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Abstract

Ultrafast laser microprocessing of transparent materials has attracted an increasing research
interest due to the unique properties of laser-matter interaction at ultrashort time scales. In
particular, the possibility to produce controlled local modifications of the refractive index
in dielectrics opened the door to the microfabrication of 3D integrated photonic circuits. In
this work, new strategies for the optimization of the techniques for the fabrication of optical
waveguides in crystalline materials as well as as for their characterization are presented. The
use of these strategies is a contribution to the technological development for the fabrication
of integrated complex photonic devices. The fabricated photonic structures are based on
Type II modifications in crystals and different techniques were used such as Stressed induced
waveguides and Depressed cladding waveguides. In the case of stressed induced waveguides a
new approach in which an interferometer was used to generate two femtosecond laser beams
that, focused with certain lateral separation inside the crystal, produced two simultaneous
parallel damage tracks with a single scan. On the other hand, the fabrication of waveguides
arrays based on depressed cladding waveguides is presented. The arrays consist of divergent
hexagonal waveguides with different separations between the waveguides at the exit of the
crystal. The results show a good performance of the fabricated structures and suggest a
promising potential use in photonic applications such as photonic lanterns, which can be easily
implemented in other transparent materials. It is also presented a novel kind of structures called
photonic lattice-like structures which emulates in shape, the photonic crystal fibers. These
structures present attractive characteristics such the fact of being able to manipulate the cross
section along the waveguide by introducing axial defects which allows beam manipulation
in a controlled and reproducible manner. This important characteristic offers the possibility
of fabricate monolithic structures. A study of the ultrafast laser-induced modifications of
femtoseconds pulses in the nanostructured polycrystalline YSZ ceramic, a very promising
material for bio-medical applications, as well as the study and the integration of optical
waveguides in this material is also presented. In addition, properties such as the ablation
threshold and the nonlinear optical properties were characterized. Finally, a preliminary study
of the temporal features of ultrashort pulses propagating to different types of waveguides is

presented.
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Chapter 1

Introduction

1.1 What is ultrafast laser microprocessing?

Ultrafast laser microprocessing is a process by which pulses from a femtosecond laser, also
known as ultrafast laser, are used to micro-structure the surface or the bulk (inside) of solid
materials. One of the most interesting features of this kind of lasers is the high peak intensities
that can be reach when are tightly focused. These intensities are in the range of 10'% - 101
W /cm? which can easily induce nonlinear absorption in transparent materials. Therefore, if
the focus is set inside a transparent material (see Fig. 1.1) the nonlinear absorption can be
confined to a region near to the focal volume allowing ultrahigh precision modifications and 3D
microprocessing of the material [1]. In particular, the interaction of femtosecond pulses with
transparent dielectrics has attracted a lot of interest in the last two decades mainly due to the
possibility to induce localized refractive index changes to create complex photonic structures
inside the material keeping the surface intact [2-14]. Nowadays, this technique is known as
Ultrafast laser inscription (ULI) and is has been consolidated as a three dimensional (3D)
photonic device fabrication technology. In this section a brief review of the state of the art is
introduced, besides the scientific and technical aspects that have motivated the present work as
well as the basis of the objectives that has been set to achieve.

1.2 Motivation and background

Ultrafast laser inscription is characterized by an energy transference from the strong optical field
of the laser to the material through a process known as optical breakdown [16] which causes
the ionization of a large number of electrons. As a result, the energy acquired by the electrons

is transferred to the material. As this energy is deposited and converted to thermal energy, the



2 Introduction

Fig. 1.1 Schematic image of ultrafast laser inscription process; nonlinear absorption occurs at
the laser focus, resulting in highly localized energy deposition. 3D photonic structures can be
fabricated inside a transparent material [15].

material may undergo structural or phase modifications, leaving behind local changes such as
the refractive index. This principle was used by Davis et al. in [2] to inscribe for the first time
an optical waveguide inside a transparent material by direct femtosecond laser irradiation. For
this purpose, they focused the laser beam inside a sample of fused silica and it was moved with
respect to the focus, thus generating a trace in which positive contrast of the refractive index
had been achieved, and in which light could be coupled and propagated. Since this pioneer
work, ultrafast laser inscription spread to a variety of transparent materials [17-24]. Since then
research and development with regard to the fabrication of photonic devices based in optical
waveguides has rapidly advanced until today.

