,

which greatly reduces the laser affected zone and undesired modification occurring outside

the zone under laser exposure. Paramount to the duration of the pulse, ultrashort pulses allow

for reaching high-peak power without the need for a large amount of energy.

By focusing an ultrafast laser, it becomes possible to overcome a power density threshold

dependent on the material properties that triggers non-linear absorption events in a substrate,

even with a wavelength for which the material is transparent. The process starts with the

excitation of seed electrons (that constitute free carriers) from the valence to the conduction

band through multiphoton absorption phenomena. These seeded electrons continue absorb-

ing energy from incoming photons until they eventually become energetic enough to in turn

excite other electrons from the valence band during impact ionization events. This sequence

of events populates a plasma that rapidly expands. As the pulse ends, the plasma is no longer

fed and two main energy-dissipation mechanisms occur: carrier-carrier scattering, i.e. the

recombination of the electrons within the glass matrix, and carrier-phonon scattering, i.e. the

energy transfer from electrons to atomic-scale vibrational states of the lattice. Both dissipation

processes result in the creation of defects and hence a confined modification imprinted in the

glass structure.

Figure 1.1 depicts the typical time-scale of key laser-matter interaction mechanisms. The

events triggered by an ultrashort pulse last for relatively long times compared to the pulse

duration. For example, the typical relaxation time for fused silica is around 1 µs. To avoid

entering into an energy accumulation regime (referring to pulse-to-pulse cumulative effects

- and labeled ’cumulative regime’), the interval between two subsequent pulses should be

higher than 1 µs, which implies that the repetition rate of the laser should be set below 1 MHz,

typically.
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1.1 Ultrafast laser processing of transparent materials

Figure 1.1: Typical timescale of physical laser-matter interaction mechanisms between a femtosecond

laser pulse and a transparent material, reprinted from [79]. The red line shows the typical pulse width

used in this work, i.e. 270 fs. However, the material undergoes changes over a time frame order of

magnitude longer than the pulse itself.

Non-ablative and non-cumulative femtosecond laser interaction with fused silica leads to

permanent defects in the glass-matrix when the material comes at rest. At a molecular level,

oxygen deficiency centers (ODCs), non-bridging-oxygen-hole-centers (NBOHC), color centers

(E’ centers) and others [80] form and are considered precursors for the formation of morpho-

logical defects and notably for the presence of free molecular oxygen trapped in nano-pores

[68, 81, 82]. At a microscopic morphological level, depending on the laser parameters and

focusing conditions, different types of modification can be obtained. Figure 1.2 shows the

three main regimes identified for fused silica.

Type I modification occurs for short pulse width (below ≃ 200 fs) and pulse energies, just

above the modification threshold. The region irradiated by the laser undergoes an homoge-

neous densification that results in a refractive index increase typically in the range of 10−3 [1].

Type II modification occurs for higher pulse energies (above ≃ 200 nJ) and/or longer pulse

widths (above ≃ 200 fs) than the type I. In this case, the laser-modified region exhibits an

anisotropic and periodic structure of sub-wavelength nanoplanes known as nanogratings [64].

These structures present a strong form birefringence [83, 84] and an enhancement in etching

rate with respect to the pristine material that, as understood later, enables selective etching,

as first observed by [3].

Type III modification occurs for long pulse widths (above ≃ 200 fs) and high pulse energies

(above ≃ 300 nJ). With such conditions, the modified region is formed by disrupted nanograt-

ings [85].
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Chapter 1. Introduction

Figure 1.2: Graphical view of the three types of modification regimes obtainable by irradiating fused silica

with a femtosecond laser with different pulse energies and duration. The insets show the morphology of

the laser modified region for each type through a cross-sectional view [86].

1.1.2 Type I - Homogeneous modifications

In 1996, Davis et al. demonstrated that by exposing fused silica with low energy ultrashort

pulses, a local increase of the refractive index of the material occurs, and this, while inscribing

freeform 3D patterns inside the substrate [1]. The refractive index increase is in the order of

10−3 and enables 3D direct-writing of optical waveguides that demonstrated low optical losses

(≃ 1 dB/cm) [1, 87–90].

This homogeneous modification regime, later on associated with type I modification, has

drawn attention in the last decades, both in the academic and industrial environments. Differ-

ent applications have been explored, ranging from waveguides-coupling [9, 10] to photonic

lanterns [17, 18], and from Bragg gratings [11–14] to waveguide amplifiers [91]. Figure 1.3

shows few selected optical devices fabricated in silica by femtosecond laser direct-writing.

1.1.3 Type II - Nanogratings

The type II modification is associated with the formation of nanogratings in the laser-modified

regions. These nanoplanes orientation can be tuned by controlling the electric field orien-

tation (i.e. the polarization) of the incoming laser beam [92]. Although several hypotheses

have been proposed, the origin of these self-assembled nano-planes remains debated. The

first model explaining the formation of nanogratings was presented by Shimotsuma et al. [64]

in 2003. Their hypothesis is that interference between the laser field and the laser-induced

plasma waves is responsible for the periodically organized structure. According to this model,

the nanogratings period depends on plasma properties and has a predictable periodicity
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1.1 Ultrafast laser processing of transparent materials

Figure 1.3: Femtosecond laser written optical devices integrated in fused silica. (A) Spiral optical

waveguide fabricated by Translume inc. [88] (B) Optical micrograph of linear waveguides [38]. (C) Triple

waveguide splitter design (left) and tested output intensity (right) [10]. (D) Photonic lantern design (left)

and tested output intensity (right) [18].

proportional to the incoming laser wavelength. Some other researchers also suggested a

similar dependence based on a different model [92, 93]. However, more recent studies show

that this correlation is not proven and evidence contradicts this hypothetical correlation

[65, 67]. In parallel, it has been found that nanogratings’ period decreases continuously with

the number of applied pulses [64, 67, 82] and can be controlled by tuning the temporal pulse

envelope [94]. Another model was proposed by Taylor et al. [86] in 2008 and is based on the

evolution of spherical ’nanoplasmas’ from hot spots arising around randomly spread defects

and/or color centers that results in anisotropic multiphoton ionization. Despite the apparent

validity in predicting a half-wavelength nanogratings period (later observations of shorter
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periodicity were not known at that time), it fails to explain the influence of the number of

pulses. Recently, a study from Rudenko et al. [95] provides a model that can explain both

periods and orientation of the nanogratings and help to identify the physical origin of these

self-organized structures. However, further experimental studies are needed to conclude once

for all this quest around the nanogratings origin. For example, as we will see in Chapter 2, the

common belief that self-organization concerns only nanogratings might be incorrect since

evidence of self-organization was found for modifications with a remarkably low number of

overlapping laser pulses (that does not produce the classical nanograting morphology).

Application-wise, nanogratings present two main characteristics: (i) they induce a strong

form-birefringence (≃ 10−2) [84, 96], and (ii) they present an enhanced etching rate, com-

pared to the pristine material, enabling selective etching with HF [2, 3], KOH [97], and NaOH

[98]. For the latter, the classical interpretation of etching selectivity being driven only by the

presence of the porous nanogratings is rebutted by the discovery of extreme etching rates for

modifications induced with exceptionally low laser fluence, for which, no nanogratings are

observed.

On one hand, by combining the induced form-birefringence with the 3D capability of fem-

tosecond laser modifications, sophisticated optical retardance patterns have been engineered

for the integration of waveplates or polarizers [15] as well as for high-density data storage

[34, 35]. In parallel, others exploited the stress originating from imprinted nanogratings in

bulk glass [99, 100] to induce a birefringent behavior and engineer specific retardance patterns

[16]. Few selected examples are shown in Figure 1.4.

On the other hand, the possibility to write any 3D-pattern and etch it selectively has opened

to freeform micromanufacturing of glass for high-precision components. Along the years, to

cite few examples, this technology enabled the fabrication of geometries impossible to pro-

duce with conventional methods as the cross-pivot in Figure 1.5 A [101], microfluidic devices

[19–25] and many different micromechanical devices for instance actuated by electrostatics

[4], dielectrophoresis [5, 8], or laser-induced deformations [6, 7] (few examples are shown

in Figure 1.5). As a side note concerning micro-mechanics and optomechanics, fused silica

components fabricated by femtosecond laser micromachining followed by chemical etching

have shown to sustain extreme stress levels, higher than their metallic counterparts, eventually

reaching 2.4 GPa [102].
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1.1 Ultrafast laser processing of transparent materials

Figure 1.4: Femtosecond laser inscribed retardance patterns (A and B) and their application for 5D

data storage (C and D). (A) Stress-induced optical retardance pattern of two waveplates with a different

number of ’stressors’ [16]. (B) Color-coded retardance map of a radial polarization converter [15]. (C)

5D optical storage readout concept taking advantage of 3D inscription, intensity, and nanogratings

orientation [35]. (D) Fused quartz discs containing the three books of the Isaac Asimov Foundation

Trilogy (from Arch Mission Foundation).
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Figure 1.5: Examples of micro-devices fabricated by femtosecond laser irradiation followed by wet

chemical etching. (A) Scanning electron micrograph of a cross-pivot hinge [101]. (B) Schematics (top)

and optical images (bottom) of a microfluidic device with a movable plate to switch flow direction [23].

(C) Scanning electron micrograph of a comb-array electrostatic micro-actuator [4]. (D) A monolithic

gimbal micro-mirror fabricated and finely tuned with femtosecond laser [7].

1.1.4 Monolithic multifunctional devices

The combination of Type I and Type II modifications enables the fabrication of multifunctional

devices combining freeform waveguides with micromechanics [106] and/or microfluidic chan-

nels [107, 108] for numerous applications in the field of optical sensing and microbiology

[29, 32, 33, 109]. In particular, the femtosecond laser technology has been extensively studied

for lab-on-a-chip applications ranging for example from algae detection [33] to cell sorting

[26–28], and trapping & stretching [30, 31]. Haque et al. demonstrated the fabrication of a

lab-on-a-fiber [104], while with a combination of micromechanics and microfluidics Zanaty

et al. presented a programmable eye-surgery device [105]. Figure 1.6 shows a few selected

examples of multifunctional devices monolithically fabricated combining femtosecond laser

glass micromachining and waveguide direct-writing.
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1.1 Ultrafast laser processing of transparent materials

Figure 1.6: Examples of multifunctional micro-devices fabricated by combining femtosecond laser Type

1 and Type 2 modifications. (A) Schematic of a microfluidic channel and an integrated Mach-Zehnder

interferometer (MZI) for optical sensing [103]. (B) 3D representation of a monolithic device for cell

trapping and stretching [30]. (C) Schematic of a lab-on-a-fiber indicating the different integrated optical

elements [104]. (D) SEM micrograph of an eye-surgery device combining complex micromechanics and

microfluidics. [105].

Despite the remarkable progress in fabricating integrated monolithic devices in a single glass

substrate, additional functions, such as electrical ones, require the combination of different

materials. As an example, by embedding freeform metallic structures in the substrate, it would

be possible to create arbitrary electric and magnetic fields distribution, which is of interest
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for actuation or sensing. Likewise, combining different glass would enable the fabrication of

high-index-contrast devices and/or with different spectral responses. Finally, combining 3D

metallic structures with glass having high nonlinear Kerr coefficients would open up opportu-

nities for miniaturized and geometrically complex electro-optic devices.

Towards this goal, we explore micro-infiltration techniques enabled by femtosecond laser

glass micromachining and their capability to integrate 3D structures of different materials in a

single fused silica substrate.

1.1.5 Summary

Let us summarize the key messages of the preceding paragraph Ultrafast laser processing of

transparent materials.

• Femtosecond laser processing of glass is based on non-linear absorption phenomena,

which allow to introduce modifications smaller or confined in the focal volume. Thanks

to this process, 3D freeform writing of arbitrary patterns in the bulk of a substrate is

possible.

• This laser-matter is generic and is compatible with various transparent substrates, being

amorphous or crystalline.

• In fused silica, different types of modifications depending on the laser parameters can

be introduced. Specifically, two main regimes are of particular interest in the func-

tional integration: (i) Type I - homogeneous densification, to direct-write 3D integrated

waveguides and other optical components; (ii) Type II - nanogratings, to integrate

stress-engineered devices for phase retarders and high-density memory storage, and to

fabricate 3D glass micro-components by preferential chemical etching of laser-modified

regions.

• Type I and type II modifications can be effectively combined in the same substrate. This

versatility of the process, together with the 3D freeform writing capability, enables the

fabrication of monolithic multifunctional devices, combining optics, micromechanics,

and microfluidics.
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1.2 Multi-materials 3D structural integration

1.2 Multi-materials 3D structural integration

Rephrased in more generic terms, the objective of this study is to explore manufacturing

techniques to integrate micrometric 3D structures of arbitrary materials inside another sub-

strate. Specifically, and it will be developed further in this manuscript, we use femtosecond

laser-enabled micro-infiltration processes to integrate arbitrary freeform structures of metals

and infrared glass in a fused silica substrate.

In this paragraph, we introduce various casting techniques and explore how and why it is an

interesting approach for micron-scale integration of devices in a single substrate. Note that in

the sequel, we do not consider alternative processes based on lithography and deposition/gal-

vanic growth as it is used for instance, in some processes based on LIGA patterning methods,

be it with UV or Xray radiations. Unfortunately, these methods are intrinsically limited to 2.5D

geometries and cannot be used to create complex 3D-structure embedded in a host substrate.

1.2.1 Introducing casting

Casting, and in particular metal casting, is one of the oldest manufacturing processes with

evidence of its existence dating back from six millennia [110]. It became common in the early

Bronze age in Mesopotamia [111]; since then, and throughout all ages of human civilization,

casting has been an essential vehicle for technological progress as well as an important means

of artistic expression. Metal castings – estimated today to be present in up to 90 % of all

durable goods [112] – are therefore ubiquitous in our daily life.

Casting is a manufacturing process that consists of 3 main steps: (i) pouring or pushing

a molten material (usually a metal, a thermoplastic, or a curing material) into a mold that

contains a desired shape hollow cavity, (ii) solidifying the cast part - that will thereafter

be called casting, and (iii) freeing the obtained part from the mold - a step also known as

demolding. Such a technique is most often used for the production of complex geometries that

would be complicated or uneconomical to produce by other methods and for heavy and large

equipment to avoid the - otherwise required - production and joining of several smaller pieces

[113]. Some of the casting processes, namely die-casting or variants such as metal injection

molding are usually chosen for large-scale production, due to their scalability and repeatability.

They provide flexibility both in terms of design (provided that the molds can be manufactured)

and materials choice. Casting requires post-processing steps, for instance, to detach the

castings from the mold or to improve surface finish, which can be poor depending on the

casting technique used. Typical challenges related to casting are the dimensional accuracy,

due to solidification and thermal shrinkage, the melting and handling of high melting point

materials, and the possibility of having impurities and pores, that, together with the heat

treatment forced on the cast material, can result in low strength products.

Over centuries, a large number of variations of this technique have been envisioned and,

among those, we select the three main ones for which we provide a short description of the

working principle and discuss their main advantages and disadvantages.
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Figure 1.7: Schematic of three main casting processes. (A) Investment casting (image from [114]). (B)

Sand casting (image from [115]). (C) Die casting (image from [116]).

Investment casting , shown in Figure 1.7 A, is also known as lost-wax casting and is one of the

most ancient casting techniques. The process consists in (i) forming a wax pattern for

example by molding with the so-called master die; (ii) assembling multiple wax patterns

in a large part to achieve a batch pour; (iii) applying ceramic coatings until the desired

thickness, achieving a mold (the investment) that envelops the assembled patterns;

(iv) de-waxing the patterns by melting or vaporizing the wax; (v) pouring the molten

infiltrant; (vi) shattering the ceramic mold; (vii) cutting of single patterns; and (viii)

finishing the parts. Among the main advantages of this method are the excellent surface

finish and the dimensional accuracy, even for intricate parts and the possibility to cast

almost any metal [113]. The main drawback is the elevated cost due to the multitude of

steps and the price of the ceramic coatings.

Sand casting , shown in Figure 1.7 B, is characterized by the use of sand (plus a resin binder)

as the mold material and is the most common casting technique, accounting for over
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the 60 % of all metal castings [117]. The process can be described in six steps: (i) a

pattern is placed in the prepared sand compound to imprint the desired shape and thus,

create a mold; (ii) the mold is cured to a more resistant ceramic state; (iii) two molds

(as in shell casting) are combined in a flask and, if needed, a core is inserted; (iv) the

molten metal is poured inside the mold; (v) after solidification, the casting is freed by

breaking the sand mold; and (vi) post-processing steps are used to finalize the parts,

for example removing gate, runner, and riser. Sand casting presents all the common

advantages of other casting techniques, such as the production of large and/or complex

shapes, flexibility on material selection, and low tooling and equipment cost. However,

it produces parts with poor surface finish and tolerance and has a low production rate

due to the complicated demolding.

Die casting , shown in Figure 1.7 C, is characterized by forcing the molten metal under high

pressure in a mold cavity (the non-metal counterpart is commonly referred to as injec-

tion molding). The following four steps are traditionally identified in die casting: (i) two

dies are prepared in a highly resistant material and lubricated; (ii) the dies are closed

and a molten infiltrant is injected into the cavities by high pressure (10 to 150 MPa)

and the pressure is maintained until solidification is reached; (iii) the casting is ejected

from the mold; (iv) post-processing steps are used to obtain the final desired part. Die

casting shows the highest surface finishing compared to other casting techniques and

enables the recycling of the excess infiltrant by remelting it [113]. The casting equipment

for high-pressure infiltrations and the production of the dies represent a large capital

cost. As a consequence, die casting is commonly used for high-volume or high-end

productions.

