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Sommario

La microfabbricazione con laser a femtosecondi si è distinta, sin dalla sua nascita
negli ultimi anni novanta, come uno strumento potente e versatile per la pro-
tipazione di dispositivi integrati. Questa tecnica è basata sull’impiego di im-
pulsi laser a femtosecondi, focalizzati tramite un obiettivo da microscopio, per
ottenere modifiche permanenti e localizzate dei materiali. La natura nonlineare
dell’interazione fra gli impulsi laser e il materiale trasparente confina la regione di
alterazione al punto focale, permettendo modifiche della parte interna del materi-
ale senza interessarne la superficie e donando cos̀ı alla tecnica ottime capacità di
modellazione tridimensionale. Controllando i parametri di irraggiamento è pos-
sibile ottenere dirersi tipi di alterazione del materiale, come modifiche di indice
di rifrazione, cambi di fase, modifiche strutturali e formazione di vuoti. Inoltre,
le dimensioni e i costi ridotti dell’apparato, uniti alla rapidità del processo di
fabbricazione sono caratteristiche ideali per la protipazione dei dispositivi.

Tramite questa tecnica sono stati realizzati circuiti integrati in guida d’onda ad
elevata complessità, con applicazioni che vanno dall’astrofotonica alla validazione
sperimentale di modelli quantistici. La scrittura di guide d’onda per mezzo della
modifica di indice di rifrazione è solo una delle possibilità di questa tecnica. In
particolari condizioni di irraggiamento, e su particolari tipi di substrato, è possibile
impiegare la tecnica cosiddetta FLICE (Femtosecond Laser Irradiation followed
by Chemical Etching), con la quale si possono scavare microcanali con geome-
trie tridimensionali, sottraendo chimicamente e selettivamente la parte irradiata.
Questo ha aperto la strada alla creazione di dispositivi microfluidici e dei cosid-
detti lab-on-a-chip, per applicazioni d’avanguardia nell’analisi chimica e biologica.
La possibilità di rimuovere materiale creando vuoti in praticamente ogni substrato
ha arricchito ancor più lo spettro delle applicazioni di questa tecnica.

Dispositivi capaci di modulare o commutare il segnale ottico in guida d’onda, o
in fibra, sono richiesti in numerose applicazioni. Nel vetro, a causa della man-
canza di nonlinearità e di proprietà conduttive, questo è ottenuto solitamente con
un cambio di fase all’interno di una struttura interferometrica, attraverso la vari-
azione di indice di rifrazione indotta da un riscaldamento localizzato. La grande
limitazione di questi dispositivi è che, nella maggior parte dei casi, hanno tempi
di risposta lenti, causati dalla dinamica della diffusione termica (che è nell’ordine
dei millisecondi).



II Sommario

Lo scopo di questo lavoro è di indurre la modulazione o la commutazione di un
segnale ottico attraverso l’oscillazione di microstrutture meccaniche. Sfruttando
la risonanza di queste strutture ci aspettiamo di superare le limitazioni imposte
dall’attuazione termica. L’idea generale dietro a questo lavoro è quella di sfruttare
per la modulazione una guida d’onda, all’interno di un cantilever di dimensioni
micrometriche, allineata perfettamente a una guida d’uscita davanti alla struttura.
L’oscillazione meccanica dell’asta consente di modulare l’accoppiamento della luce
fra le due guide inducendo un disallineamento laterale delle due. Analogamente,
realizzeremo un commutatore opto-meccanico utilizzando due guide d’uscita, anzi-
chè una.
Nel primo capitolo è presentato un breve riassunto degli aspetti più rilevanti della
teoria delle guide d’onda, seguito da un’introduzione alle tecnologie all’avanguardia
nell’ambito dei commutatori, dove è data particolare attenzione ai sistemi micro-
opto-elettro-meccanici (MOEMS). In seguito, sono presentati alcuni aspetti ril-
evanti della teoria usata per modellare le oscillazioni meccaniche in un’asta. Il
primo capitolo si conclude con la presentazione di un modulatore micro-opto-
meccanico, realizzato presso i laboratori del Dipartimento di Fisica nei mesi prece-
denti a questo lavoro di tesi, e su cui quest’ultimo trae il suo sviluppo.
Nel secondo capitolo, è presentata la microfabbricazione con laser a femtosecondi,
sottolineando le sue capacità di microstrutturazione e gli aspetti più importanti
dell’interazione radiazione-materia che la riguardano; sono poi presentati alcuni
dispositivi esemplificativi.
L’apparato utilizzato e i metodi applicati durante la fabbricazione e la caratteriz-
zazione dei dispositivi sono presentati nel terzo capitolo.
Il quarto capitolo rigurda l’analisi e lo sviluppo del modulatore ottico integrato,
con il processo sperimentale utilizzato per ottimizzarlo. Si è ottenuto cos̀ı un
modulatore in crado di mostrare un contrasto tra picchi e minimi di 17 dB ad una
frequenza di 72 kHz.
Il dispositivo ottimizzato è stato quindi usato come punto di partenza per la pro-
gettazione del direzionatore micro-opto-meccanico. Nel quinto capitolo, si pre-
senta la progettazione del commutatore a due guide d’onda, assieme alla scelta
sperimentale dei parametri utilizzati col fine di ottenere un dispositivo completo.
Si è ottenuto cos̀ı un prototipo in grado di commutare il segnale tra due guide di
uscita in un tempo di 10 �s, con un contrasto di 10 dB.
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Introduction

Femtosecond laser micromachining has stood out, from its birth in the late nineties,
as a powerful and versatile technique for integrated device prototyping. This tech-
nique is based on femtosecond laser pulses, focalized with a microscope objective,
to obtain permanent and localized modi�cations on many kind of substrates. The
nonlinear nature of the interaction between laser pulses and transparent material
con�nes the modi�ed region to the focal point of the irradiation, thus enabling
modi�cations in the bulk of the material without a�ecting the surface and pro-
viding the technique with a great 3D capability. By controlling the irradiation
conditions, several kinds of material alteration can be obtained, such as refractive
index modi�cations, phase changes, structural modi�cation and void formation.
Moreover, the reduced cost and dimensions of the equipment and the rapidity of
the fabrication process are ideal features for device prototyping.
Complex integrated waveguides circuits have been realized in a wide �eld of appli-
cations, ranging from astrophotonics to the experimental evaluation of quantum
models. Waveguide writing by the means of refractive index modi�cation is just
one of the possibilities of the technique. The creation of self-organized nanograt-
ings in fused silica stands at the basis of the FLICE technique, with which mi-
crochannels can be excavated by selective chemical etching of the irradiated region.
This paved the way to the realization of micro
uidic and lab-on-a-chip devices,
which stand at the cutting edge of microbiological analysis. Finally, the possibility
of removing material by ablation in almost any substrate has enriched even more
the portfolio of applications of femtosecond laser material processing.
In several applications, devices able to modulate and route the optical signal,
within optical �ber networks or complex integrated-waveguide circuitry, are re-
quired. In glass, due to the lack of nonlinearity and conductive properties, this is
usually obtained with a phase shifting inside an interferometric structure, which
is given by a refractive index variation induced by a local heating. The main
limitation of these devices is that in most cases they su�er from a slow response
time, due to the thermal di�usion dynamics (in the order of ms).
The aim of this work is to achieve faster modulation and switching of an optical sig-
nal exploiting oscillations of mechanical microstructures. In particular, the main
idea behind this work is to have a waveguide, embedded into a micro-cantilever
beam, perfectly aligned with an output waveguide in front of the structure. The
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mechanical oscillation of the micro-cantilever beam should be able to modulate
the coupling of light between the two waveguides, by inducing a lateral misalign-
ment. With a similar idea we intend to realize an opto-mechanical switch by using
two output waveguides, instead than just one.
In Chapter 1, a summary of the most important aspects of waveguide theory is
presented, followed by a brief review of the state of the art of integrated switch-
ing technologies, where a particular attention is given to the micro-opto-electro-
mechanical systems (MOEMS). Then, some relevant aspects of the theory of me-
chanical oscillations are presented. The �rst chapters concludes with the presen-
tation of the micro-opto-mechanical modulator realized in the laboratory of the
Physics Departement in the past months, which is the starting point of this thesis
work. In Chapter 2, femtosecond laser micromachining is presented, highlighting
its microstructuring capabilities and the most important aspects of laser-matter
interaction involved in the process. Relevant examples of devices realized by this
technique are also given. The equipment used and the methods applied during
the fabrication and characterization process are presented in Chapter 3. Chap-
ter 4 concerns the analysis and the development of the optical modulator, with
the experimental process followed to optimize such device. This optimized device
is then used as a starting point for designing a micro-opto-mechanical switch. In
Chapter 5, the design of the new device is presented, together with the choice of
the parameters used to obtain a complete device.



