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Introduzione

La Microfabbricazione con Laser a Femtosecondi (FLM) & una tecnica ver-
satile che negli ultimi due decenni ha avuto un ampio e profondo sviluppo.
L’intensita di picco estremamente alta associata agli impulsi laser ultrabrevi li
rende particolarmente attraenti per produrre modifiche localizzate permanenti
su diversi tipi di materiali. Tra questi, i materiali trasparenti meritano particolare
considerazione. In un materiale trasparente, infatti, dove il gap energetico tra le
bande & superiore all’energia dei fotoni incidenti e percio 1’assorbimento lineare
& soppresso, l’assorbimento puod avvenire solo tramite processi non lineari. Se il
fascio laser e focalizzato in un punto all’interno del volume del materiale, tali
processi accadono solo in una piccola regione attorno al punto focale, creando
un piccolo centro di assorbimento dove I’energia puo localmente depositarsi
e produrre modifiche permanenti. Muovendo la posizione relativa del fuoco
rispetto al campione € possibile microfabbricare geometrie tridimensionali di
quasi arbitraria complessita.

In diversi tipi di vetro, I’esposizione a impulsi a femtosecondi puo portare,
se correttamente eseguita, ad un aumento localizzato e permanente dell’indice
di rifrazione, e cido consente di scrivere guide d’onda ottiche all’interno del
materiale. Questa fu una delle prime scoperte nella storia della FLM, e al giorno
d’oggi con questa tecnica vengono realizzati circuiti fotonici di grande com-
plessita. Le loro applicazioni includono, tra gli esempi di maggiore rilievo,
I'implementazione di protocolli di informazione quantistica dove gli stati quan-
tistici sono codificati su singoli fotoni e le operazioni sono eseguite tramite
opportuni schemi interferometrici.

Draltro canto, la formazione di peculiari nano-fratture periodiche nel fused
silica e alcuni altri vetri e stata sfruttata per lo sviluppo di una tecnica in due step
denominata FLICE (Irraggiamento con Laser a Femtosecondi seguito da Etching
Chimico), in cui il vetro viene prima irraggiato e successivamente immerso
in acido fluoridrico, in modo che le parti irraggiate vengano selettivamente
scavate. Questo ha consentito la realizzazione di canali sepolti che hanno trovato
applicazione nella microfluidica. In particolare, I'integrazione di componenti
ottici e microfluidici nello stesso substrato ha aperto la strada a dispositivi
lab-on-a-chip optofluidici capaci di eseguire analisi microbiologiche in modo
efficiente e compatto.

Entrambe le applicazioni traggono grande beneficio dalla possibilita di
riconfigurare le proprieta ottiche del dispositivo. Molto recentemente, & stata
dimostrata una tecnica per eseguire modulazione di fase in circuiti ottici scritti
con laser a femtosecondi. Si fabbricano dei resistori d’oro sulla superficie del
substrato di vetro per creare dei micro-riscaldatori, e si sfrutta l'effetto termo-
ottico per modificare I'indice di rifrazione e dunque il cammino ottico della
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guida, fino ad uno shift completo di 27r. I limiti principali di questa tecnica sono
la dissipazione di potenza per il funzionamento in continua, il crosstalk termico
tra i resistori, ma soprattutto una limitazione intrinseca della banda dovuta
al tempo di diffusione termico. I tempi di riconfigurazione sono tipicamente
nell’ordine di decine o centinaia di millisecondi.

L’idea fondamentale alla base di questo lavoro e di ottenere una modu-
lazione ottica sfruttando effetti meccanici anziché termici. Una modulazione
optomeccanica potrebbe infatti essere la soluzione per superare le limitazioni
degli shifter termici attualmente in uso, poiché le strutture micromeccaniche
possono trarre vantaggio dal loro comportamento intrinsecamente risonante per
raggiungere regimi molto piu veloci, avendo frequenze di risonanza tipicamente
nell’ordine di 10* 0 10° Hz.

Nell’ambito di questo progetto, ci prefiggiamo di realizzare un modulatore
di intensita optomeccanico tramite l'integrazione di una guida d’onda all’interno
di un cantilever (cioé una struttura con un’estremita libera oscillante). La guida
attraversera il cantilever per tutta la lunghezza, di modo che I’oscillazione del
cantilever causi un disallineamento delle due estremita della guida. Il disallinea-
mento produrra un disaccopiamento dei modi guidati, percio il movimento
meccanico si tradurra in una modulazione dell’intensita ottica trasmessa.

Nel primo capitolo di questa tesi diamo, senza pretesa di esaustivita, una
breve panoramica sulla teoria e le applicazioni dei risonatori micromeccanici.
Ci concentriamo principalmente sulla dinamica del cantilever e introduciamo
un semplice modello di oscillatore armonico per dare conto del suo comporta-
mento a risonanza. Discutiamo poi il concetto di quality-factor e alcuni modelli
teorici che cercano di darne una previsione a priori. Il Capitolo 2 introduce i
fondamenti della Microfabbricazione con Laser a Femtosecondi. In dettaglio,
discutiamo la scrittura di guide e confrontiamo la FLICE con altre tecniche di
microstrutturazione, in particolare 1’ablazione a contatto con acqua. Passiamo
poi al Capitolo 3 per dare una breve descrizione del nostro apparato sperimen-
tale e i diversi setup impiegati per la caratterizzazione di un dispositivo. Nel
Capitolo 4 discutiamo la progettazione del nostro modulatore optomeccanico:
ne spieghiamo i principi fisici, ne individuiamo le proprieta critiche, discutiamo
la scelta del substrato e, di conseguenza, la scelta della tecnica di microstrut-
turazione. Infine, i nostri risultati sperimentali sono presentati nei capitoli 5 e
6.

Dimostreremo 1’ottimizzazione della tecnica di ablazione a contatto con
I'acqua, la sua applicazione per rimuovere efficientemente porzioni significative
di volume, ed il suo utilizzo per la fabbricazione del cantilever. Descriveremo il
processo di caratterizzazione delle proprieta statiche e dinamiche del cantilever
e forniremo modelli teorici in grado di predire con ottima accuratezza i nostri
risultati sperimentali. Dimostreremo una modulazione del segnale dell’ordine
del 10%.
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Introduction

Femtosecond Laser Micromachining (or FLM) is a versatile technique that
has shown in the last two decades a profound and widespread development.
The extremely high peak intensity associated to ultra-short laser pulses renders
them particularly appealing for producing permanent, localized modifications
on several types of material. Among these, transparent materials deserve special
consideration. In a transparent material, where the energy bandgap is larger
than the energy of the impinging photons and linear absorption is therefore
suppressed, absorption can only take place through nonlinear processes. If the
laser beam is focused in a point deep in the bulk of the substrate, such processes
happen only in a very narrow region close to the focal point, creating a small
absorption spot where energy is locally deposited and can lead to permanent
modifications. By moving the relative position of the focal point with respect
to the sample, micromachining with almost arbitrary and three-dimensional
geometry becomes possible.

In several types of glass, the exposure to femtosecond pulses can lead, when
properly executed, to a permanent and localized increase of refractive index
which enables to write optical waveguides within the bulk of the substrate. This
was among the early discoveries in the history of FLM, and nowadays inte-
grated photonic circuits of great complexity can be realized. Their applications
include, among the most prominent examples, the implementation of quantum
information protocols where quantum states are encoded in photons and the
operations are performed by suitable interferometric schemes.

On the other hand, the formation of peculiar self-organized nanocracks was
exploited in fused silica and few other glasses for the development of a two-step
technique called FLICE (Femtosecond Laser Irradiation followed by Chemical
Etching), where the glass is first irradiated and subsequently immersed in hy-
drofluoridric acid, so that the irradiated regions are selectively etched. This
enables the realization of buried channels that have found application in mi-
crofluidics. In particular, the integration of microfluidic and optical components
on the same substrate has opened the way to optofluidic lab-on-a-chip devices
capable of performing microbiological analysis efficiently and compactly.

Both applications greatly benefit from a reconfigurability of the optical prop-
erties of the device. Very recently, a technique for performing phase modulation
in femtosecond laser-written circuits has been demonstrated. Gold resistors are
fabricated on top of the glass substrate to act as local heaters, and the thermo-
optic effect is exploited to change the refractive index and thus the optical path
of the waveguide, up to a complete phase shift of 2. The main drawbacks
of this technique are the power consumption in DC operation, the thermal
crosstalk between heaters and, most importantly, an intrinsic bandwidth limita-
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tion due to heat diffusion time. Reconfiguration times are tipically in the order
of tens or hundreds of milliseconds.

The fundamental idea at the basis of our work is to obtain optical modu-
lation by exploiting mechanical effects, rather than thermal. Optomechanical
modulation could be indeed the key to overcome the fundamental limitations
of the currently employed thermal shifters. In fact, micromechanical structures
can take advantage of their intrinsic resonant behavior to achieve much faster
operation, as their frequency of resonance are tipically in the order of 10* to 10°
Hz.

Here we aim at the realization of an optomechanical intensity modulator by
integrating a straight waveguide within a cantilever structure. The waveguide
will cross the cantilever along its whole length, in such a way that the oscillation
of the cantilever will cause a misalignment of the two extremities of the waveg-
uide. The misalignment produces a decoupling of the guided modes, hence
the mechanical movement will translate into a modulation of the transmitted
optical intensity.

In the first chapter of this work we give, with no claim of completeness, a
brief review on theory and applications of micromechanical resonators. We
specifically focus on the dynamics of a cantilever beam and we introduce a
simple harmonic oscillator model to account for its resonant behaviour. We then
discuss the concept of quality factor and some theoretical models that try to
give a-priori predictions. Chapter 2 introduces the fundamentals of Femtosec-
ond Laser Micromachining. In detail, we discuss waveguide writing and we
compare the FLICE technique with other microstructuring techniques, namely
water-assisted ablation. We then move to Chapter 3 to give a brief description
of our experimental apparatus and the different setups employed for the charac-
terization of a device. In Chapter 4 we discuss the design of our optomechanical
modulator: we explain the physical principles of operation, we individuate its
critical properties, we discuss the choice of substrate and, consequently, the
choice of microstructuring technique. Finally, our experimental results will be
presented in Chapters 5 and 6.



Chapter 1

Micromechanical resonators

Sensors based on mechanical resonators are widely used for the most di-
verse applications [1]. These devices work by coupling the physical quantity
of interest to a measurable modification of the mechanical properties of the
transducer. Resonant structures are particularly appealing for this task, as their
behaviour (in terms of amplitude, frequency and phase) can be very sensitive
to such modifications and at the same time provide great flexibility. The de-
velopment of silicon-based micro- and nanotechnologies witnessed in the last
three decades has allowed an extreme miniaturization of such components
into micro(nano)electromechanical systems (MEMS). These have been able to
provide compact, high precision, low cost sensors and actuators that are now
some of the most pervasive technology available, finding as much application in
aerospace and defence as in everyday life devices [2]. The integration of optical
components in micro-opto-electromechanical systems (MOEMS) has emerged in
recent years as new, promising ground for further innovation [3].

In the following, we shall briefly recall the theory of harmonic oscillations
through the well-known problem of the one-dimensional damped mass-spring
system. This theory is generally applicable to almost any mechanical resonator
and, despite its simplicity, provides valuable insights into the mechanisms of
resonance, allowing for a simple formal definition of the quality factor (often
abbreviated in Q-factor) of the resonator which, as later discussed, is its single
most important figure of merit in almost any practical application. We then
move to the actual description of the physics of cantilevers. We present a simple
theoretical model than accounts for its static and dynamic behaviour, where
we show that the cantilever can be indeed idealized as a 1D harmonic oscillator
and we discuss the limits of validity of such model, particularly regarding the
modelling of damping due to air friction. Finally, we shall briefly review some
state of the art regarding cantilevers’ fabrication processes, readout methods
and applications.
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1.1 Theory of harmonic oscillations

1.1.1 One-dimensional damped mass-spring system

Let us consider the system schema-

tized in FIG. 1.1. When the mass is dis-

placed from its rest position, the spring K m

exerts a force Fypring = —kx where k is 0

the elastic constant. Let us further as- ‘ X

sume that viscous drag is present, for

example due to air friction, that is op- FIGURE 1.1: Damped mass-spring sys-
posite and proportional to the velocity —tem. The rest position of the spring is
of the body through a linear coefficient 2ssumed to be in the origin of the axis.

7y called viscous friction coefficient, so that

Fyrag = —7X. Finally, let us introduce some external force F that acts on the
mass, and the equation of motion of the system reads as

mi =—yx—kx+F (1.1

Actually, the most commonly employed form of Eq. (1.1) is the following

%+ 2Fwox + wox = f (1.2)
where
wo=Vk/m; ¢ =v/2mwy; f=F/m. (1.3)

wy is called natural frequency (or resonance frequency), ¢ is called damping coefficient.
The response of the system can be solved in terms of sinusoidal components.
A convenient tool to perform such analysis is the Laplace transform, which
is commonly used to describe dynamic systems and to quickly evaluate and
compare their responses. In the Laplace domain, Eq. (1.2) reads as

()= 52 1)) (14)

82+ 2Cwps + wo?

where
1

- s2+ 266005 + (4)02

T(s)

is the transfer function of the dynamic system. The fundamental theorem
of frequency response states that when an asymptotically stable linear-time-
invariant system is fed with a sinusoidal input of the form f(t) = A sin(wt + ¢),
the output is in the form x(¢t) = Bsin(wt + ¢), where B = A|T(jw)| and
Y = ¢ +arg(T(jw)). In other words, the frequency response of the system
if fully determined (both in amplitude and phase) by the form of its transfer
function. The Bode diagram, where amplitude and phase are both plotted in
logarithmic scale versus the angular frequency, is commonly employed to eval-
uate frequency responses. The Bode diagram associated to the transfer function
of Eq. (1.5) is shown in FIG. 1.2 for wy = 10 krad s~ ! and three values of &. The
amplitude peaks and the abrupt 77-phase-shift around wy are typical of resonant
behaviour. FIG. 1.2 clearly shows that the height of the peak increases when ¢
decreases. This is a general property of underdamped (¢ < 1) systems.

(1.5)
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Bode Diagram

T

N B

o o o
T
s
1 1

Magnitude (dB)

N

o
T

!

A
o

Phase (deg)
© A
o (&) o
[

KR

w

[6)]
T

N
(o)
o

10°

[y
o
w

Angular frequency (rad/s)

FIGURE 1.2: Frequency response of a damped harmonic oscillator with wy = 10 krad s~!
and ¢ = 0.1 (dashed line), { = 0.05 (dash-dot line), { = 0.01 (continuous line). Amplitude
is normalized to its value in stationary condition.

1.1.2 Quality factor

As we mentioned, the Q-factor is the single most important figure of merit
of a resonator. Its formal definition is not univocal in literature, as the definition
is often adapted to the particular application or to the theoretical approach (see
for example [4] and [5]). Its physical meaning, however, is absolutely clear and
profound, and is twofold:

e the Q-factor is a measure of how much the frequency response of the
device is peaked around its resonant frequency: a higher and narrower
peak corresponds to a higher Q-factor;

* the Q-factor is a measure of how much energy the resonator loses per-
cycle with respect to its total energy: smaller losses correspond to higher
Q-factors.

In this work, we will consider the Q-factor as defined by

wo
=— 1.6
Q AwrwHM (16
where Awpwpy is the full width of the peak at 1/ V2 of the amplitude maxi-
mum (that is 1/2 of the power maximum, hence the acronym full width at half
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maximum). For a simple harmonic oscillator with small damping (thatis { < 1),
it is rather straightforward to demonstrate, starting from the transfer function
of Eq. (1.5), that

wo 1

= == 1.7
Awpwam 28 17)

and that the amplitude peak corresponds to

. 1 Q
Tmax = |T(](Umax)| = W = (,Uioz (18)
where

Wmax = woy/1 — 22 (1.9)

A system with smaller damping factor (meaning smaller energy losses) has a
higher Q-factor. A higher Q-factor produces a narrower resonant peak and a
larger amplification factor, as given by Tax. In Sect. 1.4.3 we shall give a brief
but meaningful example of its great importance for applications.

1.2 Micro-cantilevers

A cantilever is a beam anchored at one extremity and free at the other. The
static and dynamic behaviour of such structure are among the archetypical
and most extensively studied problems of structural mechanics. Cantilever-
like structures have been largely used for sensing application for long time
[1] because of their simple and predictable behaviour, but their brake into
large-scale market is mostly connected to the invention of AFM (Atomic Force
Microscopy) in 1986 [6]. Nowadays, the most common implementation of
AFM is based on amplitude-modulation (AM) resonant operation [7], whose
resolution entirely depends on the quality-factor of the cantilever (see Sect. 1.4.3
for a brief example). In addition, cantilevers find applications in an wide variety
of other fields, particularly in force sensing and chemical and biological sensing
[8]. Cantilevers made of piezoelectric materials have recently emerged as a
promising tool for energy harvesting: some external mechanical energy (like
the vibrations of a watch on a person’s wrist) is coupled to the oscillation of the
beam and transformed into deformation energy of the piezo, which turns it into
an electric potential [9].

What most applications have in common is that they rely on the well-known,
easily predictable resonant behaviour of the beam. All their figures of merit
(sensitivity of the sensors, efficiency of the energy harvesters, and so on) are
strongly dependant on the Q-factor of the resonator, which has therefore been
the object of extensive theoretical and experimental investigation (see Sect. 1.3).

1.2.1 Statics

The physics of the cantilever is treated in any structural mechanics textbook
under the so-called Euler-Bernoulli beam theory [10], which we brefly recall
here. Let us consider a simple rectangular beam such as the one depicted in FIG.
1.3 and let us define the length L, the thickness t and the width w (thickness
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and width are usually defined as the dimensions respectively parallel and or-
thogonal to the direction of bending).

The deflection of the beam is de-

fined by the quantity u,(x), which

describes the displacement in z-

direction of the beam as a function

of the distance from its base. Under

the hypothesis of small deflection and {
of only lateral loads, the deflection fol-

lows the Euler-Bernoulli equation

Ll <E1d2”(")> =g.(x) (1.10) vy

dx? dx?
FIGURE 1.3: Rectangular cantilever beam

where q:(x) is a distributed load (i.e. 00 .00 g O

a force per unit length) acting along z,

E is the elastic modulus of the mate-

rial and I is the second moment of area of the beam’s cross section. For a beam
oriented along x and loaded along z, I is defined as

= //A 2 dydz (1.11)

where the origin of the axis must be set in the centroid of the beams’s cross
section. For a beam of rectangular section as the one we are considering, the
previous expression trivially simplifies into

p= vt
12

Furthermore, for beams with constant section and large length-to-thickness
ratios I can be considered constant and so is the product EI (also called flexural
rigidity of the beam), therefore Eq. (1.10) simplifies to

d*u(x)
dx*

from which the actual bending of the beam can be easily computed alongside
the corresponding mechanical stress on the structure.

In the case of a point-like force F acting at the extremity of the beam, the
solution for the displacement u(x) is easily calculated as

(1.12)

EI =q(x) (1.13)

u(x) = %xZ (1 - 3XL> F. (1.14)

The maximum deflection of the beam is at x = L and is a linear function of the
force, therefore an equivalent spring constant for the cantilever can be defined

as
3EI _ Ewt®

L2 T 413
such that u(L) = F/kcant, which justifies the idealization of the cantilever as a
mass-spring system.