1.2.2 Bringing casting to the micron-scale

Moving from the macro- to the micron-scale, few technical challenges arise when attempt-

ing to transpose the same manufacturing concept while maintaining its advantages, namely

multi-(engineering)materials compatibility, single-shot production of any intricate 3D ge-

ometry, scalability, and repeatability. The miniaturization of metal casting - and casting in

general - apart from the challenge of preparing a precise 3D micrometric mold of a resistant

material (ideally a ceramic), has been prevented by the dominance of surface effects over

volume ones, contrary to what happens at the macro-scale. In fact, in micro-casting capillarity

issues coupled with high atom-mobility rates interfere to disrupt the process. Specifically, (i)

for poorly wetting materials (e.g. molten metals have high surface tensions and wet poorly

nearly all ceramics [118]), capillary forces oppose infiltrant ingress into micron-scale mold

cavities, and (ii) coupled with high atom mobility at elevated temperatures deform the sur-

face of conventionally used crystalline precision molds. Capillary force equilibrium creates

micron-scale depressions on the mold surface wherever crystal defects such as dislocations,
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interfaces, or grain boundaries are present. Those depressions result - once infiltrated - in

relatively large protuberances along the cast surface. (iii) When the process is carried on at

high temperature, chemical reaction rates increase and it becomes fundamental that there is

no chemical affinity between the mold’s and the infiltrant’s atoms. Finally, (iv) heating-cooling

dynamics are radically different due to much higher surface-to-volume ratio and so lower

thermal inertia than at the macro-scale.

Figure 1.8: (A) Masterpiece used for the mold preparation (left) and vacuum pressure infiltrated part

(right) made of a gold base alloy [119]. (B) Sub-centimeter-scale castings of turbine parts made of a gold

base alloy [120]. (C) Infiltrated micrometric gallium coils integrated into fused silica molds together with

a microfluidic channel. (D) Intricated grid structures made of solder metal infiltrated in a PDMS mold

[121].
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As a prerequisite for implementing casting at the microscale, a manufacturing technology able

to structure interesting molds materials in 3D is needed for the preparation of the mold. Then,

to overcome capillary forces of poorly wetting molten infiltrants, one has to apply pressure

to surmount surface tension and force the infiltrant into the mold cavities. Finally, to avoid

the presence of crystal defects and unwanted chemical reactions, the material to produce the

mold should be highly chemically- and thermally stable. Suitable candidates for this purpose

are ceramics and glass, the latter having the additional advantage of not having any crystalline

structure. Micron-scale variation of die-casting will be referred to as micro-infiltration in this

thesis.

One of the first attempts to downscale casting was in early 2000 when Baumeister et al.

infiltrated fibers with a minimum diameter of 100 µm (Figure 1.8 A - right) and few turbines

part (Figure 1.8 B) with a gold base alloy by a variation of die casting labeled as vacuum

pressure casting [119, 120]. These results proved that it was possible to cast metal 3D parts at

the micron scale. However, the crystalline ceramic material of the mold and the investment

casting technique used to produce it limited the average roughness to 1.13-0.27 µm and the

minimum feature size to 100 µm. A different approach was developed in 2007 by Siegel et

al. (see Figure 1.8 D), who poured liquid solder metals into poly(dimethylsiloxane) molds

that are rendered wettable by the use of surface chemistry. With such a technique, intricate

and flexible metallic structures with a minimum dimension of 50 µm were realized out of low

melting point (< 250 ◦C) solder metals [121]. In 2014, a similar concept was used by Liu et al.

to infiltrate Gallium into fused silica molds fabricated by femtosecond laser-assisted chemical

etching [122]. This process shows an advanced 3D capability (see Figure 1.8 C), but cannot fill

’dead-end’ channels and remains limited in terms of resolution. Further, while it can produce

dense metal parts, it is notably limited to low melting point metals (e.g. gallium, indium, or

tin), which are of limited engineering interest.

An alternative method for building metal structures into femtosecond laser micromachined

cavities is based on electroless plating instead of infiltration (Xu et al. [123, 124]). Specifically,

they take advantage of the higher surface roughness (compared to the optical quality rough-

ness of the pristine substrate) of femtosecond laser ablated surfaces to have a selective metal

deposition of copper and gold films [123] in the inside of 3D-shaped cavities. The method is

demonstrated inside a photo-etchable glass (Foturan® from Schott). They also demonstrated

the capability of this process to produce electrofluidic devices for manipulating (Figure 1.9

A) and moving (Figure 1.9 B) biological samples [123, 124]. While interesting, this deposition

method is limited in terms of achievable geometries due to the need to post-processing the

device by scanning the target surfaces to ablate them and locally increase their roughness.

As a consequence, the deposited layers have a larger roughness than their counterparts ma-

chined by laser-assisted chemical etching and in turn, a poor mechanical stability [124]. More

important, it is not possible with this method to produce dense metal parts. Furthermore,

the deposition rates are limited to a maximum of 1.15 and 0.55 µm/h for copper and gold,

respectively. In conclusion, despite being an interesting process for electrofluidic applications,
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it cannot be compared to micro-infiltration in terms of the intricacy of the patterns, structural

quality of the parts, and processing speed.

Figure 1.9: (A) Electroorientation of Euglena cells in a microfluidic channel [123].(B) Electrofluidic glass

chip to move a C. elegans worm along the direction of the electric field [124].
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1.2.3 Micro-infiltration

In the following sections, we focus on micro-infiltration and explore the main parameters

involved and the various process’ stages to achieve a functioning methodology.

1.2.3.1 Key parameters

A micro-infiltration process involves a multitude of parameters of importance for a successful

implementation. In this paragraph, we introduce the main framework and discuss the influ-

ence of each item on the process.

Materials

The first specification regards the materials chosen, both as a substrate and as an infiltrant.

The substrate material should ideally be amorphous, and hence microstructurally featureless,

to avoid surface defects. It could theoretically also be crystalline if eventual protuberances

along the cast metal surface are negligible. The infiltrant itself can either be amorphous or

crystalline, but depending on the choice, it is fundamental to carefully define the cooling rate

after infiltration to avoid or facilitate crystallization with controlled grains nucleation and

growth. The materials selection defines the temperature and pressure ranges to be applied

during infiltration. On one hand, the chosen substrate sets the temperature upper limit, i.e.

the temperature should not overcome the substrate’s softening point if made of glass, or if

crystalline, its melting point. On the other hand, the infiltrant’s softening or melting point

(depending on its nature) along with its viscosity and surface tension (commonly inversely

proportional to the temperature), defines the temperature and pressure needed for successful

infiltration. Finally, the difference in coefficients of thermal expansion (CTE) between the

substrate and the infiltrant determines the amount of stress build-up during cooling of the

infiltrated components (assuming perfect adhesion at the substrate-infiltrant interface). It

should be noted that such stress depends on the CTE difference, the difference between initial

and final temperature, and the cooling rate when dealing with amorphous material. It does

not depend however on the dimensions, but can be amplified, depending on the infiltrated

geometrical shapes, in the proximity of stress concentrators, as for example a sharp corner.

Figure 1.10 presents an overview of (A) thermal expansion versus Young’s modulus and (B)

strength (i.e. elastic limit) versus maximum service temperature for commonly used materials

[125]. In particular, the combination of these two graphs gives a birds-eye view of the regimes

of stress and temperature in which each material (class) is usable and the order of magnitude

of thermal expansion to expect. It should be noted that even the strongest polymers have a

low elastic limit above 200 ◦C and at the same time a relatively large CTE (> 100 µm/(mK));

most metals become very soft above 800 ◦C and have a CTE of 5-35 µm/(mK); and only ce-

ramics maintain high strength above 1000-1500 ◦C while presenting the lowest CTE of 0.4-10

µm/(mK).
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Figure 1.10: Material selection charts (i.e. Ashby charts) representing (A) thermal expansion versus

Young’s modulus, and (B) strength versus maximum service temperature [125].
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In the context of micro-infiltration enabled by femtosecond laser processing, an optimal

material selection combines (i) an amorphous and chemically stable substrate, with (ii) a low

CTE mismatch between substrate and infiltrant to limit the amount of thermal stress during

cooling. It further requires a substrate (iii) that maintains its strength at high temperature to

enable the infiltration of more materials, (iv) high strength substrate and infiltrant to limit the

possibility of plastic deformation or fracture of the casting or the mold under the eventual

thermal stress originating during cooling, and (v) that is compatible with femtosecond laser

micromachining to enable the preparation of geometrically complex 3D micron-scale cavities

to be infiltrated.

In this thesis, the material selected as a substrate is fused silica, which presents a softening

point of ≃ 1200 ◦C, a CTE of ≃ 0.5µm/(mK), and Young’s modulus of 72.5 GPa. Despite having

one of the lowest CTE and in turn, a high CTE mismatch with potential infiltrants, fused silica

is amorphous and presents a high Young’s modulus, along with excellent thermal and chemical

stabilities. It is also the most mature substrate for femtosecond laser micromachining. As

infiltrants, we tested different noble metals with a melting point typically ≃ 900-1100 ◦C and a

CTE around ≃ 10−25µm/(mK) and a chalcogenide glass with a softening point of ≃ 200 ◦C

and a CTE around ≃ 22µm/(mK).

Shape

The dimensions and shape of the cavities to be infiltrated play an important role in the

definition of the process parameters. Primarily, the dimension of the smallest cavities’ entry,

together with the surface tension (γ) of the infiltrant, defines the minimum pressure required

to overcome the capillary force and successfully infiltrate the cavities. To estimate the required

pressure for infiltration, a few results from fluid dynamics can be considered.

In fluid dynamics, the so-called Eötvös or Bond number is used as a dimensionless measure

of the importance of gravitational versus capillary forces:

Eo = Bo = ∆ρg L2

γ

Where: ∆ρ is the difference in density of the two phases (kg/m3), g is the gravitational constant

(m/s2), L is the characteristic length - i.e. in our case the channel width - (m), and γ is

the surface tension (N/m). A large value of this number indicates a system dominated by

gravitational forces (i.e. the entry is large and capillary forces are negligible); while a low value

represents a system dominated by surface tension (i.e. the entry is narrow and gravitational

forces are negligible).

The Young-Laplace nonlinear partial differential equation describes the capillary pressure

across the interface between two static fluids, and in turn, defines the minimum pressure

required to overcome the capillary force and successfully infiltrate the cavities. For a narrow

or low Bond-number cavity of circular cross-section (see schematic in Figure 1.11 A), the
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equation can be simplified as [118]:

∆ρ ≈ γ

L

This simple formulation is used to estimate the pressure requirements. For example, consider-

ing the infiltration of metals, which commonly have surface tensions on the order of 1 J/m2,

a pressure of 1 MPa can achieve the infiltration of cavities as narrow as 1 µm, while with a

pressure of 10 MPa, 100 nm can be achieved (note that pressures above 100 MPa are routinely

used in conventional macro-scale casting).

Figure 1.11: (A) Schematic of a spherical meniscus with an acute wetting angle. (B) Few schematic

examples of geometries (specifically, shoulder fillets and holes) causing stress concentration (image from

[126]).

After applying a pressure able to overcome the capillary forces of the narrowest cavity and if

the viscosity of the molten infiltrant is low enough, the infiltration can theoretically proceed

smoothly and almost unaffected by the shape and aspect ratio of the mold’s cavities. However,

during first, solidification, and later, cooling, the geometry of the infiltrated parts determines

the shrinkage direction and the resulting thermal stress. In particular, two main issues may

emerge: (i) solidification shrinkage creates voids and defects in the cast parts, and (ii) the

thermal stress, magnified by stress-concentrating geometries (few examples are shown in

Figure 1.11 B), becomes higher than the elastic limit of the materials or causes delamination

of the infiltrated parts from its mold’s surfaces. Note that these are common issues in casting

independent of the scale of the mold. A common principle to control or avoid solidification

is to force a directional solidification, for example by creating a reservoir of molten infiltrant

that compensates the shrinkage while the solidification front advances. Stress concentrators

can be limited by structural design and thermal stress can be dealt with careful control of the

cooling strategy after solidification.
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Chemistry

During the whole infiltration process, any chemical reaction should be avoided. Specifically,

the infiltrant should be selected among compounds with an oxide less stable than the one of

the mold (in our case silicon oxide). To evaluate the stability of different oxides in metallurgy,

it is common to use the Ellingham diagram (shown in Figure 1.12) that displays the Gibbs free

energy (∆G) for each oxidation reaction as a function of temperature [127].

Figure 1.12: Ellingham diagram, i.e. Gibbs free energy of formation of metal oxides and corresponding

oxygen partial pressure at equilibrium, for several metals (image from [128]).
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In practice, the lower the position of a metal line, the greater the stability of its oxide. If two

metals are compared at a given temperature, the metal with the lower Gibbs free energy of

oxidation can reduce the oxide of the metal with higher Gibbs free energy of formation. For

example, metallic aluminum - which forms one of the most stable oxides - can reduce silicon

oxide to metallic silicon, while being oxidized to aluminum oxide. Finally, the wider the gap

between the two lines, the more effective is the reduction reaction.

From Figure 1.12, it can be noticed that fused silica is among the lowest compounds in

terms of Gibbs free energy and thus is chemically very stable. The only materials with even

more stable oxides are titanium, aluminum, magnesium, and calcium. However, as of today, it

is not possible to machine in three-dimensions at the micron-scale any of them.

The last considerations in terms of chemical stability concerns the infiltration chamber

and eventual holders for mold and/or infiltrant. There too, any reaction should be avoided

by choosing the appropriate materials. In the work presented here, graphite or fused quartz

containers are used when infiltrating noble metals or chalcogenide glass, respectively.

1.2.3.2 Process stages

The process of micro-infiltration can be simplified to four main manufacturing stages: (i)

the mold preparation, (ii) the pressure-assisted infiltration, (iii) the solidification and cooling

of the infiltrant, and (iv) the demolding to eventually free the castings from the mold. The

following sections describe these stages and indicate how each of them is related to the key

parameters presented in the previous paragraph.

Mold

The first step, as in any casting technique, consists in preparing the mold. This can be ap-

proached by manufacturing either a masterpiece or a master mold of the required complexity,

precision, and finishing. However, at the micron-scale, due to the increased capillary and

surface tension forces, preparing a mold starting from a masterpiece can become extremely

complicated, if not impossible, since thin features of the final part could be bent or fractured

during the shell making (for investment casting) or the sand imprinting (for sand casting).

Therefore, the remaining option is to directly manufacture the master mold. Then, after

the infiltration of the castings and depending on its design and cost the mold can be either

destroyed (as done in investment and sand casting) or disassembled for re-use (as in the case

of die casting).

The production of a geometrically complex piece at the microscale can be achieved with

different innovative 3D printing techniques such as selective laser sintering (SLS), two-photon

polymerization, and femtosecond laser-assisted chemical etching. However, considering the

need for the mold material to be highly stable, both chemically and thermally, polymers have

to be excluded as well as most metals, which tend to have a relatively low maximum service

temperature and chemical stability.

In this work, we explore femtosecond laser micromachining followed by chemical etching
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as a method to prepare fused silica molds with complex cavities.

Infiltration

The second step is the infiltration of a molten infiltrant inside the prepared mold. At the

microscale, the molten infiltrant needs to be forced by applying pressure to overcome capillary

forces, for example with a mechanical plunger as in die casting, or by pressurized inert gas as

in this work. The pressure and temperature needed are defined by the minimum feature size

to be infiltrated and the viscosity and surface tension of the material.

Another important consideration is the atmosphere to be used during infiltration. In partic-

ular, the presence of air would not only prevent the infiltration of dead-end cavities as pockets

of trapped gas would form, but could also initiate chemical reactions at elevated temperature

or create porosity (particularly detrimental for fatigue resistance) in the castings. To prevent

all these possible issues, the infiltration should be carried on under vacuum and the eventual

pressurized inert gas used to force the infiltration should be gently released in the chamber.

Finally, the infiltration chamber should be designed taking into account the chemical reac-

tivity of all the components involved in the manufacturing process to avoid contaminations

and unexpected chemical reactions.

In this work, we achieve the melting of the infiltrant under vacuum. We then use pressurized

argon gas to force the molten infiltrant inside the cavities. The elements in contact with the

mold and/or the infiltrant are produced out of graphite or fused quartz to avoid any possible

chemical reactions.

Solidification

The third step consists in controlling the solidification and cooling of the infiltrated parts. As

in conventional casting, challenges such as solidification shrinkage and thermal stress are

omnipresent during this stage and can be mitigated by applying known engineering recipes

for larger-scale casting.

Solidification shrinkage indicates a volume change due to the liquid-to-solid phase change

of the infiltrant. It is prevented, or at least limited, (i) by designing running systems with risers

that ensure a continuous flow of liquid infiltrant, (ii) by inserting chills and imposing local

heat dissipation to obtain a directional solidification, and (iii) by implementing shrinkage

allowances into the pattern design before casting.

Thermal stress arises after solidification, during the cooling of both the mold and the infil-

trant. In particular, the two materials (infiltrant and mold) generally have different coefficients

of thermal expansion and thus, shrink at different rates. Thermal stress is proportional to both

temperature and CTE difference. Thus, the larger the CTE mismatch or the temperature, the

greater the stress will be. Intuitive solutions to limit this effect consist in choosing (i) materials

with low CTE mismatch, and/or (ii) a low melting/softening point infiltrant. Alternatively,

when the choice of materials cannot be further optimized, careful control and design of the

cooling curves, as well as possible post-infiltration annealing steps, can promote thermal

stress relaxation.
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In this work, the chosen mold material is fused silica that has an extremely low CTE and

for which infiltrants with melting points up to 1100 ◦C are tested. As a consequence, thermal

stress cannot be avoided and needs to be taken into account. A controlled cooling rate and the

implementation of annealing steps often prevented the development of catastrophic stress

levels that compromise the integrated final device.

Demolding

The fourth step is called demolding, namely the release of the casting(s) from the mold. In

certain cases, such a stage is not needed, because the infiltration is used to integrate an ad-

ditional component inside a substrate that needs to be preserved. If instead, the objective

of the process is the production of free-standing castings, the mold can either be opened

to release the infiltrated products and then, be re-used, or carefully shuttered or dissolved

without damaging the final products. In both cases, this process can be consuming in terms of

time and labor-intensive.

In this work, the castings are usually components to be integrated into a fused silica sub-

strate, however, when needed, the demolding step is achieved by dissolving the glass mold in

a high-concentration hydrofluoric (HF) bath. Note that this strategy is only applicable if the

castings are made of materials inert to the acid solution, for example, gold and silver.