Chapter 1

Integrated-optics modulators and
switches

1.1 Waveguide optics

Waveguides are the basic element of integrated optical devices. They are struc-
tures presenting a higher refractive index with respect to the bulk and therefore
able, thanks to the phenomenon of Total Internal Re
ection, to guide optical
modes. Analytical mode distributions cannot be derived in most of the cases, thus
numerical or approximated methods are typically employed in real-world cases.
However, analytical approaches can be useful to understand the basic physics of
the devices.

1.1.1 Waveguide theory

Figure 1.1: Diagram of a three layer pla-
nar waveguide structure and of the �rst
three guiding modes. [1]

We consider for simplicity a three-layer
structure such as the one in Figure 1.1
which has three refractive indicesn2 >
n3 � n1 and which is in�nite on both
y and z axis. Layers 1 and 3 are semi-
in�nite on x. An optical mode of that
structure is de�ned as a solution of
Maxwell's wave equation:

r 2E (r ; t)�
n2(r )

c2

@2E (r ; t)
@t2

= 0 (1.1)

where E is the electric �eld vector, r
the position vector,n the refractive in-
dex andc the speed of light in vacuum.
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Assuming a monochromatic plane wave of frequency! propagating along z direc-
tion, the solution can take the form

E (r ; t) = E (x; y)ei (!t � �z ) (1.2)

where� is the propagation constant along z direction andt is time.
Substituting the solution into the wave equation, and remembering the in�nite
extent along y direction, in each of the three regions we get theHelmholtz equation

@2E(x; y)
@x2

+ ( k2n2
i � � 2)E(x; y) = 0 (1.3)

wherek � !=c and i = 1; 2; 3 indicates the layer.
The solution of the Helmholtz equationcan take sinusoidal or exponential shape,
depending onk2n2

i � � 2. If � > kn i , then real roots (eigenvalues) would give an
exponential solution, if instead� < kn i , roots will be imaginary and the solution
will be sinusoidal. The solutions and their derivatives must satisfy continuity con-
dition between layers and this leads to limited possibilities, as shown in Figure 1.2:

Figure 1.2: Diagram of possible modes of the three-layer structure.[1]

ˆ � > kn i 8i : the solution are exponential in every layer, getting a diverging
�eld at in�nite as shown in (a). This is unphysical, therefore this solution
will be neglected.

ˆ � � kn2, � > kn 1;3: This time the structure holds a discrete set of con�ned
sinusoidal modes in the central layer, which exponentially decay in Both
outer regions, as in (b) and (c). The second layer in this case is called
waveguide.
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ˆ � � kn2;3, � > kn 1: This is the so-calledSubstrate radiation mode, which
is a mode propagating both in the second and third layer, as shown in (d).
Thus, this mode cannot be sustained by the waveguide and it continuously
transfers energy to the third layer.

ˆ � � kni 8i : The one showed in (f) is calledRadiative mode. It is not guided
since energy can spread through all the space.

An intuitive way to understand this behaviour is to use ray-optics, Snell's and
Fresnel laws. If we consider for example aTransverse Electric, i.e. with electric
�eld normal to the propagation direction, plane wave propagating at an angle�
with respect to the x axis, we can relate it to the propagation constant along z as
� = kni sin� . When an interface between two media is encountered, the Snell's
law applies. If light is propagating from a layer with a higher refractive indexn2

to one with a lower indexn1;3, Total Internal Re
ection can occur if the angle
is bigger than a critical angle� c = arcsin n1;3=n2. Three possible situations are
presented in Figure 1.3. Only waves with� > � c can be guided. Moreover, since
the wavefronts of the multiple re
ections can interfere, only those which interfere
constructively can be guided, forming a discrete spectrum of modes. The number
of modes that can be guided depends on the thickness of the guiding layer and on
the refractive indexes. It is possible to have waveguides guiding just one optical
mode, in that case they are calledsingle modewaveguides.
The guided and radiative modes form a complete and orto-normal set, therefore
power cannot be exchanged between them.

Figure 1.3: Optical ray patterns for (a) air radiation modes, (b) substrate radia-
tion modes, (c) guided mode.[1]

The one discussed is generally calledplanar waveguidedue to the 3 layer structure
along one axis. Refractive index contrast can occur onto di�erent axis, giving
rise to three dimensional structures that can be understood by generalizing the
above reasoning, but whose analytical solution is often complicated. A common
example is thechannel waveguide, presenting a rectangular cross section due to
index contrast along x and y axis.
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1.1.2 Losses in real devices

Theory predicts the guided mode to propagate completely unaltered throughout
the waveguide, but experimentally no such behaviour is seen, due to di�erent
sources of loss that contribute in reducing the total power transmitted by a device.
The usual term to address the overall signal reduction for a waveguide of a given
length connecting an input port to an output port is Insertion Loss (IL), given
by IL = 10 log(Pin =Pout ), being Pin the input power and Pout the output one.
Insertion loss sum up di�erent contributions:

IL = PL � l + BL � lb + FL + CL (1.4)

wherel is the overall length,lb is the length of a bent part and the other are terms
that will be explained in the following:

ˆ Propagation loss(PL): With this we refer to the losses the signal experience
while propagating through the waveguide, usually due to impurities in the
material that can give rise to scattering (voids, contaminant atoms, lattice
defects, waveguide surfaces1) or absorption (interband transition, free carrier
absorption)[1], but also due to the scattering of the waveguide surface[22].
This is a crucial term for large devices, since it multiplies with the length.
It is usually expressed in dB/cm

ˆ Bending loss(BL): This is a particular kind of propagation loss that the
waveguide experience when it is bent. This is due to the waveguide irreg-
ularity that can cause mode conversion to a higher mode that is closer to
cuto�, making it coupling light to the substrate radiation mode. Bend-
ing Lossesare exponentially dependent on the radius of curvature and are
expressed in dB/cm for a �xed radius

ˆ Fresnel loss(FL): Back re
ection is an inevitable source of loss when light
crosses two materials with di�erent refractive indices such as air and glass.
It is expressed in dB and can be calculated using the Fresnel's law:

FL = � 10 log
�

1 �
(n2 � n1)2

(n2 + n1)2

�
(1.6)

where ni indicates the refractive index of the two media.
1The waveguide surface induces a scattering contribution due to its roughness. This could

be taken into account with the Rayleigh Criterion[1, 20]:

L rough = � 10 log

(

exp

"

�
�

4�� cos� i

�

� 2
#)

(1.5)

where � is the Root-Mean-Square (RMS) roughness of the surface,� i is the incident angle and�
is the wavelength. The same term could also be used for evaluating the losses due to scattering
at an interface[21]
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ˆ Coupling loss(CL): Coupling loss is a term, expressed in dB, that evaluates
the mismatch between the �eld pro�le at the input stage (E i (x; y)) and
the �eld pro�le of the guided mode (Ewg(x; y)). The estimation of such
mismatch can be done by the overlap integral of the two �eld distribution:

O =

�
�RR

Ewg(x; y)E i (x; y)dx dy
�
�2

RR
jEwgj2dx dy

RR
jE i j2dx dy

: (1.7)

The coupling loss is thenCL = � 10 logO. Since this term depends also on
lateral misalignment, angular misalignment and �eld distribution dimension,
it can be useful to model the light propagation with a Gaussian function to
easily evaluate each contribution[20]. Lateral misalignment will be exten-
sively discussed also in section 1.4.1.