(1.15)

kcant =
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1.2.2 Dynamics

The Lagrangian of the system is

1 [fou\> 1 2u\?
c=gu(5) —zEi(5a) +aouten - 116

1 1
=3 yuz ~3 Eluy? + qu = L(t, 1,1, Uxy)

where p is the linear mass density (mass per unit length) of the beam, # is
the first time derivative of u and u,, is the second x-derivative of u. The first
term is clearly associated to the kinetic energy, the second to the elastic flexural
potential, the third to the work of the distributed load. The generalized Euler-
Lagrange equation for this form reads as

oL 0 (dL 02 (oL
The derivatives are trivial to compute and result in
oL oL . oL
i q; 5= ui; T Elu,y (1.18)

which plugged into Eq. (1.17) give

92 %u 9%u

which, in the static case, correctly simplifies into Eq. (1.10). Again, for a
rectangular beam of constant cross section with large length-to-thickness ratio,
the flexural rigidity EI is constant, therefore the final equation of motion of the
beam reads as

otu 0%u

Eloa =t 0

(1.20)

Let us now consider the case of free oscillations, where g = 0, and Eq. (1.20)
is further simplified in
otu 0%u

g tige

=0. (1.21)
Let us approach the solution through the Fourier decomposition and write u as
u(x,t) = Re [i1(x)e'™"] (1.22)

where w is the angular frequency of vibration. Then Eq. (1.21) simplifies into
the ordinary differential equation
ot 9.
EI@ —uwhd =0 (1.23)

whose general solution is in the form

il = Aq cosh(Bx) + Ay sinh(Bx) + Az cos(Bx) + Ay sin(px) (1.24)
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where B = {/pw?/EI. To determine the final solution we need to impose four
boundary conditions. For a cantilever beam these are

o d*a
" dx?

%
dx

e
" dx3

x=0

=0. (1.25)
x=L

ﬁ‘x:O =0;

x=L

The first two conditions refer to the base of the beam being clamped, so that it
cannot move from its position (i1(0) = 0), and the surface must keep parallel
to the base (1 (0) = 0). The third and fourth imply that the free extremity of
the beam is subjected to no bending moment and no shear force. Now, non
trivial solutions of Eq. (1.24) exist only for cosh(B,L) cos(B,L) +1 = 0. This
equation needs to be solved numerically, and the first few roots are f1L = 1.875,
B2L = 4.694, B3L = 7.855. Then by the definition of g we finally find our
eigenfrequencies as

El
Wy = Bu?y | — (1.26)
H
Writing B as a function of L, substituting I with its expression from Eq. (1.12),
and expressing the linear density u as a function of the material density y =
0A = owt, the final formula for the first eigenfrequency of the cantilever is

1.015 ¢ E
h=5r12\% (1.27)

The theory we briefly discussed here allows an immediate understanding
of the problem and provides a simple formula for the eigenfrequencies and
the analytical shape of the eigenmodes. We should emphasize, however, that
it is intrinsically limited by a series of approximations that are related to the
simplicity of the geometry considered. With more complex geometries, retriev-
ing analytical solutions quickly becomes impractical. Furthermore, even in the
simple rectangular beam case, it is not immediate to retrieve more complex
information as, for instance, the stress distribution in the region close to the base
of the beam, or the shape and frequencies of the torsional modes. It is therefore
greatly convenient to be equipped with some more sophisticated simulation
software, as will be shown later in this work.

1.3 Quality factor of micro-cantilevers

1.3.1 Validity of the 1D harmonic oscillator model

The Q-factor of cantilevers, or generally their frequency response, has been
the object of extensive theoretical and experimental investigation for decades.
We should emphasize that the theory we presented in Sect. 1.2.2 retrieves
eigenfrequencies and eigenmodes, but does not account for any damping mech-
anisms, so nothing can be inferred about the Q-factor. Some basic, general
concepts can be inferred, instead, by going back to the harmonic oscillator
model, specifically referring to Eq. (1.7). The Q-factor was proved to be in-
versely proportional to the damping coefficient ¢, whose definition was given
in Eq. (1.3) as § = p/2mwy. The damping coefficient is proportional to viscous
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friction and inversely proportional to mass and frequency. Viscous friction is
absolutely not trivial to calculate (see next section) and depends on the geometry
of the beam, but it has been shown to be mostly connected to the cross-sectional
area of the beam with respect to the direction of bending (that would be A = wL
in FIG. 1.3). It is obvious to see, therefore, that a thicker cantilever, which has at
the same time a larger mass and a larger resonant frequency, as by Eq. (1.27),
will have a smaller damping coefficient, therefore a higher Q-factor. Similar
reasoning can be done for shorter cantilevers, and the conclusion is a general
rule of thumb that, when the main dissipation mechanism is external viscous
friction, stiffer resonators have higher Q-factors. The problem is that, in many
applications, stiff cantilevers are impractical. The technological challenge is,
therefore, obtaining cantilevers with high Q-factor but low resonant frequency.

The real problem of damping is, however, much more complicated than
that. For instance, it is well known that, when damping increases, the resonant
frequency of the cantilever measurably decreases, as clearly shown in [11] and
[12]. Eq. (1.9) shows indeed that wmax decreases when ¢ increases, but it does
not fully account for this effect. Furthermore, we will later show that if the
theory presented in Sect. 1.1 is slightly modified to model an actuation "by the
base" of the cantilever (see Sect. 6.3.1), the equivalent of Eq. (1.9) becomes Eq.
(6.7), which predicts an increase of the resonant frequency that is contradicted
by all observations. This clearly suggests that the real drag force acting on the
cantilever cannot be modelled by just a simple velocity-proportional term as
introduced in Eq. (1.1). More accurate models, indeed, introduce also terms
proportional to acceleration, which happen to be dominant for viscous fluids
like air. The rigorous model proposed in [5] introduces the two terms into
the real Lagrangian of the system presented in Eq. (1.16) and re-computes the
dynamics from there. In our harmonic oscillator model, we can still account
for the phenomenon by adding to Eq. (1.1) a drag force that is proportional to
acceleration, obtaining

mi = —yx —kx + F — ypX. (1.28)

Rearranging the terms, it is evident that the system becomes equivalent to an
harmonic oscillator with an equivalent mass

Meq = M+ 72 (1.29)

so that the resonant frequency becomes wy = \/k/neq = \/k/(m + 72), which
decreases as the damping increases. The physical explanation for this phe-
nomenon, as reported by Sandberg et al [12], is that the oscillation of the can-
tilever causes the surrounding gas molecules to move alongside with the beam,
therefore the effective mass of the beam will be larger as the density of the gas
(i.e. the pressure) increases.

We should finally emphasize that the harmonic oscillator model accounts
for a single resonant frequency, while a real cantilever has several eigenmodes,
therefore several resonant frequencies. However, it has always been experimen-
tally evident, and it was rigorously demonstrated by Sader [13], that the rigorous
frequency response of a cantilever in low-damping regime is approximated by
that of an harmonic oscillator in the proximity of resonance peaks, so our model
is nonetheless appropriate and the quality factor can be analytically defined as
in Eq. (1.6). It is evident, however, that the damping term ¢ represents, in that



1.3. QUALITY FACTOR OF MICRO-CANTILEVERS 9

case, a sum of several damping mechanisms and cannot be directly related to
the simplistic velocity-proportional definition presented in Eq. (1.3).

1.3.2 Modelling friction

Several theoretical approaches have been proposed to provide some a priori
prediction of the Q-factor of cantilevers. The aim of such models is to provide
design rules and guidelines to obtain the best performance from a cantilever out
of a given set of conditions. Literature is neither univocal nor conclusive on this
matter, but there seems to be a general agreement on the regimes subdivision
first proposed by Newell [14]. Newell identified an intrinsic, a molecular and a
viscous region, each of them having their own dominant damping mechanisms.
Their definition depends on pressure, but the limits of each regime are not sharp
nor immediately retrievable.

In the intrinsic region, pressure is so low that air damping becomes negli-
gible compared to intrinsic loss mechanisms such as the internal frictions and
viscosity of the material. In this regime, usually associated to high vacuum
(meaning pressures in the order of 1Pa or less), quality factors as high as 10*
or 10° have been demonstrated [15, 16]. Yasumura et al [15] offer good insights
into the effects of different materials, coatings, pressure and geometry on the
quality factors in this region. A predictive model, however, is still missing.

In the molecular region, which Blom et al [5] associated to pressures in the
range of 1 to 10? Pa, the damping caused by the gas dominates over that of the
intrinsic losses, but the gas is sufficiently rarefied to allow a modelling of the
damping as the effect of single collisions of gas molecules with the sides of the
beam. The problem can be therefore treated through the kinetic theory of gases,
and Blom derived for the Q-factor

_ B () [eE
Qmolecular - w Z ﬁ (1~30)

where k,, = +/32M/97tRT with M the mass of the molecules, R the gas con-
stant, T the absolute temperature. In this regime the quality factor is inversely
proportional to pressure.

The region of greatest interest is the viscous regime since, being associated
to pressures higher than 10° Pa, it includes operation at atmospheric pressure,
which is the most common practical scenario. In this region, cantilevers usually
exhibit Q-factors [17] in the range of 100 to 1000, with few exceptions. In [18],
for instance, a resonator with Q > 1400 is reported, but such high Q-factor
is achieved at the expense of an extremely high resonant frequency (60 MHz)
associated to the in-plane vibration mode.

In the viscous region, air must be treated as a viscous fluid and its interaction
with the cantilever must be calculated through fluid dynamics theory, which
makes the prediction of the frequency response extremely challenging from a
modelling perspective. Numerous approximated solutions have been proposed,
and we shall here review a few of them to later discuss them based on our
experimental results, presented in the last chapter of this work. A first formula
was proposed by Newell [14] and reads as

1 wt?* \/Eo
QNewell = "M T2 - (1.31)
24 L% 7air




10 CHAPTER 1. MICROMECHANICAL RESONATORS

where 7, is the viscosity of air and ¢ the density of the material.

Because a sphere oscillating in a fluid is one of the very few problems
that allow analytical solutions of the Navier-Stokes equations for the drag
force, the most commonly employed formula for the calculation of the Q-factor
approximates the cantilever as an oscillating sphere of radius R. By such a
model, Blom [5] derives

2 042
_ Prwt\/E/12 132

Qplom = 6772 RL(1 + R/9)

where 0 = /2%4ir/0airw. This is clearly an approximation where R is not
known a priori and could depend, in principle, not only on the geometry of the
cantilever but also on all other parameters. For instance, R might not be the
same for two different vibration modes of the same cantilever. Many authors
have tried to connect R to the actual dimensions of the beam [4]. Tkehara et
al [17], for instance, have shown good agreement with their experiments on a
large set of cantilevers assuming an equivalent cross-section approximation as
Rixehara = VWL/ 7t (the cantilever and the sphere have the same cross-sectional
area). This result, however, contrasts with the results by Blom and Bergaud [4,
5], who have found instead a practically linear dependence of R with the length
of the beam L. The connection between R and the actual geometry, therefore,
remains largely elusive, so that in most cases R needs to be retrieved by fitting
the formula to the experimental results. It is clear, therefore, that the sphere
model does not strictly provide an a priori prediction of the Q-factor, but rather
some general guidelines.

Hosaka and Itao [19] have proposed a refined version of the sphere model
by idealizing the cantilever as a string of independently moving spheres with
radius R = w/2, and have found

0 B thwzwn
Hosaka 3T Yaicll + % Tw2 \/m .

Lee at al [20] have compared the formulas by Newell and Hosaka and have
proposed an empirical correction based on their experimental results that reads
as

(1.33)

(0.24QtwL) Wy 1.34
9 (37 yairtw) + 033 (3 w2, /20, PP
[0.6 (37’(’)/a1rw) + 0. 3(47'[7/(} \/m)] (w)(L)

To conclude, we ought to briefly discuss the only model that provides
an analytical solution the the actual problem of a rectangular cross-section
cantilever immersed in a viscous fluid, i.e. the model presented by Sader in a
well-known article of 1998 [13]. The model is based on the following hypothesis:

QLee =

1. the beam has uniform cross section over its entire length;
2. the length of the beam is much larger than the width (L > w);

3. the beam is made of an isotropic linear elastic material and the intrinsic
losses are negligible;

4. the amplitude of vibration is much smaller than any other dimension of
the beam.
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In the limit of small dissipative effects, Sader finds

T (wh)

ow?
- —_— 1‘
QSader Iw{ (wn ) ( 35)

where I'(w) = T';(w) + iT;(w) is a complex quantity called hydrodynamic func-
tion. The hydrodynamic function for a circular beam I'¢j; (w) has an analytical
expression. The hydrodynamic function for a rectangular beam I'rect(w) can be
computed numerically, but the author provides instead an empirical correction
factor Q)(w) that, with the additional hypothesis of t < w (or infinitely thin
cantilever), allows to express the rectangular one as a function of the circular
one: I'rect(w) = Q(w)Tire(w). The resulting expression can be found in the
original paper [13] and is extremely complicated. In fact, even after these results
were published, most authors kept working on the approximated models, such
as the sphere.

We should point out that all the models presented strictly deal only with
the fundamental mode of oscillation, although some authors have tried to
extend them to higher modes. Sader’s model is supposed by the author to
work on the first few modes, and Bergaud [4] has shown that it appears to be
reliable only up to the second. Exploring high order modes is of large interest
because, as pointed out in [21], the sensing performances of longer cantilevers
driven at higher modes are the same as those of shorter cantilevers driven at
the fundamental mode, and longer cantilevers are often more convenient and
easier to fabricate reliably. However, to the best of our knowledge, no model
has been proposed yet that accounts for a truly multimodal behaviour.

Finally, we must emphasize that all the models we considered are strictly
referred to cantilevers in completely open space, meaning that the surrounding
air is fully free to move and any other wall is very far away from the beam as
compared to its dimensions.

1.4 State of the art and applications

1.4.1 Microfabrication

Microfabrication of MEMS has been a subject of extensive research in the
past decades. Although a wide variety of substrates and thin films can be used
to fabricate MEMS and microcantilever devices, the most commonly employed
is single crystal silicon. This is due to the fact that most MEMS microfabrication
techniques rely on the same approaches developed for standard silicon-based
microelectronics [8]. These usually involve deposition, photolithographic pat-
terning and etching steps where other materials such as silicon oxide and silicon
nitride are often employed to create structural or sacrificial layers which allow to
create highly complex geometries, thanks to their different response to different
etchants. A common fabrication scheme for cantilevers is shown in FIG. 1.4.
Despite the predominance of silicon-based microtechnology, a plethora of other
materials are employed with similar techniques. Some polymers, for instance,
seem promising for their chemical resistance and biocompatibility [22].

The choice of material, design and fabrication method is ultimately dictated
by the operation mode of the sensor, the readout method, and the application to
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Substrate patterning and etching

.

Sacrificial layer deposition
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Structural layer patterning

T

Structural layer deposition

FIGURE 1.4: General fabrication scheme for silicon microcantilevers. In this example,
silicon oxide is used as sacrificial layer and silicon nitride is used a structural layer.

Image from [8].

which the cantilever is directed. As an example, a 50 to 150 nm metal layer is
often deposited on the top surface of the cantilever to provide the reflectivity
needed for the optical readout (see Sect. 1.4.2). Metal layers are also required for
charge or tunnelling effect readout and, because of their high thermal expansion
coefficient, they can be engineered to cause a bending of the cantilever at
different temperatures, thus effectively realizing temperature sensors. Other
types of readout require deposition of piezoelectric or piezoresistive layers [8].

Among the greatest advantages of
silicon-based photolithographic tech-
niques are the possibility of borrow-
ing great expertise and an entire pro-
duction apparatus from the electron-
ics industry, and the possibility of fab-
ricating in large batches while achiev-
ing sub-micrometric accuracy with
high repeatability. This has made low-
cost AFM cantilevers largely avail-
able, and most structural and ge-
ometrical requirements for MEMS
cantilever transducers are similar to
those applicable in AFM. In analogy
to AFM cantilevers, MEMS cantilever
transducers have typical lengths in

FIGURE 1.5: Example of commercial AFM
cantilevers. The triangular shapes are engi-
neered to minimize torsional effects.

the range of 100 to 500 pm and thicknesses in the range of 0.5 to 5 pm (see FIG.
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1.5), corresponding to spring constants in the order of 1 to 0.01 Nm 1.

The main drawbacks of photolithographic techniques include the require-
ment of multi-step processing, the need of clean room facilities and the expen-
sive production of masks. Even more importantly, lithographic techniques are
inherently bound to surfaces, meaning that they have little or no access to the
bulk of the sample, which is instead achievable through different techniques
such a laser writing.

1.4.2 Readout schemes

The operation of any cantilever sensor requires the ability to monitor the
deflection of the beam in real-time with at least nanometre accuracy, so the
readout method is a fundamental (and often limiting) part of the performance of
the sensors. Depending on the specific application and operation environment,
several readout schemes have been proposed.

Optical methods. The most commonly
employed scheme is, again, directly inher-
ited from AFM, and is the so called optical
lever method (see FIG. 1.6), originally pro-
posed by Meyer and Amer [23]. A laser

Position

beam is focused on the top surface of the o
. . photodetector

cantilever, and the angular deflection of

the cantilever is amplified by a displace-

ment of the laser beam, detected by a PSD

(position-sensitive detector). The method Jd.eﬂection

allows to measure extremely small dis-

placements, and measurements of up to

10_14 m have been reported. The main FIGURE 1.6: Schematic view of the op-
limitations of this method are the com- tical lever method.

plex alignment procedure, the fact that it

can only work on cantilevers that have a reflective surface of at least 10 x 10
pm (so, for instance, it is not applicable to nano-cantilevers), the fact that it
can only be operated in low opacity and low turbidity media, and an intrinsic
bandwidth limitation due to the PSD, whose bandwidth is tipically in the order
of several kilohertz. When the bandwidth requirements become more critical,
different methods have been proposed based on avalanche photodiodes or
interferometric techniques [8].

Piezoresistive and piezoelectric methods. Because of the aforementioned
limitations of optical techniques, integrated readout methods are strongly ap-
pealing, as they are provided by the cantilever itself and not by some external
system. Piezoresistive readout is based on the change in resistance of a material
due the mechanical stress associated to the bending of the cantilever. Excellent
piezoresistivity has been shown with doped single-crystal silicon and doped
polysilicon. The resistance is usually measured through a DC-biased Wheat-
stone bridge, which also constitutes the main drawback of the technique, as a
current flow implies heat dissipation that can cause temperature instability and
piezoresistance changes. Piezoelectric readout methods can overcome this issue



14 CHAPTER 1. MICROMECHANICAL RESONATORS

and have also been shown to be able to produce self-exciting cantilevers. How-
ever, they require piezoelectric layers with a thickness well above the optimal
operating region of the cantilever. Furthermore both of these techniques require
electrical connections to the cantilever, which can be impractical to implement
in many cases.

Capacitance and tunnelling methods. Capacitance readout is based on mea-
suring the change in capacitance between a conductor layer on the cantilever
and another fixed conductor that is separated from the cantilever by a small
gap. Change in gap due to oscillations of the cantilever result in a change of
capacitance. While this method is highly integratable in standard CMOS tech-
nology, it suffers from parasitic effects due to variations of the diectric constant
of the medium.

When a conducting tip and the cantilever are separated by a subnanometre
gap, tunneling current can occur that is very strongly dependant on the distance
between the two, hence on the deflection of the cantilever. This was actually the
first readout scheme proposed by the inventors of AFM [6], where the idea of
tunnelling current measurement originated from their previous invention of the
STM (scanning tunnelling microscopy).

Integrated optical readout. From
the present discussion, it clearly
emerges that having an integrated op-
tical readout scheme, combining the
convenience of integrated methods
with the accuracy and non-invasive
nature of optical methods, could be
greatly beneficial for cantilever sen-
sors. One would need to find a way to
couple some light into the very struc-
ture of the cantilever, and engineer
it in such a way that the movement
of the cantilever causes some measur- FIGURE 1.7: Schematics of the device pro-
able modification to the light path. To posed by Zinoviev ef al [24].

the best of our knowledge, only one

implementation of such a scheme has been proposed [24, 25], of which we
here report the schematics in FIG. 1.7. The idea is to have the cantilever itself
acting as a waveguide, which is possible because of the positive index contrast
with respect to air. An input and an output waveguide are then coupled to
the cantilever, and the movement of the cantilever causes a misalignment with
the output waveguide that results in a modulation of the transmitted inten-
sity. Despite the simplicity of the concept, the realization of the final device,
as explained by Dominguez et al [24], is extremely complex, especially having
to deal with the fact that the cantilever is made of SiO,, which has positive
index contrast with air but negative contrast with the Si substrate, therefore
a Si3Ny junction had to be fabricated so that the light could be evanescently
coupled into the cantilever. As pointed out by the authors, the resolution limit
of the scheme is ultimately determined by the noise of the measurement, which
determines how small a transmission change can be detected, therefore how

the junction
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small a displacement of the cantilever can be sensed. In any case, the signal to
noise ratio improves if higher intensities are transmitted through the device. Yet,
despite the very high insertion losses and the consequent small output intensity,
by operating the cantilever around its resonance frequency and measuring its
response with a spectrum analyser, they were able to demostrate an impressive
resolution of 0.04 nm.