In general, two main types of modifications can be induced in transparent dielectrics by
the irradiation with femtosecond pulses that can be exploited for waveguide fabrication. In the
first one, the refractive index change is created just at the focal volume of the incident beam.
This approach was the first in being investigated and, in general, it requires the use of low
pulse energies (a few nJ), therefore it can be carried out with only the use of a femtosecond
oscillator [6]. This is the most common technique for the fabrication of waveguides in glasses.
The waveguides fabricated by this technique have been used for the implementation of complex
devices such as coupled waveguide arrays where the structures are in close proximity allowing
the interaction between modes of adjacent waveguides [25, 26] or Bragg gratings [27]. The
second one involves the use of amplified laser pulses with energy typically in order of mJ. In
this case a severe damage track along the focal volume is produced inducing a refractive index
decrease over the damage. Furthermore, a local increase of the refractive index is induced
in the surrounding area of the damage. This increase can be easily manipulated by making a

second irradiation at some microns of the first one. As a result, the refractive index change
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can be easily increased or shaped. This technique is used for the fabrication of waveguides
in crystals. This approach is specially used for the fabrication of active devices [25] with
attractive characteristics such as preservation of the spectral and anisotropy properties [28, 29]
as well as the resistant to high temperatures [30]. This type of modification can be also used
to fabricate the so-called depressed cladding waveguides. For this kind of waveguide, a large
number of irradiations parallel to each other are carried out, delimiting an area of the material
that is not irradiated where the irradiated area acts as a boundary for the light [31]. Further
details about the type of waveguide fabricated by ULI process will be discussed in Chapter 2.
Fig. 1.2 shows waveguides fabricated with different femtosecond laser induced modifications.
The mechanisms responsible for the ultrafast laser inscription, as well as its optical properties,
depends on the material properties and on the irradiation conditions, such as pulse energy, pulse
duration, repetition rate, polarization, focusing conditions and translation speed. All these
parameters can be optimized in order to fabricate the desired kind of waveguide with certain

properties, that is to say, mono/multi-mode, refractive index profile, or optical losses [32].

Nend view P 20um
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Fig. 1.2 Optical micrograph of the cross section of waveguides fabricated using different
femtosecond laser induced modifications. a) Waveguide fabricated in glass with the use of a
femtosecond oscillator (unamplified pulses) [33]. b) Waveguide fabricated in a transparent
ceramic by two parallel damaged tracks using amplified femtosecond pulses [34]. c) Depressed
cladding waveguide fabricated in a Nd:YAG crystal by several parallel damaged tracks [31]

Nowadays ultrafast laser inscription (ULI) has been established as one of the most fast
and efficient techniques for the fabrication of 3D embedded structures in transparent optical
materials [35—41] unable to carry out with any other conventional technique such as ion
implantation, chemical vapor deposition, ion proton exchange or sputtering among others, which
are based on photolitographic process [23]. In this sense, ULI process presents many advantages
compared with standard techniques, for example, it is a single-step process that does not needs
either a mask or a post-development processing. Although, the fact that most of the photonic
structures fabricated by ULI do not present yet the high quality standards obtained by the

traditional methods, it must be stressed that ULI offers important and attractive characteristics,
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being one of the most interesting the possibility to directly fabricate or inscribe any 3D arbitrary
microstructure at any deep of the sample. In addition, it is also possible to inscribe structures
with different functionalities integrated as a monolithic structure. Additionally, in the last years,
ULI has also been employed as an important tool for the fabrication of optofluidic components
designed in compact architectures for lab-on-a-chip applications [42]. The advantages of 3D
inscription capability make of ULI an important fabrication technique with impact in a wide
variety of applications in different areas ranging from astrophotonics, optical communication,
biophotonics, quantum optics and informatio processing [43—45]. ULI has been probed to be
an excellent waveguide fabrication method for a wide range of materials, including amorphous

glasses, single crystals, polycrystalline ceramics, and organic polymers.

Numerous passive devices fabricated by ULI have been reported, benefiting from the 3D
fabrication capability. Some of these devices are for example, power splitters [46, 47], couplers
[6, 48] , Mach-Zehnder interferometers [7, 49] or Bragg gratings [50]. In the field of active
devices, Sikorski et al. [5] reported the first optical amplifier based on a waveguide inscribed
by a femtosecond laser (on a silicate glass doped with Nd). On the other hand, Osellame et
al. [51] demonstrated for the first time, the fabrication of active waveguides that presented
internal gain in a glass doped with ions of Er and Yb. Furthermore, they presented the first
waveguide laser (at 1533.5 nm) [9] and an amplifier over the entire optical communications
C-band (1530-1565) [52]. Furthermore, a variety of exciting works have been developed
in transparent dielectrics implementing multiple geometries and configurations that offers a
wide range of possibilities for versatile applications in diverse areas of interest. Some of this
interesting works are continuous wave or pulsed waveguide lasers [53-55], amplifiers [56, 57],

microfluidics chips [58, 59] and quantum photonic devices [60].