1.1.3 Coupled-mode theory

As presented for the planar case in Section 1.1.1, the guided modes are expo-
nentially decaying outside the waveguide. Therefore, the presence of a second
waveguide in those decaying region could perturb the single waveguide mode dis-
tribution and cause optical power to leak from one waveguide to the other.
Actually, two close waveguides should be treated as a single structure presenting
two orthogonal, symmetric and antisymmetric, two-waveguide modes propagat-
ing with their own phase velocity and therefore preserving their initial power.
However, a simpler and more intuitive treatment can be the one presented by
Yariv[23], considering two non-orthogonal one-waveguide modes coupled by per-
turbative terms that can exchange power.
The electric �eld propagating in a waveguide can be written asE(x; y; z) =
A(z)"(x; y) whereA(z) is a complex amplitude including the phase termexp(� i�z )
and "(x; y) is the �eld distribution of the mode, normalized so that P(z) =
A(z)A � (z). The coupled mode equations describing the variation of the amplitude
in each waveguide mode can be written as:

8
><

>:

dA1(z)
dz

= � i� 1A1(z) + k12A2(z)

dA2(z)
dz

= k21A1(z) � i� 2A2(z)
(1.8)

whereki;j are imaginary terms describing coupling e�ciency between waveguides.
Assuming identical waveguides, we get� = � i and ki;j = � ik , where k is a real
term called coupling coe�cient that is typically exponentially dependent on the
waveguide separation distance.
Solving the case in which light is initially present only in waveguide 1 (A1(0) = 1,
A2(0) = 0) we get: (

A1(z) = cos(kz)e� i�z

A2(z) = � i sin(kz)e� i�z :
(1.9)
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Therefore, the power in each waveguide is
(

P1(z) = cos2(kz)

P2(z) = sin 2(kz):
(1.10)

Power is exchanged periodically between the two modes so that at a length of
L = �

2k + m�
k all the power in waveguide 1 is transferred to waveguide 2.

This is not the case when the two waveguides have a di�erence �� in propa-
gation constant, since there is a maximum power that can be exchanged. The
solution of Equation 1.8, with initial condition A1(0) = 1, A2(0) = 0, gives indeed
P1(z) = k2

g2 sin2(gz) where g2 = k2 + ( � �
2 )2 as shown in Figure 1.4.

In a compact device, a typical way to tune the amount of power exchanged is by
controlling either the interaction lengthL or the distance between the waveguides,
i.e. interaction distance, which exponentially in
uences the coupling coe�cientk.

Figure 1.4: Power in waveguide 1 (line) and waveguide 2 (dashed) when the two
waveguides are identical. A reduction in power exchange can be seen when there
is a � � between the �rst (+) and the second (*) waveguide.

1.1.4 Fabrication technologies

Optical waveguides can be fabricated using several di�erent technologies, the
choice of which depends on the application, the required performances, the mate-
rial used and of course the available facilities.
Photolitographic processes are usually exploited, in particular for commercial ap-
plications and, in order to produce channel waveguides, distinct fabrication steps
are needed to de�ne the index contrast between di�erent regions and to shape the
waveguide itself.
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One way to make the index contrast, particoularly e�cient with amorphous ma-
terial, is to use thin �lm deposition. The �lm can be obtained by sputtering a
puri�ed solid material on a clean substrate pattern, or from a solution that dries
into a dielectric �lm after a spinner has spread evenly the liquid on the substrate,
or by using RF-discharge polymerization of an organic chemical monomer.

Another method, more e�ective with crystalline material, makes use of substi-
tutional dopant atoms. Here the refractive index modi�cation is obtained by
inserting ions into the substrate lattice by di�usion from a source of dopants; to
accelerate the di�usion, the sample is placed into a furnace at 700-1000°C. Ions
exchange and migration can also be obtained applying an electric �eld between
the source and the substrate, so that the ions are pushed beneath the surface,
forming the waveguide. Ions can also be implanted inpinging on the atom, once
accelerated in vacuum.

Carrier-concentration-reduction is instead a technique used for semiconductors,
exploiting the fact that free carriers reduce the refractive index, and thus, by
reducing this concentration, one can create a region with higher refractive index
contrast. This process is carried out via proton bombardment followed by thermal
annealing.

A versatile method to fabricate waveguides in semiconductors is also epitaxial
growth. Such technique allows to control both the index of refraction and the
transparency window of the waveguide.

Figure 1.5: Photoresist masking
technique for channel waveguide
fabrication.[1]

To get a channel waveguide, a typical rectan-
gular shape must be given. To do this, depend-
ing on the method employed to de�ne the in-
dex contrast, two main procedures are used.
One is shown in Figure 1.5: a photoresist is de-
posited onto the �lm (planar waveguide) that
was made using one of the already presented
methods. The photoresist is then partially re-
moved by UV-light or x-ray irradiation, after a
contact printing mask has delimited the waveg-
uide shape. Then, wet-etching or ion-beam-
sputter etching are used to remove the part of
the guiding �lm not masked by the photore-
sist, obtaining the desired channel waveguide. Another way is instead to put
a mask, made of an oxide material able to resist to high temperature (such as
SiO2 or Al 2O3), directly onto the substrate. Then, one of the previously men-
tioned method can be used to bury a waveguide on the non-masked part of the
substrate.

A completely di�erent fabrication method to fabricate waveguides that makes use
just of focused ultrashort laser pulses will be discussed in Chapter 2, that is indeed
the method adopted to fabricate waveguides in this thesis work.
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1.2 Integrated modulators and switches: state
of the art

Modern communication network, as well as integrated technologies, has an increas-
ing request fortransparent switches (optical cross-connectors) and modulators[2].
A switch is a device able to route a signal coming from one or more input ports
into two or more output ports, for example a 1x2 or a 2x2. A modulator has just
one input and one output, so it is a 1x1 device, and has the aim of altering one
of the property of the propagating signal[24].
The request for transparent (or Opto-Opto-Opto) switches, i.e. devices that op-
erate without the electrical conversion of the optical signal, is motivated by the
performance they can grant. Indeed transparent switches are independent from
the data rate of the protocol used[2], have decreased interconnection delays[25],
larger bandwidth, lower power consumption and dissipation, a wavelength switch-
ing cost quite independent of the data bit-rate[26] and lower costs[27] with respect
to non transparent devices. However, opaque (or Opto-Electro-Opto) switches,
i.e. devices requiring conversion of the optical signal into an electrical one, are
still the most used to route signal in Metropolitan Area Networks[28].
For what concerns modulation, in short distance network Direct Modulation is still
dominant due to its simplicity, its lower hardware cost and its minimum power
consumption[29], so transparent intensity modulator can take a leading role in
long-haul communication.
It is common to refer to networks exploiting only transparent devices asall-optical
in a loose sense, since the modulation and the switching are however driven by
electrical signals.

1.2.1 Relevant �gures of merit

To analyze the performance of a modulator or of a switch, several �gures of merit
can be de�ned. Switches and modulators actually share most of these parameters,
even though it is di�erent the importance given to each of them in the two cases.
A list of few important parameters is reported below[1, 2, 30]:

ˆ Cross talk (CT): it is the ratio of the output power coming from all undesired
inputs and the output power coming from the desired input. For a modulator
the equivalent is calledContrast Ratio (CR) or Extinction Ratio (ER) and
represents the residual signal left when it is switched o�, but more often its
complementary, themodulation depth, is used.

ˆ Switching time (tsw): it is the time needed to switch up an optical path, i.e.
from 10 % to 90 % of its power. For a modulator it is common to �nd the
Modulation Frequency(f mod) as an alternative.
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ˆ Power consumption: the power needed for the device to operate. In general,
there could be a static and a dynamic consumption when a state of output
has to be either maintained or switched. For electro-optical devices Voltage
is often considered, instead of power.

ˆ Port isolation (PI): It is the ratio between the output signal from a port,
when the switching is o� on that port, and the input signal. It is useful to
evaluate the signal leakage. For a modulator it is equivalent to ER and CT,
having just one port.

Of course, other parameters could be de�ned, depending on the application, such
aswavelength range, reliability (the ability of establishing a connection with a low
variance in speci�ed parameters), andcost. A further very important parameter
is IL, which we have already de�ned.
As mentioned, the attention given to each parameter is di�erent for a modulator
and a switch, as it is usually weighted more the speed for the �rst and the losses for
the second[24]. Moreover, a particular feature of switches only is thescalability,
i.e. the possibility to increase the number of ports.

1.2.2 Technological overview

The implementation of transparent switches and modulators involves a broad
spectrum of technologies. Di�erent technologies also require di�erent materials,
with consequences on the device cost, performance an application settings.
We will focus in particular, in Section 1.2.3, on MOEMS-based switches, which
are the most relevant for the context of this thesis. For this reason, also in the
following we will put our attention on the switches only. Actually, information
about modulators can be directly inferred, being equivalent to a 1x1 switch. In
particular, a list of the main technologies is reported with some representative
performance parameters for each of them. Figure 1.6 presents a comparison of
state of the art switch technologies with respect of switching time and scalability.
Note that, in the following, reported IL don't include the coupling losses with the
external �ber/connections.