1.4.3 AM-AFM and force sensing

The applications of cantilevers as sen-
sors are extremely wide and diverse.

A comprehensive review is beyond the Frequency shift
scope of this work, but a fairly extensive and amplitude modulation
one can be found in [8]. We shall here
present, instead, a single application — ar-
guably the most important — which, de-
spite its specificities, exemplifies concepts,
issues and approaches that are common
to almost all others.

As already mentioned, the theoretical
and experimental interest for cantilevers
exploded after the invention of Atomic
Force Microscopy (AFM). In this tech-
nique, a very sharp tip is fabricated at
the free extremity of the beam, and the
minuscule force acting between the tip
and the surface of the sample translates
into a measurable change of its mechan- 05 1 1?5 2
ical properties. Because such force is very Angular frequency (rad/s) 10”
strongly dependent on the distance be-
tween the tip and the surface, the mea- FIGURE 1.8: Amplitude modulation
sure becomes extremely sensitive to sur- due to frequency shift in AM-AFM.
face topology, hence its great interest for
surface science. In static mode, the measurement consists in monitoring the de-
flection of the cantilever as a given area of the sample is scanned. The most com-
mon implementation of AFM, however, is in amplitude-modulation (AM) mode,
where the cantilever is operated around its resonance frequency. The problem
can be modelled through the harmonic oscillator theory by introducing an addi-
tional external force F(z), where z is the direction orthogonal to the surface. F(z)
can always be expanded to the first order in the form F(z) = Fy + [dF(z)/dz]z.
Plugging it back into Eq. (1.1), we can clearly see that this is equivalent to having
the spring constant of the oscillator shifted as ke = k — dF(z)/dz, which also
implies a shift of the resonant frequency to w(, = \/keft/m. The beam is driven
at constant frequency, therefore a shift of the resonant frequency will translate
into a change in the amplitude of the oscillation, as shown in FIG. 1.8. While
the horizontal resolution of the microscope entirely depends on the sharpness of
the tip, the vertical resolution depends on how small a frequency shift can be
detected. The sharper the resonant peak, the greater the amplitude variation
will be. It easy to demonstrate that indeed, working in the steepest part of the

35
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curve, the amplitude shift is given by AA = Q (2A¢dF /dz)/(3+/3k) where Q is
the quality factor of the cantilever [7]. We can see, once more, why it is highly
desirable to have a cantilever with large Q-factor but low spring constant k: a
larger AA ultimately allows to measure smaller forces.

From this brief discussion, one could assume that if an arbitrarily small
AA can be measured, then an arbitrarily small force can be detected. This
is untrue, because an even more fundamental limit comes into play, that is
thermomechanical noise. Its presence is due to the very fact that the cantilever is
in thermal equilibrium with its environment, and there exist a coupling between
the two which will cause the mechanical energy of the beam to leak into the
environment, but also some random excitation from the many microscopic
degrees of freedom of the heat bath to the cantilever. This is a consequence of
the fluctuation-dissipation theorem of statistical mechanics. The coupling between
cantilever and environment is proportional to dissipation losses, which are
inversely proportional to Q. By the equipartition theorem and the assumption
that the noise spectrum is white, it straightforward to demonstrate [15] that
the minimum theoretically detectable force is Fnin = /4kkpTB/wpQ, which
leads to the same conclusions as before regarding the need of high-Q and low-k
cantilevers.



Chapter 2

Femtosecond Laser
Micromachining

Femtosecond Laser Micromachining (or FLM) is a general definition that identi-
fies the use of femtosecond lasers to produce permanent modifications on mate-
rials with micro- or sub-micrometer resolution. The technique was first demon-
strated in 1994, when a femtosecond laser was used to produce micrometer-sized
features on silica and silver surfaces [26, 27], and has now become widespread
as femtosecond lasers have become more available and reliable. Its applications
are extremely wide, ranging from direct writing techniques such as waveguide
writing, 2-photon polimerization [28], material processing and data storage
[29, 30], to biological nanosurgery [31] and microfluidic channels for on-chip
biological analysis [32].

For the purpose of this work, we shall present a brief review of FLM on
transparent materials [33], mainly referring to the micromachining of glass
substrates. We shall start by describing the physical principles and the common
operation parameters of the technique, and we shall then give some more details
about waveguide writing and microstructuring techniques on glass.

2.1 Physical principles

2.1.1 Nonlinear absorption in dielectrics

A dielectric material is transparent to light of a given frequency v if it has an
energy gap Eg between valance and conduction band that is greater than the
photon energy hv. This implies that no first order absorption can occur. At high
intensities, however, absorption can take place through nonlinear phenomena
such as multiphoton, tunnelling and avalanche ionization [34, 35]. Multiphoton
absorption occurs when multiple photons are simultaneously absorbed, so that
the sum of their energy exceeds Eg. Tunnelling occurs when the electric field
of the laser beam is strong enough to lower the Coulomb potential barrier and
alter the band structure in such a way to enable an electron to tunnel from the
valence to the conduction band. Avalanche ionization occurs when an electron
that is already in the conduction band is accelerated to an energy greater than
Ec + Eg (where E. is the bottom energy of the conduction band) so that, when

17
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hitting an electron in the valence band, it can transfer energy high enough for
the second electron to jump to the conduction band as well. Then the second
electron is also accelerated and is able to excite new electrons, generating an
avalanche process that grows exponentially and lasts for the whole duration of
the laser pulse.

Pulses longer than several picoseconds cannot achieve peak intensities high
enough to trigger multiphoton and tunnelling processes, so only avalanche
ionization can take place. The avalanche needs to start from an initial seed
of free electrons, which in an insulator are due to structural defects of the
material. Since their number is subject to large fluctuations, this process is erratic
and poorly reproducible. On the other hand, femtosecond pulses can achieve
extremely high intensities. For instance, a 100 fs pulse of 1 ] energy focused on
a 200 pm? area corresponds to a peak intensity of 5 x 10°Y W m~2. At such high
intensities, the local electric field is comparable with the binding eletric field
of valence eletrons [33], therefore multiphoton and tunnelling processes can
both take place and create free electrons which then start the avalanche process,
leading to an overall phenomenon known as optical breakdown of the material.
In this case the process is completely deterministic, as no seed electrons in
conduction band are needed. Depending on the irradiation parameters, it can
lead to permanent modifications of the material. Because the physical principles
are substancially the same in any dielectric, the technique is applicable to
almost any transparent material [33], although with significant differences in
the irradiation parameters and the modifications obtained.

2.1.2 Space localization and bulk micromachining

The absence of linear absorption is the very reason why transparent ma-
terials are highly appealing for femtosecond laser micromachining. Indeed,
the strongly nonlinear nature of the process causes it to occur only where the
intensity is high enough, substantially behaving as a threshold process. In
practice, when the laser beam is strongly focused in a point inside the bulk
of the material, the threshold is reached only in a narrow region around the
focal point, where light is confined to a small area and the intensity is therefore
very high (see FIG. 2.1). As a result, it is possible to modify the bulk of the
material without affecting its surface, which is a major advantage with respect
to standard micromachining techniques like the photolithographic processes
described in Sect. 1.4.1. Furthermore, as the relative position of the focal point
and the sample is moved, microstructuring with almost arbitrary geometry
becomes possible. Notice, in particular, that, as opposed to photolithography,
this technique is intrinsically 3D-capable, since the focal point can be moved
also in the vertical direction. Finally, if the laser beam is focused deep under
the surface, small imperfections of the surface like defects or dust grains have
little or no effect on the focal region, therefore the technique is fairly solid with
respect to surface quality and does not require clean room facilities, which is a
major operational advantage.

2.1.3 Relevant parameters

While the absorption process of femtosecond laser pulses in dielectrics is well
assessed, the mechanisms through which it leads to permanent modifications of
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FIGURE 2.1: Comparison between linear (left) and nonlinear (right) absorption processes.
Nonlinear absorption is very strictly confined around the focal point of the objective,
while linear absorption occurs all along the path of the beam. Particularly notice that the
nonlinear process does not involve any interaction with the surface of the sample. Image
from UC Berkeley (http://mcb.berkeley.edu/labs2/robey/content/2-photon-imaging).

the material is not yet fully understood. In fact, the nature of such modification
does strongly depend on the type of material, and it is also highly susceptible
to small changes of the irradiation parameters, namely the pulse length and
energy, the numerical aperture of the focusing objective, the repetition rate, and
the writing speed. What seems to be evident is that the modification is the result
of a complex interaction between the laser pulse and different excitation and
relaxation processes, some of which take place with different time scales. In
FIG. 2.2 some of the most relevant processes with their relative time scale are
reported.

If the energy transfer from the laser pulse to the material was caused solely
by multiphoton or tunnelling absorption, the intensity threshold Iy, to produce
permanent modifications should have a very strong dependance on the energy
gap Eg. As a matter of fact, E¢ has little effect on Iy,, which indicates the impor-
tance of avalanche ionization for creating the damage: multiphoton absorption
creates the initial seed, but the main structural modification of the material is
due to the dynamics of avalanche electrons. What is most relevant, instead, on
the type of damage to the material is the pulse energy E,. Values of E, just
above the damage threshold lead to a change in refractive index of the material,
being therefore the most commonly employed region for the fabrication of opti-
cal waveguides and photonic devices. Higher values of E, lead to the creation
of a high-energy plasma of free electrons that causes catastrophic damage and
formation of voids [36].

The numerical aperture (NA) of the focusing objective is also important in
determining the shape of the affected region. A minimum theoretical numerical
aperture is necessary to reach Iy,, but in practice higher NAs have to be used to
limit the effects of different nonlinear phenomena like self-focusing and white
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FIGURE 2.2: Time scale comparison of the most relevant excitation and relaxation
mechanisms involved in the interaction between dielectric materials and ultrashort
pulses. Image from [33].

light generation [37] which reduce the repeatability of the technique. For NAs
close to or larger than unity, the focusing is extremely tight, so that microma-
chining can be accomplished with energy pulses as low as few nanojoules. In
general, numerical apertures higher than 0.6 yield small, almost spherically sym-
metric features, while smaller NAs produce larger and asymmetric structures.
As a downside, objectives with large NAs have very short working distances,
which limits their range of operation in the vertical direction.

2.2 Femtosecond laser waveguide writing

2.21 Operational principles

Waveguide writing was one of the first demonstrations [38, 39] of the capabil-
ities of FLM for photonic applications.As mentioned, the physical mechanisms
that lead to a local increase of the refractive index of glass (hence the guiding
effect) after the exposure to femtosecond pulses are still not fully understood
[34]. Several mechanisms have indeed been proposed to account for such phe-
nomenon, including colour centres formation [40], thermal modifications due
to melting and rapid solidification [41, 42] and direct photostructural changes
(i.e. rearrangements of the chemical bonds network) [43]. In practical cases all
mechanisms play a role and their contributions are difficult to disentangle, so
that the optimization of the writing parameters is often largely empirical.

In addition to all the parameters mentioned in the last paragraph, waveguide
writing has an intrinsic, fundamental dependence on the repetition rate and on
the writing speed. In fact, depending on the repetition rate, the operation can
be roughly categorized in either low frequency or high frequency regime. In low
frequency regime the modification is the result of the interaction with the single
pulses [44], whereas in high frequency regime the spatial and temporal distance
between successive pulses are shorter than the thermalization typical length
and time [45, 46], therefore thermal cumulative effects take place. Since the
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thermal relaxation time is typically in the order of 1 ps (see FIG. 2.2), thermal
effects start to take place with repetition rates in the order of 1 MHz.
Waveguides of interest for photonic
circuits are tipically written by moving
the sample orthogonally with respect to
the direction of the beam, i.e. in transver-
sal configuration (see FIG. 2.3). Waveg-
uides can also be written in longitudinal
configuration, i.e. by moving the sample
parallel to the direction of the beam. This
type of waveguides show a perfectly sym-
metric profile, but are limited in length by
the working distance of the objective. On
the contrary, waveguides written orthogo-
nally can have arbitrary length, but show m
strongly asymmetric profiles caused by
the difference between the focal diameter g,y rE 2.3 Writing of waveguides in
(which determines the horizontal dimen- ., sversal mode. In detail, the image
sion) and the confocal parameter (usually represents a 1 to 3 power splitter. Notice
much greater, which determines the verti- the 3D geometry of the device. Image
cal dimension). This can lead to undesir- from [47].
able asymmetric mode shapes. The prob-
lem is overcome in low frequency regime by astigmatic beam shaping tech-
niques [48] that yield a more symmetric focal region, and in high frequency
regime is largely tamed by the isotropic nature of heat diffusion, which by itself
leads to much more symmetric profiles (see for instance [44]). Recently, a two-
step process involving waveguide writing and successive thermal annealing of
the sample has been shown to provide waveguides with very low losses, very
low birefringence and a highly symmetric guided single mode [49, 50].

2.2.2 Applications

Femtosecond laser waveguide writing has been applied to the realization
of both active and passive devices. Active devices include active waveguides
and amplifiers, as well as waveguide lasers [34]. Passive devices are particu-
larly appealing for many other applications, as they can provide high quality
integrated photonic circuits that can yield complex optical functions on-chip,
allowing for very low cost, space saving devices that, as an obvious side benefit,
do not suffer from the misalignment and mechanical vibration issues of an
equivalent table-top setup. The complexity of such on-chip photonic circuits
has increased over the years as laser sources and fabrication techniques have
become more reliable. The fabricated devices quickly escalated from simple
Y-splitters [47, 51-55] to directional couplers [56—61] to Mach-Zender interferom-
eters [57, 62]. Nowadays, by cascading several of these fundamental elements
and by exploiting the 3D capabilities of the technique, circuits of very high
complexity can be produced, as shown in FIG. 2.4A and FIG. 2.4B. One of the
applications for which they have become increasingly appealing is quantum
photonics, where low losses, solid alighment and mechanical noise rejection are
of extreme importance. These devices have been able to demonstrate several
photon-based quantum information protocols [63-67].
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One of the current frontiers of integrated photonic circuits is the fabrication
of reconfigurable devices. While the first proof of concept [62], based on electro-
optic effect in fused silica, needed to apply a 400V bias to obtain a mere 20°
phase shift, Flamini et al [68] have recently demonstrated a thermal phase-
shifting technique where gold resistances are built on top of the chip and
used as local heaters, as shown in FIG. 2.4C. The phase-shifting is caused by
thermo-optic effect, which changes the refractive index of the waveguide, and
allows a full configurability of the circuit as well as fine tuning of the phases

between mutliple arms of the interferometers. The downside of thermo-optic
phase shifting are heat dissipation and cross-talk between heaters, as well as
forcing the waveguides to be written rather close to the surface. New phase-
shifting techniques, for instance based on strain-optic effect [69], are now under
investigation and represent an open field of research.
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FIGURE 2.4: Examples of state-of-the art photonic devices for quantum photonic ap-
plications realized by FLM on glass substrates. (A) Interferometer in 8 stages for the
simulation of photonic quantum walk [66]. (B) Interferometer for photonic boson sam-
pling [65]. (C) Patterning of gold resistors for thermal phase shifting [68].
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2.3 Glass microstructuring

With laser microstructuring we indicate the ability to remove material from
a substrate with micrometric control by exploiting laser light irradiation in at
least one step of the process. Direct laser ablation, i.e. the removal of material
due to laser-induced micro-explosions, was discovered very early in the history
of short-pulse lasers, and the significant advantages of femtosecond pulses over
pico- or nanosecond pulses were immediately evident and confermed by many
studies [70, 71], as we shall later discuss. The field of laser microstructuring
is extremely vast and has important industrial applications such as laser cut-
ting. For the purpose of this work, we shall limit ourselves to a brief review of
microstructuring techniques in fused silica and borosilicate glass, as these trans-
parent materials offer the intriguing possibility of integrating microstructures
with laser-written photonic devices.

2.3.1 FLICE technique

The technique was first demonstrated in [72] and, as mentioned, is based on
a two-step process that only works on a few materials, such as fused silica and
Foturan glass by Schott. First, a portion of the substrate is irradiated by fem-
tosecond pulses, with all the geometrical advantages we described in Sect. 2.1.
Second, the sample is immersed in a hydrofluoric acid (HF) solution. Although
the acid reacts with all the sample, the irradiated regions show an increase in
etching rate of up to two orders of magnitude. This allows to produce structures
with high aspect ratios and to create channels inside the glass that are of great ap-
peal for microfluidic applications [73]. The physical mechanisms leading to the
increase in etching rate in fused silica have been thoroughly investigated. A first
mechanism is the decrease of the S5i-O-Si bond angle induced by the hydrostatic
pressure created in the irradiated region [74]. This explanation is particularly
suited for low-intensity irradiation regimes. However, only a very modest in-
crease in etching rate is obtained after irradiation in such regime. Much higher
etching rates can be obtained with higher intensities, which lead to the forma-
tion of very peculiar self-ordered nanocracks perpendicular to the polarization
direction of the beam [75]. The process through which such nanocracks are
formed is described in [76] and [77]. The fact that they form perpendicularly to
the polarization direction makes the polarization alignment critical for FLICE: if
the beam is polarized orthogonally to the translation direction, the cracks will
be aligned with the channel axis, thus favouring the diffusion of the etchant.
Conversely, if the beam is polarized along the translation direction, the cracks
will block the etchant and the etching rate will be significantly worse.

With respect to other standard techniques used in silicon-based processes
such as wet chemical etching and deep reactive ion etching, microstructures
produced with FLICE have several advantages: i) they avoid photolithography
and clean rooms, ii) they create directly buried channels that do not require
sealing with a cover glass, iii) they allow straighforward fabrication of 3D
channels, which is otherwise prohibitive requiring complex multistep processes,
iv) they naturally produce channels with circular cross-section, which are highly
desirable in microfluidics and are not easily obtained through other techniques.
State-of-the-art applications of FLICE for micro-optofluidics can be reviewed in
[78-82] and a couple of examples are reported in FIG. 2.5.
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(A) ()

FIGURE 2.5: State-of-the art microfluidic devices realized by FLICE technique to perform
different types of particle focusing. Image (A) from [78]. Image (B) from [80].

2.3.2 Direct laser ablation

Laser ablation was already discovered in the seventies as soon as short-pulse
high energy lasers became available. The ablation process is strongly nonlinear,
with physical principles very similar to the ones we discussed in Sect. 2.1,
which makes it almost wavelength-independent. Ablation takes place when
the density of free electrons in conduction band reaches a critical value. This
happens when the laser fluence exceeds a certain threshold, at which point
the electrostatic repulsion between the free electrons and the ionized nuclei
is strong enough to cause a breakdown of the material and an expulsion of
the nuclei. The minimum fluence below which the ablation process cannot be
initiated is defined as ablation threshold [83]. The ablation threshold has been
investigated in several materials [84] and it has been shown to depend strongly
on the pulse length 7. For T > 10 ps, the process is controlled by the thermal
conduction through the atomic lattice, which scales with \/T. With pulses in the
range of 100 fs, instead, the optical breakdown is a nonthermal process that is
mostly triggered by nonlinear absorption such as multiphoton, tunnelling and
avalanche. In this case the threshold still decreases with 7, but less prominently.
In the case of dielectrics, the material bandgap and the wavelength have been
shown to have measurable effects on the threshold, as well as atmospheric
pressure and gas conditions. As well as decreasing the ablation threshold, the
use of femtosecond pulses has considerable advantages also on the geometrical
and surface qualities of the ablated structures, as already shown in [70], of which
we report three images for comparison in FIG. 2.6. An extensive, up-to-date
review of most femtosecond laser ablation techniques can be found in [85],
where a detailed description of the interaction dynamics between the pulse and
the surface is also provided.