In summary, 3D photonic structures in transparent materials fabricated by ULI are an
essential part of a great variety of photonic devices, which are important for applications
in different fields. The possibility of confining light and fabricate active photonic devices
(such as waveguide lasers or frequency converters) integrated into these kind of materials,
allows the design of compact experiments, until recently unsuspected. On the other hand, it
should be noted that although the fundamentals of ULI are well understood and have been
extensively studied in literature, much work remains to be done in terms of the optimization
of the waveguide fabrication techniques as well as the technological development for the
fabrication of complex devices. The work presented here has tried to contribute new knowledge

in both aspects.
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1.3 Methodology

Overall, the fabrication of the waveguides was firstly done by testing the effect of laser
irradiation at different pulse energies, sample depths and focusing conditions (numerical
aperture). Once these tests were performed and analyzed with different microscopy techniques,
the waveguides were produced with the most appropriate parameters for the type of fabrication
technique to be used. After the waveguides had been fabricated, their guiding properties were
analyzed by coupling a low power laser, with which images of the confined modes were taken.
For the ultrashort pulse coupling into the waveguides, it was necessary to change the focusing
optics and setup a specific system. Regarding to the studies on each specific material, the
variation of the laser parameters such as pulse energy, beam size and speed scan allowed
to induce changes in the optical properties of the material such as refractive index. Once
the irradiation parameters were identified, waveguides structures were fabricated in different

transparent dielectrics such as crystals and ceramics.

1.4 Objectives
The main objectives of this thesis work are the following:

* To get advance in the techniques for the microfabrication of waveguides in optical

materials which are currently the “state of the art” in this field.

» To propose and demonstrate new schemes of fabrication and integration of photonic
elements in optical materials, such as crystals and ceramics. New geometries and
structuring techniques are proposed to improve certain properties of the waveguides,
such as maximum supported power, propagation losses or modal profile quality.

* To design and analyze the possibility to fabricate waveguides for applications in the field
of ultrashort laser pulses. Waveguides integrated in optical materials have been mainly
used in the continuous regimen, yet there are just a few studies on the possibilities that
they offer in the control of femtosecond pulses. In this work a preliminary study of the
temporal features of ultrashort pulses propagating to different types of waveguides is

done.

* To study the ultrafast laser-induced modifications of femtoseconds pulses in the nanos-
tructured polycrystalline YSZ ceramic as well as the study and the integration of optical
waveguides in this material This ceramic has a great variety of applications in demand-

ing environments and only recently has been considered for optical applications. In
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this work, in addition to the ultrafast laser inscription of waveguides in this material a

characterization of the optical and nonlinear optical properties is presented.

1.5 Organization of the thesis

This thesis is composed of seven chapters,

In Chapter 2 the basic concepts of ultrafast laser microprocessing of materials are discussed.
The basic experimental arrangement used for such processing is described in addition to the
basic differences between the microprocessing with long-duration pulses (ns) and ultra-short
pulses (ps-fs) as well as the physical mechanisms involved in the interaction. Furthermore,
the different approaches for the fabrication of photonic devices using ultrashort lasers are also
presented.

In Chapter 3 the experimental techniques used during the development of this thesis are
introduced. These include the experimental setup for the fabrication of the waveguides, as well
as the setups and techniques necessary for the characterization of the fabricated waveguides.

Chapter 4 presents a study of the response of the polycrystalline nanostructured YSZ
ceramic to ultrashort laser pulses irradiation. A study of the micromachining properties as well
as an analysis of its nonlinear optical properties is presented. In addition, the fabrication of
waveguides inside this material with the aim to determine its characteristics to be used as an
optical material is also introduced.

Overall, Chapter 5 presents the results and analysis concerned with new approaches for the
fabrication and implementation of photonic devices directly written en transparent dielectrics
by femtosecond laser irradiation. In particular, the simultaneous two-beam femtosecond laser
technique, depressed cladding waveguides arrays and waveguides with photonic lattice-like
structures are presented.