ˆ electro-optic: it is by far the fastest technology, reaching switching time
of 0.7 ns [31], but it usually su�ers from quite high IL (> 6:7 dB for a
16x16[32]). It has a quite good scalability (32x32 in [33]). The design of
the devices are often based on Mach Zender Interferometers or Microring
resonators in which a refractive index change is induced by nonlinear e�ect
due to the electric �eld such as Pockels or Kerr e�ect[2]. Other techniques,
not rigorously de�ned as electro-optic, can be used, such as free carrier
injection, to alter the refractive index. Design exploiting electro-absorption,
such as the Franz-Keldysh e�ect or the quantum con�ned Stark e�ect, are
also employed[24].
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Figure 1.6: Comparison between state of the art switching technologies. Loga-
rithmic scale is used for both axes.[2]

ˆ thermo-optic: here the refractive index variation is induced by thermo-optic
e�ect in structures similar to the ones used with the electro-optic e�ect. This
leads to slower devices (2-30� s[2][31][34]) with slightly better IL (5.2 dB in
a 16x16[34]) and comparable scalability.

ˆ liquid crystals: the switch action here is given by the change in orientation
of dipolar molecules of a nematic liquid crystal, by applying an external elec-
trical �eld. Even though Liquid Crystal on Silicon (LCoS) is used in some
commercial devices, it is not very fast, reaching 500 ms of switching time[35].
Combining the Kerr e�ect to isotropic liquid crystals has demonstrated to
bring the switching time to less than one microseconds[36, 37]. Here the
routing is not due to reorientation of the crystals, but on a refractive index
change. Losses in these devices may be lower that 3 dB[37].

ˆ semiconductor optical ampli�cation (SOA): some semiconductors absorbing
at the wavelength of the signal can also act as active material if properly
pumped. This can be exploited to make SOA shutters. The switching mech-
anism here is based on couplers/splitters with a SOA shutter in each branch
that acts as an ON/OFF gate, amplifying or absorbing the signal. SOA
shutters, to implement in the coupling/splitting structure, are commercially
available[38]. This is another very promising technique, since it can bring
to switching time of few ns, it is scalable up to 64x64 ports[39] and has no
losses (it is indeed an active material, so all the losses are compensated by
a gain)[40].

ˆ opto-mechanical: in these devices, mechanical structures and moving parts
are used to precisely align waveguides or �bers, to deviate light paths with
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mirrors, to alter properties in resonating or light-coupling structures or to
alter collimation of light beams [2]. To do so, moving regions with diverse
size may be employed: from commercial robotic arms[41], stepper motors[42]
and piezoelectric[43], to micrometric MEMS devices[44]. Almost all opto-
mechanical devices are characterized by low IL, good cross talk and very
high scalability (for example 384x384 in [43]). Large-scale opto-mechanical
devices, typically su�er from long switching times (even in the order of
seconds[41]). Integrated MEMS can on the other hand reach the microsec-
ond scale[44].

1.2.3 MOEMS switches

MOEMS switches can be divided into two main categories: free-space and waveg-
uide devices. Free-space devices make use of micromirrors and microlenses to
deviate and focus an input beam onto the desired output. The mirrors are usu-
ally moved by actuators or by electrostatic force. The light path has to be precisely
engineered in order not to induce losses due to misalignment, mode mismatch and
scattering from surfaces (as for the mirror). Waveguide devices on the other hand
don't need any internal microlens or micromirror for shaping the optical path and
can typically guarantee lower losses and compact size[45]. The switch is gener-
ally controlled by an actuator that either moves a �ber/waveguide or change the
properties of coupling structures. We discuss a few examples here below.

Figure 1.7: 1x2 switch with 
exible
double-electrode actuator. Left: neutral
position; right: switched state.[3]

Moving �ber/waveguide A way to
deviate light is to directly move a
waveguide or a �ber so that it cou-
ples to the right port. The design
of such device is based on a can-
tilever beam in which the waveguide is
integrated[46] or with the �ber bound
onto it[3, 45, 47]. The actuation
methods can be based on electrostatic
comb actuators[45, 46], thermal actu-
ators (based on bimetal e�ect or ther-
mal expansion)[47] or individual elec-
trostatic actuators[3]. As an example,
the design based on the individual elec-
trostatic actuators will be presented.
As shown in Figure 1.7 a �ber is mounted on a cantilever with two separate
electrodes �xed on both sides. Two similar electrodes are placed on the �xed part
of the structure, opposite to the ones on the cantilever. At the end of the �ber, two
�xed output �bers are paired below a reversed V-groove that is needed in order
to keep the alignment. As can be seen in Figure 1.8, When a voltage is applied
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to the electrodes, at �rst their free ends bend, due to electrostatic attraction, and
then the rest of the electrode mounted on the cantilever, which is free to move,
is pulled towards the �xed one. This bends the cantilever (and so the �ber) in
an S-shape towards the output, preventing losses due to angular misalignment.
Moreover the fabrication method (Plasma Enhanced Chemical Vapor Deposition-
PECVD), by avoiding 
at contacts, prevents the electrodes from stick together
after the voltage is switched o�. Note that in this device, continuous power is
needed to keep a given output state, because the rest position of the cantilever is
between the two output.
Concerning the fabrication method, the mechanical structure is made by etching
silicon with KOH after a silicon nitride mask is transferred. Then the electrical
insulation is made by PECVD, which prevents the sticking of the electrodes,
and the contact pads are coated with an Aluminum layer. The silicon structure
is �nally bonded on a substrate with UV-curing glue and the output �bers are
assembled with the V-groove and aligned. The input �ber is �xed to the cantilever
using resin.
This device presents IL lower than 1 dB,tsw < 10 ms and a CT< � 50 dB with a
40 V actuation.

Figure 1.8: (a){(c) De
ection cycle of the electrostatic actuator (top view).
(d) Electrical isolation of the electrodes using PECVD. (e) Bulges avoid 
at con-
tact between the electrodes[3]

Moving microdisk/microring resonators In this kind of device, two waveg-
uides are separated by a microdisk[4, 48] or a microring[49], which is optically
resonating at a �xed wavelength. When light is coupled from one of the waveguide
to the resonator, signal of the chosen wavelength can cross to the other waveg-
uide. The switch is done by spoiling the quality factor attaching a lossy material
to the resonator[49], or by changing the distance between the waveguides and the
resonator[4, 48]. In these devices, driving power is only needed when light is sent
to one of the two outputs, since the rest position of the structure is when light is
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(a) (b)

Figure 1.9: (a) Schematic of a microdisk add{drop multiplexer. (b) Calculated
transmittance at through and drop ports against gap dimension.[4]

sent to the other output. We will now present some detail of the device proposed
in [4].

As can be seen in Figure 1.9 the two waveguides are separated by a gap from
the microdisk and, since the coupling depends exponentially from the coupling
distance, almost no light couples to it. When the gap is reduced, the coupling
increases and the resonant wavelength is progressively coupled to the drop port.
In this device, a reduction of 1� m can change the coupling coe�cient by �ve
orders of magnitude, due to Si high refractive index, of which the device is made.
To achieve this gap reduction, four electrostatic gap-closing actuators are used as
in Figure 1.10.

The device is fabricated in a Silicon-on-Insulator platform by a single etching step
after lithographic patterning.

The device is able to reach an ER on the through port of 9 dB with 61 V applied.

(a) (b)

Figure 1.10: Schematic structure of the microdisk resonator with deformable
waveguides. (a) At zero bias. (b) With voltage applied on the electrodes.[4]
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Moving directional coupler Another way to implement an integrated switch
is to use a directional coupler whose coupling coe�cientk can be changed. A
common way is to use thermo-optic[50] and electro-optic e�ects[51], but in MEMS
devicesk is controlled by moving one of the two waveguides closer to the other
with an electrostatic actuator, exploiting the exponential dependence ofk from
the interaction distance[5, 52]. In particular the design of [5] will be presented
here.

A symmetric directional coupler made of two suspended waveguides is designed
with the interaction length required to keep the output at the through port. The
motion of one of the waveguide is controlled by a comb actuator able to reduce
the gap to the switch point as in Figure 1.11. The interaction length is �xed,
therefore, reducing the coupling coe�cient, the balance between the two output
oscillates as in Figure 1.11.

With this design they were able to reach CT< -6.9, PI > 6.2, IL � 1 dB and
tsw � 50 � s.

(a) (b)

Figure 1.11: (a) Schematic diagram of the coupler switch with an electrostatic
comb-drive actuator. (b) Normalized light intensities at the through and drop
ports of the coupler switch, calculated as a function of the actuator displacement
and gap G between the waveguides.[5]
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1.3 Oscillating cantilever

1.3.1 The harmonic oscillator

Figure 1.12: Schematic of a mass bound
to a base moving with respect to a ref-
erence.