We should point out that laser direct ablation is tipically limited to surface
micromachining. Ablating features of significant depth is complicated by the
presence of debris, which soon starts to interfere with the laser beam and
prevents it from being focused on deeper regions, as well as blocking the
expulsion of the ablated particles. The problem can be tamed by performing
the ablation procedure with water covering the surface, and water-assisted
laser processes have been known and employed for long time also in industrial
applications, as extensively reviewed in [86, 87]. The presence of water has
at least two effects: i) it helps the removal of debris in the machined areas by



2.3. GLASS MICROSTRUCTURING 25

() (©)

FIGURE 2.6: (A) T = 200 fs, E = 120 pJ, F = 0.5 Jem 2. (B) T = 80 ps, E = 900 yJ,
F=37Jecm 2 (C)t =33ns, E = 1m]J, F = 4.2Jcm~2. Comparison of single-pulse
ablation traces with different pulse lengths on a steel foil. Notice that shorter pulses need
a lower fluence to produce features of approximately the same size. Images from [70].

water steam

FIGURE 2.7: Schemes for providing water in the working area statically (a,c) or dynami-
cally (b, d, e). Image from [87].

thermal convection or by bubble-induced liquid motion, which allows to ablate
features with cleaner and steeper profiles, and ii) it favours heat flow, thus
reducing thermal damage in the neighbouring areas. FIG. 2.7 shows some
possible schemes for providing water in the working area, both statically and
dynamically. In all of these schemes, the laser beam has to travel through the
water layer before reaching the surface of the sample. This constitutes the main
limitation of the technique, as the ablated material will still be accumulated
close to the region of operation, thus often reducing the transparency of water.
The movement of water itself can also interfere with the irradiation, particularly
due to the formation of vapour bubbles. Therefore, albeit improved, there is
no possibility of reaching 3D geometries even close the ones achievable with
FLICE.

2.3.3 Water-assisted ablation from the rear surface

A smart solution to the problem was first proposed by Li et al [88]. If the
main issue preventing in-depth ablation is the coincidence between the direction
of the laser beam and the direction of ablation, they realized that a transparent
material, where first-order absorption is suppressed (see Sect. 2.1), would
allow to reverse the scheme and perform ablation from the rear surface, with the
setup schematized in FIG. 2.9. They showed once more the difference between
ablation in atmosphere and ablation underwater (FIG. 2.8A), they demonstrated
holes with high aspect ratio (200 pm deep while only 4 pm wide) and, for the
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(A)

FIGURE 2.8: First example of water-assisted laser ablation from the rear surface.
(A) Comparison between holes ablated in air (a,b,c) and in water (d,ef). (B) Three-
dimensional channel ablated in silica glass from the rear surface. Images from [88].

first time, they showed the ability to ablate three-dimensional channels (FIG.
2.8B). Hwang et al [89] repeated and expanded the experiment showing curved
channels and trying different liquids, concluding that low-viscosity liquids
are most advantageous for this purpose. In [90], the original experiment by
Li ef al was repeated in soda-lime glass with a very similar setup showing
similar results, and the same authors published a further work [91] showing the
ablation of microchambers, which probably constitutes the first demonstration
of buried volume ablation.

The first microfabrications of this type
were performed with short bursts of Halogen T x
pulses, rather than with a continuous ex- 1 amp [Q OBl ND SH f_®
posure. The scheme tipically consisted Y
of a Tizsapphire laser with a 1kHz repe-
tition rate and a fast mechanical shutter.
The shutter was opened in very short in- FIY
tervals to allow the exposure to a given ©
number of pulses, then it was closed, the 5

sample was moved to the next position, k¥ SH:  Shutter
ccb IE] ND: Neutral Density Filter

Laser Pulses

OB1, OB2: Objective

and the procedure was repeated until the

desired geometry was achieved. Initially,

dwell times were also added between FiguRE 2.9: Schematics of the setup
successive bursts to allow the water to employed by Li et al [88]. The laser is
flow inside the channel. The authors of focused on the rear surface, which is in
[91] were the first to demonstrate that contact with water.

dwelling was unnecessary and to perform

the operation with a continuous exposure at 1kHz and a writing speed of
50pums 1.

In [92] a first systematic, in-depth study of the dependence of the process
upon several parameters was presented. Particular interest was given to the
effect of different pulse energies, as a peculiar behaviour takes place when
performing water-assisted ablation. When ablating in air, increasing the pulse
energy increases both the width and the depth of the ablated channel, while
producing rougher sidewalls. When ablating in water, instead, the depth of
the channel increases only up to a given pulse energy, after which the ablated
depth starts to decrease, reaching a final value that will remain the same at even
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FIGURE 2.10: Water-assisted ablation of a complex 3D microfluidic device. Image from
[93].

higher pulse energies. The authors linked this phenomenon to the formation of
a hot and dense electron plasma at the glass-water interface which, instead of
being quickly cooled and dispersed by water, is confined at the entrance of the
channel, thus preventing at the same time the inflow of water and the expulsion
of the ablated material.

The authors of [93] gave a different
interpretation to water-assisted ablation,
and they explained the removal of ma-
terial as a result of the shock-wave pro-
duced when the laser pulse is focused in
water, close to the surface of the sample.
The pulse causes a sudden evaporation
which produces a high-speed jet whose
pressure is well above the hardness of sil-
ica glass, therefore the jet can easily re-
duce silica to debris and expel it. Anyway,
regardless of the interpretation of the mi-
croscopical mechanisms, they confirmed
that the main issue to the technique and
its possibility to ablate very long chan-
nels is the correct ejection of the debris,
which is problematic especially in 3D ge-
ometries. They proposed an innovative
solution the problem, consisting in attaching a rubber tube to the rear surface
of the sample, and to periodically push and pull the water pressure into it.
They do not explain in detail how this pumping is configured, but they claim
that it is very efficient for taking away the debris. They were able, indeed, to
demonstrate the ablation of impressively long and complex 3D channels, as
shown in FIG. 2.10.

Although not strictly related to femtosecond laser micromachining, two more
recent works are worth mentioning. In [94] and [95] an internal thread was
demonstrated by water-assisted ablation using the second harmonic of a sub-
nanosecond Nd:Yag laser. The authors demonstrated that an internal thread

FIGURE 2.11: Internal thread fabricated

by water-assisted laser ablation. Image
from [94].
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| Laser A[nm] T[fs] E,[W]] NA oy [pms™!] f[Hz]

[88] | Ti:sapph 800 120 1 0.55 [bursts] 1x10°
[89] | Tizsapph 800 100 3-33 042 [bursts] 1x 103
[90] | Ti:sapph 800 380 3.2-93 050 [bursts] 1x 103

[91] | Ti:sapph 800 380 14 0.50 50 1x10°
[92] | Ti:sapph 800 100 20-230 0.30 10-60 1x 103
[93] | Ti:sapph 800 120 6 0.40 160 1x 103
[95] | Nd:Yag 532 0.5ns 20 0.40 1000 1x 103

TABLE 2.1: Collection of the most relevant fabrication parameters of the work reviewed
in this chapter. In the order: laser type, wavelength, pulse length, pulse energy, numerical
aperture of the focusing objective, writing speed, repetition rate.

could be fabricated with high enough precision to allow the insert of a matching
male screw. To the best of our knowledge, this is the first demonstration of the
use of water-assisted ablation to remove large volumes from the substrate, as the
thread they ablated a has a 0.5 mm diameter and is 1 mm high (see FIG. 2.11).
The key idea is that ablating the whole volume is unnecessary. Instead, they
ablated the outer surface of the thread and an internal cilindrical surface, so that
the portion of glass to be removed would simply detach integrally. Together
with a writing speed more than ten times higher with respect to all other works,
this allowed them to complete the machining of the tread in about 32 minutes.

To conclude this review of water-assisted ablation processes, in TABLE 2.1
we report a comparative table of the fabrication parameters employed by the
authors we mentioned. This is not intended as a comprehensive review, but
rather a comparative overview of the most commonly employed parameters. We
should point out, in particular, that all experiments were invariably conducted
with a 1kHz repetition rate. The use of higher repetition rates, which might
further reduce processing times, seems to be still unexplored.



Chapter 3

Materials and methods

3.1 Fabrication setup

The schematic of our fabrication setup is reported in FIG. 3.1. The laser
source is a Spirit One 1040-16 by Spectra-Physics. This is a commercial laser
system based on chirped pulse amplification. The Ytterbium-based oscillator
works at o~ 63 MHz with a central wavelength of 1041 nm. The repetition rate of
the amplifier can be varied by selecting different regimes corresponding to 200,
350, 500, 750 or 1000 kHz, and an internal pulse picker allows to further divide
the repetition rate by integer numbers. As an example, a 50 kHz repetition rate
can be obtained by setting the 200 kHz regime and the pulse picker to 4. The
laser pulse length is of about 400 fs.

Although the laser has an internal power selector, a finer and handier control
is achieved by cascading a A /2 waveplate and a PBS (polarizing beam splitter)
at its output. The light exiting the laser is linearly polarized, so the waveplate
has the effect of rotating the polarization direction by a given amount, and the
transmitted intensity is determined by the relative orientation of the waveplate
and the PBS axis.

Two flip-mirrors can be inserted in the path to deviate the beam through
an LBO crystal for second harmonic generation, when needed. In our case,
all fabrications were performed at 1041 nm so the additional path was never
employed. The laser beam therefore goes straight to a mechanical shutter that is
electronically synchronized to the motion stages, allowing to open or block the
laser beam with a switching time of about 10 ms. The beam is finally focused
onto the sample by a microscope objective. Several objectives with different
magnifications and numerical apertures are available.

The sample is mounted on a Thorlabs GM100 gimbal which provides fine
control over the tilt angles. The translation is operated by a high-precision
motion system (Aerotech FIBERGlide 3D). The system is composed by 3 inde-
pendent linear stages lying on a compressed air bearing and driven by brushless
linear electric motors. This allows smooth and uniform three-dimensional move-
ment with a position accuracy below 100 nm. The stages can reach translation
velocities of up to 300 mms~! within a 10cm x 15cm travel range in the hori-
zontal plane and a 5 cm travel range in the vertical direction. The stage position
is monitored by optical encoders with a resolution of 1 nm. The movement of

29
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PBS HWP

MOTION SYSTEM

FIGURE 3.1: Schematic of the fabrication setup employed. From right to left: half-wave
plate (HWP), polarizing beam splitter (PBS), flip-mirrors (FM) to deviate the beam to the
(optional) second harmonic generation path through the LBO crystal, mechanical shutter
(SH), focusing objective (OBJ). Image from [96].

the stages, as well as the synchronized opening of the mechanical shutter, is
computer controlled and programmed in G-code language, typically used in
numeric controlled machines.

The alignment of the sample to the laser beam is critical for a correct fabrica-
tion. We can achieve a high precision alignment by observing the back-reflection
of the beam with a CCD positioned above the objective, behind the upper mir-
ror. When the beam is precisely focused on the surface of the sample, the
back-reflected light will be collected by the objective and imaged onto the CCD,
where a bright spot will be visible. The sample is then moved to different
positions and the tilt is iteratively adjusted until the sample is perfectly parallel
to the horizontal plane. In this way, the position of the sample with respect to
the focal point can be referenced with an accuracy of few microns.

We conventionally measure the optical power by inserting the head of the
powermeter just before the focusing objective, so to obtain reproducible mea-
surements of the power actually reaching the sample (up to a small loss factor
introduced by the objective). Measuring after the objective would be, in princi-
ple, more accurate, but it is infeasible as there is not enough clearance between
objective and sample to insert the head of the powermeter. We employed a
Coherent LabMax powermeter with a 3W maximum power head. The CW
power P we measure is linked to the pulse energy E, by the simple relation

P=E,-f (3.1)

where f is the repetition rate.

3.2 Characterization techniques

3.2.1 Microscope inspection

Laser-fabricated microstructures in glass can be visually inspected through
an optical microscope. We used a Nikon ME600 microscope that can be switched
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(a) (B)

FIGURE 3.2: Microscope images of the sample facets with waveguides cross-section. The
laser beam impinges from the upper side of the image. (A) Waveguide written at 1 MHz
repetition rate, i.e. high frequency regime. (B) Waveguide written at 200 kHz repetition
rate, i.e. low frequency regime. The droplet-like shape of the first image is typical of high
frequency writing.

from transmission to reflection mode and is equipped with a Differential Inter-
ference Contrast (DIC) module, which allows enhanced vision over features
with small index contrasts. The microscope is also equipped with a high res-
olution CCD camera for real-time acquisition of the image and a dedicated
software is calibrated to allow the measurement of the actual dimensions of the
microstructures.

In transmission mode, the image can indeed be very sensitive to index
contrasts, and even waveguides with moderately low index contrast are usually
clearly visible. Additionally, damages or interruptions of the waveguides are
immediately recognizable. An inspection of the facets of the sample is usually
performed as well. This allows to acquire an image of the cross-section of the
waveguide, which provides valuable initial information and comparison over
waveguides written in different regimes, as shown in FIG. 3.2.

In the case of microstructures, such as the ones obtained by FLICE or water-
ablation, microscope inspection is fundamental to check that the structure was
fabricated correctly. Both transmission and reflection mode can be conveniently
exploited for this purpose.

3.2.2 Waveguide characterization

If the waveguide does not show damages or interruptions at the microscope,
we move to its optical characterization. We dispose of several laser sources
of different wavelengths for this task. Light is inserted into the waveguide in
one of the two ways depicted in FIG. 3.3. In the first case light is focused onto
the input facet by a microscope objective. In the second case, light is coupled
into a single-mode fiber that has been stripped of the external cladding, so that
the tip of the fiber can then be brought close to facet of the sample and meet
the extremity of the waveguide. Both methods require the use of micrometric
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FIGURE 3.3: Setups for the characterization of waveguide performances. (A) From left
to right: laser beam, focusing objective (OBJ), sample with written waveguide (WG),
collection objective (OB]J), powermeter or imaging camera (PM/IC). (B) Same setup, but
with fiber butt-coupling though a single-mode fiber (SMF). Image from [96].

multi-axis translators for the accurate positioning of the focusing objective (or
fiber), of the sample, and of the collection objective.

We use the final power-meter stage to measure the overall transmitted
power. At the end of the experiment, we remove the sample and re-measure
the transmission of the optical line. By comparing the two, we calculate the
corresponding insertion losses as

IL[dB] =-10 10810 (Psample /Pno-sample) (3.2)

which represent the total power loss when the sample is inserted into the
line. The overall power losses can be subdivided in at least three separate
contributions. Fresnel losses are due to reflections at the glass-air interfaces and
are related to the difference in refractive index between the two media. They
are given by Fresnel’s formula

2
np —np

We have then coupling losses, which originate from the mismatch between
the field profile at the input stage (objective or fiber) and the field profile of the
guided mode. When coupling with an objective, the input field profile depends
on both the output mode of the laser and the characteristics and fine positioning
of the focusing objective, so it is not easily retrievable. Therefore, although
sometimes less practical, fiber butt-coupling is usually preferred, as in such case
the input field profile is given by the mode shape of the fiber, which is known
by manufacturer specifications. In such case the coupling losses can be written
as

FL[dB] =-10 loglo (@) (34)
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being O the so-called overlap integral

2
o — LIS Ewg(xy)Es(x,y) dxdy|
ST Bwg P dxdy [ Es? dxdy

where Eyg and E¢ are the waveguide and the fiber field profiles respectively. As
discussed in the next chapter, the field profile of single mode guiding structures
has no sign inversion, so it can be retrieved by the corresponding intensity
profile. The profile of the waveguide is measured by projecting its output onto
the CCD camera and acquiring the corresponding image. The profile of the
fiber is measured by removing the sample and bringing the fiber close to the
collection objective, so to image its output onto the camera. Once the two images
are acquired, a custom software performs the integral operation and estimates
the coupling losses.

The last contribution is due to propagation losses, which originate from the
natural absorption of glass and from the scattering due to defects. As the total
insertion losses are given by

(3.5)

IL[dB] = FL[dB] + CL[dB] + PL[dB/cm] -1 (3.6)

where [ is the length of the sample, propagation losses can be retrieved as

PL[dB/cm] = [IL[dB] — FL[dB] — CL[dB]] . 1_1 (3.7)

In curved waveguides the additional contribution of bending losses needs to
be taken into account, but that is never the case for the waveguides considered
in this work.

3.3 Fiber pigtailing

With pigtailing we indicate the operation of gluing a fiber to the facet of a
sample so that it maintains an optimal alignment with the waveguide. The
advantage in performing this operation is twofold: on one side, once the fiber
is glued, the sample can be moved without losing the coupling; on the other
side, the glue matches the refractive index of glass, so that Fresnel losses are
measurably reduced and the overall transmission is improved. We employ a
UV-curing glue (Delo Photobond GB345) that is initially liquid and solidifies
after the exposure to UV light.

3.3.1 Nanopositioning setup

The pigtailing operation is performed on a high-precision alignment system
based on H-811 6-axis hexapods by PI (FIG. 3.4). The hexapod platform is
actuated by six brushless motors that provide a travel range of about 2 cm in
the three directions with respect to its central position with a repeatability of
£ 60nm. The motion is computer-controlled and is encoded in six coordinates:
three coordinates encode the translation with respect to the (x,y,z) axis, and three
coordinates encode the rotation angles around those axis (9x,8y,9;). Besides
the great position accuracy, what makes this system particularly suitable for
pigtailing is that the angles of rotation can be set at software level to operate
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around an arbitrary pivot point. It is greatly convenient to set the virtual center
of rotation at the tip of the fiber, so that the fiber can be rotated without moving
its extremity, i.e. with no cross-talk on other degrees of freedom, thus allowing
an extremely fine optimization of the alignment to the waveguide, difficult to
achieve with standard mechanical stages.

Our setup is shown in FIG. 3.5. It is composed
of two hexapods (A and B) facing each other, and
a sample-mount stage (C) in the middle, which
allows to pigtail a sample from both sides in a
single step, if needed. A long working distance
(~ 9 cm) microscope (D) equipped with a CCD
camera connected to the computer, allows real
time vision with variable magnification to control
the fine positioning. Since the magnification of
the image can be varied, the illumination needs
to be adjusted consequently, and the two mov-
able LED lights (E) serve this purpose. Sample
and camera mounts can move on two axis and
are both computer-controlled via the same soft-
ware as the hexapods. Overall, this builds up to
a high-precision, high-flexibility positioning sys-
tem. Furthermore, a second camera equipped with a high magnification macro
objective can be mounted in any position around this setup, allowing to have
simultaneous imaging from two different angles, which turns out to be greatly
convenient when dealing with 3D microstructures.

FIGURE 3.4: H-811 hexapod
by PL

FIGURE 3.5: High-precision micropositioning setup. (A,B) Hexapod stages. (C) Sample-
mount stage. (D) Microscope. (E) Illumination LEDs.
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(c)

(G) (H)

FIGURE 3.6: Steps for the pigtailing procedure. (A) Ferrule. (B-C) Fiber insertion into
the ferrule (initial). (D-E) Glue deposition. (F) Fiber insertion (complete). (G) Fine
optimization of the alignment to the waveguide. (H) Pull-back and glue deposition. (I)
Final attachment to the sample.