Chapter 6 analyzes the effect of ultrashort laser pulses over the fabricated structures. In
this chapter, a system to characterize the propagation of ultrashort laser pulses (spectrally and
temporally)through ultrafast laser inscribed waveguides by analyzing the dispersion properties
is proposed.

Finally, Chapter 7 reports the general conclusions about this thesis work.



Chapter 2

Ultrafast laser microprocessing of
materials

Ultrafast laser microprocessing of materials consists of using femtosecond pulsed lasers to
micro-structure the surface of absorbing materials or the bulk (inside) of transparent materials.
Depending on the duration of the pulses, there are important differences in the interaction of
the pulses with the material and therefore in the processing results. Throughout this chapter
the basic concepts of ultrafast laser processing of materials will be discussed. The basic
arrangement used for such processing will be described, in addition to the basic differences
between the microprocessing with long duration pulses (ns) and ultra-short pulses (ps-fs) as

well as the physical mechanisms involved in the interaction.

2.1 Basic components of an ultrafast laser microprocessing

stage

Generally, the microprocessing of materials may be carried out using nanosecond (10~°s),
picosecond (10~ '2s) or femtosecond (10~ 135) pulsed lasers. As far as this thesis work is
concerned, the processing was carried out on transparent dielectric crystals using amplified
femtosecond pulses. Typically, a Ti:sapphire laser oscillator emits pulses centered around 800
nanometers at repetition rates in the order of megahertz with a duration in the range of 50 to
100 femtoseconds and per pulse energies of a few nJ. Laser oscillators with larger per pulse
energy exist , but to achieve energies of the order of tJ and even mJ, it is necessary to amplify
the output of the oscillator. The amplification reduces the repetition rate of the laser to the
kilohertz range due to the impossibility to pump the laser crystal at such high frequency at the

power level required for the amplification, as a result, the interaction with the material changes,
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particularly with regard to the induced modifications during the interaction. Due to the short
duration of ultrashort pulses there is not time for heat coupling during the irradiation, confining
the modifications to the focal volume inside the material, in which permanent or very stable
refractive index changes can be created [61].

Ultrafast laser microprocessing of materials can be carried out either by using an amplified
laser pulses system or directly using the output of an oscillator. When the microprocessing is
performed using only an oscillator, with only a few nJ per pulse, it is necessary to use large
numerical aperture (N.A.) lenses to achieve the high intensities necessary to induce structural
changes in the sample. However, there are some advantages derived from the high repetition
rate of the oscillator, where the thermal effects may favor the processing [33]. On the other
hand, a system of amplified pulses does not require a tightly focusing to reach high intensities,
since it possesses per pulse energies larger than those of an oscillator. Therefore, it is possible

to make use of lenses or microscope objectives with a smaller numerical aperture [62].

A basic arrangement for laser microprocessing of materials consists of a lens or microscope
objective and a three-axis micrometer translation station in which the sample is placed. Thus,
the station is moved with respect to the beam focus, creating continuous structures on the
surface or in the bulk of the sample. Fig. 2.1 shows a typical experimental arrangement of a

laser microprocessing stage.

Although there are a large number of aspects that differ in the interaction of the laser with
the material, arrangements for the microprocessing of transparent materials and absorbent
materials are essentially the same. Laser parameters and properties of the material determine
the interaction and hence the results of the microprocessing. The per pulse energy, repetition
rate, wavelength and pulse duration are properties that play a key role in the optical interaction
of the pulses laser with the material. On the other hand, specific properties of the material such
as the bandgap and thermal properties determine whether laser microprocessing is possible and
how the resulting structures look and behave. In the next section the physical mechanism by
which the material absorbs energy from the laser will be discussed.

2.2 The physics of ultrafast laser processing

The interaction of ultrashort laser pulses with materials differs from interaction with long pulses
or continuous wave light in two ways. Firstly, energy deposition occurs on a time scale that is
shorter compared to any other relaxation process. The energy of the laser is absorbed by the
electrons, and the thermalization takes place only after the laser pulse. Secondly, the intensity of

a ultrashort pulse, even at moderate energy, is high enough to induce large nonlinear absorption
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Beam laser

Focusing
lens

Microstructure

XYZ stage

Fig. 2.1 Basic experimental setup for the ultrafast laser microprocessing of materials. The laser
beam is focused by a microscope objective or lens onto the surface of an absorbent material or
in the bulk of a transparent material. The sample is placed on a xyz stage and is moved with
respect to the focus to obtain the desired structure.

processes in materials that do not normally absorb the wavelength of the laser (transparent

materials).