Considering the structure schematized in
Figure 1.12, we want to write the equa-
tion describing the relative motion x(t)
of the massm with respect to its base.
When x(t) = 0, the mass is at the
same position of its base. The mass is
elastically connected to that base by a
spring with sti�ness k, which introduces
a dragging force according toHooke's
Law: Fdrag = � kx. The damping due
to viscous friction is taken into account
via a term proportional to the velocity
� r _x. The mass is forced to oscillate
through the absolute motiony(t) of the
base. This is referred to an external origin, so that, wheny(t) = 0, the base is
in that point. The absolute position of the mass is thusx(t) + y(t), contributing
to the oscillator equation asm(x(t) + y(t)). This is analogous to consider the
motion of the base as an opposing forcing term for the relative motionx(t). The
1D harmonic oscillator equation in this case becomes:

m•x + r _x + kx = � m•y: (1.11)

As we will see later, such equation is useful to model the oscillation of a cantilever
beam that is actuated from its base, rather than forced from the free extremity.
We would like now to obtain the frequency response of such a system. Given a
sinusoidal motion of the basey = Y e� j (!t +  ) , the relative motion of the mass
is known to be sinusoidal too,x = Xe� j (!t + � ) . The relation is fully described
by a transfer function whose modulus linearly links the amplitudes of the os-
cillations, X = jT(j! )jY , while its argument determines the phase by� =
 + arg(T(j! )). Substituting the sinusoidal motions into the equation and con-
sidering that T(j! ) = x(t)=y(t), the transfer function takes the form:

T(j! ) =
m! 2

� m! 2 + rj! + k
=

! 2

� ! 2 + 2j� 
 ! + 
 2
(1.12)

where � = r=(2
p

mk) is the damping coe�cient and 
 =
p

k=m is the resonant
angular frequency. The modulus takes the form of:

jT(j! )j =
! 2

p
! 4 + 2(2� 2 � 1)
 2! 2 + 
 4

: (1.13)
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The Bode diagram in Figure 1.13 shows the typical response of a damped harmonic
oscillator actuated from the base, with a resonant peak whose height increases (up
to ideally in�nite) when no friction is present. Outside the resonance peak, other
two regions can be clearly identi�ed:rigid and suspendedfoundation. The rigid
foundation (! << 
) is a region in which the ratio X=Y tends to zero, since
the motion is slow enough to let the mass move rigidly with the base. In the
suspended foundation (! >> 
) instead, the oscillation is so fast that the mass
is unable to follow it. The mass stands still (x(t) + y(t) = 0), while the base
oscillates, thus the relative distancex is the exact opposite of the base motiony.
In this case the ratio of the modulusX=Y tends to 1.

Figure 1.13: Frequency response of three damped harmonic oscillators actu-
ated from the base with resonance frequency 103 rad/s, but di�erent damping
� : 0:01(line), 0:1(dashed), 1(point-dashed).

1.3.2 Damping and Q-factor

The structure presented in Section 1.3.1 constitutes a damped resonant system. In
the time domain, a resonant system responds to an input pulse by oscillating, but
the damping attenuates the oscillation with an exponential envelope. The time
constant � of the exponential envelope is related to the damping by� = 1=� 
, so
that when the damping increases, the oscillation attenuates faster.
In resonant systems, another �gure of merit is typically used: theQuality factor.
The quality factor, which is usually referred with Q, is linearly linked to the time
constant and can be de�ned asQ = � 
 =2 = 1=2� . The quality factor takes higher
values when the oscillation is kept with low losses, indeed it can represent the ratio
between the energy stored in the resonator and the energy lost per cycle due to
the damping process. The quality factor also provide information on how selective
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is the resonant peak with respect to the frequencies. Indeed it can be equivalently
expressed as the ratio between the resonance frequency and the FWHM of the
resonance peakQ = 
 =� ! .
In our scope, the most important aspect of the Q factor is that it linearly links
the amplitude of the base motiony(t) to the mass oscillationx(t) at resonance
condition. In fact, when! = 
, the transfer function reduces to T(j 
) = � j=2� =
� jQ . This leads to the important linear relation for the amplitudes:

X = QY: (1.14)

Note that the resonant peak is not exactly at the resonant frequency since the
maximum of the modulus is obtained at! peak = 
 =

p
1 + 2� , but for low damping

condition (as it is in our case)! peak ' 
.

1.3.3 Euler-Bernoulli beam theory

(a) (b) (c)

Figure 1.14: (a) Example of beam with de
ectionw and of one piece of lengthdx.
(b) Schematic representation of the strain� induced by a rotation � of a piece.
(c) Representtion of he forces acting on a piece: M: bending moment; S: shear
force;F = �dx @2w

@t2 : inertial force.

A simpli�ed model that describes the mechanical properties of a beam is the so
called Euler-Bernoulli beam theory, which is widely employed in Engineering. We
will consider a beam whosex axis passes through the centroid of its cross-section.
The beam de
ection is indicated with the functionw(x; t ).
In this model the bean, which is a continuous system, is discretized into an in�-
nite amount of smaller pieces with widthdx , having their own mass, sti�ness and
damping (Figure 1.14 (a)). The stress� is linearly related to the strain (elon-
gation) � by the Elastic modulus (or Young's modulus) E via the Hooke's law:

� = E �: (1.15)

In this model the pieces are considered as undeformable, and the beam deforma-
tion is given by a rotation of its pieces as in Figure 1.14 (b). Thus, for each point
of the cross section, at heightz from the x axis, we can write the elongation as
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� = z @�=@x= z @2w(x; t )=@x2, where� = @w(x; t )=@xis the rotating angle of the
piece.
Considering again a single piece of the beam, the bending moment at the coordi-
nate x is de�ned as positive when the compressive stress is on the positivez. It
can be written as:

M (x) =
ZZ

z � (z) dy dz = EI
@2w(x; t )

@x2
(1.16)

where I is the Second moment of area(or area moment of inertia). This takes
into account the distribution of the beam points with respect to its axis and is
de�ned as:

I =
ZZ

z2 dy dz: (1.17)

Multiplied together, the elastic modulus and the second moment of inertia give
the 
exural rigidity EI .
We will now consider the case of a beam that is free to bend along thez direction.
Each piece of the beam, which is subject to multiple forces as in Figure 1.14 (c),
should be in dynamic equilibrium condition. If we now impose rotational equilib-
rium, considering the bending momentM (x) and the shear forcesS(x) acting on
the two opposite faces of the piece, we get:

M (x + dx) � M (x) + S(x)
dx
2

+ S(x + dx)
dx
2

= 0: (1.18)

Developing its terms,this reduces to:

S(x) = �
@M(x)

@x
= �

@
@x

�
EI

@2w(x; t )
@x2

�
: (1.19)

By imposing now the dynamic equilibrium also for translation and considering
the inertial force due to the motion of the beam we can write:

S(x + dx) � S(x) � �dx
@2w(x; t )

@t2
= 0 (1.20)

where� is the mass per unit length.
From the two equilibrium condition we �nally get the Euler-Bernoulli equation
that can be used to describe the vibration of a beam:

@2

@x2

�
EI

@2w(x; t )
@x2

�
= � �

@2w(x; t )
@t2

: (1.21)

1.3.4 Oscillation of cantilever beam

We want now to solve the equation for the beam de
ectionw in the case of a
beam with uniform section (the 
exural rigidity EI is constant alongx).
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A common practice is to use separation of variables. For time, a harmonic equation
is get, which admits sinusoidal solutions. Therefore, we can consider a harmonic
behaviour as

w(x; t ) = W(x)e� i!t (1.22)

to solve the Euler-Bernoulli equation. The space dependent equation takes then
the form of:

EI
d4W(x)

dx4
� �! 2W(x) = 0 : (1.23)

The solution takes the form:

W(x) = A1 cosh(�x ) + A2 sinh(�x ) + A3 cos(�x ) + A4 sin(�x ) (1.24)

where � = 4

q
�! 2

EI . Each de
ection W is a mode of oscillation, characterized by
a natural frequency ! . The terms A i are constants dependent on the boundary
conditions.
We will now discuss the case of a cantilever beam of lengthL. One end (x = 0)
of the cantilever beam is �xed and unable to rotate, thereforewn (0) = 0 and
dwn
dx j0 = 0. The free end instead is not a�ected by momentum and stress, so

d2w
dx2 jL = 0 and d3w

dx3 jL = 0.
With this condition, non-trivial solutions exist only if cosh(�L ) cos(�L ) + 1 = 0.
Solving numerically, a discrete set of solutionWn is found in which the �rst
roots R = � nL=� will be: R1 = 0:59686:::, R2 = 1:49418:::, R3 = 2:50025:::,
R4 = 3:49999:::,...
The natural frequencies can be expressed by the law