3.3.2 Pigtail operation

The pigtail operation is performed in several steps. Since we want the tip
of the fiber to get almost in contact with the facet of the sample to match the
extremity of the waveguide, we need to strip the fiber of its external cladding
and cleave it precisely, with suitable tools. As a downside, the extremity of the
fiber becomes rather fragile without the cladding , so gluing it directly to the
sample would be possible but impractical, as it would easily break. Therefore,
we first insert the fiber into a 10 mm long glass ferrule (FIG. 3.6A), that acts as
a protective sock. To do so, the fiber and the ferrule are mounted on the two
hexapods through specific holders. The fiber is first inserted into the ferrule
by 2 or 3 millimetres (FIG. 3.6B and FIG. 3.6C), which is facilitated by the
funnel-shaped aperture of the ferrule. A droplet of glue is then deposited at
the entrance of the ferrule (FIG. 3.6D and FIG. 3.6E), and the fiber is pushed
forward until its tip exits from the other side of the ferrule by few microns (FIG.
3.6F). The operation is performed in this sequence because, when sliding in,
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the fiber will drag some glue inside the ferrule, which will make the resulting
"sock" much more solid, once the glue is solidified by exposure to UV light. The
hexapods are extremely convenient to perform this operation, as they allow a
fine alignment of fiber and ferrule and they reduce the risk of breaking the fiber
during the insertion.

Once the ferrule is inserted and the glue is UV-cured, the fiber can be safely
managed without any risk of breaking it. Light from a laser source is coupled
into the fiber and the fiber is brought close to the sample (mounted onto its
designated stage) to couple light into the waveguide. The light at the output
of the waveguide is collected with an aspheric lens and imaged onto an Ophir
NOVA II power-meter. The alignment is finely optimized by iteratively moving
the fiber to maximize the output power (FIG. 3.6G). Once the maximum
transmission is reached and we are satisfied with the alignment, the fiber is
pulled back from the sample by some millimetres to allow the deposition of
another droplet of glue (FIG. 3.6H) and finally brought back to its optimized
position (FIG. 3.61), where the glue will perfectly fill the gap between the fiber
and the sample. If the operation is performed correctly, a measurable increase
in transmitted power should be seen, due to the index-matching of the glue.
Notice that this operation is facilitated by the perfect position repeatability of
the haxapods, which ensures that, once the fiber is pulled back, re-entering
the coordinates of the optimized position will bring the fiber exactly to the
previous place, so that almost no further optimization is necessary. After a final
irradiation with UV light to solidify the glue, the operation is completed.



Chapter 4

Design of the optomechanical
modulator

4.1 Working principle

To realize a first proof-of-principle of optomechanical modulation in an
entirely FLM-based platform, we aim at demonstrating an intensity modu-
lator based on the integration of the simplest optical element, i.e. a straight
waveguide, with the simplest micromechanical element, i.e. a cantilever beam.
Writing a waveguide is the simplest part of the problem, while fabricating the
cantilever involves some microstructuring technique whose choice will depend
on the choice of material (see Sect. 2.3). A conceptual picture of the device
is reported in FIG. 4.1. A waveguide is written inside the cantilever passing
along the whole lenght of the beam and continuing on the other side. The
motion of the cantilever will then cause a misalignment of the two extremities of
the waveguide, therefore causing a (periodical) modulation of the transmitted
intensity.

The change in transmitted intensity can be formally interpreted in terms of
coupling losses. The spatial displacement of the cantilever, indeed, will also
cause a displacement of the field profile of the waveguide, resulting in a mis-
match with the field profile on the other side. If we assume that the free-space
propagation between the end of the cantilever and the beginning of the next
portion of glass is short enough for the field profile not to diverge significantly,
then the coupling factor is given by the same overlap integral presented in Eq.
(3.5), except in this case we are not computing the overlap of the waveguide’s
mode with the fiber’s mode, but the overlap of the waveguide’s mode with itself,
displaced by a given vector d = dyux + dyuy (z is assumed as the direction of
propagation, parallel to the length of the cantilever). Considering Eq. (3.5) and
normalizing [ | |Ewg|? dxdy = 1, the function describing the coupling efficiency

1S
2

7 (dy,dy) = / Evg (%, ) Ewg(x — dy, y — dy) dxdy 4.1)

which is nothing but the convolution of the waveguide’s field profile. Now, the
theory of guided optics ensures that in single-mode waveguides the fundamen-
tal mode has no sign inversion [97], therefore the field profiles can be written in

37



38 CHAPTER 4. DESIGN OF THE OPTOMECHANICAL MODULATOR

NWG
| |/
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FIGURE 4.1: Schematics of the ideal device. The gray line represents the waveguide
(WG), and the detail in circle A shows the interruption point between the end of the
cantilever and the beginning of the next portion of glass. The movement of the cantilever
causes a misalignment of the two extremities, resulting in a modulation of the transmitted
intensity.

terms of intensity profiles as

2

n(dy, dy) ‘ / / VIwg (00 leg(x — du,y — dy) dxdy 4.2)

where Iyg(x,y) is a quantity that can be directly measured by imaging the
output of the waveguide on a CCD camera, as described in Sect. 3.2.2.

The analytical form of the field profile E(x,y) of a guiding structure is
known only in very simple cases, such as step-index cylindrical structures. In
graded-index structures such as commercial fibers or, in our case, FLM-written
waveguides, no analytical form is typically available. However, in single-mode
structures (both fibers and waveguides) the actual shape of the fundamental
mode is usually well approximated by a two-dimensional gaussian function, so
that the intensity profile can be expressed as

2 2
Iwg(x,y):lgexp< 5 2>e p(—%) (4.3)

Inserting this expression into Eq. (4.2) the convolution integral can be separated
as the product of two convolutions in x and y.

2
0 (dy,dy) ‘/\/lwg Lg(x — dy) dx

It is possible to demonstrate that the convolution of two gaussian functions is
itself a gaussian function where Oconv? = (71 + (T In this case each function

2

\/Iwg(y)IWg(]/ - dy) dy

(4.4)
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is being convoluted by itself, meaning Teonv® = 202. The final result is easily
found as

3 dj
1(dx, dy) = 1o exp ( - 4(7%) exp ( — 4(75> 4.5)

where 1y is the transmission when the cantilever is not deflected, i.e. the
waveguides are perfectly aligned.
If, for instance, the cantilever is displaced horizontally, so that

1(dx) = noexp(—dz/402) (4.6)

then the expression can be reversed as

dy = 20x\/In(170/17). 4.7)

Let us assume, as an example, that the waveguide has ox = 10 pm. To decrease
the transmission by 50%, the cantilever needs to be displaced by 16.6 um. To
decrease the transmission by 90% (7 = 0.11p) the displacement would need to be
30.3 um. Itis evident, therefore, that the mode dimensions of our waveguide will
be fundamental in determining the behaviour of our device, and a waveguide
with a smaller mode will be always preferred, as it allows to have the same
intensity modulation with a smaller displacement of the cantilever, which is
easier and safer to achieve.

As a conclusive note, we should point out that, if the cantilever performs
an oscillatory motion at a given frequency f, the intensity transmitted by the
waveguide is modulated with frequency 2f. This is because the transmission
is symmetric with respect to the cantilever displacement on either side, and in
each oscillation period the cantilever crosses its central position (that is also the
position of maximum transmission) twice. As a result, in each oscillation cycle
of the cantilever, the transmitted intensity will have two maxima (corresponding
to crossing the rest position back and forth), and two minima (corresponding to
the points of maximum displacement on either side).

4.2 Choice of the substrate

The choice of the substrate depends on several considerations. In Sect. 2.3 we
reviewed two different microstructuring techniques: FLICE and water-assisted
ablation. FLICE is a well-established technique, and has already proved to be
able to produce microstructures of much higher complexity than the one we
plan to realize here. It appears, therefore, that FLICE would be an easy choice
for our purpose. The downside, however, is that FLICE can be only performed,
up to now, in fused silica and few other materials. For instance, a recipe to
perform FLICE on borosilicate glass, which is among the commonly employed
substrates for the fabrication of complex photonic devices such as the ones
reviewed in Sect. 2.2.2, has not yet been demonstrated.

As clearly pointed out in [73], the writing of good quality waveguides in
fused silica is somewhat problematic. Waveguides have been written in both
low frequency [98] and high frequency regimes. In low frequency regime, good
waveguides with low losses and symmetric mode shape were achieved, but
they show refractive index contrast in the order of 1 x 10~3, which is too low
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to allow the fabrication of curved waveguides (essential for many photonic
applications) without significant bending losses. In high frequency regime, on
the other hand, an index contrast of around 6 x 1073 was achieved, but at the
expense of some damaging of the region close to the waveguide [73]. On the
contrary, borosilicate glass has been shown to provide optimal quality single-
mode waveguides with good index contrast within large windows of fabrication
parameters.

Since our device consists of a single, straight waveguide, both substrates
could be adopted in principle. However, this work is meant to be an initial
step towards the integration of micromechanical elements in photonic circuits.
Fabricating our device in fused silica with FLICE technique would be most
likely easier, but less open to future innovations, as it would be fundamentally
bound to work only on a specific material that, at present, does not allow
to easily fabricate complex circuits. On the contrary, laser ablation has been
demonstrated in almost any material, from metals to dielectrics, so our results
would be easily extensible to any other material that allows to write waveguides
of some sort (including fused silica).

In conclusion, we decided to realize our device in borosilicate glass through
water-assisted ablation.

4.3 Geometry

4.3.1 Dimensions

Similarly to what is usually done in silicon-based technologies, creating
a cantilever requires to dig a U-shaped cavity that starts at both sides of the
cantilever and connects underneath it. This frees a portion of material from its
surrounding, creating what is often referred to as a bridge structure. To have a
cantilever it is then sufficient to cut one of the extremities of the bridge to free
its motion.

There are two main limitations to how thin a cantilever can be realized. The
first is related to the resolution of the ablation technique, which is in the order
of few micrometres. As a consequence, one cannot expect to be able to fabricate
reliably and repeatably a cantilever that is, as an example, thinner than 10 pm.
The second limitation, which is actually more restrictive, is that a waveguide
must pass through the cantilever. The cantilever must be thick enough not
only to properly host the laser-modified region of the waveguide, but to also
accommodate the field profile of the guided mode, which normally extends
outside of the modified region by several microns or even tens of microns. If
the cantilever were thin enough to intercept the tails of the field profile, light
could be coupled outside of the waveguide through the scattering caused by
surface imperfection. Knowing that FLM-written waveguides have typical
mode dimensions in the order of 10 ptm we decided, as a safe initial assumption,
to fabricate all cantilevers with a 50 um thickness.

Once the thickness is chosen, according to Eq. (1.27) the resonance frequency
only depends on the length. In principle, there is no limitation as to how short
or how long the cantilever should be. However, a very short cantilever will be
very stiff, i.e. will have a very high elastic constant and a very high resonant
frequency. This is undesirable for several reasons: firstly, as we mentioned in
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Sect. 1.4.3, most applications benefit from low-k cantilevers; secondly, displacing
the cantilever by a sufficient amount to have a measurable modulation of the
transmitted intensity would produce great mechanical stress and possibly cause
it to break, while we want our cantilever to operate in a region of safe elasticity.
On the other hand, a cantilever too long would be equally undesirable, as it
would take very long time to fabricate (especially if we prove unable to increase
the writing speed significantly with respect to the ones reported in TABLE 2.1)
and the resulting cantilever would probably have a very low quality factor (see
Sect. 1.3.2). As a reasonable trade-off, we decided to fabricate cantilevers with
lengths in the order of 1 mm. The substrate we use is the commercial Eagle XG
glass by Corning which has, by manufacturer’s specification, density ¢ = 2380
kgm~ and Young’s modulus E = 73.6 GPa. This corresponds, through Eq.
(1.27), to a theoretical resonance frequency of about 45 kHz.

The choice of the remaining dimension of the cantilever (the width, i.e. the
dimension orthogonal to the movement) is irrelevant as far as the resonance
frequency is concerned. On one side, we prefer to have it wide enough to a)
match the approximations at the base of the base of most theoretical models
presented in Sect. 1.3.2 and b) avoid any unwanted coupling of the two orthog-
onal modes of oscillations. On the other hand, a wider cantilever takes longer
to fabricate. Therefore, once again, we chose as a trade-off to fabricate 250 pm
wide cantilevers.

4.3.2 In-plane VS out-of-plane oscillation

Most cantilevers realized by silicon-based techniques are designed to oscil-
late out-of-plane, i.e. orthogonally with respect to the surface of the substrate
over which they are fabricated. In our case, there are several reasons to pre-
fer, instead, an in-plane oscillation configuration. The geometrical difference
between the two can be clearly visualized in FIG. 4.2.

As a first consideration, one can immediately observe that the out-of-plane
configuration (right side of FIG. 4.2) forces to remove a wider portion of material
underneath the cantilever. This is a region where water has to flow horizontally,
instead of vertically, to be in contact with the surface to ablate, and the debris
needs to be expelled horizontally as well. The literature we have reviewed
in Sect. 2.3 shows indeed that the regions of horizontal ablation tend to be
kept as short as possible, as they clearly represent an unfavourable geometry.
In our case, the in-plane configuration is more favourable on this regard, as
the cantilever represents much less of an obstacle and the region of horizontal
ablation is reduced to only 50 pm.

Secondly, we must take into account the possibility that our ablation tech-
nique might not have a vertical resolution as good as the horizontal one. The
problem is the asymmetry of the nonlinear interaction region, which we already
pointed out in Sect. 2.2 and can be well visualized by observing the waveguide
profiles of figure FIG. 3.2, particularly the one written in low-frequency regime
(B), which is the regime of interest for ablation, as we will use repetition rates
well below 1 MHz. It is evident that while in the horizontal direction the in-
teraction region is confined to a small area of few micrometers, in the vertical
direction the regions extends for at least 20 to 30 ym. When ablating vertical
features, the spot is translated vertically with respect to the sample, which is
equivalent to having a "blade" of few micrometres. When ablating horizontal
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features such as the region underneath the cantilever, the spot is translated
horizontally, so the "blade" is much larger and one cannot expect to have the
same resolution. Now, the width and the length of the cantilever are critical in
determining its resonant frequency, so we want to be able to reproduce their de-
signed dimensions as accurately as possible. In out-of-plane configuration, the
width of the cantilever would be determined by a region of horizontal ablation.
Instead, in in-plane configuration the width would be determined vertically, i.e.
with a supposedly better resolution, which is why, again, the latter is preferable.

As a final remark, we should point out that waveguides written in transver-
sal mode (see Sect. 2.2) have a tendency to exhibit slightly elliptical mode shapes
with oy < 0y, due to the same reasons we just discussed. Should that be the
case in our device, we would benefit from oscillating along the direction with
smaller o (see Eq. (4.6) and Eq. (4.7)), meaning the in-plane configuration would
be more favourable.

250 um

SECTION A-A

FIGURE 4.2: Comparison between cantilevers designed for in-plane (left) and out-of-
plane (right) oscillation. In-plane geometry requires to ablate a longer vertical hole,
while out-of-plane geometry requires to ablate a longer horizontal region underneath
the cantilever.
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Fabrication of the
microcantilever

5.1 Developement of water-assisted ablation

The first experimental step of the work was the implementation and op-
timization of water-assisted ablation on our platform. In detail, given the
geometric specifications we discussed in the previous chapter, we needed to
bring our process to a point where it could reliably

* ablate rectangular cavities at least 300 pm deep, as the cantilever is 250 pm
wide and a portion of material needs to be ablated underneath it;

¢ ablate buried horizontal regions at least 25 um long, as the cantilever is
50 pum thick and the horizontal region can be ablated in two steps, starting
from each side;

e perform a precise cut to free the extremity of the cantilever, ideally as
narrow as possible.

As a starting point, we considered the fabrication parameters summarized
in TABLE 2.1. Our laser system is the Ytterbium-based oscillator discussed in
Sect. 3. We decided to employ a commercial Achroplan 20x - 0.45 NA objective
by ZEISS. This objective has a numerical aperture that is in the average of
what has been employed in literature. Furthermore, it has a working distance
of about 2mm, which is suitable for performing rear-surface ablation of a
substrate that has, in our case, a thickness of 1.1 mm, while maintaining good
clearance between objective and sample. As a point of discontinuity with
present literature, where a repetition rate of 1 kHz was invariably employed, we
decided to start with a repetition rate of 50 kHz, with the purpose of achieving
higher writing speeds. The other parameters, most importantly the writing
speed and the pulse energy, where subject to a thorough optimization process
which we shall describe in the following.
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FIGURE 5.1: Picture of the sample-mount setup. A small holder is glued to the bottom
of the Petri dish, and the sample is glued on top of the holder by one if its sides.

5.1.1 Sample mount and water supply

In our setup, the laser beam is fo-
cused from above, as represented in
F1G. 3.1, so the ablation needs to start
from the bottom surface, where we
have to bring water in contact. Water
supply has been performed in litera-
ture with several different geometries,
both statically and dynamically. A dy-
namic supply, where a specific pump-
ing system is implemented to create a
constant flux of water, is particularly
suitable for setups where the sample
is still and the laser beam is moved.

Sample

Water level * Water level

=
Holder

FIGURE 5.2: Schematic of the sample-
mount setup. After the holder and sample
are properly glued, water is slowly poured
until it reaches the bottom surface of the sam-
ple, as displayed in figure.

In our setup, where the sample is moving, having a pumping system attached
to a moving part would be rather impractical, so we opted for a simpler static

supply.

We used a common Petri dish with a diameter of 60 mm. We glued a small
piece of spare glass, about 2mm thick, to the bottom of the dish, to use it as
a holder for our sample. The sample was then glued on top of the holder
overhanging by one of its side, as shown in FIG. 5.1. We typically managed to
mount it with an overlap on the holder of about 5 mm, which left most of the
bottom surface free for micromachining, considering that the sample overall
dimension in the horizontal plane was 25 mm x 25 mm. The Petri dish was then
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mounted on the motion stages. We should point out that a firm and steady
gluing of holder, sample and dish is fundamental to avoid movements during
the fabrication, especially due to the acceleration of the stages.

Once the dish is mounted on the stages and all alignment procedures are
completed, we slowly pour water into the dish until reaching the bottom surface
of the sample, as schematized in FIG. 5.2. This operation is performed while
carefully avoiding to spill water on the top surface, as it would cause undesired
refractions and aberrations of the laser beam, which we need instead to cross
the top surface and the whole thickness of the sample as cleanly as possible.
Once water touches the bottom surface, it uniformly adheres to the sample
and forms a meniscus along its sides. This has turned out to be beneficial, as
it prevents water from slipping over the top surface when the motion stages
perform significant accelerations.

5.1.2 Trenches

Optimizing the technique requires
to have a benchmark for the compar-
ison of structures written with differ-
ent irradiation parameters. We chose
to compare our results on an elemen-
tary trench structure, i.e. a structure
fabricated with the irradiation pattern
displayed in FIG. 5.3. Starting from
the bottom surface, which is in con-
tact.with water, we irradiated straight NS e o
horizontal lines one on top of each
other, separated by a step Al up to FIGURE 5.3: Schematic of the irradiation
a total irradiation height H. While pattern for the ablation of a trench.

Ah was varied to study the effect of

different pitches, H was kept constant to 400 pm. However, when the debris
formed during the irradiation is not ejected correctly, it can stack into the crack
and prevent water from flowing into the trench, thus stopping the ablation
before the full height of 400 pum is reached. The ablated height can be accurately
measured by observing the machined sample from its lateral facets with the
optical microscope.

Starting z-coordinate. During the alignment procedure, we set the z = 0
reference plane on the bottom surface of the sample. As a safe initial assumption,
we decided to start all ablation processes from a negative z-coordinate to make
sure that the bottom surface was correctly ablated. In the case of trenches, this
means that the first irradiation lines were focused in water, rather than in glass.
Our first fabrications were performed with an initial z = —28 pm coordinate.
However, a microscope inspection of the ablated structures revealed that the
bottom surface was not fully ablated, displaying instead a peculiar pattern of
almost periodically ablated and non-ablated features (see FIG. 5.4). We then
decided to perform an optimazion of the starting z-coordinate, obtaining the
results displayed in FIG. 5.5. Atz = —28 pm we found the behaviour just
described, while for lower initial coordinates the surface was fully ablated and
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50 um
———

FIGURE 5.4: Bottom view of a trench ablated with zy = —28 pym. The surface shows a
peculiar pattern of ablated and non-ablated regions.