1.2.4 Summary

This section summarizes the key messages of this paragraph 3D multi-materials structures

integration, with a special focus on micro-infiltration.

• Casting, and in particular, vacuum pressure-assisted infiltration is a scalable and re-

peatable manufacturing process that is compatible with a multitude of substrates and

infiltrants. Quasi-final low-roughness structures with almost any level of intricacy can

be produced efficiently both in terms of cost and time. All those advantages make it a

perfect candidate for integrating 3D multi-materials structures in a single substrate.

• The main challenge of casting is dealing with shrinkage. On one hand, solidification

shrinkage can create pores and defects in the castings; on the other hand, thermal

shrinkage, coupled with the difference in CTE between mold and infiltrant, creates

thermal stress that can ultimately induce cracks nucleation, leading to the failure of the

product.

• To downsize casting to the micron-scale, four main challenges have to be faced: (i)

producing a precise 3D micrometric mold out of a thermally-resistant material, (ii)
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forcing often poorly-wetting molten infiltrants in the mold’s cavities against capillary

forces, (iii) avoiding conventionally used crystalline precision molds (and in turn surface

deformations in the proximity of any crystalline defect), and (iv) preventing chemical

reactions among the components even at high temperatures.

• Up to date micron-infiltration techniques are either restricted in resolution to 100 µm

or can only be applied to low melting point metals, which are of limited engineering

interest. Other techniques based on deposition - and aiming at integrating 3D structures

of different material into a substrate - are instead confined to thin metallic layers of low

geometrical complexity.

• To achieve high-resolution micro-infiltration applicable to a broad range of materi-

als, the mold needs to be stable, both thermally and chemically, and at the same time

maintain mechanical properties at high temperatures, which further restrict the choice

among the possible class of materials.

• Having in mind the constraints enunciated above, the most appropriate materials to use

as a mold, by order of increasing stability, are silicon oxide, titanium oxide, aluminum

oxide, magnesium oxide, and calcium oxide. Among those, silicon oxide is to date the

most promising, considering its compatibility with a highly efficient 3D-manufacturing

process (specifically, femtosecond laser-assisted chemical etching).

• The micro-infiltration of poorly wetting materials (almost all molten metals with ceram-

ics) requires vacuum pressure infiltration. The required pressure can approximately

be defined as the ratio of the surface tension over the channel width. For example, for

metals a pressure of 1 MPa can infiltrate cavities of 1 µm, 10 MPa cavities of 100 nm, and

theoretically 100 MPa (about the pressure used in conventional macro-scale casting)

cavities as narrow as 10 nm.
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1.3 Objectives and thesis outline

In this thesis, we investigate new ways enabled by femtosecond laser micromachining of glass

to integrate complex geometries of different materials, in particular glass and metals, in a

single fused silica substrate. We focus our research on the miniaturization of pressure-assisted

casting and we explore its capabilities at the micron scale. We use femtosecond laser-assisted

chemical etching as a technique to manufacture fused silica molds. In this context, and to

further optimize the mold fabrication process in particular in terms of aspect ratio, we study

the origin of femtosecond laser-induced etching selectivity.

Specifically, the objectives are:

1. To investigate the origin of femtosecond laser-induced etching selectivity for process

optimization.

2. To explore micro-infiltration techniques to infiltrate freeform metal structures in pre-

machined glass substrates for 3D metal parts micro-manufacturing, glass-metal com-

posite fabrication, and 3D integration of metal-parts in a glass substrate.

3. To demonstrate micro-infiltration techniques to infiltrate infrared glass in a pre-machined

fused silica substrate for 3D micro-optical composite components fabrication.

Beyond this first introductory chapter, the thesis is composed of four additional chapters:

Chapter 2 , based on [98], addresses our investigation of femtosecond laser-induced etching

selectivity, and studies the effect of both laser parameters and etching solutions on the

etching rate and the maximum achievable aspect ratio.

Chapter 3 , based on [129], presents micro-infiltration techniques for the freeform fabrication

of metal micro-components, glass-metal composites, and metal architectures integrated

into a glass and explores their potential and limitations.

Chapter 4 , based on [130], shows how to apply the developed micro-infiltration technique

to integrate freeform infrared glass components in a more stable and resistant glass

substrate and illustrates the process capabilities, by demonstrating the infiltration of

chalcogenide glass in fused silica molds.

Chapter 5 offers a summary of the main results of this work and proposes a few possible

follow-up research directions.
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Advanced three-dimensional manufacturing techniques are triggering new paradigms in the

way we design and produce sophisticated parts on demand. Yet, to fully unravel its potential,

a few limitations have to be overcome, one of them being the realization of high-aspect-

ratio structures of arbitrary shapes at sufficiently high resolution and scalability. Among

the most promising advanced manufacturing methods that emerged recently is the use of

optical non-linear absorption effects, and in particular, its implementation in 3D printing

of glass based on femtosecond laser exposure combined with chemical etching. Here, we

optimize both laser and chemical processes to achieve unprecedented aspect ratio levels.

We further show how the formation of pre-cursor laser-induced defects in the glass matrix

plays a key role in etching selectivity. In particular, we demonstrate that there is an optimal

energy dose, an order of magnitude smaller than the currently used ones, yielding to higher

process efficiency and lower processing time. This research, in addition to a conspicuous

technological advancement, unravels key mechanisms in laser-matter interactions essential

in chemically-based glass manufacturing and offers an environmentally-friendly pathway

through the use of less-dangerous etchants, replacing the commonly used hydrofluoric acid.

2.1 Laser-assisted etching of fused silica

Laser-based method for fabricating three-dimensional structures at micro/nano-scales has

been a long-time endeavor embraced by researchers since the 80s. From advanced stereolitho-

graphic concepts [131, 132] to the reporting of sub-laser wavelength resolution in polymers

[133, 134], it rapidly expanded towards glass materials at the turn of the millennium, with the

demonstration of micron to sub-micron femtosecond laser processing of glass [2, 3, 19, 135].

This two-step process consists of first, exposing a substrate to femtosecond laser irradiation

to define patterns of arbitrarily shapes throughout the material volume, and second, placing

the substrate in an etchant that dissolves laser-exposed volumes. The laser does not remove

any material but instead locally modifies it, introducing self-organized nanostructures [64]

consisting in a series of nano-planes parallel one to another that are preferentially etched

according to their orientation [21]. Contrary to laser-induced photopolymerization that de-

fines the final shape of the object by direct-laser writing, the glass-based exposure-etching

method is a negative process as the laser-exposed volume is removed, and what is left is the

non-exposed region. As a result, while sub-wavelength resolution exposure patterns can be

imprinted using just-above-the-threshold pulse energies, the ultimate feature size and process

capability depend not only on the chemical etching selectivity between laser-affected zones

and non-affected ones but also on the etchant diffusion process since its concentration is

depleted as it infiltrates the material through the laser-exposed volumes. Achieving the highest

possible aspect ratio with the smallest possible feature sizes is therefore directly correlated

to the ability to produce laser-modified zones exhibiting the highest possible etching rate

enhancement with respect to the etching rate of the pristine material, and yet, with the lowest

possible pulse energies so that the non-linear affected zone remains the smallest possible.

To date, two chemical solutions have been reportedly used. The first one consists of using a
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low-concentration (typically 2.5 to 5 %vol), room-temperature-bath of hydrofluoric acid (HF)

[3], while the second is to use a high molar concentration solution (8 to 10 M) of potassium

hydroxide (KOH) brought at a temperature between 80 and 90 ◦C [97]. While HF achieves

etching contrast in the order of 1:50 to 1:100, KOH exhibits significantly higher values [136].

Both methods pose difficulties in terms of implementation, not only for the operators’ safety

but also in terms of environmental impact. HF acid is one of the most hazardous acids to

manipulate and requires specific recycling procedures. KOH, like all alkali metal hydroxides,

remains highly corrosive and hazardous when used at high concentrations.

Here, we investigate sodium hydroxide (NaOH) as an etching solution. Our observations

demonstrate an etching contrast, four and two times higher than HF and KOH, respectively.

The highest etching rate with NaOH is also observed for very low net exposure doses (≃ 1.5

J/mm2), an order of magnitude lower than the ones conventionally used. This specific obser-

vation enables ten-fold accelerated laser-exposure velocity than the current state of the art

[137] as fewer overlapping pulses are required. We further demonstrate that at least in the

very low exposure dose regime, etching enhancement mechanisms by HF, NaOH, and KOH

are driven by the presence of defects such as non-bridging oxygen hole (NBOHC) and oxygen

deficiency centers (ODC), and not primarily by the presence of nanogratings [25].

2.2 Experimental protocol

Fused silica substrates (Corning 7980 0F, OH 1000 ppm, 1 mm-thick, and 25 mm-square) are

exposed to a femtosecond laser in a regime where no ablation occurs. In practice, we use a

Ytterbium-fiber amplifier laser (Yuzu from Amplitude), emitting 270 fs-pulses at a wavelength

of 1030 nm and a constant repetition rate of 333 kHz, chosen far-away from the regime

where thermal accumulation is observed (≃ 1 MHz). Laser-exposure patterns are written by

translating the substrate with linear stages (PI-Micos, UPS 150) under a 0.4-numerical aperture

microscope objective that focuses the beam down to a measured optical waist of 1.94 µm.

The etching rate efficiency is assessed by measuring the etchant progression in straight line

patterns passing through the entire specimen and buried under the material surface at a fixed

depth of 70 microns. A digital microscope (Hirox KH-8700) is used to measure the length of

the etched patterns after an etching time of four hours for the three etchants considered here.

Lines-patterns are written in back and forth directions, and under two different linear

polarization states, aligned and perpendicular to the writing direction, respectively. The

pattern lengths are chosen to exceed the actual specimen size to exclude acceleration and

deceleration phases of the moving stages, ensuring a constant cruising speed and hence, a

constant exposure dose throughout the specimen.

Although near the absorption threshold (found at pulse energies of ≃ 160 nJ), the laser-

pattern width at the focal point can effectively be smaller than the spot size itself (due to

non-linear absorption effects), in what follows, for comparative purpose, we use the optical

beam waist as the metric for calculating the net laser exposure dose (or deposited energy)
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according to the following formula [137]:

Φ= 4Ep f

πωv
(2.1)

Where Φ is the exposure dose (in J/mm2), f the repetition rate of the laser (in Hz), ω is the

optical beam waist (in mm), v is the velocity of translation of the substrate (in mm/s) and Ep

the pulse energy (in J).

A quantitative comparison between hydrofluoric acid (HF, 2.5 %vol), potassium hydroxide

(KOH, 45 %wt), and sodium hydroxide (NaOH, 5 %wt) as chemical etchants is performed. HF

etching is carried at room temperature, while KOH and NaOH etching are performed at 90 ◦C.

Six different pulse energies are explored from 160 to 260 nJ (with a step of 20 nJ), spanning

across a region where the laser modified zone stretches from ≃ 6 µm to ≃ 17 µm along the

laser propagation axis. These pulse energy conditions correspond to a pulse-irradiance at the

focusΨ= Ep /(∆tπω2/4), where ∆t is the pulse duration (in s), of ≃ 200 to ≃ 326 GW/mm2.

For each pulse energy, the exposure dose or net fluence is varied 30 times between ≃ 0.5 and

≃ 100 J/mm2 by tuning the laser-scanning speed between 0.5 and 85 mm/s while keeping the

repetition rate constant (333 kHz). The samples are cut into two perpendicularly to the sets of

lines to expose the laser affected zones directly to the etchant, avoiding the beam-clipping

effects that occur on the edges of the specimens. In this fashion, two samples are produced

for each specific combination of parameters for statistical purposes. Comparison between

etching solutions: HF, KOH, and NaOH.

2.3 Effect of pulse energy

Figure 2.1 shows the etching rate comparison of the three etchants for a given set of pulse

energies and as a function of the exposure dose for a fixed polarization, chosen perpendicular

to the writing direction. This polarization is reportedly the one that leads to the highest etching

rates [21].

The three etchants follow a similar overall trend, with noticeable and significant differences

in the moderate pulse energy regime, found around 240 nJ. For the near-absorption threshold

pulse energy (≃160 nJ), a single peak of etching efficiency is observed at doses around 10

J/mm2, followed by a decay. There, the three etchants display a remarkably identical etching

efficiency, with NaOH decaying at a faster rate towards higher doses. This trend - a sharp

increase followed by a decay - is consistent with what we reported in [137].

As the pulse energy is further increased, we observe the gradual appearance of a second

peak at significantly lower doses, centered on 1.5 J/mm2. While this peak eventually reaches

the same amplitude that the one at 10 J/mm2 for HF, it is double in magnitude for the bases,

KOH and NaOH. In general, NaOH and KOH etching efficiencies are higher than HF for nearly

all the exposure doses, with NaOH reaching the highest recorded etching rate value of >300

µm/h, about four times more than for HF and twice more than KOH under similar exposure

conditions. Figure 2.2 shows the sets of lines written with 260 nJ of pulse energy after etching.
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Figure 2.1: Etching rate versus exposure doses for three different etchants: HF 2.5 %vol, KOH 45 %wt, and

NaOH 5 %wt. Six different pulse energy levels are explored: 160 nJ (A), 180 nJ (B), 200 nJ (C), 220 nJ (D),

240 nJ (E), and 260 nJ (F). In each graph, the squares represent the mean value and the bars the standard

deviation for the two measurements performed.
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Figure 2.2: Optical microscope image of the sets of lines written with 260 nJ of pulse energy for both

polarizations after 4 hours of etching with HF, KOH, and NaOH. For each image, the exposure dose

increases from left to right.

A salient feature, common to all three etchants, is the presence of a valley, where the etching

rate efficiency significantly drops before recovering to higher values. This region is consistently

found around 3-4 J/mm2 and defines a transition zone, signaling a dramatic change in the

mechanism promoting an accelerated etching in laser-affected zones between low (1.5 J/mm2)

and high (10 J/mm2) exposure doses. It is remarkable to observe that the highest etching rate

is observed at the lowest doses, where only a few pulses overlap, in a number not sufficient for

the formation of clear distinguishable nanogratings to be observed [86, 93].

Figure 2.3A shows the lines aspect ratio, i.e. the ratio between the measured etched length

and the width at the entrance point of the etched tunnel (see inset of Figure 2.3C), for the

two characteristics etching rate peaks (≃ 1.5 J/mm2 and 10 J/mm2, respectively) defining

local maxima, for the three etchants and each pulse energy. While HF seems to show a weak

dependence on the pulse energy, both KOH and NaOH show a clear maximum around 220-240

nJ. This maximum is particularly pronounced for NaOH - where an impressive aspect ratio

approaching 400 is observed, while it does not exceed 100 and 50 for KOH and HF respectively

(consistently with what previously reported in [97, 137]). To visualize the difference between

the etchants, grid structures are laser-inscribed and etched for around 18 hours and shown in

Figure 2.3B. Here the access for the etchant is defined by a vertical plane that intersects the

lines. It is clear that NaOH and KOH etch the laser-modified lines faster and are more affected

by the laser polarization than HF and, at the same time, NaOH is the most selective of the three.
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Figure 2.3: (A) Aspect ratio of the etched lines at two characteristic exposure doses, for the three etchants

and six different pulse energies. (B) Visual comparison of the etching progress for different laser pa-

rameters depending on the etchant used after 18 hours. (C) Comparison of the aspect ratio obtainable

with various subtractive glass micromachining techniques. In the inset, a schematic of the aspect ratio

definition used.

Finally, in Figure 2.3C the performance of the most common subtractive glass micro-

manufacturing methods are compared, taking as reference the highest aspect ratio values

reported in [97, 137–146]. The presented version of femtosecond laser-assisted chemical

etching with NaOH stands out in terms of aspect ratio and unlike all the other techniques

mentioned, enables the manufacturing of arbitrary 3D geometries, and this, independently

from the etchant chosen.

Each etchant naturally etches pristine fused silica, albeit at different rates. For similar etch-

ing conditions as in here, it is typically about ≃ 3 µm/h for HF [8], it is about three times less

for KOH (≃ 0.9 µm/h) [17] and only ≃ 0.5 µm/h for NaOH. A comparative study on the surface

quality after etching of both pristine and machined glass is performed (Figure 2.4). An atomic

force microscope (easyScan 2 AFM, from nanoSurf) is used to measure the average surface

roughness (Ravg) on areas of 25x25 µm2. After 15 hours, the pristine glass roughness degrades

from below 5 nm to around 20 nm with HF and KOH, and to 35 nm with NaOH. On the other

hand, under the same etching conditions, a laser-patterned vertical wall shows a Ravg ≃ 80 nm

after HF etching and ≃ 125 nm after either KOH or NaOH etching. These results suggest that

although leading to higher selectivity and etching speed, the alkali bases produce parts with

around 50 % larger roughness compared to HF. To take the best from each etchant, one can

for example think of etching a structure with NaOH and then put it in HF for a quick bath to

improve the surface quality.
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Figure 2.4: Scanning electron micrographs of pristine fused silica (A) before etching, and after 15 hours

in HF (B), KOH (C), and NaOH (D). Micrographs and related average surface roughness measurements of

a vertical wall laser-machined and etched for 15 hours in HF (E), KOH (F), and NaOH (G).

2.4 Effect of polarization

The polarization has a direct effect on the orientation of the nanostructures [64] and is known

to affect the etching rate both for HF [21] and KOH [97]. Figure 2.5 shows the etching po-

larization contrast, defined as the difference between etching rates for the two orthogonal

linear polarization directions, defined as parallel and perpendicular to the writing direction.

Like the other etchants, NaOH turns out to be also polarization sensitive. Interestingly, the

polarization dependence drops to near-zero (or even inverted) for doses corresponding to the

low-etching-rate valley (≃ 3-4 J/mm2, see Figure 2.1), where the material removal rate drops to

a few tens of micron per hour. At very low doses, the difference between the two polarization

states is the most pronounced and culminates at 300 µm/h for NaOH, for pulses of 240 nJ and

doses of ≃ 1 J/mm2, value at which the etching rate for parallel polarization is near zero.