2.2.1 Linear absorption

The linear absorption of ultrashort pulses is not entirely different from the linear absorption of
any other optical field. In dielectric materials, for example, the highest energy level occupied
by an electron (in the valence band) is separated by an energy gap (the bandgap) of the lowest
empty energy level in the conduction band. If the photon energy exceeds the energy of the
bandgap, light can be absorbed by the material, causing electrons in the valence band to cross
the conduction band (left side Fig. 2.2). In metals, for example, the conduction band is partially
occupied, leaving energy levels slightly higher than those occupied. In this case, photons can
be absorbed through free charges absorption, a process by which an electron gains energy

by absorbing it from a photon, and gains momentum, through an interaction with a phonon
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(wave generated by a vibration of the material lattice) to move to a higher energy level in the
conduction band [63].

Linear absorption Nonlinear absorption
Multiphoton Avalanche
. . @
W, @ 1
.. @ 1
Conduction Band ® [ 1)
|
.}
Photon  ® Free electron W' Band Gap
.. 1
[]
i
Time

Fig. 2.2 Schematic diagram of the physical mechanisms that take place during ultrafast laser
microprocessing [62].

2.2.2 Nonlinear absorption

In materials that are transparent to the wavelength of the laser, a single photon of light does not
possess the energy required to excite an electron from the valence band to the conduction band
and the absorption of the laser energy can occur through nonlinear processes. If enough energy
is deposited in the material through nonlinear absorption, ablation (removal of material) in the
case of the surface or permanent structural changes inside the material may occur. Because
absorption is nonlinear, and therefore, the probability of absorption is a nonlinear function of
the intensity of the laser, the absorption can be confined to the bulk of a transparent material by
just focusing the laser beam within the sample, producing a larger intensity in the focal volume
around the waist of the beam, than in the surface.

There are two mechanisms of nonlinear excitation that play an important role in this
nonlinear absorption, photoionization and ionization by avalanche. In photoionization, the
electrons are excited directly from the valence band to the conduction band by the intense field
of the laser. Depending on the frequency and intensity of the laser, there are two different

regimes of photoionization, multiphoton ionization and tunnel ionization [64].
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In tunneling ionization, the electron can be ionized because the electric field of the laser
disturbs the atomic potential creating a potential barrier that the electron can cross through
tunneling effect. Strictly speaking, the high electric field of the laser pulse lowers the Coulomb
potential energy barrier allowing the electron to cross from the valence to the conduction band
[2 1.

Multiphoton ionization involves the simultaneous absorption of multiple photons by one
electron (central part of Fig. 2.2). In this case, the total energy of the absorbed photons must
exceed the energy of the bandgap, that is, nfico > E, where Ej is the energy of the bandgap, @
is the laser frequency, 7 the Planck constant, and n is the minimum number of photons required
for ionization. On the other hand, Multifotton absorption requires n photons to simultaneously
interact with an electron, therefore, the probability of absorption will be given by the density of
photons n. Because the photon density is proportional to the laser intensity /, the probability
for multiphoton absorption is given by /" [65].

In avalanche ionization, a free electron, at the bottom of the conduction band and exposed
to an intense optical field, is accelerated acquiring kinetic energy. When its total energy exceeds
the minimum conduction band, it may ionize another electron from the valence band, which
results in two electrons in the minimum conduction band (right part of Fig. 2.2). These
electrons can, in turn, be accelerated by the electric field of the laser, whereby the process is
repeated. This causes an avalanche, where the density of free electrons grows exponentially [?
].

It should be mentioned that avalanche ionization requires some "seed" electrons in the
conduction band of the material. For ultrashort laser pulses, photoionization during the initial
portion of the pulse provides these seed electrons for avalanche ionization during the rest of
the pulse [66]. Electron density grows through avalanche ionization until the electron plasma
frequency is close to that of the laser (critical plasma density). This high plasma density
strongly absorbs energy by absorption of free charges. For ultra short pulses, the absorption
described above occurs on a time scale that is shorter compared to the time scale for transferring

the energy to the lattice, decoupling thermal processes from the lattice [62].