50 ym

(A) (B)

(0 (D)

(E) (F)

(G) (H)

FIGURE 5.5: Study of the bottom surface of the trench with different starting z-
coordinates. (A) zp = —100 um (B) zg = —60 pm (C) zg = —28 ym (D) zp = —16
pm (E) zg = =8 um (F) zyg = —4 pm (G) zg = —0 pm (H) zg = 4 pm.

for higher initial coordinates the ablation was not started at all. The fact that
we first see a complete bottom surface ablation when starting at z = —60 pm,
apparently suggest that the focal point is somewhat "higher" than we expect it
to be. This might be the result of a self-focusing mechanism, which has been
often reported in FLM and causes the laser beam to focus before the actual focal
length of the objective. Such phenomenon is strongly nonlinear, and this may be
the reason why it does not take place during the alignment procedure, which is
performed at very low intensities, but only during fabrication. This hypothesis
is consistent with other results displayed further in this chapter.

Pulse energy, writing speed and pitch. These three quantities are the most
relevant writing parameters for our structures. We fabricated a set of about 60
trenches to explore a subset of the space defined by these quantities. Specifically,
we tested pulse energies ranging from 0.5 to 5 pJ, writing speeds ranging from
0.5 to 4 mms~!, and Ah ranging from 1 to 4 um. For each trench, we measured
the height of the ablated region, which is clearly distinguishable by microscope
inspection (see FIG. 5.6), as already shown in [92]. For pulse energies lower
than 1.5 pJ the ablation did not even start. For energies between 1.5 and 5 pJ
our results are collected in the graphs of FIG. 5.8. With all pulse energies, the
total ablated height evidently decreases with increasing Ah. This is reasonable,
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<—— SAMPLE BOTTOM LASER IRRADIATION DIRECTION
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(c) (D)

FIGURE 5.7: Bottom view of trenches ablated with different pulse energies. (A) E, = 3 ]
(B) Ep = 511 (C) Ep = 9] (D) Ep = 15].

considering that a larger Ah implies the formation and removal of larger debris
at each successive ablation line. At the same time, the ablated height evidently
increases with the pulse energy, which is reasonable as the formation of higher
energy plasma increases the probability of the material being correctly ejected.
Finally, the dependence on the writing speed is less prominent but, once again,
higher writing speeds seem to make the ablation less efficient, particularly in
the 5pJ energy range.

In order to have the ablation process as efficient as possible, it would seem
reasonable to choose as the optimal set of writing parameters the only one
that proved able to ablate the full 400 um irradiated height, i.e. E, = 5p],
Uwriting = 0.5 mm s~1, Ah = 1 um. However, the surface quality of the ablated
structures must be considered as well. Specifically, we would like to ablate
features with clean, sharp sides and without causing damage to the surrounding
areas. As FIG. 5.7 clearly shows, pulse energies higher than 3 pJ lead to evident
thermal modifications in the regions close to the bottom of the trench. As a
result, we chose to perform the following ablation experiments with E, = 3],

Owriting = 0.5 or 1 mm s~ and Ah = 1 um as our main reference parameters.

Further insights. Once a first, functional set of the main fabrication parame-
ters was found, we explored the effects of other variables in the ablation process.

We first wanted to determine whether the apparent decrease in ablation
efficiency for higher writing speeds and higher Al was due to the intrinsic
phenomena involved in the ablation process, i.e. the proper formation and
ejection of debris, or due to the fact that water could not flow into the crack and
reach the ablated zone quickly enough. Indeed, if a trench of a given height is
ablated with a larger Ah between one scan and the other, the total height of the
trench will be reached in shorter time or, in other words, the ablation process
will have a higher vertical speed. The same is true for a higher writing speed,
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FIGURE 5.8: Dependence of the ablated height on writing speed, pulse energy and Ah.
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which allows to perform each scan in a shorter time, therefore also increasing
the vertical speed of ablation, and a higher vertical speed might cause water
not to reach the ablated area. Should that be the case, introducing a dwelling
time (i.e. a pause of given duration tq,,. between successive ablation lines)
would increase the efficiency of process and would yield taller trenches. In a
first experiment, we increased Ah and ¢4y accordingly, in such a way to keep
the vertical speed constant. In a second experiment, we kept instead Ak constant,
and increased fgyye) SO to decrease the vertical speed. In both cases, the presence
of dwelling time proved to be completely insignificant, as the ablated height
kept decreasing with Ah regardless of the dwelling. This confirms the results
already shown in [91].

We then fabricated trenches tilted by different angles ¢ with respect to the
vertical direction. This was done by adding a lateral step Ay = Ahtan(9)
between each successive scan. As ¢ increased, the vertical height of the trenches
decreased, but the length of the ablated track remained approximately constant,
showing no particular correlation with ¢ up to ¢ = 60°. This is positive for us,
as it indicates that, if a given set of parameters proves able to ablate, for instance,
a 200 pm tall vertical trench, we can expect it to also ablate an approximately
200 pm long tilted trench. This provides a good geometrical flexibility to the
technique.

To test our initial hypothesis that
what prevents the process from reach-
ing larger ablation heights is the clog-
ging of debris inside the crack, we
tried to ablate thicker trenches, as-
suming that a thicker trench would
favour the ejection of debris and the
flowing of water. The trenches were
realized by performing multiple ab- i
lation scans on the same horizontal AN S e -
plane, separated by a distance Ay, be-
fore moving up by Ah. Anexample of FIGURE 5.9: Schematic of the irradiation
the irradiation pattern with 2 scans is pattern for the ablation of a trench.
schematized in FIG. 5.9. We explored
different numbers of scans and different values of Ay. Values of Ay larger than 4
pm resulted in visibly separated trenches and proved inefficient to ablate higher
structures. For Ay equal or smaller than 4 nm, instead, increasing the number of
scans, i.e. the thickness of the trench, resulted in taller trenches, as foreseen. As
an example, we show in FIG. 5.10 that a trench realized with 3 scans per plane,
separated by Ay = 4 pm, was ablated up to the full irradiated height of 400 pm
when using E;, = 3 1], Oyriting = 0.5 mm s~!, Ah = 4 pm. The same parameters
had previously yielded a single-scan trench only 150 pm tall.

As a final experiment, we decided to explore higher repetition rates, which
may allow to employ higher writing speeds. Specifically, we fabricated a set
of trenches where the repetition rate and the writing speed were increased
accordingly to keep constant the number of pulses (i.e. the energy deposited)
per unit length, which is what supposedly determines most of the ablation
properties. As an example, if we chose to write at 0.5 mm s~ ! with 50 kHz, we
would write at 1 mm s—! with 100 kHz, and so on. However, we found that at
higher writing speeds the ablated height was invariably lower, and at 200 kHz
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50 um
=

FIGURE 5.10: Side view of a trench ablated with 3 scans per plane, separated by Ay = 4
pm.

FIGURE 5.11: Side view of a trench ablated with 200 kHz repetition rate. The whole
structure was evidently melted.

the area surrounding the trench was melted, as shown in FIG. 5.11. Thermal
effects due to high repetition rates seem thus detrimental in our process. As a
result, we decided to keep the repetition rate of 50 kHz and the writing speed
of 0.5 to 1 mms~! as standard parameters for all successive fabrications. This
writing speed is much higher than most literature has shown up to now, and
is only comparable to the one employed in [95] and [94] where, however, a
picosecond laser was employed.

5.1.3 Boxes

As a next study, we investigated the ablation of rectangular boxes, using the
same idea presented in [95], that is to remove significant volumes of material
by ablating their sides and letting them detach, rather then ablating the full
volume. A schematic of the irradiation pattern displayed in FIG. 5.12. As
irradiation parameters, we adopted E, = 3], Uwriting = 0.5 mm s, Ah =1um,
as optimized with the study of trenches presented in the previous paragraph.

After being ablated, the boxes need to detach from the substrate. In order

GLASS BOTTOM SURFACE GLASS BOTTOM SURFACE

FIGURE 5.12: Irradiation pattern for the ablation of a rectangular box. First, the sides of
the box are ablated by performing circular patterns with steps Ah. Last, the top of the
box is ablated by shrinking the patterns until reaching the center.
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to facilitate the detachment, we decided to fabricate them with one side tilted
by some angle ¢ with respect to the vertical. We explored boxes 100 and 200
pm tall, 100 and 200 pm wide, 500 um long, and with ¢ ranging from 0 (i.e.
straight walls) to 45°. All the boxes detached perfectly, and we were thus able
to demonstrate a full range of geometries, from the perfectly rectangular box, to
a box with a 45 ° tilted side which resulted in a triangular wedge. These two
examples are shown in FIG. 5.13.

()

(©)

FIGURE 5.13: (A) Side view of a 200 pm tall rectangular box. (B) Side view of a 200 pm
tall triangular wedge. (C) Bottom view of a rectangular box with horizontal cross-section
of 200 pm x 500 pm.

Boxes taller than approximately 250 - 300 pm proved more difficult to ablate
and detach, as the ablation would often stop before completing the full pattern.
We qualitatively distinguished two types of failure: width-limited and height-
limited. In width-limited failures, the sides of the box were totally ablated, but
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(A)

(B)

FIGURE 5.14: Top view in transmission mode. (A) The top part is ablated except for a
small area. (B) The top part was not ablated because water was unable to reach the full
height of the box.

the top part was not completely "closed", as in the example of FIG. 5.14A. In
these cases, which typically happened for boxes lower than 300 pm, we often
found that, even if the box was not initially detached, it would easily detach
after few minutes in the ultrasound cleaner without showing visible damage to
the side walls. In height-limited failures, instead, the ablation stopped before
reaching the top surface. This limitation was analogous to the one found for
trenches, and this type of failures tipically happened for boxes taller than 300
pm. An example is reported in FIG. 5.14B. Here, the supposed height of the
box was 400 pm, which we knew from the trenches experiment to be most likely
out of reach with the chosen irradiation parameters. The ablation was indeed
unable to reach the top part of the box, which consequently remained attached
to the substrate.

A more quantitative analysis of the circumstances associated to failed abla-
tions revealed that boxes were not fully ablated when the sum of the vertical
and the horizontal path (where the horizontal path corresponds to half of the
box’s width, since the top part is ablated from both directions) were longer
than about 350 nm. However, given the same overall path, boxes low and wide
proved generally easier to ablate than boxes tall and slim.

Finally, with the purpose of ablating taller boxes, we tried to stack multiple
boxes one on top of each other. We supposed that if what actually stops the
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ablation is the presence of debris blocking the
water flow, removing a full portion of material
should allow the ejection of all debris and water
should be able to completely fill the gap, so that
ablation can then restart from a clean surface. This
method showed indeed very good results, and we
were able to fabricate a fully ablated 600 pm tall
box, realized in 4 steps of 150 pm. The result is
shown in FIG. 5.15. Multi-step boxes can also be
useful to ablate more reliably boxes that would be
within the limit of single-step ablation, having as
an only downside a slight increase in fabrication
time and some minor surface imperfections at the
conjunction planes.

5.1.4 Horizontal ablation

At this stage, the only significant geometrical
feature we are missing for being able to fabricate
a cantilever is the horizontal ablation. The main
problem with horizontal ablation is that, as op-
posed to what we have done up to this point, it
not possible to just ablate the sides and let a por- FIGURE 5.15: Side view of a 600
tion of material detach, because an obstacle of pm tall box realized in 4 steps.
intact material is present underneath it, so it can-
not "fall" like the boxes normally do. As a first
trial, we then decided to ablate the horizontal re-
gion by irradiating the full volume, i.e. by closely stacking a fine pattern of
lines until the whole volume is covered. In detail, we fabricated two simple
rectangular boxes close to each other and then tried to connect them by the top
with an horizontal ablation region. This produces a U-shaped ablated pattern,
and what remains is a bridge-like structure. The results were very encouraging,
as we were able to produce structures with a wide range of geometries, of which
we show two examples in FIG. 5.16.

The method seemed very reliable and repeatable, and resulted in a very
clean horizontal region. However it presented some downsides. First, as can be
seen in FIG. 5.17, the horizontal ablated region was not perfectly rectangular
because of the opening and closing delays of the mechanical shutter. This can
be solved by some simple re-design of the irradiation pattern. Second and
more importantly, fabricating four structures took more than ten hours. This is
because volume ablation requires to perform a dense pattern of ablation lines
and is therefore severely time consuming. To overcome this issue, we then
started considering to remove the horizontal region by breaking it into pieces,
rather than ablating the full volume. The problem is making sure that the pieces
can fall off laterally and free the region, which is clearly easier with structures
that have shorter horizontal regions. We explored two different irradiation
patterns. In the first, we subdivided the region in rectangles, each one ablated
with a pattern similar to that of FIG. 5.12. In the second, we subdivided it into
triangular prisms which, having tilted surfaces, should favour the falling of the
detached pieces. We found that both pattern were able to successfully ablate
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a 100 pm wide horizontal region. However, the rectangular pattern showed
slightly better surfaces and took less time, so we decided to employ it in the
next fabrications.
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FIGURE 5.17: Top view of the U-structures. The ablation was performed by irradiating
the two halfs of the box in opposite directions (light blue line), connecting them by an
external arc. The white dashed line represents the ideal point of opening and closure of
the shutter. However, a mechanical delay is present, such that the shutter closes slightly
late and re-opens slightly late. This results in a slight displacement of the two halves,
which is worse around the centre line, where the re-opening follows the closure very
quickly.

5.1.5 Bubbles

From our very first experiment, we have witnessed the formation of several
vapour bubbles below the sample. These bubbles are persistent, meaning they
do not re-condense, but remain stuck below the surface of the sample for several
hours, even after the irradiation process is completed.

We have observed that the formation of large bubbles is an incremental
process. During the first minutes of fabrication, microscopic bubbles are formed
around the region of irradiation and tend to be pushed laterally, towards the
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FIGURE 5.18: Macroscopic persistent vapour bubbles formed during the fabrication.

sides of the irradiated area, forming a pattern that is visually similar to a
fine foam. However, as the ablation process goes on, they seem to unify into
larger bubbles which, within a time frame of about one hour, acquire visible
dimensions, with diameters in the order of millimetres. An example of this
stage is reported in FIG. 5.18.

The problem with bubbles is that
they interrupt the contact between wa- /ﬂm ;
ter and glass, so they can cause the ab- iy \
lation to stop. As mentioned, bubbles / ‘
tend to be pushed away from the irra-
diated region, so they do not usually Y
represent a problem for the ablation of 3 _ ;
a single feature. On the other hand, ; : i
they can be detrimental when perform- \ :
ing the ablation of several structures in \
different areas of the sample, as it can \ :
randomly happen to start an ablation 4‘ ' %/
within the area of a bubble, in which :
case the ablation will not start, as hap-  FIGURE 5.19: Bottom view of a failed abla-
pened with the structure shown in FIG. tion due to the formation of a bubble.
5.19.

As a matter of fact, the formation of shock waves and cavitation bubbles is
a well-known effect of laser-induced optical breakdown in water. According
to most authors, this is also the reason why water-assisted ablation is much
more efficient than "dry" ablation, as it helps at the same time to create and
remove the debris. However, cavitation bubbles are a transitory phenomenon
and collapse very quickly. The formation of macroscopic, persistent bubbles has
not generally been reported. We may speculate that this phenomenon is linked
to the fact that we are using a 50 kHz repetition rate, rather than the "usual"
1kHz. With a 50 kHz repetition rate, pulses are separated by a time interval
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of 20 ps. If this time interval is comparable to the collapsing time of cavitation
bubbles, then an additive effect might take place and lead to the formation
of macroscopic bubbles. Indeed, both [99] and [100] studied the dynamics of
femtosecond-lase induced cavitation bubbles in water, and reported a collapsing
time in ther order of 10 us for a pulse energy of 1J.

To fully address this phenomenon some further investigation should be
performed, which is beyond the scope of this work. A dynamic water supply
would probably mitigate the problem, as bubbles would be brought away as
soon as they form and they would probably not grow in size as they do in our
case. Within the fabrications presented in this work, we simply dealt with the
problem knowing that it can represent a small, random probability of failure.

5.2 The cantilever

At this point, all the basic elements are ready for the realization of the
cantilever structure, which is essentially a bridge with a cut on one side. In
principle, the cut could be realized by simply ablating a trench. However, even
when the trench is correctly ablated, we have found that some material tends to
remain stuck inside it, so we preferred to perform the cut as a narrow box, with
the usual irradiation pattern of FIG. 5.12. We fabricated four cantilevers with
I =1mm, t = 50 pm and w = 250 um, as designed in Sect. 4.3. The width of
the extremity cut was set at 50, 30, 15 and 10 pm. All cantilevers were correctly
ablated, so all the subsequent cantilever were fabricated with an extremity cut
of 10 pm. The results are shown in FI1G. 5.20. FIG. 5.21 shows instead a side
view of one of these cantilevers.

From the bottom view images, a high cleanliness and precision of the cuts is
observable. On the other hand, the side view shows that horizontal surfaces (i.e.
the top part of the cantilever) tend to have a much worse quality than vertical
surfaces. These was foreseen and discussed in Sect. 4.3, and is connected to the
asymmetry of the nonlinear interaction region.

What we also want to emphasize is that, whereas the horizontal dimensions
of the cantilever are as designed within an accuracy of few micrometres (see
FIG. 5.20), the vertical dimensions of our structure are slightly larger than
expected by about 30 um (see FIG. 5.21). Specifically, the resulting width of
the cantilever is about 280 um instead of the designed 250 pm, and the depth of
the cavity is 330 pm instead of the designed 300 pym. A similar effect was also
reported in [94]. Our hypothesis is that this behaviour is linked to the same
phenomena we reported in Sect. 5.1.2 when discussing the starting z-coordinate.
It is possible that a combination of self-focusing and aberration effects is present
and causes the nonlinear interaction region to take place before the actual focal
point of the objective. As a result, the ablation always happens at a higher
point than we encode in the control software, so our ablated features result
slightly "taller". Furthermore, both aberrations and self-focusing depend on
the fabrication depth. Taller structures are closer to the top surface, so the laser
beam crosses a smaller portion of substrate, therefore the effect is less prominent.
This is evident in FIG. 5.15, where the last step looks visibly shorter than the
first, despite being equally coded at software level. As a result, the problem of
taller structures cannot be solved by simply adding a negative vertical offset in
the code.
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In conclusion, this is a further proof the designing our cantilever for in-plane
oscillation was a correct choice, because neither the surface imperfections nor
the mismatch of the dimensions have any effect on the static and dynamic
behaviour of the structure. As a matter of fact, having a cantilever 280 pm rather
than 250 pm wide is completely equivalent from a practical point of view.

b

(a) (B) (<) (D)

FIGURE 5.20: Bottom view of cantilevers with an extremity cut of 10, 15, 30, 50 pm.

(a) ()

FIGURE 5.21: (A) Side view of a cantilever. Notice that the horizontal surface has a worse
quality than vertical surfaces. Also notice that the vertical dimensions are slightly larger
than designed. (B) Photograph with macro objective.

Once the first set of cantilevers was produced, we fabricated several more in
successive experiments. We varied the length while keeping the thickness and
width constant, and we successfully demonstrated a range from 0.5 mm to 2
mm, which are reported in FIG. 5.22 as example. In a subset of these cantilevers
we integrated the waveguide, as discussed in the next pragraph.
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FIGURE 5.22: Bottom view of two cantilevers with lengths of 0.5 mm and 2mm respec-
tively. The second one does not fit into a single image.

5.3 The waveguide

The properties and performances of FLM written waveguides are highly
sensitive to all irradiation parameters. Extensive literature exists on waveguides
written in borosilicate at different repetition rates. Our case, however, has
several peculiarities given by the fact that we want to write a waveguide inside
the cantilever within a single fabrication, rather then performing the work in
two or more steps. The main reason for this, besides the obvious purpose of
time saving, is that the alignment of all structures, and particularly the relative
alignment of waveguide and cantilever, can be reproduced which much greater
accuracy.