The etching rate contrast is actually the highest at very low doses even though only a hand-

ful of pulses do overlap, not allowing for a clear formation of self-organized nanogratings as

visible through structural changes (see [86, 93] and further in this manuscript).

An important consequence of this observation is that there is an inherent anisotropy in
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Figure 2.5: Etching contrast between perpendicular and parallel laser polarization (defined with respect

to the writing direction) versus exposure doses for different pulse energies and the three etchants: (A) HF,

(B) KOH, and (C) NaOH. For visual purposes, the lines represent the average trends based on the many

experimental points. The solid lines show the etching contrast, while the dotted ones give the etching rate

for parallel polarization.

the laser-affected zones already from the very first pulses, and well before nanogratings are

formed.

The large polarization contrast has a direct implication on the process implementation as it

requires ensuring that the polarization has consistently the same orientation with respect to

the writing direction, which can for instance be achieved by mounting a half-wave plate in the

beam path and rotating it to follow an arbitrary trajectory. A similar study is performed on the

effect of the writing direction (see Figure 2.6). Even if the writing direction should in theory

not impact the laser-induced material modifications if we assume an ideal optical beam, it
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was noticed during the experiments that it does influence the etching rate. In particular, the

writing direction differential remains between +/- 25 µm/h for HF but reaches up to 100 µm/h

for KOH and 150 µm/h for NaOH. This effect decreases for increasing deposited energy and

might be due to the presence of a pulse-front-tilt in the laser beam.

Figure 2.6: Etching contrast between opposite writing directions (along the same axis) versus exposure

dose for different pulse energies and three etchants: (A) HF, (B) KOH, and (C) NaOH. The polarization

is constantly kept perpendicular to the writing direction. For visual purposes, the lines represent the

average trends.
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2.5 Cross-sectional analysis of laser-written patterns

To further understand the nature of the material changes under varying pulse exposure

conditions and to correlate it with etching observations, one sample with the same set of

parameters tested is finely polished and etched in HF for three minutes to reveal the cross-

sectional view of the laser written lines. Pictures of the specimen are taken using scanning

electron microscopy (Zeiss® SEM Gemini 450 operated at 5.0 kV and 100 pA) and assembled

in Figure 2.7 to investigate morphological correlations between exposure dose and pulse

energies with the etched patterns. In Figure 2.7, the red-highlighted values correspond to the

largest etching rate region for each pulse energy, while the blue-highlighted values indicate the

energies deposited that lead to the formation of nanogratings, whether it is partial or complete.

Interestingly, the highest etching rate does not match with the formation of well-structured

nanogratings for pulse energies equal to or above 200 nJ. The first etching rate peak (found

around 1.5 J/mm2) has no direct correlation with morphological traits of nanogratings or

possible micro-cracks. Interestingly, at very few overlapping pulses, the connection between

porous zones is poor and does not form a continuous pattern as highlighted elsewhere [147,

148]. Yet, the etching rate is among the highest observed suggesting an etching mechanism

unrelated to the completeness of porous structures, interconnected or not.

2.6 Effect of annealing on etching rate

Non-ablative femtosecond laser interaction with fused silica leads to permanent defects in the

glass matrix when the material comes at rest. At a molecular level, oxygen deficiency centers

(ODCs), non-bridging-oxygen-hole-centers (NBOHC), color centers (E’ centers) and others

[80] form and are considered precursors for the formation of free molecular oxygen trapped in

nano-pores [68, 81, 82].

On one hand, nanogratings (forming ’microscopic morphological defects’) resist to extreme

annealing temperatures (above 1000◦C) [149, 150] (even though they undergo a slight degra-

dation above 400◦C [151]), while other localized laser-induced structural changes such as

laser-induced densification, vanish around 900◦C [152, 153]. On the other hand, defects at the

atomic glass matrix level that require much less energy to form, can be suppressed at 300◦C

[153] and be fully annealed at 500◦C [81].

We take advantage of these observations to differentiate between morphological/structural

versus glass-matrix defects as potential contributors for the observed accelerated etching,

in particular in the low-dose exposure regimes. In practice, three specimens with a set of

lines exploring different laser parameters were prepared as in the previous experiment, but

considering only two pulse energies (200 and 240 nJ) and maintaining a polarization state

perpendicular to the writing direction for optimal etching. The specimens were annealed

at 300◦C for 10 h, with a 1 ◦C/minute heating/cooling rate constant to limit the creation of

defects during cooling [154]. Substrates were then etched for two hours in different etchants

and the etching rate was measured according to the same principle described in the previous
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Figure 2.7: Scanning electron microscope pictures of the cross-section of laser written lines for different

pulse energy and energy deposited values. The squares represent the energy levels tested, with the green

ones corresponding to the indicated images. The parameters highlighted in blue led to the formation of

clearly visible nanogratings. The ones highlighted in red correspond to the largest etching rate. The scale

bar is 1µm.
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paragraphs. Polishing was then performed to remove the portion of material containing

etched lines. This procedure is repeated four times to test the effect of annealing at 300, 500,

700, and 900◦C on the etching rate. The results are shown in Figure 2.8.

Figure 2.8: Comparison of etching rates versus energy deposited before and after annealing for a fixed

pulse energy of 200 nJ (A) and 240 nJ (B), for the three etchants (HF, KOH, and NaOH), and the three

distinct zones of interest defined in Figure 2.1. The etching rate is normalized to the etching rate before

annealing.

Let us first consider the effect of the annealing on the HF etching rate (Figure 2.8A-B, blue

bars). The annealing up to 500◦C – reported to quench defects [81, 153] – reduces the etching

rate only in the case of lower exposure doses and pulse energies (region I for 200 nJ), but does

not decrease nor the higher-energy deposited peak nor the etching rate for a pulse energy of

240 nJ.

In both cases, we assist to a fictitious increase of the rate (only in region III for 200 nJ while

in both region I and III for 240 nJ), which is due to a capillarity-driven degradation in etching

selectivity of HF [97] and the decreased etching time from 4 h to 2 h for the measurements

done before and after annealing, respectively. Such discrepancy among 200 and 240 nJ can be

attributed to the creation of a larger amount of defects when higher pulse energy (i.e. field

strength) is used, which can also explain the sharp decrease of noise in the etching rate mea-

surements of Figure 2.1 for increasing pulse energy and is in line with the stochastic essence

of non-linear absorption phenomena. In other words, we assume that the decrease in defects’

density, after annealing at 300◦C and 500◦C for 240 nJ of pulse energy, increases the mean

distance between neighboring defects to a value that impacts minimally the HF.

The annealing temperature is further increased to values at which possible localized den-

sification effects on the silica matrix are relaxed into larger and more stable ring structures

(i.e. 700 and 900 ◦C) [150–153]. At this point, the HF etching performance degrades down to

50 and 30 % of the original etching speed before annealing. Such behavior hints that the HF

etching mechanism is driven mainly by porosity and associated localized densification of the

glass structure, at least in regions II and III. Indeed, structural changes locally cause a sharp

increase in active surface and densification, suggested by the presence of small member rings,
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which augments the chemical reactivity of the Si-O bonds [155–157].

KOH (orange bars in Figure 2.8) and NaOH (green bars in Figure 2.8) show radically different

behavior. At pulse energies of 200 nJ, the first annealing at 300◦C almost completely cancels

the low-energy deposited etching rate peak, while it halves it in the case of 240 nJ. As before,

we interpret the different behaviors between pulse energies as due to the initial density of

defects, larger for higher pulse energy, and assume that the annealing is not enough to cancel

out all the defects for 240 nJ. Although to a lower extent, the etching peak corresponding to the

highest energy doses (≃ 10 J/mm2) starts decreasing already at 300◦C. When the annealing

temperature is further increased, the decrease in etching rate continues smoothly for KOH

and sharply for NaOH. Those trends indicate that the etching mechanism of KOH and NaOH

is different from the one of HF and driven mainly by the presence of defects in the matrix and

only partially by the presence of porosity or associated densification effects. In this context,

NaOH tends to be the most selective and the most affected by the laser polarization state, the

writing direction (see Figure 2.6), or the annealing conditions. Finally, it should be noticed that

even if mainly defects-driven the etching rate of NaOH and KOH is highly dependent on the

laser polarization (as shown in Figure 2.5B-C), which indicates that a self-organized structural

configuration of the defects does exist at the very first stage of the laser interaction, and before

the occurrence of pores and nanogratings forming a pathway for the etchant to progress.

We interpret these observations as follows. For low exposure dose (region I in Figure 2.9), the

etching enhancement is due to the presence of defects localized within the laser-affected zone.

With the pulse duration considered here, it is known that defects mostly consist of NBOHCs

and E’ centers (see in particular [158]). Both the cross-sectional analysis (Figure 2.7) and

the annealing study (especially for 200 nJ of pulse energy) support this hypothesis. Further

insights could be obtained from defects density estimation through electron spin resonance

(ESR) spectroscopy [1, 159]. The lower (or none in case of HF) decrease in etching rate after

300◦C and 500◦C annealing of modifications with 240 nJ of the pulse energy is linked to the

density of defects created versus the amount canceled by the annealing. We assume that the

mean-free(of defects)-path is reduced to a value that starts to influence the etching rate of

KOH and NaOH, but not the one of HF, due to their difference in etching rate of pristine silica

(see vectors of Figure 2.9).

Further increasing the exposure dose (region II in Figure 2.9) leads to a sharp decrease in

etching rate which we attribute to the transition from defects to pores. A possible explanation

is that higher exposure doses result in the quenching of defects, suppressing the etching

enhancement effect. This interpretation remains speculative and further analysis is required

to unravel the cause behind the dip in etching rate for region II. Finally, in the high exposure

dose (region III in Figure 2.9) the nano-pores start coalescing and forming coherent networks

with a preferential orientation and ultimately the so-called nanogratings. In this fashion, an

accelerated etching is recovered, but this time is driven mainly by the inherent porosity of the

material and to a lesser extent by possible additional stress-induced etching-enhancement

effects within the laser modified regions [99, 137, 160]. Due to the difference in etching pris-

tine material, in the case of hydroxide-based etchants, this second etching mechanism is

significantly less favorable than the one driven by oriented defects, while it results in a similar
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enhancement for HF-based etchant.

Figure 2.9: Schematic interpretation of the etching mechanism in the region of interest defined above.

Top to bottom: the graph shows a qualitative representation of the variation in defects’ and pores’

quantity depending on exposure dose and pulse energy; the three panels provide a visualization of the

modifications induced in each regime with a fixed vertical polarization; and the colored vectors display

the etching rate of dense of defects versus pristine SiO2 for HF, KOH, and NaOH.

2.7 Summary and conclusion

Let us summarize the main findings of this study:

• For the three etchants investigated, similar phenomenological behavior is observed: a

first regime in the low-exposure doses corresponding to around ten overlapping pulses

(≃ 1.5 J/mm2), followed by a second regime defined with a local minimum in etching

rate and then a third regime, at higher dose, where an etching maximum is recovered.

• For the three-etchant investigated, the local etching maximum corresponding to the

low exposure doses (≃ 1.5 J/mm2) with few pulses overlap, the so-called nanogratings

are not yet distinctly observed. This first exposure regime at low doses is observed

only above a given pulse energy threshold (here at ≃ 180 nJ), higher than the one for
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observing modifications. Despite the absence of a visible self-organized pattern after

etching, depending on the linear polarization orientation a strongly anisotropic etching

behavior is observed. It is particularly pronounced in the case of NaOH, where an

anisotropic ratio of ≃ 1200 to 1 µm is observed after only 4 hours.

• HF acid-based etchant displays a different behavior than hydroxides-based etchants.

While KOH and NaOH’s highest etching rates are observed for the low-exposure dose

regime, for HF similar local maxima in etching rate are found in both the low- and high-

exposure dose. Annealing below 500◦C has a dramatic effect on the low-exposure dose

etching behavior, eventually completely canceling the etching enhancement for NaOH

and KOH at low pulse energy, while it has limited effects on the HF etching behavior.

• Sodium hydroxide (NaOH) as an etchant for femtosecond laser-assisted 3D micro-

manufacturing shows superior performances compared to known alternative methods,

based on HF and KOH solutions. It reaches an unprecedented etching rate of 300 µm/h,

twice more than KOH and near four times more than HF. As the natural etching rate of

silica by NaOH is very low, the contrast between exposed and unexposed etching rates

yields an extreme aspect ratio approaching 1 to 400, for tunnel-like patterns.

In conclusion, from a technological point of view, the observation of an optimal etching

rate surpassing the previously reported ones and this, at very low doses, offers a boost in

achievable laser-exposure writing speeds larger than one order of magnitude. Moreover, while

maintaining an optimal etching rate and selectivity, the aspect ratio obtainable is significantly

increased, which is of practical importance for fabricating slender and denser structures.
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Despite the remarkable progress made in recent years, producing freeform three-dimensional

micro-components out of copper, silver, or gold and their alloys remains an engineering

challenge: current processes are either too slow to be economically viable or produce porous or

otherwise imperfect metal microstructures. Here we introduce an alternative, faster approach

for the freeform fabrication of metal micro-components amenable to the processing of noble

metals. The process begins with the 3D, micron-resolution, carving of arbitrarily shaped

interconnected molds into amorphous silica using femtosecond laser micromachining and

selective etching. This is followed by pressure infiltration of the mold with the molten metal,

which is subsequently solidified. Metal architectures produced by this process have a micron-

scale resolution, are fully freeform and multiscale in geometry, and are made of dense metal,

while the processing speed largely exceeds what is achieved in current alternative metal

microfabrication approaches. The resulting glass/metal combinations enable new micro-

device architectures. Alternatively, by mold dissolution, self-standing micron-scale 3D metal

parts are produced, of high metallurgical quality and with features sizes down to ≃ 2µm.

3.1 3D micromanufacturing of metals

Many domains of technological progress, including microelectromechanical systems (MEMS),

microsensors, metamaterials, integrated optical devices, microfluidic, medtech micro compo-

nents, or microelectronic devices, rely on the availability of geometrically complex structures

made to micrometric resolution [161]. Most established manufacturing processes at such a

small scale have geometrical constraints that limit them to two dimensions or particular geom-

etry types with specific symmetry properties, such as cylindrical or spherical. The production

of truly freeform 3D shapes at the microscale, i.e. with no geometrical constraint across all

three spatial dimensions, with micron to sub-micron resolution, has been an ongoing quest

for decades.

In particular, the 3D freeform production of metallic structures to a micron and sub-micron

level of precision remains challenging. Current selective powder-melting or sintering methods

do not reach such resolutions, the smallest features achievable being currently limited by the

size of the powder to roughly 20 µm [162]. Other methods fit for the production of metallic

micro-components include the electroplating-based LIGA process [163, 164], micro-beam

machining [165–167], micro/nano-forming [168] and processes that add metal to the surface

of patterned glass [123, 124, 169, 170]. None of these technologies, however, provides full

geometrical design freedom in all three dimensions. To these, recent years have seen the

addition of a wide range of novel, generally, still experimental but truly three-dimensionally

freeform, additive manufacturing processes, of which a detailed and extensive recent review

can be found in References [171, 172].

Current cutting-edge additive 3D freeform micromanufacturing processes include (i) metal-

ink 3D printing followed by annealing, metal lift, and deposition, (ii) locally triggered chemical

vapor deposition or chemical reaction, as well as (iii) high-precision in-situ electrolytic depo-

sition. Most of these 3D metal additive micromanufacturing methods afford full 3D design
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freedom, but often produce parts of porous or irregularly shaped metal (e.g., [173–178]), with

the exception of local electrodeposition methods, which have in recent years demonstrated

the production of complex, high aspect ratio, smooth-surface 3D freeform structures of dense

metal shaped to sub-micrometric resolution [171, 172, 179–181]. Point-by-point local elec-

troplating has, however, the limitation that volumetric metal deposition rates remain low,

limiting that method to prototyping or niche applications.

We present here an alternative approach that enables the fabrication of dense noble metal

micro-components to micrometric resolution and has the potential for far higher production

rates than current alternative processes: multiscale structures of size up to a few millime-

ters that have micron-scale features, unprecedented 3D complexity, and sub-micron surface

roughness are demonstrated. In this approach, freeform processing is first conducted in

subtractive mode, starting with a glass substrate that is carved, using 3D femtosecond (fs)

laser microfabrication followed by selective etching, to create a hollow that has the shape of

the metal structure that one aims to produce. The hollow is then filled with molten silver,

copper, gold, or their alloys. This is achieved using elevated-temperature pressure infiltration

to create, once the metal has solidified, what amounts to a cast metal structure freely shaped

to micrometric resolution.

Seen differently, the present process is indeed a miniaturized variant of metal casting. Metal

casting has resisted miniaturization down to sub-millimeter size scales mainly because, at the

microscale and at the elevated temperatures characteristic of molten engineering metals (on

the order of 1000◦C), capillarity coupled with high atom mobility rates interfere to disrupt the

process. Interference of these phenomena with the casting process is manifest on three fronts:

(i) capillary forces oppose metal ingress into fine-scale mold cavities because molten metals

have high surface tensions and wet poorly nearly all ceramics [118]; (ii) capillary forces cou-

pled with high atom mobility at metal casting temperatures deform the surface of crystalline

mold materials conventionally used to make precision molds. Indeed, wherever the mold

surface intersects crystal defects (dislocations, interfaces, or grain boundaries), capillary force

equilibration creates micron-scale depressions along the mold surface. Those depressions

matter little in conventional macroscale casting; at the microscale, however, once filled with

metal, such depressions become as many unwanted, comparatively large, protuberances

along the cast metal surface. (iii) At temperatures such as 1000◦C, chemical reaction rates are

high. This leads to an additional limitation, namely that there must be no chemical affinity

between atoms that make the mold and those that make the metal.