! n = R2
n

� �
L

� 2
s

EI
�

(1.25)

and the corresponding solutions of the space-dependent equation are:

Wn = A1

�
(cosh� nx � cos� nx) +

cos� nL + cosh � nL
sin � nL + sinh � nL

(sin � nx � sinh � nx)
�
: (1.26)

It is important to notice that the resonant frequencies in this problem are not
simply multiples of the fundamental.
The second moment of inertia and the mass per unit length can be written in
terms of cantilever thicknesst and density � , so that I=� = t2=12� . The thickness
is the dimension of the cantilever parallel to the oscillation (in our case alongz).
The angular frequencies become:

! n = R2
n

� �
L

� 2
s

Et 2

12�
: (1.27)
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1.3.5 Relation between models

In Section 1.3.4 we have recovered the natural frequencies of oscillation, or reso-
nant frequencies, of a cantilever beam. At that frequencies the cantilever acts as
the harmonic oscillator of Section 1.3.1, as proven by Sader[53].
To be able to use that model, equivalent sti�ness and mass must be de�ned for
each natural frequency, as discussed in [54], so that

keq =
Ebt3

4L3
; meq;n =

3�btL
(�R n )4

: (1.28)

Each natural frequency of the cantilever can thus be used as the resonance fre-
quency in the harmonic oscillator model:


 =

s
keq

meq;n
= R2

n

� �
L

� 2
s

Et 2

12�
= ! n : (1.29)

1.4 Cantilever modulators by femtosecond laser
pulses: realized prototype

The work of this thesis is based on a device previously realized in Dr. Osel-
lame's laboratories[6]. The device consisted in an oscillating cantilever structure
with an embedded waveguide for integrate light modulation. The device was re-
alized by femtosecond laser micromachining, a technique which will be discussed
in the next chapter, and in particular Water Assisted Laser Ablation was used for
the cantilever structure, while Laser Induced Refractive Index Change was used
for waveguides. The structure was made in Eagle XG, a commercial alumino-
borosilicate glass. The design and operation of the device will be discussed in the
following as a preliminary step for our work.

1.4.1 Device design and operation

The device is based on a cantilever which can oscillate horizontally. The cantilever
is equipped with a waveguide that is aligned with another in the bulk of the glass,
when the cantilever is at its rest position. The idea behind this modulator is to
exploit the cantilever oscillation to temporally modulate coupling losses due to
lateral misalignment between the waveguide in the cantilever and the waveguide
in the bulk. The structure is the one shown in Figure 1.15.

Lateral misalignment losses A �rst order mode, as the one propagating in
single mode �bers or waveguides, has no nodes in the lateral distribution. In par-
ticular, the intensity pro�le can be roughly approximated by a Gaussian function,
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Figure 1.15: Schematic of the cantilever structure. The waveguide (WG) in the
cantilever is aligned with the one in the bulk but separated by a gap spacing as
shown in A. During oscillation the two waveguide misalign with each other.[6]

as anticipated in Section 1.1.2. The intensity pro�le can be written as

I (x; y) = I 0e
� 2x 2

� 2
x e

� 2y 2

� 2
y (1.30)

whereI 0 is the intensity maximum and� i indicates the dimension of the mode in
the i direction, measured as the distance from the central part at which the inten-
sity decrease up toI 0e� 2. In this framework, the signal exiting from a waveguide
could be described as a gaussian beam with beam waist at the end point of the
waveguide. For simplicity we now neglect the beam expansion due to propagation,
assuming to be within the Rayleigh range.
To evaluate the e�ect of a lateral displacementd = dxux + dyuy onto the coupling
between light exiting the waveguide of the cantilever and the next waveguide, we
should calculate the overlap integral between the �eld distribution, which, for �rst
order modes, can be expressed in intensity terms as the coupling e�ciency

� (dx ; dy) =

�
�
�
�

ZZ p
I (x; y)

q
I (x � dx ; y � dy) dx dy

�
�
�
�

2

(1.31)

where I has been normalized so that
RR

I dx dy = 1. We used the same pro-
�le for both the cantilever waveguide and the bulk one since they are identical.
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Using Equation 1.30, the two lateral contributions separate into two convolution
integrals

� (dx ; dy) =

�
�
�
�

Z p
I (x)

p
I (x � dx ) dx

�
�
�
�

2 �
�
�
�

Z p
I (y)

q
I (y � dy) dy

�
�
�
�

2

(1.32)

that, due to properties of Gaussian functions, give another Gaussian function with
variance equal to the sum of the variances. Since here the square of the mode
dimension plays that role, the new Gaussian has� 2

conv = � 2
1 + � 2

2 = 2� 2 and the
coupling e�ciency becomes:

� (dx ; dy) = e
� d2

x
� 2

x e
�

d2
y

� 2
y (1.33)

where an e�ciency of 1 is assumed at no displacement, as mentioned for normal-
ization. The above e�ciency can be a good expression of theExtinction Ratio
ER = � 10 log(� (dx ; dy)) and will be the base of most of the following studies.
Since, as we will see later, the only oscillation we want to induce is the in-plane
one, the coupling e�ciency reduces to

� (dx ) =
I (dx )

I 0
= e

� d2
x

� 2
x : (1.34)

Geometry The choice of the cantilever shape has been a crucial point for this
device, since it can directly a�ect the displacement of the waveguide.
One limitation is given by the dimension of the waveguide mode, since a too thin
cantilever could alter the mode distribution inducing losses due to scattering from
its surfaces.
Another obvious limitation is given by the resolution limits of the fabrication
technique, which are in the order of a micrometer.
From the mechanical point of view, we would like to excite a well-de�ned oscil-
lation mode of the cantilever (in the plane). Therefore, its thickness and width
should be made di�erent, so that oscillations on orthogonal planes resonate at
di�erent frequencies. In particular, due to the characteristics of the fabrication
technique, a cantilever thinner on the in-plane direction and wider in depth has
to be preferred. The lowest-frequency oscillation mode is therefore lying in the
plane of the substrate.
The length of the cantilever has been tuned following this reasoning: a shorter
cantilever shows an higher resonant frequency, therefore a bigger Q factor, which
is appreciated, but on the other hand its sti�nessk increases, inducing an higher
stress on the base that could break the cantilever.



1.4 Cantilever modulators by femtosecond laser pulses: realized
prototype 25

Actuation and behaviour As explained, the modulation of the light signal is
due to the displacement of the two waveguides induced by the oscillation of the
cantilever beam. Such oscillation is actuated by a piezoelectric that moves the
substrate in a similar way to the one presented in Section 1.3.1, so the substrate
oscillation linearly re
ects into an oscillation of the cantilever tip ampli�ed by the
Q factor. It is important to note that an oscillation at frequencyf of the cantilever
results in a modulation of frequency 2f since, during a period of oscillation, the
waveguides are aligned two times and not just once.

1.4.2 Realized prototype

The realized prototypes were made in Eagle XG, which has a density of� =
2380 kg m� 3 and an elastic modulusE = 73:6 GPa. The thickness of the devices
was designed to bet = 50 � m in the in-plane direction while the height was �xed
at b= 250 � m. Two lengths were tested,L1 = 1:2 mm andL2 = 1:5 mm. Due to
fabrication process, the thicknesses turned out to bet1 = 38 � m and t2 = 41 � m
for the two cantilevers respectively. The resonant frequencies of the �rst in-plane
mode of oscillation were measured to bef 1 = 23:8 kHz and f 2 = 16:1 kHz, in
perfect agreement with the predictions from Equation 1.27. The measured Q
factors were respectivelyQ1 = 400 and Q2 = 520.
The waveguide was inscribed in the cantilever at a height of 150� m from the
bottom and presented a mode dimension of around 8� m. The coupling e�ciency
with the �ber was about 70 %, corresponding to a loss of 1.55 dB.
Driving the piezo actuator with a sinusoidal signal with 20 V peak-to-peak ampli-
tude, the device was able to modulate light with an ER of 0.4 dB, corresponding
to a modulation depth of 9 %, which is far from a full modulation of the optical
signal. Moreover, the modulation peaks were not symmetrically distributed in
time.
In this thesis we aim to optimize the described device so to reach a complete and
symmetric modulation and to further develop it into a 1x2 switch.