As an immediate consequence, since the cantilever is ablated from the bot-
tom surface, our waveguides need to be written at a considerable depth from the
top surface, which is an uncommon condition for waveguide writing. In order
to have the waveguide passing approximately along the center of the cantilever,
we decided to write it at 150 pum from the bottom surface. We will write the
waveguide using the same 20x Achroplan objective employed for ablation, since
exchanging the objective would imply re-performing the alignment procedure.

Finally, we should consider the repetition rate. Eaton et al [44] showed
that waveguide writing in borosilicate benefits from heat accumulation effects
due to high repetition rates, particularly above 200 kHz, with 1 MHz as the
optimum parameter. In our case, the 50 kHz needed for ablation are achieved
by setting the internal repetition rate of the laser to 200 kHz and the pulse
picker to 4. While the pulse picker can be changed on-the-run, changing the
internal repetition rate requires to switch off the laser, which then requires at
least one hour to reach again stable operation. Consequently, as a mere matter
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FIGURE 5.23: Comparison between waveguide mode (left) and fiber mode (right). The
waveguide mode has oy = 7.5 um and oy = 8 pm.

of practicality and of time-saving in the fabrications, we decided to write our
waveguides with a repetition rate of 200 kHz.

Following the reference work of [44], we chose to optimize our waveguides
for an input wavelength of 1550 nm. We fabricated a set of about 70 waveguides
with pulse energies ranging from 0.1 to 2 pJ and writing speeds from 2 to
20 mms~!. The best single mode waveguide was achieved with vyriting = 2
mms ! and E, = 1.54 pJ. The aquired image of the mode is displayed in FIG.
5.23 against the fiber mode. The mode is almost circular and its measured
dimensions are 0y = 7.5 ym and ¢, = 8 ym. Its overlap integral with the fiber
mode is about 70%.

Integrating the waveguide in the cantilever is straightforward. We write the
waveguide first, in order to avoid any border and aberration effects, then we
perform the ablation. This way, the cantilever is practically fabricated "around
the waveguide". The only point of intersection between the ablation pattern
and the waveguide is the extremity cut of the cantilever. With fiber coupling,
we achieved an overall transmission of 16%, corresponding to a total insertion
loss of about 7.95 dB. This result is not particularly competitive with respect
to most of the literature in borosilicate, but is sufficient for our purpose, so we
proceeded and used this waveguide for our subsequent experiments.






Chapter 6

Static and dynamic
characterization

We experimentally characterized the static and dynamic properties of two
cantilevers 1.2 mm and 1.5 mm long. We will refer to them in the following as
Cantilever 1 and 2 respectively. A third cantilever, 730 pm long, was only used in
one experiment, as we shall later discuss. We employed an experimental setup
conceptually equal to the one of FIG. 3.3. We first pigtailed the input fiber to the
sample, in order to have a stable coupling with the lowest possible losses, while
the output light was collected with an objective. Both the pigtailing operation
and the actual characterization experiment were performed on the hexapods
setup (see Sect. 3.3).

6.1 Static characterization

6.1.1 Experiment and results

As a first characterization we measured the intensity transmitted by the
waveguide through the cantilever as a function of a static displacement applied
to its extremity. Applying such displacement with micro- or sub-micrometer
precision is a nontrivial problem. In our case, we took advantage of the superior
position accuracy of the hexapods. We mounted our sample on the sample
stage (see FIG. 3.5) through a specific holder. We then built a simple crane-like
structure, which we mounted on the left-side hexapod, to which we attached
a thin steel needle, in such a way that the needle was kept at about 45° with
respect to the horizontal plane. This allowed us to insert the needle in the lateral
apertures of the cantilever and bend it with precise steps of 1 ym (FIG. 6.1) in
both directions. The collection objective was mounted on the right-side hexapod
and the output of the waveguide was imaged onto the powermeter. Our results
are summarized in the graphs of FIG. 6.2

6.1.2 Discussion

Our experimental data show a bell-shaped curve which is compatible with
the predictions we discussed in Sect. 4.1, where the transmission was modelled

61
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(a) ()

FIGURE 6.1: (A) Photograph with macro objective of cantilever and needle. (B) Micro-
scope image of the needle displacing the cantilever towards the right.
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FIGURE 6.2: Transmitted optical power as a function of the static displacement of the
cantilever. The dots represent experimental values, while the solid line represents a
gaussian fit. (A) Cantilever 1. The fit yields oq = 11.3 um with R? = 0.98. (B) Cantilever
2. The fit yields 0, = 8.8 um with R? = 0.97.
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as the convolution integral of two Gaussian mode shapes, so we expect to find
another Gaussian. We then fitted our data with Gaussian curves of the form
f(x) = Aexp[—(x — x0)2/(20?)] + B, where A, xo, o and B are unknown. Both
fits do not seem extremely accurate, the first one yielding R? = 0.98 and the
second one R? = 0.97. However, by extracting the o-parameter of the Gaussian,
they allow us to obtain a rough estimation of the width of the bell and compare
it to our theoretical predictions. In detail, the first cantilever yielded o7 ~ 11.3
pm and the second 0y >~ 8.8 pm. Let us now consider the model we described in
Sect. 4.1, specifically referring to Eq. (4.6). Comparing the theoretical equation
with our fit model the relation 202 = 40% must hold true, therefore we should
expect o = V20 (07 is the measured width of the guided mode). We know that
oy = 7.5 pm after the characterization of our waveguide, therefore we expect
o = 10.6 um. The first cantilever, with 05 = 11.3 um, seems to closely match
the prediction within an error of less than 7%, while the second cantilever, with
0, = 8.8 um, shows an error of about 17%.

The two cantilevers contain identical waveguides, so in principle they should
yield the same result in this experiment. We attribute the difference of the two ¢
to repeatability issues connected to the relative positioning of the needle with
respect to the cantilever, which determines how the displacement of the first
(which is the one we control through the hexapod) is transmitted to the latter.
This is hard to replicate exactly in different experiments. As an example, if
the needle touches the cantilever at a point closer to the base, it will induce a
larger displacement of the extremity. We have also noticed that the tip of the
needle has a tendency to degrade during the experiment because of the contact
with the cantilever, becoming more rounded and causing slight drifts in the
positioning. Furthermore, the elastic constant of the needle is surely higher than
the one of the cantilever, but not infinite, so the displacement we apply to the
needle is not identically transmitted to the cantilever. The stiffness of the needle
strongly depends on its angle with respect to the surface, the depth at which it
was inserted into the lateral aperture (FIG. 6.1) and so on.

What will be more relevant for the subsequent experiments is the observation
that the maximum transmitted power for Cantilever 1 is not at zero-displacement,
i.e. its rest position, but is slightly displaced to the right, by approximately 5 pm.
This is not an artificial effect produced by our experimental technique, as we
have repeatedly displaced the cantilever in both directions and always observed
the offset in the same direction. This effect might suggest a misaligment between
the two facing extremities of the waveguide at the cantilever’s tip. However,
the waveguide is written in a single scan, so it cannot be misaligned with itself,
and it would also be unreasonable to assume that the ablation process caused
the cantilever to be permanently displaced out of its rest position. We therefore
attributed this behaviour to some surface imperfection at the extremity cut of
the cantilever caused by the ablation process. In detail, it might be linked to
scattering or reflections due to surface roughness, or to an actual modification
of the extremities of the waveguide during ablation. To surely address the cause
of this phenomenon, some further investigation would be needed. The effect
did not preclude our subsequent experiment, but it was linked to a peculiar
behaviour we observed, which we shall describe in the following section.
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6.2 Dynamic characterization

To characterize the dynamic response of the cantilever, we replaced the pow-
ermeter with an InGaAs photodiode that has a 10 MHz bandwidth (PDA20CS by
Thorlabs) and we connected its output to an oscilloscope that has a bandwidth
of 200 MHz (Tektronix DPO 2024B). The oscillation of the cantilever translates
into an oscillation of the output intensity, which we are able to detect.

6.2.1 Time domain characterization

We first tried to characterize the dynamic properties of the cantilever by
performing a time domain measurement. Indeed, a linear system is fully char-
acterized by its response to an impulse or to a step. We tried to produce such
step using the same setup of the static characterization. We used the needle to
displace the cantilever by a given amount, we then lifted the needle vertically
so that, when the tip of the needle passed over the side of the cantilever, the
cantilever would flip back towards its rest position showing some damped
oscillation. In a standard damped harmonic oscillator, free oscillations have the
form

x(t) = Aexp(—Cwot) sin(y/1 — &2 wot + @) (6.1)
where A is the initial amplitude and ¢ the damping factor. In our case, this
should translate in a damped oscillation of the output intensity with frequency
2w( which, as the cantilever moves back to its rest position, should move back
to its maximum. In principle, by properly fitting the resulting curve, we should
be able to extract both wy and ¢ which, through equation Eq. (1.7), yields the
quality factor of our oscillator. In practice, however, the best measurement we
managed to extract from this experiment is similar to the one displayed in FIG.
6.3.

Filtro rurmare disatt,
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FIGURE 6.3: Result of the impulse response experiment. The intensity shows very small
oscillations. The shape of the curve is of difficult interpretation, as an unexpected drift is
superimposed to the oscillations.

The curve is of difficult interpretation. We can observe some minute oscilla-
tions superimposed to a drift. Overall, the intensity seems to oscillate around a
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value different from the one to which it finally settles, and to settle to a value
that is not the transmission maximum. Fitting the curve to an analytical function
is not feasible, as we are unsure of the physical origin of such behaviour. A
direct measurement of the temporal distance between the small peaks showed
that the oscillation frequency is of about 90 kHz, which is compatible with the
theoretical resonant frequency of about 85 kHz associated to the 730 pm long
cantilever tested in this specific experiment. The oscillations, however are too
few and too small to allow a good estimation of the damping factor, which is
also complicated by the presence of the drift.

In conclusion, we were unable to extract significant information from this
experiment and, as a result, we moved to a different characterization method,
working in the frequency domain rather than in the time domain.

6.2.2 Frequency domain characterization

For an experiment in the frequency do-
main we need to couple to the cantilever
a mechanical oscillation of a given fre- E %
quency. We decided to employ a com-
mercial piezoelectric plate (PRYY-0111 ‘ E ‘Aw
by PI) driven by a generator (Tektronix
AFG3011C) that has a 10 MHz bandwidth
and provides a sine wave with 20 Vpp =
maximum amplitude. The piezo is a disk
with a diameter of 1.5 cm and a thickness
of 2mm. It is designed to have the bias
applied to the flat surfaces, so that the
electric field acts orthogonally to the sur-
faces, i.e. along the thickness of the plate. The resulting deformation is parallel
to the electric field, as summarized in FIG. 6.4.

We first tried to mount the sample and the piezoelectric plate in the sandwich-
like configuration schematized in FIG. 6.5. The sample, with the fiber pigtailed
to its back, is leant on an aluminum plate. The piezoelectric disk is positioned on
top of it, and they are clamped by an aluminum bar fixed by two screws. Electric
contacts to the piezo are provided with two aluminum foils. The whole setup is
mounted on the left-side hexapod and the collection objective is mounted on
the sample stage. The output of the waveguide is imaged onto the photodiode.

FIGURE 6.4: Schematic of the electri-
cal connections of the piezo and con-
sequent deformation.

In this configuration, the deformation of the piezoelectric acts vertically, i.e.
orthogonally with respect to the sample and the plate. However, because piezo
and sample are firmly clamped, some deformation will take place also in the
horizontal direction, and the ratio between the two is defined by the Poisson
coefficient v. However, the method proved too inefficient and we were unable
to detect any visible oscillation of the output intensity. As a matter of fact, the
pressure pattern associated to the bending of the cantilever is almost completely
localized on the beam and on the immediate surroundings of its base, as clearly
shown in the simulations of FIG. 6.7. Therefore any pressure (or equivalent
deformation) applied to the whole sample will have a very inefficient coupling
with the oscillation mode.
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FIGURE 6.5: Schematic of the horizontal mounting. The deformation of the piezo acts
orthogonally to the plate, therefore orthogonally with respect to the bending direction of
the cantilever.

FIGURE 6.6: Schematic of the vertical mounting. The sample is lent on some layers of
rubber tape that allow its vibration while maintaining it steady.
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FIGURE 6.7: (A) Simulation of the pressure distribution associated to the bending of the
cantilever. The close-up (B) shows that the pattern extends only in a very narrow region
around the base.

What has been often done in literature [5, 15, 17, 19] is having instead the
whole substrate vibrating along the bending direction of the cantilever, so that
the beam is excited by a displacement that is transmitted through its base (a
complete theory will be provided further on in this chapter). An advantage of
having the cantilever oscillating out-of-plane with respect to the substrate is
that the substrate can be simply attached to the piezoelectric plate. In our case
the cantilever oscillates in-plane, so we came up with the solution represented
in FIG. 6.6. We covered the aluminum plate with some layers of rubber tape.
We then exploited the groove already present in the plate to host the side of the
sample. The other side, facing upwards, was firmly clamped with the piezo
by two screws. In such configuration, the deformation of the piezo produces
a vertical vibration of the substrate and the rubber tape allows the sample to
vibrate while maintaining it stable. With this configuration, we performed a fine
frequency scan and we were finally able to observe clear resonant peaks of the
cantilevers as a periodic modulation of the transmitted intensity. This time the
interpretation of the measured signal was undoubted, as both the intensity peak
and the phase shift typical of resonant behaviour (see FIG. 1.2) were evident.
Our results are summarized in the following section and in TABLE 6.1 and
TABLE 6.2.

6.2.3 Results

Fundamental mode. The two cantilevers are 1.2 mm and 1.5 mm long respec-
tively. Since both cantilevers are supposed to be 50 pm thick, they should
correspond to theoretical first order resonant frequencies f; = 31.2 kHz and
f2 = 19.9 kHz (either computed through Eq. (1.27) or simulated). However,
we found a significant mismatch with the actual measured frequencies, which
turned out to be f" = 23.8 kHz (see FIG. 6.8) and f; = 16.1 kHz. We then went
back to check precisely the dimensions of both cantilevers and we found that,
whereas the lengths of the two were very close to the intended ones, Cantilever 1
had a thickness of about 38 pym and Cantilever 2 had a thickness of 41 ym, rather
then the expected 50 pm (FIG. 6.9). This was a result of the lateral apertures
being slightly larger than expected by approximately 5 pm. Re-computing
the frequencies with t; = 38 pm and t, = 41 um yielded f; = 23.7 kHz and
f2» = 16.3 kHz, in perfect agreement with the experimental values.
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Esequi  Trigger — T — 1.400Hz Filtro rumare

FIGURE 6.8: Fundamental oscillation mode of Cantilever 1. The blue line represents the
signal of the function generator, which is used as reference and trigger. The yellow line
is the signal of the photodiode. The measured frequency is 23.8 kHz.

FIGURE 6.9: Actual dimensions of Cantilever 1 and 2. Both cantilever result thinner than
expected, causing a decrease of the resonant frequency.
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Higher modes. Continuing our scan
beyond the frequency of the funda-
mental mode, we identified several
clear resonant peaks at higher fre-
quencies. For Cantilever 1 we indi-
viduated peaks at 23.8 kHz, 143 kHz,
148 kHz, 204kHz, 415kHz, 763kHz,
806 kHz. Given the fundamental in-
plane mode at 23.8 kHz, the peaks at
148 kHz, 415 kHz and 806 kHz are im-
mediately recognized as the 2nd, 3rd
and 4th order in-plane modes (again,
indifferently by using Eq. (1.27) or
the simulations). The other peaks can
therefore only be associated to out- FIGURE 6.10: Side view of Cantilever 1 with
of-plane modes. However, the ac- gyotes.

tual vertical dimension of these can-

tilevers turned out to be of about 260

pm, as displayed in FIG. 6.10. This should correspond to a theoretical reso-
nant frequency of 160 kHz, which does not match any of the measured ones.
However, if we reasonably assume that the oscillation at 143 kHz corresponds
to the first out-of-plane mode and we adjust the height of the cantilever to have
the simulation match the measurement, then also the 763 kHz peak finds good
match as the 2nd order out-of-plane mode. In detail, the vertical dimension
had to be set at 237 nm, which is considerably lower than the real value. At
this point, the only peak that does not find a match is the one at 204 kHz. Our
best hypothesis is that it might be connected to a torsional mode, which our
simulations predicted at 236 kHz.

Similar results were found for Cantilever 2. The 1st order in-plane mode
closely matched the predicted frequency, and higher in-plane modes were
clearly individuated. For the out-of-plane modes, the measured frequency did
not match the predicted one, but if the simulation was adapted to match the 1st
order (in this case the vertical dimension was set at 245 um, closer to the real
one) then also the 2nd order was retrieved. In this case, no peak associated to
torsional modes was found.

TABLE 6.1 and TABLE 6.2 summarize our results.

6.2.4 Discussion

In-plane modes. The frequencies associated to in-plane modes show a prac-
tically perfect match with the simulated ones, with errors lower than 1%. The
width of the cantilever, which is what determines such frequencies, is systemati-
cally lower than designed by about 10 pm. In other words, the cavities ablated
on each side of the cantilever are larger than designed by about 5 pm each,
which leads to a shrink of the remaining part, hence a thinner cantilever. How-
ever, the behaviour seems rather systematic and predictable, so it could be easily
corrected. In any case, once the actual dimension of the fabricated cantilever is
taken into account, its behaviour is almost perfectly ideal.
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MODE Simulation fmeas [kHz]  faim [kHZz]

Eigenfrequency=23921 Hz

15t IN PLANE @ 238 239

1st OFF PLANE > 143 141

Eigenfrequency=14933E5 Hz

2nd IN PLANE @ 148.5 149.3

Eigenfrequency=2.3655E5 Hz

1st TORSIONAL @ 204 236

Eigenfrequency=4.1625E5 Hz

3rd IN PLANE @ 415 416

763 773

2nd OFF PLANE

Eigenfrequency=8.1048E5 Hz

4th IN PLANE @ 806 810

TABLE 6.1: Results of the frequency response characterization for Cantilever 1. In the
simulation, the length and the thickness of the cantilever are set to the measured values
and the material parameters (Young’s modulus, density) are set according to the glass
manufacturer data sheet. The width of the cantilever, which determines the frequency of
the out-of-plane modes, was set to 237 pm to match the measured frequencies.
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MODE Simulation fmeas [kHz]  feim [kHZz]

Eigenfrequency=16077 Hz

1st IN PLANE 16.1 16.0

1st OFF PLANE @ 94.2 94.5
2nd IN PLANE ) 101 100
<z

Eigenfrequency=2.8049E5 Hz

3rd IN PLANE — 282 280

=

Eigenfrequency=5.3689E5 Hz

2nd OFF PLANE 531 537

Eigenfrequency=5.4729E5 Hz

4th IN PLANE 551 547

TABLE 6.2: Results of the frequency response characterization for Cantilever 2. The width
of the cantilever, which determines the frequency of the out-of-plane modes, was set to
245 pm to match the measured frequencies.
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Out-of-plane modes. The frequencies associated to out-of-plane modes are
instead more difficult to match. With both cantilevers, we had to set the width
(i.e. the vertical dimension) of the cantilever to a value significantly lower than
the designed 250 pm. On the contrary, the microscope inspection showed that
vertical dimensions were always slightly larger than designed, so the discrep-
ancy between simulation and experiment is evident. Our best hypothesis is that
such poor predictability, especially if compared to the perfect predictability of
the in-plane modes, might be linked to the difference in surface quality between
horizontal and vertical surfaces. Looking back at FIG. 6.10, the difference is
evident. Furthermore, the image is taken from the side in transmission mode,
so we are effectively observing a projection of the cantilever along its whole
length, and we are thus unable to observe, for instance, slight variations of its
width. For a definite assessment of its causes, the problem should be further
investigated. In our case, as the cantilever was designed for in-plane oscillation,
the matter is not critical.