We overcome here the first physical limitation (i) by pressurizing the hot molten metal in

a way that forces it against capillary forces to fill micron-scale mold cavities. We address

the second limitation (ii) by using an amorphous, and hence microstructurally featureless,

material, namely glass, to make the mold. Finally, we overcome the chemical limitation (iii)

by working with metals made of elements that have an oxide less stable than that of silicon;

this includes noble metals, which are of prime interest in microtechnology by virtue of their

corrosion resistance and high conductivity.

With those features, the present process goes well beyond previous attempts to push down

the resolution of metal casting. Those have produced parts on the order of a few tenths
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of a millimeter (≃ 100µm) in size, but have not reached micrometric freeform resolution

[119, 120, 182, 183], or are restricted to casting one of the few metals or alloys that melt near

room temperature [121].

3.2 Process concept

Process steps that lead to producing 3D structures of dense engineering noble metal with a

sub-micron resolution are detailed in Figure 3.1. As an illustration, we show the production of

a micrometric classroom containing a series of miniature chairs and desks. Step 1 in Figure 3.1

consists in exposing quartz glass to femtosecond laser irradiation according to a freely de-

signed interconnected geometrical pattern that defines the material to be removed by altering

locally the glass structure. This alteration causes the glass to be preferentially etched where it

has been exposed to laser irradiation.

This process is based on nonlinear absorption phenomena. These events are observed in

otherwise transparent substrates when the incoming laser beam locally exceeds a peak irradi-

ance level (typically around GW/mm2), triggering a chain of events leading to the ionization

of the matter. As the effect is non-linear and depends on a threshold value, the effective size of

the ionized volume can be smaller than the beam waist itself and the laser wavelength [2, 3, 19].

In addition, given the extremely short plasma lifetime, the absorbed energy remains confined

in the focal volume and no heat is transferred to the surrounding, which thus remains largely

unaffected [184, 185]. Combined with high-accuracy beam trajectory thanks to the use of high

precision motorized stages (PI Micos with repeatability of 200 nm over a centimeter motion

range and a micron over the full travel range), it enables the engraving of arbitrary 3D-shapes

made of single-voxel sizes that depends chiefly on the confocal parameters and the pulse

energy. In our case, considering a beam waist at the focus of 1.9 µm and a moderately focused

beam with an energy of about 240 nJ, a voxel of laser-modified volume has an ellipsoid shape

with 1.9 µm and 8 µm on the short and long axis, respectively. Smaller voxel sizes can be

achieved by lowering further the pulse energy.

In Figure 3.1 step 2 wet chemical etching of the substrate preferentially removes those

regions that were modified by the laser along a path that intersects the mold-free surface. The

etching-rate contrast between pristine and modified mold material depends on the chemistry

used (namely, with fused quartz, etching with a basic – KOH [97], or NaOH [98] – or with

an acidic – HF [3, 19] – solution), on the deposited energy (or net fluence), and on other

laser-related parameters such as the laser-beam polarization or the pulse duration [137]. By

precisely controlling the exposure and the etching steps, it is thus possible to achieve micro-

metric resolutions in mold manufacturing. As the etching front progresses inward from the

mold surface through the exposed pattern, the final shape of the etched volume becomes

diffusion-limited and shows a dependence on the etching rate contrast between pristine and

exposed material. This may lead to a dependence of the etched geometry on the time of

exposure to the chemical solution, to be compensated for in the design of the path followed

by the fs-laser beam.
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Figure 3.1: Schematic of the microcasting process. The process comprises two main sequences, one

being fs-laser 3D micromachining, and the second being metal pressure infiltration. Step 1 – a pattern

defining the 3D structure is inscribed within a fused quartz substrate using a fs-laser. Step 2 - the substrate

undergoes wet chemical etching to dissolve interconnected laser-patterned regions that intersect the

substrate surface, thus turning the fused quartz substrate into a mold to be filled with metal. Step 3 -

the fused quartz mold is positioned in the infiltration chamber, together with a metal load placed over

the exposed cavities; the chamber is evacuated and the temperature is raised to melt the metal. Step 4 -

pressurized inert gas pushes the metal against capillary forces, driving it to fill the pre-evacuated hollows.

Step 5 - while maintaining the pressure, the chamber is put in contact with a chill to promote directional

solidification. Step 6 - different final microscopic products can be obtained by varying final steps in the

process.

Filling of the cavities with the metal, Steps 3 to 5 (Figure 3.1), is performed by applying

external pressure on the liquid metal sufficient to overcome capillary forces at play and make

it flow into the mold. This is achieved using pressurized gas. In experiments reported here, the

metal to be infiltrated is placed on top of the substrate, over all exposed cavities. The chamber

is evacuated, then kept under a low vacuum, and heated up to slightly above the melting point

(Tm) of the metal to be cast. Once it is molten, the metal covers and seals all mold entries

along the upper mold surface. At this point, a non-reactive gas, typically argon, is bled into the
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chamber. As the gas pressure builds up, the pressure it exerts on the metal eventually drives

the latter to flow into the (evacuated) cavities of the mold, filling them. Once the mold is full,

mold and metal are cooled to solidify the metal. In doing this, particular consideration must

be given to feed metal solidification shrinkage, a classical challenge in casting also present at

the microscale. To this end, directional metal cooling is used; this is done by placing a chill in

contact with the apparatus along the substrate side opposite to the metal drop. One must also

avoid the formation of cracks that may appear in the brittle glass substrate under the action

of thermal stresses associated with the difference in coefficients of thermal expansion (CTE)

between metal (typically ≃ 10−20µm/(m ·K)) and substrate (≃ 0.5µm/(m ·K)). Such cracks

were observed in some of our experiments through standard and cross-polarized optical

microscopy; they are avoided through slow cooling after infiltration.

After solidification (Figure 3.1 Step 6), a substrate-metal composite is produced. The excess

metal can be removed to obtain a microscopic fused quartz/metal composite structure that

can, in itself, be of interest in microengineering device fabrication (Figure 3.1 Step 6A). Alter-

natively, to produce a loose metal casting, the glass mold is dissolved in an etchant to which

the metal is inert (for example, an aqueous HF solution when casting silver). Demolding -in

the terminology of casting- can either produce miniature structures that are linked to a bulk

metal base (Figure 3.1 Step 6B) or if Steps 6A and 6B are combined, it will yield many separated

miniature metal castings (Figure 3.1 Step 6C).

3.3 Experimental methods

The glass molds were fabricated using fs laser micromachining followed by wet chemical

etching according to a known process described in the literature [19]. We used a Ytterbium-

fiber amplifier laser (Yuzu, manufactured by Amplitude, Bordeaux, France) emitting 270 fs

pulses at a wavelength of 1030 nm at a repetition rate of 800 kHz, with an energy of 240 nJ

(average power after the objective of about 190 mW). The laser is focused in the specimen

using a 0.4-numerical aperture objective to a measured waist of 1.9 µm at the focal point. The

substrate used is a UV-grade fused quartz plate (Heraeus HOQ 310), 800 µm-thick, and 25

mm-square. The substrate is moved with linear stages (Micos - UPS 150). Following laser

exposure, the specimen is etched for several hours in a 5 %wt NaOH bath at ≃90 ◦C. To fit the

dimensional requirements of the chamber used for metal infiltration, the substrates are cut

into circular disks of 6 mm diameter to produce the molds into which the desired shapes to be

injected are laser-patterned and subsequently etched.

The setup used for pressure infiltration consists of a refractory stainless steel (UNS S31400)

chamber in which an alumina crucible prevents contact of the steel chamber with a graphite

crucible that contains both the mold and the metal (see Figure 3.1). Once mold and metal are

placed within the graphite crucible, the infiltration chamber is bolted shut at its top. The top

of the chamber contains a carbon foil to seal the closure and is connected to a vacuum pump

and an argon bottle through a pipe, in which a K-type thermocouple is also introduced to
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monitor the temperature during infiltration by placing the thermocouple tip 1 mm above the

melt. The chamber is evacuated (usually to ≃0.06 mbar) and positioned within an induction

coil using an overhead crane. A GMF12 CELES (Lautenbach-France) induction furnace is

utilized to heat the ensemble, to 1000 ◦C in the case of silver and 1100 ◦C for infiltration with

copper or gold. Once the target temperature is reached, the chamber is pressurized with an

inert gas (Argon N48, typically at ≃1.5 MPa for structures of minimum feature size exceeding

1.5 µm, or 5 MPa otherwise). Subsequently, the chamber is lowered until its bottom is in

contact with a water-refrigerated copper chill, maintaining the pressure and also with the

induction furnace turned on, to create a vertical temperature gradient to promote directional

solidification. Once the solidification temperature is reached on the thermocouple reading,

the chamber is cooled further and then kept at ≃ 600 ◦C during 1 h to relieve internal stresses

caused by differential shrinkage between the mold and the metal. Heating is then stopped

and the substrate-metal component is removed once it has reached room temperature. Pure

silver (Figure 3.2, 3.5A, 3.6A-B, 3.6D), gold (Figure 3.3) or copper (Figure 3.6C), all of 99.99 %wt

purity, were utilized as infiltrant metals as well as a silver-copper alloy (79%wtAg-21%wtCu)

(Figure 3.5C and D). To produce cast metal structures released from their mold, in a final step

the fused quartz mold was dissolved in high concentration HF during approximately 12 h

(Figure 3.2, 3.3, 3.6D).

3.3.1 Materials characterization

Scanning electron microscopy images were obtained at 3kV using a Zeiss® GeminiSEM 300

(Oberkochen, Germany) equipped with a standard Everhart-Thornley secondary-electron

detector and an Oxford Instrument EDS detector. EBSD images were acquired at 25kV using a

Zeiss® SEM Gemini450 (Oberkochen, Germany) equipped with a symmetry CMOS, operating

with Aztec acquisition and data treatment software (Oxford Instruments, UK). Optical micro-

graphs were taken with a Hirox digital microscope KH-8700 (Tokyo, Japan).

Composition gradients near the interface of the host substrate/metal, exposed by conventional

grinding and polishing of infiltrated beams still embedded in the fused quartz mold, were

analyzed by Energy-dispersive X-ray spectroscopy (EDS) in the scanning electron microscope

operated at 10 kV (Figure 3.4). The X-ray intensity at the metal-silicon dioxide boundary was

modeled with CASINO Monte Carlo software v2.5 (Sherbrooke, Canada) assuming a 10 kV

electron beam, beam size 5 nm, and 10000 electrons. A TI 950 Triboindenter (Hysitron® Cor-

poration, Minneapolis, MN) with a load cell of 10000 µN and a diamond Berkovich indenter

tip was used to measure both the hardness and elastic modulus of the cast from cross-sections

of trusses still embedded in the fused quartz substrate (similar to what is seen in Figure 3.3E).

Quasi-static indentations were made to a maximum load of 8000 µN for silver and to 3000 µN

for copper, the loads being selected in correlation with the trusses’ cross-sections (150x150

µm for Ag silver and 25x25 µm for copper) to minimize the elastic influence of the substrate

and to be able to indent 4 times on each specimen. The loading-holding-unloading sequence

was of 5-2-5 seconds and the data were analyzed according to the Oliver-Pharr procedure [186].
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3.4 Results

Figure 3.2 displays images of such a tiny classroom composed of desks and chairs, all made

of pure silver. This particular assembly demonstrates the ability of the present process to

produce, at the microscale, complex 3D structures with a shape that is not amenable to metal

micromachining. The cast structures have a thickness near 2 µm. The similarity of chair/table

pairs shows the reproducibility of the technique, and its resolution is shown by the submicron

surface roughness of the mold or casting. In this illustration, to allow for observation in the

scanning electron microscope, the fused quartz substrate was dissolved after solidification;

this left the final metal chair and table structures linked to the silver that remained above the

substrate (as in Figure 3.1 - Step 6B). Figure 3.2C and D show a close inspection of one of the

chairs in two different perspectives, to exhibit its thickness and contours. In particular, a rough

and wavy finishing of the top edge is observed. This feature is associated with the progressing

etching front after laser machining during mold preparation and is later on reproduced by the

metal during infiltration and solidification.

Specifically, such imperfections are found if the etching is interrupted before the entire

laser-affected region is removed. It is in fact not seen on the other edges of the structures of

Figure 3.2 (or in subsequent figures). On the other hand, the slight roughness on the lateral

edges of the chair (in Figure 3.2D) derives from the laser machining trajectory followed during

mold preparation and can be avoided by optimizing both the laser trajectory and the deposited

energy. As shown in Figure 3.2E, the metal grain size far exceeds that of casting features, such

that chairs and tables are essentially all monocrystalline – this parallels what was found with

cast aluminum microwires cast using molds of grown NaCl single-crystal [182].

The process was also used to fabricate a set of suspended (’H-shape’) beams made of pure

gold, Figure 3.3. The suspended beams in Figure 3.3 have a 45 x 45 µm2 square-cross section

and a length of 900 µm, demonstrating an aspect ratio (AR) – cross-section over length - as

high as 20. Furthermore, in this experiment the AR was not maximized: higher values are likely

achievable. Indeed, fs-laser micromachining has demonstrated AR values that exceed 500

with only two entrance points for the etchant [187] and has no theoretical aspect ratio limit if

multiple entries can be included [19]. Close inspection of the mold surface along a longitudinal

cut through an un-infiltrated mold along the length of the suspended-beams (Figure 3.3C)

reveals features typical of fs-laser exposed silica glass etched with hydrofluoric acid [188]:

note how those are later on reproduced by the gold (Figure 3.3B). This demonstrates that the

pressure infiltration process used here can replicate shapes with a sub-µm-scale resolution,

similar to what is obtained in polymer molding [189]. Even though the overall surfaces of the

suspended beams are easily correlated to features on the mold, some peculiarities can be

distinguished in some structures (red delimited areas in Figure 3.3D). These depressions are

particularly smooth and they interrupt surface patterns present on the fused quartz surface;

hence, they may have been produced by metal solidification shrinkage or the presence of

trapped gas.
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Figure 3.2: Images of a cast silver miniature classroom. (A) reveals the fused quartz substrate (i.e., the

mold) after etching and before metal infiltration (Step 2 in Figure 3.1). In (B) the metal structure is shown

after the dissolution of the mold (Step 6B in Figure 3.1). (C) and (D) details at higher magnification the

area delimited by the dashed rectangle in (B), the arrow indicates the orientation of (D) with respect to

(C). (E) An array of 6x4 ’chairs’ and ’desks’ and inverse pole figures (IPF) of the four ’desks’ contained in the

red dashed rectangle, evidencing that these, as well as the ’floor’ (i.e. the support), are single-crystalline

metal structures. (A) Optical microscopy performed through fused quartz, (B), (C), (D), and (E) scanning

electron microscopy (SEM) and (E) electron backscatter diffraction (EBSD).

Local properties of the metal were measured by nanoindentation: for the pure silver of this

casting, data yield Young’s modulus of 84.1±1.2 GPa, to be compared with 83 GPa for bulk

silver [190], in accord with the observation that the microcast metal is fully dense. While for

53



Chapter 3. 3D-microcasting

Figure 3.3: Images of suspended beams made of gold and left connected to the bulk metal. (A) overall

view of the piece after the dissolution of the fused quartz mold. (B) SEM close-up image of a single

suspended beam showing features typical of a silica glass etched with hydrofluoric acid. (C) SEM images

of the internal surface of an etched, uninfiltrated mold cavity. In (D) a portion of the beam in (B) is

shown to highlight likely surface casting defects in red. (E) SEM image of a cross-section of a similar

silver structure while it was still embedded in the fused quartz mold, showing that the beams are made of

pore-free, dense metal.

similar structures in pure copper Young’s modulus of 132±6 GPa is obtained, to be compared

with 128 GPa [191]. This shows that the process produces metallurgically sound metal, the

flow stress of which can be tailored by alloying. Hardness values were similarly collected, with

the consideration of possible size-effects (data in Tables 3.1 and 3.2) [192, 193].
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Sample <Orientation> E (GPa) STD H (GPa) STD
1 <112> 82.4 0.8 1.03 0.04
2 <213> 84.0 0.5 1.07 0.03
3 <213> 84.3 0.4 1.04 0.01
4 <213> 86.0 0.8 1.08 0.04
5 <213> 84.5 0.8 1.04 0.02
6 <212> 83.4 0.9 1.00 0.02

Mean 84.1 1.04
STD 1.2 0.03

Table 3.1: Measured elastic modulus (E) and hardness (H) values for silver trusses produced by micro-

casting. Four indentations were performed on each specimen. The standard deviation (STD) measured

on each sample and the crystallographic orientation along which the sample was indented are indicated.

Sample <Orientation> E (GPa) STD H (GPa) STD
1 <304> 135 3.0 1.54 0.06
2 <101> 137 2.5 1.56 0.07
3 <113> 122 2.6 1.54 0.08
4 <113> 132 6.1 1.82 0.25
5 <304> 134 3.6 1.76 0.20

Mean 132 1.64
STD 6 0.13

Table 3.2: Measured elastic modulus (E) and hardness (H) values for copper trusses produced by

microcasting. Four indentations were performed on each specimen. The standard deviation (STD)

measured on each sample and the crystallographic orientation along which the sample was indented are

indicated.

Figure 3.3E shows a cross-section through a similar structure made of pure silver; as seen, the

metal is dense, or in other words exempt of pores. To check that there is no significant chemical

interaction between the mold and the metal, we investigated whether there was a penetration

of the metal atoms into the glass matrix using energy-dispersive X-ray spectroscopy (EDS)

measurements across sections of infiltrated beams, still embedded in its fused quartz mold,

near the host-substrate/metal interface. No new phase, and no traces of metal within the

fused quartz host, were detected (see Figure 3.4).

Figure 3.5A exhibits an array of silver pyramids, each ending in a much thinner filament, 30

µm-long and ≃2 µm in diameter. The silver substrate was removed by mechanical grinding

to obtain, as in Figure 3.1 Step 6A, a final product consisting of the 6 mm-diameter, 800 µm-

thick, fused quartz substrate containing an array of embedded silver pyramids each topped

by this thin, antenna-like, coaxial filament. This demonstrates that the combination of laser-

patterning and infiltration characteristics of the process provides a pathway for the production

of multiscale 3D structures that would be difficult if not impossible to achieve by other means.