Chapter 2

Femtosecond laser
micromachining

Femtosecond laser micromachining is a technique for structuring materials at mi-
crometric size, by irradiation with focused ultrafast laser pulses.
The technique was born when Hirao's group, in 1996, showed that a permanent
refractive index increase could be induced in the bulk of di�erent transparent
glasses by focusing subpicosecond pulses[55]. Before that, femtosecond laser pulses
had proven e�ective for ablation processes[56]. From that time on, the ability of
such technique to induce micrometrical refractive index increases, phase changes,
structural modi�cations and void formation has been strongly developed, up to
the point of producing devices with high complexity.
In transparent substrates femtosecond laser micromachining exploits the high in-
tensity of focused subpicosecond pulses, to induce material modi�cations into the
bulk without a�ecting the surface. Due to the nonlinear nature of the process,
the modi�cations are induced just in the focal point of the irradiation, providing
the technique with great 3D capability[57]. This is one of the main features of
femtosecond laser micromachining, compared to popular microfabrication tech-
niques, such as photolitography, that can process only 2D structures. Moreover,
the fabrication setup require way less space and cost, making femtosecon laser
micromachining suitable for device prototyping. The nonlinear absorption pro-
cess can be easily induced in many materials, so the technique shows also a good
versatility. Finally, again due to the nonlinearity, feature sizes can reach the
submicrometric scale[58].

2.1 Laser-matter interaction

A photon of frequency� can provide a transition between two states of a particle
only if its energy h� , where h is the Plank's constant, is equal to the energy
di�erence of those states. Therefore if the photon is hitting a dielectric with energy
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gap Eg, electronic transition may occur between the valence and the conduction
band only if h� � Eg. In this case, light is said to be linearly absorbed. Material
with Eg > h� are thereforetransparent to irradiation of frequency � .
Actually, high optical intensities can trigger nonlinear processes that make ab-
sorption possible also for material transparent at the irradiation frequency. In
this kind of processes, two or more photons are absorbed simultaneously in order
to achieve an electronic transition. Such nonlinear absorption processes are at the
basis of the femtosecond laser micromachining technique.

2.1.1 Absorption processes

There are three main absorption processes to induce electron promotion in trans-
parent materials: multiphoton ionization, tunneling ionization and avalanche ion-
ization. Multiphoton ionization and tunneling ionization have the same nonlinear
nature and are calledphotoionization process, since they can provide electron
promotion to conduction band. The occurrence of either of the two has been
modelled by Keldysh and can be predicted by the parameter
 , which assumes
value 
 < 1:5 when tunneling ionization occurs, and
 > 1:5 when multiphoton
ionization dominates[59]. Avalanche ionization on the other hand requires the
presence ofseed electronsto take place, i.e. some electrons already in the con-
duction band[60]. These electrons can be provided by the previously mentioned
photoionisation processes or by impurities and defects of the material.
We report here a brief description of the three processes which are represented
schematically in Figure 2.1.

ˆ Multiphoton ionization: this process involves the simultaneous absorption
of multiple photons of frequency� . At low intensities, the probability of
absorbing more than one photon at a time is negligible, therefore only linear
absorption may occur. However, if the intensity is su�ciently high, the
probability for two or more photons to be absorbed simultaneously increase
enough to be no longer negligible. If the numberm of photons satis�es the
condition mh� � Eg, they can be simultaneously absorbed and the electron
can bridge the energy gap. The probability of a multiphoton absorption
event scales roughly exponentially withm. Lower-order processes, which
involve a lower number of photons with higher frequency, are thus more
likely to occur with respect to higher order ones.

ˆ Tunneling ionization: when a strong �led is applied to a material, it can
alter its band structure, suppressing the Coulomb �eld that binds a valence
electron to its parent atom[60]. If the bending of the conduction and va-
lence bands brings the two to have similar energies, a bound electron in the
valence band can undertake a band-to-band transition by tunnel e�ect (see
Figure 2.1). If the irradiation is intense enough, it can provide the �eld for
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the band distortion itself. This process is therefore more common for high
intensity irradiation and lower frequencies.

ˆ Avalanche ionization: this process can be divided into two steps:free car-
rier absorption and impact ionization[60]. During free carrier absorption,
seeds electrons, already in the conduction band, can increase their energy
by linearly absorbing the irradiated photons. Once the electron has gained
enough energy, it can promote a further electron from the valence to the con-
duction band, by colliding with it. This is the so called impact ionization.
Avalanche ionization has been modelled to depend linearly on the intensity
of the irradiation due to free carrier absorption[61, 62].

(a) (b) (c)

Figure 2.1: Absorption processes:(a) multiphoton ionization, (b) tunneling ion-
ization and (c) avalanche ionization (free carrier absorption followed by impact
ionization). VB, valence band; CB, conduction band.[7]

2.1.2 Optical breakdown and material modi�cation

When a strong local ionization of the material is reached, due to the absorption
process presented above, the dielectric nature of the material is broken and plasma
is formed. Material modi�cations are caused by the relaxation of such a hot elec-
tron plasma, that transfers energy to the lattice. In particular, this happens when
the plasma reaches the condition ofoptical breakdown. Optical breakdown is a
condition in which the plasma oscillates at resonance with the incident irradiation,
thus strongly absorbing energy by free carrier absorption.
For longer pulse durations, this condition is met thanks to avalanche ionization[63],
while for short pulse durations (< 10 fs in fused silica), multiphoton and tunneling
ionization are the main causes of optical breakdown[62, 64].
The process that brings to material modi�cations can be divided into three steps.
First, ionization provides the electrons seed for the plasma. The electron density
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n increases in time according to:

dn
dt

= �I (t)n(t) + � m I m (2.1)

whereI is the intensity, m the number of photons,� and � are the avalanche and
photoionization probability. The plasma frequency depends linearly on the square
root of n; so, it increases until the electrons in the conduction band reach the so
called critical density of free electrons, at which the plasma frequency becomes
equal to the one of the laser (optical breakdown). At this point, ionization stops
and laser power is strongly absorbed by the plasma due to free carrier absorption,
thus further increasing the electron energy, heating the plasma. The last step
is the energy transfer between the plasma and the lattice that can happen by
thermal di�usion or by the emission of a shockwave[62].
Depending on the degree of excitation, plasma relaxation may create cracking,
voids or localized melting. The kind of modi�cation depends on the material.
The advantage of using femtosecond laser micromachining is that optical break-
down is obtain with lower energies. Indeed, optical breakdown is a threshold
process, being related to the critical density of free electrons. With pulse dura-
tions below 1 ps, high intensities are easy to obtain. This enables multiphoton and
tunneling ionization to provide seed electrons for the avalanche process. On the
contrary, pulses with longer duration (picoseconds scale) cannot exploit nonlinear
photionization and therefore rely on linear absorption in material defects, making
the optical breakdown process stochastic [58, 62]. The deterministic nature of the
process in femtosecond regime enables a more uniform and smooth modi�cation,
which is crucial for waveguide writing.

2.1.3 E�ect of irradiation parameters on the process

Laser-induced modi�cations are strongly dependent on the irradiation parameters.
The main parameters that can be controlled are the wavelength of the irradiation,
the pulse duration, the pulse energy, the polarization, the numerical aperture (NA)
of the focusing objective, the laser repetition rate and the sample moving velocity
and orientation. These parameters must be empirically tailored to obtain the
desired modi�cation in terms of quality and typology.
Wavelengthplays a relevant role in the photoionization process and can, for ex-
ample in high-band gap materials such as fused silica, determine the quality of
a microstructure[65]. Moreover, the intensity threshold for optical breakdown is
shown to depend inversely on the square of the wavelength[66]. Indeed, higher
laser frequencies require a higher electron density for the plasma to resonate.
We have already mentioned the importance ofpulse duration in evaluating the
deterministic or stochastic nature of the breakdown process. The relation between
energy density thresholdE th at a �xed ionization probability � and pulse duration,
as modelled in [8], is summarized in Figure 2.2. The model, which considers the
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recombination and di�usion time of the electron, predicts well the
p

� behaviour
observed experimentally[67]. For shorter pulse durations, as the ones used in
femtosecond laser micromachining, a departure from that behaviour is predicted
by the model and observed experimentally[68]. This is due to the insurgence of
photoionization as the leading process for the generation of the seed electrons,
as mentioned in Section 2.1.2. In general, shorter pulses lead to lower energy
threshold, favoring the optical breakdown; however, in the femtosecond regime,
the threshold becomes almost constant.