Double frequency. As explained at the end of Sect. 4.1, for an oscillation
of the cantilever at frequency f we should expect in principle an oscillation
of the transmitted intensity at frequency 2f, because the point of maximum
transmission is supposed to be at the rest position, which is crossed twice
during each oscillation period. However, if we observe FIG. 6.8 (and the
same was true for any of the other measurements shown in TABLE 6.1 and
TABLE 6.2), the signal from the photodiode (yellow line) always oscillates at the
same frequency as the signal from the function generator (blue line). The only
explanation for this is that the cantilever does not oscillate around the point of
maximum transmission. This is compatible with the observation we pointed
out in FIG. 6.2, where we noticed that indeed the maximum of transmission
was not coincident with the rest position, for Cantilever 1. Consider now the
schematics of FIG. 6.11. If the cantilever oscillates around a point that is not the
transmission maximum, for small oscillations the transmission varies linearly
with the displacement, so the oscillation of intensity will match the shape of the
oscillation of the cantilever. For larger oscillations, the transmission curve will
start to be asymmetric and the maxima will start to saturate. For even larger
oscillations, the cantilever will have a second minimum when reaching the other
side, and a second maximum when crossing the point of maximum transmission
on the way back, thus starting to show the double frequency behaviour. The
measurements of FIG. 6.11, where we varied the amplitude of the oscillation by
increasing the driving voltage of the piezo, show this precise behaviour.

This specific measurement was performed on the 1st out-of-plane mode
of Cantilever 1. With the same cantilever, we were unable to repeat the mea-
surement on the 1st in-plane mode, as even with the highest voltage from the
generator we could not reach the saturation point. In other words, we could
not excite a vibration of the cantilever larger than approximately 5 ym, i.e. the
distance of the maximum from the rest position (see FIG. 6.2). This might be an
indication that the point of maximum transmission has a vertical displacement,
with respect to the rest position, much smaller than the horizontal one.

On the contrary, with Cantilever 2, which according to FIG. 6.2 has the maxi-
mum centered on the rest position, we were always able to reach the saturation
point and to see the second minimum appear. However, all oscillations showed
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FIGURE 6.11: For small oscillations, the transmission is linear. For larger oscillations,
the maxima start to saturate. For even larger oscillations, a second minimum appears.

asymmetric minima, similar to the ones of FIG. 6.11, and for small driving
voltage they would invariably scale back to the single-peak behaviour. This
indicates that a slight mismatch between the center of mechanical oscillation
and the maximum of optical transmission is invariably present.

6.3 Quality factor

6.3.1 Theory of an harmonic oscillator actuated by the base

In Sect. 1.2.1 we showed that the idealization of the cantilever as a damped
mass-spring system is justified by the fact that the displacement of the extremity
is a linear function of the applied force, therefore an equivalent elastic constant
can be defined (see Eq. (1.14) and Eq. (1.15)). As a result, its basic dynamic
behaviour, and particularly the resonant response, can be modelled as that
of a one-dimensional harmonic oscillator. However, the model we presented
in Sect. 1.1 started by assuming a force applied to the mass. In the analogy,
this would correspond to a force applied to the extremity of the cantilever.
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Our present case is different, since the

vibration of the cantilever is not ex- Kk
cited by a direct force, but by a vibra- m
tion of the whole sample, which is
transmitted to the cantilever through
its base. In the mass-spring analogy, =~ X0 x1

this would be equivalent to exciting FIGURE 6.12: Damped mass-spring system.

the Vibratipn of the mas.s by moving xp and x; define the positions of the two
the other side of the spring. Further- oyiremities of the spring.

more, we are not interested in the ab-

solute position of the cantilever, be-

cause if it moves rigidly with respect to the sample we will not detect any
variation of the output intensity. What we are sensing is the deflection of the
cantilever which, in the analogy, corresponds to the length variation of the
spring. Basic physical intuition would suggest that when the base oscillates at
frequencies much lower than the natural frequency of the cantilever, it basically
behaves like a static beam, following rigidly the displacement of the base thus
giving null deflection. Conversely, if the base oscillates at frequencies much
higher than the natural frequency, the tip of the beam will not be able to keep
up with the oscillation, so it will basically stay still while the base moves, thus
giving a deflection equal and opposite to the displacement of the base. We also
expect to have a peak corresponding to the resonant frequency.

To give a mathematical model, let us consider FIG. 6.12, where x; is the
coordinate of the body and x( of the other extremity of the spring. Let us define
Iy the rest length of the spring, [ = x; — x¢ the actual length, and Al =1 — Iy =
x1 — xg — lp the elongation. Then the equation of motion of x; reads as

%1 + 2Fwoxy + wo?Al =0 (6.2)

where the definitions of ¢ and wy are the same as in Eq. (1.3). Let us write x7 in
terms of Al as x1 = Al + xp + lp, substitute it in Eq. (6.2) and properly rearrange.
We obtain the equation of motion of Al as a function of x:

Al + ZCwoAl + (UOZAZ = —Xo — 28 wpXg. (6.3)
In the Laplace domain the equation reads as

~ s(s+28wo) N
s2 4+ 2&wps + wo? 0

Al(s) = (s) (6:4)

therefore the transfer function of this system is

_ s(s+28wy)
s2 + 28wps + wo?’

T(s) = (6.5)

whose corresponding Bode diagram is presented in FIG. 6.13. While it is
strikingly evident, by comparing FIG. 1.2 with FIG. 6.13, that the two dynamic
systems are profoundly different (the first is a low-pass, the second a high-
pass filter), we demonstrate in the following that, in the limit of { < 1, their
behaviour at resonance is substancially the same.
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FIGURE 6.13: Frequency response of a cantilever idealized as a damped mass-spring
system and actuated by the base. The plot is for wy = 10 krad s~ ! and & = 0.01. Notice
the difference of this figure with respect to FIG. 1.2. This system is a high-pass filter,
while the first one is a low-pass filter.

Let us evaluate the transfer function of Eq. (6.5) in jw and multiply it by its
complex conjugate, so to obtain:
wt + 422 w3w? w*

T(jw)[* = o~ 6.6
ITGeo) w* + 2w (282 - Nw? + w§  w* +2w3(28% — 1)w? + w§ (©.6)

The approximation is valid because, in proximity of the resonance, i.e. for
w ~ wy, the second term of the numerator is much smaller than the first
because of &2. By computing the first derivative and putting it to zero we get
__wo
Wmax = 1 262 . (6.7)

Inserting it back into Eq. (6.6) we get

. 2_ L+
| T (jewmax)|” = W2 T (6.8)
Now we need to find wegy such that
; 2
T (jwrm) > = Tjeoma)® _ 1 (6.9)
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The calculations start again from Eq. (6.6) and are tedious but ultimately trivial,
once the higher powers of ¢ (like &*) are properly neglected, and yield

—V1+2§_2§2 (6.10)

WHM = Wy
1—822

Now AwpwpaMm = 2|Wmax — whm|- Using the well known approximation
vV1+x ~ 1+ x/2 for small x, this results in

c+282 -+
15824474

Awpwnm = 2wy (6.11)

and, once more, for small ¢ (for example ¢ = 0.01) the first order approximation
is more than sufficient, thus finally giving

Awpwpam = 2wog (6.12)

and consequently
wo 1
= — = — .1
Qcant ACFWHM 2{.;, (6 3)

which is the same as Eq. (1.7). Finally, consider Eq. (6.8) and by the last relation
we obtain

|T(jwmax)| = Q (6.14)

These last results are worth some comments. First, notice the difference
between Eq. (1.9) and Eq. (6.7). For a standard harmonic oscillator the presence
of damping produces a slightly decrease of the resonant frequency by a factor of
\/1—2¢&2. For an harmonic oscillator actuated "by the other side", meaning a
cantilever actuated by the base, the resonant frequency increases by the same
factor (see Sect. 1.3.1 for further discussion on this matter). Secondly, compare
Eq. (1.8) with Eq. (6.14). It is obvious that, if the system is actuated by a force
(as in the first case), the displacement of the body will be inversely proportional
to the spring constant, hence the 1/w} factor in Eq. (1.8). This means that stiffer
systems are harder to actuate and would have smaller oscillation amplitude.
That is not the case for our type of actuation, because the system is driven by
an imposed displacement which is independent of the stiffness. Therefore, in
principle, as far as the piezo can exert enough force to make the whole sample
oscillate, nothing prevents us from being able to actuate higher frequency
cantilevers except, in practice, the bandwidth of the piezo itself, which is anyway
much higher than the frequencies of interest.

6.3.2 Measurements and results

We measured the quality factor of the first in-plane and out-of-plane modes
of both Cantilever 1 and 2. The measure was performed by executing a fine
frequency scan in proximity of the resonant peak and registering the corre-
sponding peak-to-peak amplitude of the signal from the photodiode. We took
care of keeping the driving voltage low enough to be in the linear region, so
that the amplitude of the measured signal varies linearly with respect to the
amplitude of the mechanical oscillation. We then fitted the experimental points
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FIGURE 6.14: Frequency response of the first two oscillation modes for Cantilever 1. The

blue dots are the experimental values, the red line is the fitted curve. (A) The fit yields
& =1.25-1073 with R? = 0.999. (B) The fit yields & = 7- 10~* with R? = 0.994.
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FIGURE 6.15: Frequency response of the first two oscillation modes for Cantilever 2. The

blue dots are the experimental values, the red line is the fitted curve. (A) The fit yields
& =9.6-10"* with R? = 0.996. (B) The fit yields ¢ = 8.6 - 10~* with R? = 0.987.
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MODE ‘ t[]-lm] w [}lm] ‘ QNewell OBlom QHosaka QLee ‘ Qexp

1-1P 38 260 7900 1655 18 12 400
1-O0P | 260 38 54050 31950 317 428 | 714
2-1P 41 260 5055 1510 17 11.8 | 520
2-00P | 260 41 34590 24920 257 367 | 581

TABLE 6.3: Comparison between experimental values and theoretical predictions of the
quality factors of, in the order, Cantilever 1 in-plane and out-of-plane, Cantilever 2 in-plane
and out-of-plane. The following values were used in the calculations y,;, = 1.82 - 10—°
Pas, 0air = 1.225 kgm ™3, 0g10es = 2380 kgm 3, E = 73.6 GPa.

with the theoretical frequency response obtained in Eq. (6.6), and the results are
plotted in FIG. 6.14 and FIG. 6.15.

With the exception of the last measurement, where the tails of the curve are
not precisely fitted (most likely because of a drift of transmission during the
measurement) all other fits proved to be extremely accurate, with R? higher
than 0.99. This indicates that our theoretical model appropriately describes the
resonant behaviour of the structures, and we can thus extract a precise value for
¢. We can then calculate the Q-factor of each resonance peak using Eq. (6.13),
obtaining

Qpp =400; Qioor =714; Qup =520; Qr00p = 581; (6.15)

where 1 and 2 stand for the respective cantilever, IP stands for the in-plane
mode and OOP for the out-of-plane mode.

The interpretation of these results is not trivial. For instance, as we already
discussed in Sect. 1.3, we would expect resonant peaks of higher frequency
to have higher quality factors. This proved true for each cantilever, where
the out-of-plane mode showed higher Q factor than the in-plane mode, which
is reasonable since, for a given length L, the out-of-plane mode has a higher
frequency. However, it was rather surprising to see Cantilever 2 showing a
higher quality factor than Cantilever 1 on the fundamental in-plane mode, since
Cantilever 1 is shorter and has higher resonance frequency.

We then decided to compare our results with the predictions of some of
the theoretical models presented in Sect. 1.3.2. Speficically, we compared the
models by Newell, Blom (with the equivalent cross-section approximation R =
vwL/ ), Hosaka and Lee. For all calculations, we assumed 7,i; = 1.82 - 107°
Pas, 0uir = 1.225 kgm 3, Oglass = 2380 kg m~3, E = 73.6 GPa. For Cantilever 1
we set L1 = 1.2 mm, #; = 38 ym, wy = 260 pum. For Cantilever 2 we set Ly = 1.5
mm, f, = 41 pm, wp, = 260 pm. Notice that, for a given cantilever, the only
difference between in-plane and out-of-plane oscillation mode is that t and w
are inverted. The results are summarized in TABLE 6.3.

The predictions of the theoretical models differ from each other by orders
of magnitude, and none of them seems to match our experimental results,
which leads us to the conclusion that none of them is suitable for a description
of our specific problem. Understanding why our case seems to elude every
model is complicated by the fact that half of them heavily overestimate the
actual value, while the other ones heavily underestimate it. We may speculate
that a key difference from the cases reported in literature is that our cantilever
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FIGURE 6.16: Largest oscillation observable with Cantilever 1 on the 1st in-plane mode.
The sinusoidal component has an amplitude of 144 mV on an overall DC signal of 1.55V,
corresponding to a modulation of approximately 9%.

operates close to the side walls, which might influence the fluid dynamics
of the surrounding air. One aspect where, instead, all models seemed to find
agreement, is that Cantilever 1 should have a higher quality factor than Cantilever
2 on its fundamental in-plane mode, which is reasonable since Cantilever 1 is
shorter. However, our experiments showed the opposite result. At this stage,
we do not possess enough data to assess the problem any deeper. A further
understanding would require to perform these measurements on a much wider
set of cantilevers with different lengths, in such a way to be able to identify
clearer patterns.

6.3.3 Maximum amplitude of oscillation

FIG. 6.16 shows the largest oscillation we were able to observe for the 1st
in-plane mode of Cantilever 1. The piezo was driven at 20 Vpp, i.e. the maximum
output voltage of the generator. We observed an oscillation with an amplitude
of 144mV on an overall DC signal of 1.55V, corresponding to a modulation
of approximately 9%. Let us consider again the static displacement curve of
FIG. 6.2. For small oscillations around the zero position the transmission curve
can be well linearized, as shown in FIG. 6.17. It is then straightforward to
calculate that an overall modulation of 9% must correspond to an oscillation of
approximately 3 um (41.5 pm on each side).

Let us now consider Eq. (6.14). At the highest point of the peak, the modulus
of the transfer function is equal to Q. This means that the oscillation of the
cantilever is amplified by a factor of Q with respect to the oscillation of the
sample. In this case we have Q = 400, therefore the sample is oscillating by
approximately 7.5nm. According to the datasheet from the producer, the piezo
actuator has dz3 = 400 - 10712 m/V, therefore applying a voltage of 20 Vpp
corresponds to an oscillation of 8 nm.

This shows that the mounting we employed (see FIG. 6.6) provides an
optimal coupling between piezo and sample, as the vibration of the first is
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FIGURE 6.17: Detail of the transmission curve from FIG. 6.2 with regression line. The
equation of the line is y = 30.17x 4 1013.

almost entirely transmitted to the latter. Furthermore, it is a further proof that
the theoretical model we proposed accurately describes the resonant behaviour
of the cantilever with this type of actuation.

6.3.4 Q-factor at lower pressure

As a proof that the main limitation to the quality factor of the cantilever is
the presence of air, we decided to repeat the measurement at lower pressure. We
achieved it by glueing the head of a rubber hose to the sample and connecting
the other extremity to a vacuum pump. By specifications, the pump should
provide -0.5 bar so, except for small losses due to the connections of the tube,
we can expect the pressure in the area of the cantilever to be approximately the
same.

Once the data were collected, we observed the resonance frequency of the
cantilever increasing from 23.83 to 23.87 kHz. More importantly, we observed
the resonance peak getting higher and narrower (see FIG. 6.18). We then fitted
the new curve as we did before, and we found that the Q-factor had increased
from Qump = 400 to Qpump = 588. This is coherent with the theory proposed in
[5] where, in the viscous regime, the quality factor was found to be inversely
proportional to the square root of the pressure. In other words, this implies

Qamb/ Qpump = \/ Ppump/ Pamb-

In our case Qamp/ Qpump = 0.68 and \/ppump/ Pamp = 0.7 (ambient pressure
corresponds to 1 bar), so in this case we find good agreement with the theory.
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FIGURE 6.18: Comparison between the frequency response of the 1st in-plane mode
of Cantilever 1 at ambient pressure (blue) and at approximately 0.5bar (red). The dots
are experimental values, the solid lines fitted curves. We can observe the resonance
peak moving from 23.83kHz to 23.87 kHz. The red curve provides ¢ = 8.5- 1074,

corresponding to Qpump = 588.






Conclusions and future
perspectives

We have demonstrated a resonant optomechanical intensity modulator en-
tirely realized by femtosecond laser micromachining.

The realization of the modulator was enabled by the optimization of a water-
assisted laser ablation technique on a borosilicate glass substrate. The irradiation
parameters were adjusted as a suitable trade-off between the dimensions and
the surface quality of the ablated structures. We demonstrated the possibility
of removing efficiently significant portions of volume and we explored a wide
range of geometries.

We employed this ablation technique for the realization of a microcantilever
which was fully characterized in its static and dynamic properties. We modified
the standard theory of the one-dimensional harmonic oscillator to account for
the particular type of actuation we employed in the dynamic characterization,
obtaining a theoretical curve that provided an excellent fit of our experimental
data for the shape of the resonance peak. As a result, we were able to perform
a precise measurement of the quality factor of the cantilever, which proved to
be higher than 400. The model also correctly accounted for the amplitude of
the oscillation. Finally, we gave a proof that air damping is the most significant
limitation to the quality factor of our structure by performing the measurement
at lower pressure.

We have been able to demonstrate an intensity modulation in the order
of 10%. This is not sufficient for employing our device as an optical shutter.
However, obtaining a deeper modulation is at this point rather straightforward.
On one side, the driving voltage of the piezo can be safely increased in order to
obtain a larger oscillation of the cantilever. This would require an amplification
stage or a generator with higher peak to peak voltage. On the other side, a
waveguide with smaller mode diameter would be highly beneficial, as the same
oscillation would lead to a deeper modulation of the transmitted signal. Our
waveguide, which was fabricated with a 200 kHz repetition rate, had a mode
diameter of 15 um. For the 1550 nm wavelength, mode diameters in the order
or smaller than 10 yum are routinely achieved by FLM with 1 MHz repetition
rate. With shorter wavelengths in the visible range, for example a 530 nm green
light, mode diameters smaller than 5 pm are easily achievable.

This work opens several interesting perspectives. The optimization of water-
assisted ablation is in itself worthy of consideration, as a significant increase
in writing speed was achieved (almost ten times higher) and the possibility
of performing microstructuring in borosilicate glass might open the way to a
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whole new class of integrated optical devices.

As far as mechanical modulators are concerned, an interesting perspective is
the exploitation of the elasto-optic effect (i.e. the change in refractive index due
to a mechanical stress applied to the material) for performing fast phase shifting.
In such a case, the mechanical stress caused by the oscillation of the resonator
would be exploited to change the optical path of a waveguide. Preliminary
simulations that we performed show that, for proper geometries of the resonator,
such device would be theoretically feasible.

Finally, we should not underestimate the fact that we have effectively devel-
oped a cantilever with an integrated optical readout mechanisms. This could
have impact on the applications of these cantilevers as sensors. As we pointed
out in Sect. 1.4.2, external readout schemes tend to be bulky and suffer from
external noise, while integrated readout schemes require specific coatings with
piezoelectric or piezoresistive materials that are usually not extremely sensitive
and tend to be invasive. In our case, we have developed a readout scheme that
is, potentially, extremely sensitive and non-invasive. Our work is conceptually
similar to the one by Dominguez et al [24]. However, in that case the cantilever
itself was acting as a waveguide, therefore changing its dimensions (for example
to tune its resonance frequency) would also change the optical properties of the
scheme, while in our case the two are disentangled. Furthermore, the device
presented in [24] was extremely complex, required several fabrication steps,
and suffered from very high insertion losses (27 dB). Our device is instead
very simple, fabricated in a single step and, despite using a waveguide far
from optimal, showed a total power loss of 8 dB. Dominguez et al achieved
an impressive resolution of 0.04 nm with their device through hard frequency
filtering and noise rejection. In our case, with the instrumentation employed
in our experiment, we surely have a resulution in the order or below 100 nm.
Since the resolution ultimately depends on the signal to noise ratio, the fact that
we have much higher transmission and that we can bring the mode diameter
down to few micrometres encourages to think that, using similar noise rejection
techniques, we might be able to achieve even better resolution.
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