As another prototype giving an example of the innovation potential of the technology, Figures

4B-D show a 3D-array of high-aspect-ratio multiscale silver-copper alloy microelectrodes that

are left embedded in the fused quartz mold (visualized here by observation through the glass).
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The minimum distance between electrodes is about 6µm and the total structure length is 5 mm

(leading to an aspect ratio of the glass slit between electrodes that exceeds 800). Being able to

produce such arbitrarily shaped 3D highly conductive electrodes embedded in a high dielectric

constant material host is highly interesting in numerous fields of microtechnology: e.g.,

implantable devices in medicine, or components for high-voltage, high-frequency electronics.

Figure 3.4: Chemical composition analysis normal to the metal/silicon dioxide interface of a sample

similar to the one in Figure 3.3, but made of silver. (A) SEM image of the sample’s portion analyzed and

measured EDS X-ray intensity versus detection position; post-process averaging has been performed on

the data before plotting. (B) CASINO Monte Carlo simulation of X-ray intensity from a sharp SiO2/Ag

boundary.
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Figure 3.5: (A) Optical micrograph of a silver pyramid array embedded in fused quartz, each pyramid

ending with a thin antenna-like filament extending from its tip, illustrating the multiscale and multi-

material capability of the process. (B), (C) and (D) are images of a row of electrode pairs embedded in

fused quartz. (B) CAD model of the design (for the sake of clarity, the drawing is out of scale). (C) and (D)

are optical micrographs of the resulting structures of 79%wtAg-21%wtCu alloy embedded in fused quartz.

Figure 3.6 shows a larger, geometrically complex, 3D (Maltese cross) structure fabricated

out of copper or silver. Figures 5A-C show the structure still embedded within fused quartz,

whilst Figure 3.6D shows the self-standing structure (here made of silver) extracted out of its

mold. The beams composing the truss structure have a diameter around 50 µm, while the

entire Maltese cross fits within an area of two-by-two millimeters. In this larger casting, there

was a higher probability for solidification to nucleate and propagate from different locations

of the mold, leading to a polycrystalline structure. Grain boundaries are indeed revealed

by the trough that capillary forces have created along the beams composing the structure

(Figure 3.6D). This is confirmed by EBSD, which shows the presence of three crystals in the

imaged structure, grain boundaries of which are consistent with the location of grain boundary

grooves visible in the SEM micrograph. Figure 3.6C shows a larger version (≃4 x 4 mm) of the

same design, this time infiltrated with pure copper and left embedded in fused quartz.
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Figure 3.6: Complex (Maltese cross) 3D structure produced in pure silver and pure copper. (A) and (B)

optical images of a silver cross embedded within its fused quartz mold. (C) Macroscopic image of a larger

version of the same design produced in copper, also still contained within its fused quartz mold. (D) SEM

image of the silver cross in (A) and (B) after mold removal. The related IPF images show the presence of

3 distinct grains, whose boundaries are made visible in the SEM image by the typical groove they have

created along the casting surface.

3.5 Discussion

Structures produced in this work, of size ranging from a few tens of micrometer to a few

millimeters and with features of size down to around 2 µm, are made out of engineering metals

(silver, copper and gold and their alloys) that are among the best electrical conductors and

the most corrosion-resistant metals – features of interest for microtechnology in general. It

will easily be appreciated that producing those structures would at best be difficult using

existing technology, with one exception, namely local electrodeposition. Micromachining

would not carve out the space between the tables and the chairs, or between them and the

floor of the classroom of Figure 3.2. Layer deposition processes would not, unless the part

was of dimensions far above the voxel size, produce in-plane beams of circular cross-section

such as those in Figure 3.6. Processes that produce rapidly porous and/or binder-containing

metal structures that require subsequent sintering and/or debinding would be unlikely to

leave the thin table or chair structures unwarped after annealing. The only process that we

believe could rival or surpass what is presented here is local electroplating, as this process also
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produces dense metal with nearly total shape flexibility (such processes might, however, be

challenged by the sharp, 90◦ corner, overhangs present in structures of Figures 2, 3 or 5).

As with any process that aims at broad acceptance and potential industrialization, achiev-

able production rates are important. In producing silica molds in larger quantities, the

laser-exposure time is the main bottleneck. The time needed to produce the mold for samples

presented here was, with laboratory tooling used in this study, on the order of a day for a

part such as the Maltese cross in Figure 3.6. In our laboratory, etching represented most

of this time. In a production environment, however, the etching process is low-cost and

usually parallelized, such that it does not represent an intrinsic limitation on production

rates. Casting, meaning pressure infiltration followed by metal solidification, is a relatively

rapid process already capable of high production rates; it, too, can be massively parallelized,

since larger molds each containing many castings can be infiltrated, solidified, and retrieved

simultaneously. Femtosecond laser exposure is therefore the rate-limiting step of the present

process if production runs reach sufficiently high volumes.

The femtosecond laser-exposure process can be seen as moving an ellipsoid-shaped inter-

action zone (resulting from a non-linear laser-matter interaction) across the glass structure

to be carved; in our set-up, motion is driven by linear-motor moving stages. The shape and

size of the laser-affected zone within the glass depend critically on the focusing conditions, i.e.

the numerical aperture of the focusing objective as well as the laser wavelength and the pulse

energy. With our apparatus, at the finest level of focusing, we can produce an ellipsoid of diam-

eter ≃2 µm on its short axes and length 8 µm on the long one. The velocity of the motorized

stages is coupled to the laser pulse repetition rate to optimize the etching rate, as this depends

strongly on the deposited energy (or dose, typically expressed in J/mm2) [137]. Exposure

parameters are set by several considerations. On one hand, thermal diffusion beyond the LAZ

should be avoided; this limits the repetition rate to a maximum of about one MHz, which is

the onset for thermal accumulation in fused silica [41]. Then the optimal deposited energy is

set to a value of ≃1.5 J/mm2 to achieve the highest etching contrast between laser affected

zones and pristine material when using HF, KOH, or NaOH as etchant [98]. Considering a

repetition rate of 900 kHz, the maximum optimal writing speed is ≃150 mm/s [137]. This is a

very high value, such that operationally it is inertia and in turn the achievable acceleration of

the motorized stages used here (maximum acceleration of ≃50 mm/s2) that will confine the

maximum attainable speed for µm-scale patterns to values well below the above limit. This

adds a dependence of the maximum average glass pattern printing velocity on the intricacy of

the pattern. For example, to pattern the structures in Figure 3.2 and 3.6, the average speeds

of our stages were ≃1.0 and ≃1.45 mms−1, respectively; however, these values are defined by

technical limitations of our setup. Other commercial motorized stages can reach accelerations

of around 10 m/s2. This would result in average writing speeds of ≃14.1 and ≃20.1 mm/s for

the previous examples.

Additional features of the process are also to be noted, on both fronts of limitations and

potential. Pressure infiltration is, as expected, capable of intimately replicating nanometric

features. The minimum channel size that can be infiltrated is ruled by the pressure required

to overcome the molten metal surface tension that opposes its flow into tiny mold cavities.
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This is given by the Young-Laplace equation [118], according to which the capillary pressure

differential roughly equals the metal surface tension divided by the channel width. Surface

tensions of most metals are on the order of 1 J/m2; hence, a pressure of 10 MPa, which is tech-

nically achievable, should drive metal into features as fine as 100 nm. This is in keeping with

the observed fidelity with which the infiltrated metal reproduces the carved glass structure in

samples of this work.

The present process is therefore limited in terms of resolution by the controllable size of

the LAZ which, due to the non-linear nature of the process by which it is formed, can itself

be significantly smaller than the optical waist in the focused path of the laser beam (in our

case ≃1.8 µm at a laser wavelength of 1030 nm) as illustrated elsewhere [194]. In its versions

presented here, the process has a resolution of 2 µm; however, for these reasons, this may

be reduced in future work. For example, an additional approach to reducing the laser beam

waist further, and in turn, the size of the laser affected zone, is to use shorter wavelengths, for

instance by frequency doubling or tripling common Ytterbium-based laser sources, reaching

out to the UV exposure regime.

A limitation of the present process is that it is a priori not amenable to process alloys that

contain elements, the oxide of which is more stable than silica (for example aluminum, tita-

nium, or magnesium) or to process metals with melting temperature higher than the mold

annealing temperature, ≃1200◦C for fused quartz. It also tends to produce large-grained

structures, which have advantages (e.g., high conductivity) and disadvantages (e.g., absence of

grain boundary hardening or the formation of visible grain boundary grooves along the metal

surface; see Figure 3.6D). Finally, the process is well suited for the production of multiscale

structures (as in Figure 3.5) and it offers, when making multiscale structures, the scope for

efficiency gains in production if laser parameters are dynamically adjusted during printing.

One could indeed dynamically alter lens parameters (for example by using a spatial light mod-

ulator) and beam energy, so as to vary both the laser spot shape and size while maintaining

optimal exposure conditions. This possibility might largely increase the volumetric speed

and so provide opportunities for the rapid production of multiscale structures. For example,

just by tuning the beam energy, the ellipsoidal LAZ can vary from ≃1 to ≃2.5 µm and from ≃8

to ≃20 µm in short and long axis dimensions, respectively; this corresponds to an order of

magnitude (dynamic) change in voxel volume [194].

Building on the extensive survey of metal freeform microfabrication that is given in Ref.

[171], the production speed of the microcasting process presented here is compared in Fig-

ure 3.7 with alternative 3D metal freeform manufacturing techniques. Specifically, in Fig-

ure 3.7A, the fabrication speed is normalized by the voxel size, which is in essentially all such

processes assumed to be a cylinder with a diameter equal to the dimension read in the horizon-

tal axis. Assuming a roughly equiaxed cylinder, one can obtain estimations of the volumetric

production rate (for a more detailed description we refer to [171]). As seen, comparing feature

sizes and production rates of the present process with current alternatives places it in the top

right corner, showing that it stands out in terms of achievable production speeds. Such higher

fabrication rates enable the industrialization of the process and the large-scale production of

3D components.

60



3.5 Discussion

Figure 3.7: (A) Qualitative comparison of achievable production speeds with alternative 3D freeform

metal microfabrication processes (Redrawn from [171]): Direct Ink Writing (DIW), Electrohydrodynamic

Printing (EHD printing), Laser-Assisted Electrophoretic Deposition, Laser-Induced Forward Transfer

(LIFT), Meniscus-Confined Electroplating, Laser-Induced Photoreduction, Focused Electron/Ion Beam

Induced Deposition (FEBID/FIBID), Cryo-FEBID. (B) Comparison of measured elastic modulus normal-

ized by theoretical elastic modulus obtained by different techniques on silver and copper structures:

DIW (shear thinning), DIW (Newtonian), LIFT (ink), LIFT (melt), Meniscus-confined electrodeposition

(MCED), Confined electro-deposition in liquid (FluidFM), Electrohydrodynamic Redox Printing (EHD-

RP). Error bars represent measured standard deviation. (Redrawn from [172])

In parallel, Figure 3.7B displays a measure of the metal microstructural soundness, namely

the ratio of measured to theoretical elastic modulus, for different techniques, using in this

graph data and graph formats from Ref. [172], together with data for our samples reported

in Tables 3.1 and 3.2. The pronounced porosity, and thus large spread in elastic properties,

exhibited by most of the structures obtained by current micron-scale additive micromanu-

facturing processes other than local electroplating underline another major advantage of the

microcasting process, namely the metallurgical soundness of the structures that it produces.

For example, the electrical or thermal conductivity in metal structures produced by the present

process will be as high as in the same pristine bulk metal, enabling micro-components and

devices with optimal electrical or thermal performance. This is a feature that the present

process only shares with electrodeposition, a process capable of finer resolution than the

present process, albeit with far lower achievable production rates.

Moving forward, a few remaining challenges will have to be addressed for the present pro-

cess to be improved or for it to enter commercial production. As seen, the pressure infiltrated

metal reproduces with precision even minute details, below 100 nm in size, along the inner

mold surface, see Figure 3.3; thus, improving the roughness of the molds is the next step in

producing even smoother micro-cast products. A challenge, omnipresent in metal casting, is

feeding solidification shrinkage of the metal. At the macro-scale, there are well-known recipes

to this end, directional solidification towards a riser being one of the main approaches. In

the present instance, given the far smaller part dimensions, the influence exerted by capillary
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forces may still cause the formation and retention of tiny pores within the metal (perhaps

cavities outlined in Figure 3.3 are of this nature) or may lead to other defects, such as the

grain boundary grooves apparent in Figure 3.6. Finally, mastering the inner microstructural

development of micron-scale cast metals and alloys is an area where much remains to be

learned.

3.6 Glass-metal composites

In the context of enabling the fabrication of freeform glass-metal composites, we defined two

procedures to produce both metal parts surrounded by a glass shell and glass parts surrounded

by a metal layer.

Figure 3.8: Schematic of an infiltration technique based on sequential etching steps. Step 1, a 3D pattern

is inscribed in the glass with a femtosecond laser, leaving an etching buffer preventing the contact with

the etchant for the region to be etched only after the first infiltration. Step 2, the modified region exposed

to the etchant is removed, resulting in empty cavities. Step 3, metal is infiltrated inside the glass mold

cavities. Step 4, after removing the etching buffer by polishing, the remaining laser-modified region is

etched. Step 5a, glass metal composite components are obtained after demolding. Step 5b, alternatively

to Step 5a, the cavities etched in Step 4 are infiltrated with a different metal. Step 6, after infiltrating two

different metals separated by a glass layer, the resulting composites are freed from the glass mold.

The first technique is based on sequential etching steps, as illustrated in Figure 3.8, and aims

at producing metal parts surrounded by a glass shell. The first step consists of the laser modifi-

cation of both the volume to be removed (and subsequently metal-infiltrated) and the surface

that delimits the glass shell around the metal part (shown in blue in the schematic). It should

be noticed that the laser patterned shell is (i) machined with a larger laser exposure dose of ≃
200 J/mm2 to facilitate the survival of the laser modifications - i.e. the nanogratings - to the

metal infiltration, which is carried on in few minutes at around 1100 ◦C; and (ii) not connected
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to the outer surface of the glass substrate to avoid contact with the etchant during the first

etching step. In this way, after the etching step, a glass mold with cavities for infiltration plus a

pre-machined shell is produced. Then, the pressure-assisted metal infiltration is carried on as

described above. Finally, after exposing the remaining laser pattern by polishing the excess

glass, during a second etching step, it is possible to preferentially etch the laser-modified shell

(step 4). At this point, through demolding either by dissolving or breaking the glass mold,

freeform glass-metal composites are obtained (Step 5a).

Figure 3.9: Optical micrographs at different fabrication stages of a metallic tensile test specimen

surrounded by a glass shell. (A) Top view of the glass mold showing both the etched cavity and the

pre-machined shell at different focal planes. (B) Lateral view of the glass mold after the metal infiltration

of the specimen. (C) Picture of the final glass-metal composite product after demolding.
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As a proof of concept, we designed a tensile test specimen about 40x40 µm2, 1 mm long,

and surrounded by a glass shell ≃ 90 µm thick. Figure 3.9A shows a top view of the specimen

after the first etching bath (Step 2 in Figure 3.8), while Figure 3.9B displays a lateral view of

the mold after pure silver infiltration (Step 3 in Figure 3.8). Finally, in Figure 3.9C the final

composite product is obtained by etching the laser-machined shell (Step 5a in Figure 3.8).

A variation of the sequential etching steps technique showed in Figure 3.8-Steps 5b&6 can

be used to infiltrate different materials in the same substrate. In this case, instead of freeing the

final composite product, the subsequent etching steps can be used to etch other pre-machined

cavities that in turn can be infiltrated with new material. Even if theoretically there is no limit

to the number of iterations of such a process, in reality, there are some limitations. Notably,

(i) the order of infiltrations of different materials should go from the one with the highest

melting point to one with the lowest to avoid re-melting during subsequent infiltrations; (ii)

the different infiltrants should not react with one another; and (iii) the higher the number of

infiltrations, the larger the dimension of the ’etching buffer’.

The second technique, designed to obtain glass parts surrounded by a metal layer, is illustrated

in Figure 3.10. As usual, the first step consists in modifying glass regions with the laser, but this

time the modification is limited to a surface and its design needs to take into account some

fixing points to hold in position what will be the glass core of the final glass-metal composite

during the metal infiltration (see inset in Figure 3.11C). During Step 2 the laser-machined

surface is etched, and in Step 3 the metal is infiltrated in the cavities. At this point, after

protecting with a photoresist the surface of the substrate containing the entries to the cavities

(Step 4), by etching it is possible to release the glass-metal composites produced (Step 5).

Figure 3.10: Schematic of an infiltration technique to produce composites made of a glass core and

surrounded by a metal layer. Step 1, a 3D pattern is inscribed in the glass with a femtosecond laser. Step

2, the laser-modified region is removed by chemical etching. Step 3, metal is infiltrated inside the glass

mold cavities. Step 4, the top surface of the mold is protected with an etching-resistant coating. Step 5,

the entire mold is dissolved, resulting in the final composite products.

In Figure 3.11A, a device similar to the one of Figure 3.9 is machined and etched. Then, the

resulting cavities are infiltrated with pure silver (see Figure 3.11B). The outcome is a tensile
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test specimen with a glass core and surrounded by a metal layer. With the same technique, a

series of micro-pillars is also fabricated and shown in Figure 3.11C-D after etching and metal

infiltration, respectively.