Figure 2.2: Energy density at threshold dependency from pulse duration, where
� is a �xed ionization probability. The model considers an illustrative material
with electron recombination and di�usion time of respectively 1 fs and 500 ps.[8]

Regardingpulse energy, when it is kept near the breakdown threshold, refractive
index modi�cation in the order of 10� 3 are usually obtained[69]. When the en-
ergy is far higher than the threshold, the plasma energy increases and so does
the Coulomb repulsion between ions, due to reduction of the electronic shielding,
causing void formation[57]. With pulse energies inbetween the two, some ma-
terials show the formation of birefringent structures and nanogratings, oriented
orthogonally to the polarization direction of the irradiating �eld. The graph in
Figure 2.3 represents the regions (in terms of pulse energy and duration) for which
the three mentioned regimes of modi�cation occur in the fused silica substrate.
Another important parameter is the NA of the focusing objective, since it deter-
mines the focal volume in which the modi�cation occurs. The focal volume can
be estimated by considering the beam waist and the Rayleigh range of the irradi-
ating beam, which are respectivelyw0 = M 2 �

� NA and zR = M 2n�
� NA 2 (M 2 is the Gaussian

beam propagation factor which has a value of 1 for single mode lasers[70],� is
the wavelength andn is the refractive index). Due to the di�erent dimensions of
beam waist and Rayleigh range, the focal volume takes an elliptical shape, but
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Figure 2.3: Threshold pulse energies for di�erent regimes in a fused silica sample.
Squares represent the thresholds for smooth refractive index (regime 1), circles
for birefringent structures and nanogratings (regime 2) and triangles for void
formation (regime 3).[9]

many techniques have been developed to obtain a circular vertical cross section,
useful for waveguide writing[71, 72, 73]. Two processes can alter the focal shape
and limit the choice of NA: aberrations and self focusing. Spherical aberrations
induced by the focusing objective, relevant for high NA (> 0:4 [60]), becomes
negligible if an aspherical lens or a microscope objective are used. On the other
hand, the spherical aberration induced by the sample itself, which usually present
a plane surface, could alter the focusing volume, making it strongly dependent on
the working depth[74, 75]. Self focusing can occur, due to the high peak power
of this technique. The electron gas generated by the ionization, on the other
hand, act as a negative refractive index change (plasma defocusing), compensat-
ing the self focusing e�ect. This compensation can make the focal volume longer
on the direction of propagation. This last e�ect, which is dominating at low NA
(< 0:65 [60]), can be easily reduced by a tight focus.

Finally, the repetition rate at which pulses are delivered to the sample in
u-
ences the induced modi�cation, since it is strictly related to thermal relaxation
processes[76]. Low repetition rate, indeed, make thermal relaxation possible be-
tween pulses, we speak aboutsingle pulse regime. As the repetition rate is in-
creased, the absorbed laser power has no time to di�use before the next pulse
arrives, and local temperature builds up as shown in Figure 2.4. In this case
we talk about multiple pulse regime[10]. This can a�ect the aspect ratio of the
microstructuring and the dimension of the modi�ed area[77]. Related to this, the
velocity at which the sample is translated contributes in determining the num-
ber of pulses delivered per unit area and per unit time, thus it must be properly
adjusted.
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Figure 2.4: Finite-di�erence model of glass temperature versus pulse number, at
a radial position of 2� m from the center of the laser beam. The di�erence in heat
accumulation is showed for three repetition rate.[10]

2.2 Microstructuring capabilities

2.2.1 Refractive index modi�cation and waveguide writing

At low energies, just above modi�cation threshold, smooth refractive index vari-
ation can be seen in many materials.
The cause of these variation is not yet de�ned univocally[78], but has been at-
tributed to a densi�cation of the material due to either quenching of melted
glass[79] or compression by a shockwave[80]. Also the creation of color centers
has been taken into account, as an increase in absorption could lead to a re-
fractive index change in the nearby wavelengths because of the Kramers-Kronig
relations.
As described in Section 1.1.1, a refractive index modi�cation can be used to form
a waveguide into the bulk of the material, by translating the sample with respect
to the laser focus so that the refractive index change induced in the focal vol-
ume forms a line. Two main writing geometry can be used, shown in Figure 2.5:
transverse and longitudinal. In transverse geometry the sample is moved orthog-
onally with respect to the irradiation. This leads the waveguide to assume an
elliptical cross section following the shape of the focal volume due to the ratio
zR=w0 = n=NA; this may lead to bad mode-matching with optical �bers. Longi-
tudinal geometry on the other hand, moving the sample parallel to the irradiation
direction, produces waveguides with circular cross section, because of the trans-
verse symmetry of the Gaussian intensity pro�le. The main limitation for this
geometry is the working distance of the focusing lens.
The writing direction can play a role in the fabrication process, this takes the
name ofquill e�ect due to the similarity with a writing quill, since the di�erence
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is given by a pulse front tilt of the laser[81].
The capability of femtosecond laser pulses to modify the bulk glass in arbitrary
positions, without a�ecting the surface, has enabled the fabrication of unique
photonic devices with 3D geometries[82, 83, 84].

(a) (b)

Figure 2.5: (a) Longitudinal and (b) transverse writing geometry.[11]

2.2.2 Birefringent structures, nanogratings and FLICE

In some materials, such as fused silica, the generation of birefringent structures
has been observed, at energies inbetween the ones used for smooth refractive index
modi�cation and those used for void generation.
Such birefringent refractive index changes were �rstly observed in the bulk of
fused silica glass in [85]. This e�ect was studied in [86] where they observed
the insurgence of periodic structures of nanometric size, the so-called nanograt-
ings. A possible explanation to these features has been found in an interference
phenomenon occurring between the electric �eld of the irradiation and the elec-
tron plasma wave, which creates a periodic pattern in the plasma distribution[86].
An alternative explanation has been proposed in [12], which considers the self-
ordering of the nanoplanes, induced by inhomogeneous optical breakdown, as
the main cause for the nanogratings formation. Both models predict the strong
dependence of the nanograting formation on the incident polarization. Indeed,
as shown in Figure 2.6, nanogratings are observed experimentally to form along
planes perpendicular to the polarization direction of the writing beam.
The irradiated pattern, where the nanogratings are formed, shows an increase in
chemical etching rate when the sample is exposed to HF (hydro-
uoric acid) or
KOH (potassium hydroxide), with respect to the pristine fused silica. Exploit-
ing this feature, it is possible to irradiate channel-like structures in the sample
that are then selectively etched, thus providing a mean to inscribe microchannels
into glass samples[87]. The increase in etching rate is linked to the direction of
the nanogratings, being maximum when the planes are parallel to the writing di-
rection, favoring the di�usion of the etchant solution[12]. This microstructuring
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method, called FLICE (femtosecond laser irradiation followed by chemical etch-
ing), has lead to the demonstration of many devices based on buried micro
uidic
channels[12, 88, 89, 90]. One drawback of this technique is that only few materials
present the enhanced etching rate[12].

(a) (b) (c)

Figure 2.6: Polarization-dependent nanostructure in the transverse writing geom-
etry. The linear polarization E is (a) perpendicular and (b) parallel to the scan
direction S. The case of circular polarization is shown in (c).[12]

2.2.3 Water assisted ablation

Ablation has been observed in almost all materials. It usually begins a few pi-
coseconds after the laser pulse and can be due to several mechanism such as phase
explosion (explosive boiling), evaporation, spallation and fragmentation[91].
Ablation processes are usually con�ned to the surface, because the formation of
debris limits the working depth, by scattering the incident light. This problem
is reduced in water-assisted-laser-ablation, which consists in making the ablation
process in water instead of air. Water helps in carrying away the debris and re-
duces thermal accumulation phenomena, acting as coolant. Plasma pressure is
shown to increase due to water con�nement, preventing it from expanding, and
this helps the ablation[92]. Also the plasma duration increases due to con�ne-
ment, making the ablation process more e�ective[93]. On the other hand, the
formation of bubbles introduces light scattering, thus reducing the e�cacy of ir-
radiation absorption[94, 95]. With water-assisted-laser-ablation, microstructuring
with much higher aspect ratios than the one in air are obtained[96].
A convenient evolution of the technique involves starting the ablation from the
rear surface of a transparent substrate, rather than the top one. Indeed, while
ablating the top surface, debris could accumulate near the region of operation,
introducing scattering in the light and limiting the 3D capability of the tech-
nique. Ablation from the rear surface, on the other hand, doesn't su�er from this
problem, since irradiation proceeds from the opposite direction. With this tech-
nique, deeper microstructures can be fabricated and three-dimensional channels
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