Figure 3.11: Optical micrographs of composite structures with a glass core and a metal layer around. (A)

and (B) tensile test specimen after etching and after metal infiltration, respectively. (C) and (D) set of

pillars after etching and after metal infiltration, respectively. The inset in (C) shows the top view of the

left pillar, to highlight the fixtures that hold the glass core during metal infiltration.
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3.7 Summary and conclusion

In conclusion, we have demonstrated that geometrically complex interconnected multiscale

components up to a few millimeters in size and freely shaped to micrometric resolution can be

made of fully dense metal via a novel, freeform manufacturing process that combines fs-laser

glass micromachining with metal pressure infiltration. The process is suited for engineering

metals that are inert in contact with silica, including silver, copper, gold, and their alloys, and

has the potential for higher large-scale production rates compared to existing technology. The

resulting glass/metal combinations enable new device architectures for applications in a wide

range of areas in microtechnology. Alternatively, by mold dissolution, this process fills a gap in

microfabrication because it gives the ability to turn, as is done at the macro-scale, to casting

when monolithic metallic parts of high geometrical complexity are to be produced.
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Chalcogenide glass exhibits a wide transmission window in the infrared range, a high refractive

index, and nonlinear optical properties; however, due to their poor mechanical properties

and low chemical and environmental stability, producing three-dimensional micro-structures

of those glass remains a challenge. Here, we combine the fabrication of arbitrarily shaped

three-dimensional cavities within fused silica molds by means of femtosecond laser-assisted

chemical etching, with the pressure-assisted infiltration of a chalcogenide glass into the result-

ing carved silica mold structures. This process enables the fabrication of 3D, geometrically

complex, chalcogenide-silica micro-glass composites. The resulting products feature a high

refractive index contrast that enables total-internal-reflection guiding, and an optical quality

roughness level suited for applications in the infrared.

4.1 3D micromanufacturing of glass

The use of glass has been ubiquitous in optics since the dawn of the discipline: the combi-

nation of two glass with different properties into a single product has been practiced since

the late XVIIIth century, both for decorative and scientific purposes. Continuous progress and

research in glass science have led to the discovery of a broad variety of glass compositions and

formulations covering a wide range of useful physical properties, e.g. transparency spectral

window, chromatic dispersion, linear and non-linear refractive indices, surface scratch resis-

tance, brittleness, chemical stability, etc., which have found countless applications in optics

and beyond. Yet, as a result of this broad spectrum of properties, great variability in processing

methods and their outcomes remains. Specifically, forming glass in complex shapes at the

microscale remains challenging, in particular for infrared glass that are notably often fragile

and difficult to process.

Combining different glass into one product has been of great interest in early glass craftwork

for decorative purposes. Venetians refined and magnified ancient work developing processes

such as the murrina and the millefiori, which remain even nowadays iconic references for

ornamental glass manufacturing [195–197]. In parallel, late-XVIIIth century scientific glass-

work led to the discovery of achromatic optics (’Crown-Flint’ doublets) [198]. The ability to

produce freefrom glass-glass composites by novel methods capable of greater geometrical

freedom of design than is currently possible could trigger optical component innovations

with functionalities that leverage the individual physical properties of its basic constituents.

This would offer novel design opportunities, in particular for further miniaturization and

system integration. We present here a process allowing for the three-dimensional micro-scale

integration of two glass with radically different physical properties. We illustrate this generic

concept with free-form chalcogenide glass structures embedded in a fused silica matrix.

Chalcogenide glass has attracted much attention in the last few decades because their

exceptionally wide optical transmission window in the infrared and their high nonlinear re-

fractive index [199], for both passive [200, 201] and active [202, 203] photonic applications.

Unfortunately, due to their poor mechanical properties and weak chemical and environmental
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stability [204, 205], three-dimensional structuring, integration, and packaging of those glass

remain challenging tasks. Current pathways to chalcogenide glass fabrication include the

production of optical fibers and deposition processes. Chalcogenide glass fiber production

was first reported in the 1980s [206] and continues, as such fibers have multiple applications,

from sensing to telecommunications [199, 207, 208]. Photonic crystal fibers (PCFs) combining

chalcogenide or tellurite glass into silica were produced by a pressure-infiltration technique,

exploring both the process and optical properties of the resulting structures [209, 210].By

this route, several centimeters long PCFs containing chalcogenide rods down to sub-micron

diameter were manufactured [209–212]. Deposition processes such as chemical vapor de-

position [213], physical vapor deposition followed by glass melting over etched silicon [214],

sputtering [215], and pulsed laser deposition [216] are employed in applications for optical

circuits, which require planar waveguides and components. Chalcogenide glass components

such as lenses are currently fabricated by glass molding [217] and high-precision diamond-

turning [218], restricting shapes to specific 3D geometries [219]. Recently, attempt to 3D print

of chalcogenide using the fused-deposition technique applied to fiber preforms in As2S3 (one

of the commercially available chalcogenides) has been reported [220–222]. This approach

remains limited in resolution by the size of the filaments, which currently constrains designs

to millimeter-scale geometries and introduces discontinuity between printed layers, which

may be detrimental for certain optical applications.

The process that we present here is based on pressure-assisted infiltration of As2S3 chalco-

genide glass into a fused silica micro-mold fabricated by femtosecond laser machining fol-

lowed by chemical etching. This method enables the fabrication of arbitrary three-dimensional

glass-in-glass elements while maintaining micrometric resolution and sub-micron roughness.

The two constitutive materials, fused silica and chalcogenide, offer a high-index contrast

combination, in geometries and size scales suited for geometrically complex 3D mid-infrared

optics based on total internal reflection optical design principles. In addition to its specific

optical properties, fused silica can be used as a mechanically and chemically resistant support

and protection for chalcogenide microstructures, and may itself contain additional features of

interest for further integration and packaging [106, 223], such as waveguides [1] or flexures

[101].

4.2 Process concept

The fabrication process, similarly to its metals infiltration counterpart [129, 224], consists

of two main steps. First, the fused silica micro-molds are machined using femtosecond

laser modification followed by wet chemical etching (Figure 4.1A-B), according to a process

described elsewhere [3, 19]. We use in the present work a Ytterbium-fiber amplifier laser

emitting 270 fs pulses at a repetition rate of ≃ 300 kHz, with a pulse energy of 220 nJ. The

laser is focused to a measured optical waist of about ≃ 2 µm using a 0.4-numerical aperture

objective. The substrate used is UV-grade fused silica (Corning 7980 0F). Following laser

exposure, the specimen is etched in a 5 wt% NaOH bath for several hours [98]. Then the

69



Chapter 4. Glass-in-glass infiltration

micro-mold is positioned in a glass crucible with the chalcogenide glass As2S3 (IRG27, from

Schott) to be infiltrated resting on top.

The crucible-glass combination is placed in a pressure infiltration furnace, and then brought

to low vacuum (≃ 0.02 mbar) while the temperature is raised to 600◦C (well above the transition

temperature of IRG27 at 200◦C), according to values previously reported [210]. Thus, the

chalcogenide is melted to a liquid form that covers the mold cavities (Figure 4.1C). Note that,

given that the chalcogenide glass As2S3 contains arsenic, it is important to prevent at this

stage of the process any contamination of the furnace by arsenic that may have evaporated

while the glass is molten. It is therefore advised to surround (as depicted in Figure 4.1C&D) the

molten glass with an inner enclosure within the pressure infiltration furnace, so as to prevent

any transfer of arsenic to the furnace.

Figure 4.1: Schematic of the micro-infiltration process. (A) A 3D pattern is inscribed in a fused silica

substrate with a femtosecond laser. (B) The glass substrate is etched to remove the laser-irradiated regions.

(C) The substrate is placed in a chamber with the glass to be infiltrated on top, the chamber is evacuated

and the temperature is raised above the transition temperature of the infiltrant. (D) Pressurized inert

gas is let into the chamber (but not mold cavities, which are sealed by the molten glass) and pushes

the molten glass into the substrate cavities against capillary forces. (E) A final glass-in-glass composite

product is obtained, shown here after removal of the remaining glass drop resting on top of the substrate.

Then, to force the glass into the mold, a pressure of 10 MPa is applied hydrostatically with

Argon gas leaked into the chamber, causing the molten chalcogenide glass to infiltrate the

cavities underneath (Figure 4.1D). Finally, the sample is cooled down while maintaining the

pressure. After removing the excess chalcogenide by polishing, a final product combining
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3D chalcogenide microstructures in fused silica is obtained (Figure 4.1E). A post-processing

annealing step is also implemented to minimize –H and –OH bonds and to ensure stress relax-

ation [34]. Namely, to obtain a high transmission and to avoid crystallization, the specimens

are annealed in an inert atmosphere (i.e. nitrogen) at 150◦C for 1 hour using a heating and

cooling rate of ≃1◦C/min [225–227].

4.2.1 Materials characterization

Optical micrographs are taken with a Hirox digital microscope KH-8700 (Tokyo, Japan) us-

ing the Köhler illumination method and, in the case of Figure 4.4E, with a standard linear

polarimetry scheme. The samples are polished with diamond lapping films until an optical

surface quality is obtained, then they are coated with carbon thin film for high-resolution

imaging and elemental analysis with a field emission scanning electron microscope Zeiss

SEM Gemini450 (Oberkochen, Germany) equipped with energy-dispersive x-ray spectroscopy

(EDS). Images are obtained at 5 kV and elemental analysis is performed at 20 kV.

A Raman spectrometer, LabRam HR from Horiba (Kyoto, Japan), equipped with a 633 nm

laser excitation source attenuated down to 4 mW (to prevent damaging the specimen) is used.

The linearly polarized Raman laser beam is focused at the surface of the specimen using a

100x and 0.9 numerical aperture objective from Thorlabs (Newton, NJ, USA). Raman spectra

at various points are collected at room temperature with an acquisition time of 30 seconds for

each point. Spectral transmission data in the visible and near-infrared spectrum (from 350 to

800 nm) are taken with a Perkin Elmer spectrometer Lambda 950 (Waltham, Massachusetts,

USA). A mask with a hole of around 90x90 µm2 is prepared in fused silica using the femtosec-

ond laser machining plus etching process described above, and then coated with aluminum

for broadband reflectance. For the measurement, the reference beam power is attenuated to 1

%, to compensate for the presence of the mask and the ensuing effective drastic reduction of

the beam size from the original 2 cm in diameter.

A CO laser (model C55 from Coherent, Santa Clara, California, USA) emitting at 5.55 µm

is used to measure the transmission efficiency in the mid-infrared spectrum. The power

transmitted is filtered with a bandpass filter (FB5500-500 from Thorlabs, Newton, NJ, USA)

and is measured with a high sensitivity thermopile sensor (XLP12-3S-H2-D0 from Gentec-EO,

Quebec, QC, Canada). The light-guiding properties of the long channels in Figure 4.2C

are tested with an optical set-up comprising a quantum cascade laser (QCL) operating in

continuous wave at 8.3 µm with 100 mW of output power, a set of two mid-IR lenses with

anti-reflective coating with a focal length of 4 mm (C036TME-F from Thorlabs, Newton, NJ,

USA) used for in and out coupling the laser beam, a long wave IR camera (A400 from Teledyne

FLIR, Wilsonville, OR, USA) to measure the radiation and scattered light, and a beam profiler

working in the range from 2 to 16 µm (WinCamD-IR-BB from DataRay, Redding, CA, USA) to

measure the beam profile of the out coupled light.
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4.3 Results and discussion

Figure 4.2: Optical micrographs of different chalcogenide structures infiltrated into fused silica. (A) A set

of pillars of different dimensions with a zoomed view (top right) of the pillar framed in the white dotted

rectangle, representing the smallest cavity infiltrated in this work. The lateral view images are in scale

with the related top view micrograph. (B) A complex 3D shape in dark and bright field illumination, and

(C) overview (top) and magnification (bottom) of infiltrated channels 4 mm long and around 50 µm

thick and wide (four micrographs are stitched together to form the figure).

Figure 4.2 displays optical images of structures produced with the presented process. Fig-

ure 4.2A shows a set of pillars with dimensions ranging from 30 to 150 µm laterally and from

400 to 500 µm in height. The ’EPFL’ logo in Figure 4.2B demonstrates the production of

complex geometries out of chalcogenide glass at the microscale, while the long channels

in Figure 4.2C show an aspect ratio (here defined as length over thickness) of around 80,

thus demonstrating a structure that might be used as an infrared waveguide embedded in a

fused silica substrate. Trapped gas bubbles found in the chalcogenide glass infiltrated PCFs

[209–212] were not observed here. However, we note that structures infiltrated here are not as

spectacularly long as those achieved in fiber infiltration and that the infiltration conditions

are not the same. Namely, the mold is at constant temperature (i.e. no thermal gradient as in
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the long PCFs) and the infiltration chamber is evacuated prior to melting and pressurization,

so that there is no gas trapping in the present experiments. Cracks might on the other hand be

present in the complex geometry samples of this work, given the changes in hue of the chalco-

genide glass in Figure 4.2B. It should be mentioned that the darker lines visible in Figure 4.2A-B

are typical surface texturing due to the laser machining followed by chemical etching of the

glass mold and therefore likely not defects from the infiltration process. The roughness of the

structures is defined by the femtosecond laser machining of the mold and depends chiefly

on laser parameters and the writing strategy used. When those are optimized, an average

roughness of about 100 nm can be achieved [98]. Therefore, the structures produced by the

presented method can fulfill optical quality requirements for applications in the infrared.

The samples of Figure 4.2A are characterized by performing both Raman and EDS to compare

the pristine with the infiltrated glass. Raman analysis (Figure 4.3A) shows spectra for the

fused silica substrate (in blue), the infiltrated chalcogenide (in red), the pristine chalcogenide

(in dark grey), and the interface between fused silica and the infiltrated chalcogenide (in

green). The Raman spectrum of the substrate matches with a typical Raman spectrum of

fused silica. It shows the main band (ω1), the symmetric stretching of the four-membered

silicon-oxygen ring structure (D1), together with signatures of the three-membered silicon-

oxygen ring structure (D2) and of the symmetric stretching mode of the Si-O-Si bridging

bond in Si(O1/2)4 tetrahedron network (ω3) at 440 cm−1, 490 cm−1, 606 cm−1, and 800 cm−1,

respectively [228, 229]. For comparison with the unmodified glass, the intensity of the D2

peak is measured relative to the ω3 peak intensity, which is known to remain constant with

respect to the overall Raman intensity [230]. The structure of glassy As2S3 consists mainly of

AsS3/2 pyramidal units linked by As–S–As bridges. The main band at 345 cm−1 is assigned to

the symmetric stretching vibrational mode of AsS3/2 pyramids [231]. Weak bands at around

185 cm−1, 228 cm−1, and 475 cm−1 are associated with bending modes in As-As homopolar

bonds within As4S4 clusters and S8 rings, respectively [232]. The atomic structure and related

properties of the chalcogenide glass depend on the fabrication history of the glass. As seen

in Figure 4.3A, there is no structural modification observed between pristine As2S3 and the

pressure-infiltrated As2S3. This shows that the final product is a glassy material, similar to the

raw material that was used for infiltration.

Finally, the Raman spectrum at the interface between the fused silica mold and the infil-

trated chalcogenide structure is taken, with a goal to spot eventual oxygen and sulfur exchange.

The sulfur oxygen vibrational modes were found in literature as follows: broad bands at 928

cm−1 and 620 cm−1 due to symmetric and asymmetric stretching of S-O and symmetric bend-

ing modes of O-S-O, respectively [233]; two broad peaks at 310 cm−1 and 370 cm−1 for the

bending S-O vibrations [234, 235]; molecular SO2 at room temperature O-S-O at 530-570 cm−1

[236]; and absorption bands at around 790 cm−1 and 800 cm−1 are due to oxygen impurity

in As2Sx glass [237]. No evidence of S-O bonds is observed in the measured spectrum, which

displays a blend of chalcogenide and fused silica characteristic peaks.

From the scanning electron micrograph in Figure 4.3B of one of the finer infiltrated features
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Figure 4.3: (A) Raman spectra of fused silica mold (in blue) and both pristine and infiltrated As2S3

chalcogenide (in dark grey and red, respectively), and at the interface between fused silica and infiltrated

chalcogenide (in green). The inset shows a schematic representation of the location of the measurement

on the sample. (B) SEM micrograph of a cross-section of a chalcogenide filled channel in fused silica

(the stain on the chalcogenide was caused by the acetone used before the SEM characterization and

the particles on the surface are residues from polishing), and (C) EDS measurement of the chemical

composition of mold and As2S3 after infiltration.

of this work (see the leftmost column in Figure 4.2A) one can conclude that an intimate, void-,

crack-, and reaction-free, sharp interface is formed between the chalcogenide glass and fused

silica, consistent with earlier investigations of As2S3 infiltration into fused silica [210]. The

same structure as in Figure 4.3B subjected to an energy dispersive x-ray spectroscopy analysis
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gives results shown in Figure 4.3C. The chemical composition measurement confirms that

the present infiltration process induces no change in stoichiometry, for both the infiltrated

chalcogenide glass and the fused silica mold. In particular, the composition of As2S3 is found

as 61.0 wt% arsenic and 39.0 wt% sulfur, which (considering the atomic weight of the com-

ponents) gives an atomic ratio of arsenic to sulfur of 2:3 with a negligible error of 0.15 %. As

for the Raman characterization, no evidence of species exchange between fused silica and

chalcogenide is found. This suggests that there was no chemical interaction between the

mold and the infiltrant. More advanced techniques such as transmission electron microscopy

equipped with energy-dispersive X-ray spectroscopy (TEM-EDS), electron energy loss spec-

troscopy (EELS), or electron probe microanalysis (EPMA) could be used for higher accuracy

measurements of eventual ion exchange.

After material characterization, the set of pillars shown in Figure 4.2A is polished to expose

both top and bottom surfaces. Then, a spectrum analyzer is used to compare the transmission

spectrum of pristine versus infiltrated As2S3. An ad-hoc mask is designed and machined in

fused silica through femtosecond laser exposure followed by chemical etching, after which it is

coated by sputtering with aluminum to obtain a broadband reflectance spectrum. The spectral

transmission measurement is first calibrated with only the mask in place while attenuating the

reference beam power to 1 %. Then, optical quality polished windows of pristine fused silica

and of As2S3 having the same thickness as the target sample are placed behind the mask and

analyzed. Finally, the fused silica mold with As2S3 infiltrated pillars is tested under the same

condition, i.e. with the mask positioned in front to let the light pass through only one specific

pillar (see Figure 4.4B-D) 500 µm thick and about 80x80 µm2 in cross-section. In addition, to

test the transmission with a mid-IR source, a CO laser beam is focused first on the mask alone

and then with the sample behind the mask. For precise measurement, the power is filtered

with a bandpass filter around 5550 nm before measuring with a thermopile sensor with a

sampling rate of 0.1 Hz for 5 minutes. The averaged results give an initial power through the

mask of around 2.4 mW that is then reduced to 1.4 mW when the sample is in place, resulting

in transmission efficiency of about 58%. The results are shown in Figure 4.4A.

In general, for the measured wavelengths, the infiltrated chalcogenide transmission spec-

trum follows the same trend as its pristine counterpart, albeit with a decrease in transmission

of around 20 %. We attribute the larger optical losses within the infiltrated sample to multiple

factors, including the polished surface roughness, diffraction losses due to shape mismatch

and/or alignment errors between the mask and the substrate, as well as the possible presence

of micro-cracks or other small volume defects that cannot be totally excluded. Finally, the an-

nealing conditions used here are probably different from those used by the glass manufacturer

and it is known that the optimization of such post-process operations is of great importance

for the performance of chalcogenide glass. For example, by applying a two-step annealing (soft

baking and hard baking), both optical and structural properties of As2S3 microstructures can

be enhanced [238], and optimizing the annealing temperature increases the IR transmittance

in As2S3 thin films [225].
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Figure 4.4: (A) Spectral transmission measurements of fused silica together with both pristine and

infiltrated As2S3. (B) and (C) optical micrographs of the chalcogenide infiltrated pillar (500 µm thick

and about 80x80 µm2 of cross-section) viewed in reflection, and transmission, respectively. (D) optical

micrograph of the hole in the aluminum-coated mask (the stains in the picture are an unexpected feature

of the aluminum coating). (E) Colored map of an optical micrograph in cross-polarized illumination of

the tested pillar. (F) Colored map of a FEA simulation of the stress distribution in the XY plane for the

geometry considered in (E), with a uniform 110 MPa pressure applied as indicated by the red arrows.

Figure 4.4E shows the colored map of the pillar in a cross-polarization illumination setup,

while Figure 4.4F illustrates the simulated stress distribution using finite element analysis
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(FEA) within the same pillar. When subjected to mechanical stress, even isotropic materials

such as fused silica become birefringent. Specifically, this stress-induced birefringence is

linearly proportional to the stress state in the material. Here, we take advantage of this charac-

teristic of the fused silica mold to qualitatively account for the presence of residual stress. Due

to the photoelasticity effect, the brighter portions of the image in cross-polarizers indicate

the presence of stress, with an intensity proportional to the light intensity. The presence of

internal stresses within the glass near the interface confirms that, after infiltration, we obtain a

composite with a strong, bonded interface between the two materials, as speculated from the

SEM observations (see Figure 4.3B). We note that this result differs from what was reported

in [211, 212], where a poor adhesion between As2S3 and silica was found. The reason for the

difference remains unclear at this stage.

The presence of stress at the interface originates from the difference in thermal expansion

coefficients (CTE) between the two materials, leading to a difference in shrinkage during solid-

ification and cooling. In the simulation shown in Figure 4.4F, we estimate the difference in

thermal shrinkage and the resulting level of stress by assuming a linear and isotropic behavior

in the two materials, and finally, we apply the analytically computed stress uniformly (red

arrows in Figure 4.4F) on the finite element model of the fused silica mold to obtain the actual

stress distribution in the plane perpendicular to the light propagation, i.e. XY.

For the calculations, the coefficient of thermal expansion (CTE) and the Young modulus of

chalcogenide glass are taken as 2.25·10−5 K−1 and 16.6 GPa (from [239]), respectively; while

for fused silica we use 5.8 ·10−7 K−1 and 72.5 GPa (from Heraeus). The resulting thermal stress

originating from the cooling and applied to the finite element model is estimated to be around

110 MPa. For certain geometries and cooling conditions, depending on its intensity, this stress

can result in the formation of cracks in the infiltrated structures, as is visible in the complex

geometry of Figure 4.2B given the variations in the hue of the As2S3 geometry. This issue

might be solved either by carefully optimizing the peak temperature and/or the cooling rate

during infiltration or in post-processing annealing and/or by using a glass mold with a CTE

similar to that of the infiltrant such as, for example, a borosilicate (i.e. 3.3 ·10−6 K−1, from

Schott). It is worth noting that in case of a change in mold substrate, the infiltrant properties

(as glass transition temperature and viscosity) and the process parameters (as temperature

and pressure) define the minimum feature size that can be infiltrated. Therefore, although

the parameters can be largely tuned, the ultimate constraints are set by the properties of

the materials chosen – within the equipment capability. More information on modeling the

pressure-assisted infiltration of chalcogenide in straight cylindrical holes can be found in

[210–212].

As a proof-of-concept, we demonstrate the potential of this infiltration process by testing

the long channels in Figure 4.2C as mid-infrared waveguides. After fine-polishing the sample

on both sides to expose both waveguide’s input and output (see schematic in Figure 4.5A ),

a Gaussian beam emitted by a QCL laser operating in continuous wave at 8.3 µm with 100

mW of output power is injected into the waveguide by the use of a high numerical aperture IR

lense. An IR camera and a beam profiler are used to collect, respectively, thermal images of

the set-up (Figure 4.5B-C) and the collimated beam at the output of the mid-IR waveguide

77



Chapter 4. Glass-in-glass infiltration

(Figure 4.5D). The observation of a beam profile at the output of the waveguide suggests that

the material quality and homogeneity in the waveguide is sufficient for guiding optical modes

at this wavelength. This result is in line with the quasi-perfect material properties match

between infiltrated and pristine chalcogenide, and previous results reported in literature [210–

212]. Noteworthy, the refractive indexes difference between the chalcogenide and the SiO2

at 8.3 µm yields a very high numerical aperture (NA) waveguide. Therefore, with the optical

element used for the output beam collimation, the NA of the lens limit the collection efficiency.

The expected, theoretical beam-size on the beam profiler (assuming a 50 µm beam-size at the

waveguide output) is of 2.4 mm where 0.65 mm is measured. The discrepancy is attributed to

the high confinement of the beam in the waveguide due on one hand to the large refractive

indexes difference, and on the other hand, to the sensitivity of the profiler and the collection

optics not been optimized for the waveguide dimensions.

Figure 4.5: Mid-IR waveguides testing. (A) Schematic of the setup used for testing the long channels of

Figure 2C after fine-polishing them on both sides (3.5 mm long and about 50x50 µm2 of cross-section).

Thermal images - top view (B) and lateral view (C) - of the setup showing the specimen under test and

the beam input and output. (D) Collimated beam intensity profile image of the multimode waveguide

output.

As shown by the samples presented above, the process enables the fabrication of three-

dimensional chalcogenide structures in fused silica with micrometric precision. This in-
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novation opens to innovative designs and further integration in the context of broadband

photonics by offering a means to produce sub-mm components such as 3D waveguides,

tapered or not, lenses, etc. all embedded in a robust silica substrate, that itself may contain

additional features such as fluidic channels [19–24] or mechanical elements [101, 106]. To cite

one example, such components are particularly interesting for mid-IR spectroscopy applica-

tions.

Regarding resolution, the smallest structure produced in this study is about 30 µm in size;

however, it is possible to push such limits further by tuning parameters such as the pressure

used during infiltration or the viscosity of the infiltrant, which for glass depends greatly on

temperature. As an illustration, with the same infiltration process, we have demonstrated

infiltration of poorly wetting metals such as silver and gold into glass molds having features

around 2 µm in size [129].

Finally, in this demonstration we employed As2S3 as a chalcogenide glass for its high glass-

forming capability; however, we have not explored how high the glass-forming ability needs

to be for the resulting infiltrated glass to always be amorphous in structures such as those of

this work. We thus believe that there is scope to transpose the same concept to other glass

systems, both within and outside the chalcogenide family, provided the following limitations

are respected: (i) the infiltrant and the substrate are not to react mutually at the infiltration

temperature, and (ii) the infiltrant must have a glass transition temperature lower than that of

the substrate, such that there be sufficient contrast between the (low) infiltrant viscosity and

that of the (solid) mold to be infiltrated.

4.4 Summary and conclusion

In summary, we introduce a manufacturing technique by which one can fabricate microscale

3D chalcogenide microstructures embedded in fused silica. The process starts by carving a

three-dimensional interconnected pattern into a fused silica mold using femtosecond laser

exposure followed by chemical etching. The fabricated glass mold cavities are then filled with

the second glass by pressure-assisted infiltration. As a proof of concept, As2S3 was employed;

microstructural examination confirms the consistency of material properties before and after

the infiltration.

The resulting silica-chalcogenide composites offer a high index contrast combination over

a broad spectrum, with the silica mold acting as a mechanically and chemically resistant

support and protection for the chalcogenide glass. This, together with the fine-scale 3D

freeform capability of the presented manufacturing method, opens a wide range of broadband

photonic applications for structures of the type presented here.
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In this thesis work, we experimentally demonstrated novel micro-infiltration techniques en-

abled by the micro-fabrication of 3D glass molds by femtosecond laser-assisted chemical

etching. The possibility to infiltrate freeform structures of metals and glass inside a single glass

substrate paves the way for novel concepts of devices with unprecedented design freedom.

The development of these micro-infiltration techniques, included the investigation and opti-

mization of the femtosecond laser-assisted chemical etching process.

There, we introduced a novel etchant with better etching performances than commonly used

ones, and at the same time, more environmentally sustainable. Specifically, we unraveled a

low laser-fluence etching regime that enables an order of magnitude increase in processing

speed, while maintaining (or overcoming) maximum achievable aspect ratios reported so

far. On a more fundamental point-of-view, we experimentally proved that in a low-fluence

regime the selective etching is dominated by the presence of molecular defects, and not by the

presence of nanogratings.

5.1 Main results

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

1. Evidence a low exposure-dose regime

The maximum performance of femtosecond laser-assisted chemical etching has been repeat-

edly reported to be around 15 J/mm2 for the commonly known etching solutions, i.e. HF

2.5 %vol and KOH 45 %wt. We have shown that a sodium hydroxide (NaOH) solution 5 %wt

can outperform hydrofluoric acid as well as potassium hydroxide solutions, both in terms of

selectivity and etching rate. Interestingly, we found a low exposure-dose regime with a peak

around 1.5 J/mm2 that surpasses (for KOH) and equals (for HF) etching performances at 15

J/mm2. This result is of practical importance as the reduction of laser deposited energy by a

factor of ten, enables ten times faster inscription.

2. Evidence of a defect-driven selective etching process

Femtosecond laser inscription of fused silica induces material modifications that enhance the

etching rate for certain chemical solutions. So far, the etching selectivity was observed in an

exposure dose regime (above 10 J/mm2), where micro-structural self-assembled modifications

known as nanogratings (i.e. alternating porous and densified nanoplanes). Consequently, and

due to the apparent correlation, the origin of induced etching selectivity has been associated,

mainly with an increase in active surfaces and percolation due to the formation of porous

interconnected nanoplanes. Here, we have demonstrated that for the low exposure dose

regime, the etching selectivity is governed by the presence of molecular defects, and not by
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the presence of nanogratings. This discovery shows that etching selectivity is induced by the

combination of at least two factors: (i) molecular defects, and (ii) porosity and percolation.

These two factors are interacting and influence the etching rate at any level of deposited

energy, although one or the other may dominate for certain exposure regimes or etchants.

Quite unexpected and most remarkable is the fact that even for the low-exposure dose

regime, with an etching-selectivity mainly driven by defects, the etching rate is strongly de-

pendent on the laser polarization direction, and thus, the electrostatic field orientation. This

observation hints at the presence of a self-organized network of defects, observed with a num-

ber of pulses per micron and energy significantly lower than what was considered up to now.

This observation questions not only our true understanding of the femtosecond laser-driven

etching but also the onset for the formation of laser-induced self-organized structures and

their nature. When does self-organization begin?

3. Micro-infiltration of metals

We introduced a freeform manufacturing process combining femtosecond laser glass micro-

machining and metal pressure infiltration. The process is suited for any metal which has a

melting point below the softening point of silica and which does not react with the substrate.

Among these metals, we successfully demonstrated the infiltration of silver, gold, copper,

and their alloys of geometrically complex interconnected multiscale components up to a few

millimeters in size and with micrometric resolution. Further, we engineered a process method-

ology to manufacture freeform glass-metal composites and to achieve multiple infiltrations in

the same substrate, while demonstrating the process ability for large-scale production rates

compared to existing 3D metal-printing technologies.

The resulting glass-metal combinations enable new device architectures for microtechnol-

ogy applications in fields such as electro-optics, optomechanics, and micro-mechanics. In

addition, by dissolving the mold, this process offers a pathway for fabricating complex metallic

parts of high geometrical complexity and with micron-feature sizes that cannot be produced

by classical lithographic approaches.

4. Micro-infiltration of IR glass

We explored the compatibility of the micro-infiltration process with infrared glass systems.

In particular, we demonstrated the fabrication by pressure-assisted micro-infiltration of 3D

freeform chalcogenide structures in a fused silica mold. The resulting silica-chalcogenide

composites offer a high-index contrast combination over a broad spectrum, with the silica

mold acting as a mechanically- and chemically-resistant substrate, protecting the otherwise

fragile chalcogenide glass. This, together with the 3D resolution capability of the manufactur-

ing method, opens new opportunities for broadband mid-IR photonic applications.
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Chapter 5. Conclusion

5.2 Discussion and outlook

When does self-organization begin?

The study on femtosecond laser-induced selective etching of glass presented in chapter 2

raises a fundamental question related to the origin of self-organization. In the debate between

models involving plasma-laser interference versus models relying on ’nanoscale’ field-effect

enhancement, our observations suggest a more complex picture than previously thought.

An interesting question is for instance to know if some levels of self-organization are already

present after the first pule. Experimentally, this question can be answered for example, by

single pulse exposure at low-pulse energy. The difficulty remains in the detection of these few

defects and their distributions in the focal volume. A possible characterization may involve

brief NaOH etching combined with SEM backscattered microscopy.

New materials for micro-infiltration

A key advantage of infiltration is the diversity of materials choices. However, such a character-

istic is not trivially inherited when scaling down to the micron-scale. Here, we experimented

micro-infiltration in fused silica, with some selected infiltrants: noble metals and their alloys

and one composition of chalcogenide glass.

For the substrate, a better choice would be Al2O3 (sapphire) that is one of the most stable

materials, both chemically and thermally. Unfortunately, at this stage, it remains difficult

to pattern in 3D. Another alternative material substrate is borosilicate glass, for which fem-

tosecond laser 3D glass micromachining has been demonstrated [25, 69, 240–243]. Although

having a significant lower-softening point than fused silica, which limits the possible choice

of materials to materials with a melting point below 500◦C, it offers the advantage of having

a CTE higher than silica, and therefore, closer to the CTEs of infiltrants. Thus, the effect of

thermal stress can be substantially decreased.

For metal infiltrants, the interest is in expanding the choice towards alloys than pure metals,

for example, for applications in micro-mechanics. The main challenges being (i) the chemical

reactivity and (ii) the high melting temperature of certain alloying metals such as chromium,

nickel, copper, manganese, tungsten, and others.

For glass infiltrants, the demonstration of chalcogenide micro-infiltration in fused silica

opens to a multitude of other compounds, that can be synthesized ad hoc to have a large

glass-forming ability, compatible with the infiltration process. In particular, the interest is in

transposing the same manufacturing concept to other chalcogenide or tellurite compositions.

The latter has interesting characteristics, such as ultra-high Kerr nonlinearity, broadband

infrared transmission, and large rare-earth elements solubility.

Towards applications

In the context of applying these micro-infiltration processes to 3D-integrated micro-device

architectures, we provide a few possible research directions.

Infiltrating highly conducting structure of noble metals can be used for designing freeform
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electrodes, embedded in a glass. Acousto-optic effects for almost any 3D retardance patterns

can be envisioned by taking advantage of the birefringent nature of fused silica coupled with

actuating principles such as electrostatic force and electrostriction, combined with the al-

ready present thermal stress. Alternatively, by the use of thermal poling (i.e. electro-thermal

treatment to break the centrosymmetry of glass and obtain a non zero value of χ(2)) one could

design arbitrary second-order nonlinearity domains inside a glass for applications in electro-

optics such as quasi-phase-matched (QPM) modulators or higher harmonics generation.

The infiltration of different glass systems inside a more mechanically and chemically stable

glass substrate such as fused silica enables the 3D manufacturing and integration of no-

tably weak and reactive compounds such as chalcogenides and tellurites. Despite their poor

mechanical and chemical properties, those glass systems present an extremely broadband

infrared spectrum and very large Kerr non-linearity (χ(3)). A multitude of micro-optical ap-

plications can be envisioned such as integrating 3D infrared waveguides, photonic lanterns,

and lenses, but also - taking advantage of high rare earth element solubility - freeform shaped

lasing cavities, or even devices for electro-optic phase modulation or supercontinuum genera-

tion.

5.3 Personal contributions

The work presented in this thesis was a collaborative effort and the result of teamwork.

All started after the conception, chiefly by Prof. A. Mortensen and Y. Bellouard, of micro-

infiltration as a combination of femtosecond laser micromachining of glass molds and

pressure-assisted metals infiltration.

In this context, my objective was to explore the use of micro-infiltration for the integration

of metals and glass 3D structures inside a glass substrate for applications within the broad

photonics field. My principal roles were (i) to optimize femtosecond laser-assisted chemical

etching as a process to prepare 3D glass molds, (ii) to investigate the micro-infiltration as a

means of integrating metallic and infrared glass 3D structures into fused silica. While I was

the main contributor to the study on femtosecond laser-assisted chemical etching (chapter 2),

I collaborated closely with Luciano Borasi, in the laboratory of Andreas Mortensen, for the

development of the micro-infiltration process both for metals (chapter 3) and glass (chapter 4).

Luciano Borasi optimized the infiltration stage and performed the materials characterization

of the metallic components. Finally, in the micro-infiltration of glass-in-glass (chapter 4), the

experience of Gözden Torun in glass characterization was a key to the success of the project.
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