2.3 Energy relaxation

As discussed above, the first interaction of the laser radiation occurs with the electronic states
of the valence and conduction bands. The time to deposit energy on these states is determined
by the duration of the pulse. Then, the deposited energy is redistributed over several states of
energy of the system, therefore, it is transferred from the electrons to the lattice. To understand

the difference of the interaction of ultrashort pulses and long pulses with matter, it is convenient
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to consider the characteristic time scales. Considering that the electronic relaxation time of
the ionized solid takes a few picoseconds (and even nanoseconds), two distinct regimes of
interaction can be distinguished [67].
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Fig. 2.3 Effect of laser ablation using (a) ns pulses and (b) fs pulses[68]. Comparative example
of the use of ns laser pulses (c) versus fs laser pulses (d) when drilling micro holes in stainless
steel [69, 70].

Nanoseconds regime

Here the pulse duration is larger than the electronic relaxation time of the material. In this case,
there is a possibility of energy coupling in the form of heat in the vicinity of the focal volume.
As a result, the material melts and a part of this is evaporate generating an ablation cloud that
is expelled from the interaction zone. This type of radiation generates significant collateral
damages in the material (transformations in the vicinity of the irradiated zone) of thermal and
mechanical type.

Picoseconds and Femtoseconds regime

In this regime the pulse duration is shorter than the electronic relaxation time. In this case,

the laser pulse is extinguished before the optical energy transformed into heat propagates
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beyond the volume of interaction. In this way energy is confined to the volume of interaction
minimizing collateral damages. Due to this reason ultrafast laser microprocessing allows to
achieve high precision processing by forming microstructures of high quality. Fig. 2.3 shows a

comparison of the microprocessing using long duration pulses versus ultrashort laser pulses.

2.4 Processing regimes

Depending on the processing conditions, the thermal relaxation of the material may be given
in certain conditions. At the moment in which laser-matter interaction begins, the energy
accumulated in the focal volume diffuses thermally. During this process the material may be
in a melting state, depending on the processing conditions. Finally the material re-solidifies,
therefore, some of its properties change locally. The time scale in which thermal diffusion
occurs, and more precisely the time required for the material to cool completely at room
temperature, is an important characteristic in the ultrafast laser microprocessing of materials
since it defines the shape and size of the resulting structure.

The regime of processing is classified depending on the laser system used in the processing
in low repetition rate and high repetition rate [71]. As far as this thesis is concerned, the
fabrication of waveguides was carried out in the low repetition rate regime. In the first case,
the processing is carried out with a amplified laser system. In this case, the repetition rate is
typically in the order of the KHz and therefore, the emitted pulses by the system are separated
by milliseconds, which in most of the cases depending of the material properties, exceeds the
time required for heat to diffuse out of the focal volume. Hence, the material in the focal volume
returns to room temperature before the next pulse arrives. Consequently, thermal effects by
heat accumulation do not play an important role in the processing. This regime is also known
as nonthermal regime. In the second case (thermal regime), the heating produced by one pulse
that strikes the sample overlaps with the heating produced by the subsequent pulse, generating
a cumulative effect in the focal volume. Here, the repetition rate of the emitted pulses by the
laser oscillator is of the order of MHz, hence, the pulses are separated by a time interval of a
few nanoseconds which is significantly shorter than the time for heat to diffuse out of the focal
volume ( =~ 1us) in most of transparent dielectric materials. As a consequence, there is no time
enough to dissipate the energy deposited between each pulse outside the focal volume, which
cause a heat accumulation in the neighborhood causing changes around the focus. In this case,
the pulses of the oscillator constitute a heat source in the focal volume [72, 73]. Fig. 2.4 shows
the differences between the laser processing using amplified and unamplified laser systems.
The transition between both regime can be easily calculated by the critical frequency equation

given by [74]:
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where o is the thermal diffusivity of the material and d is the diameter of focal spot. As an

2.1

example, laser annealing effect [75] has been demonstrated for waveguides fabricated at high
repetition regime as well as an improvement of the performance by reducing the propagation
losses [76].
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Fig. 2.4 Differences between the laser processing of using low repetition an high repetition
rates laser systems. In the first case, the energy deposited in the focal volume diffuses before
the next pulse arrives. In the second one, energy is accumulated due to the short duration
between the pulses [71].

2.5 Geometries used for ultrafast laser inscribed waveguides

Another important parameter that must be considered in the fabrication of waveguides by ULI
is the inscription geometry (see Fig. 2.6). For instance, there are two main configurations,
longitudinal inscription and transverse inscription. In the first case, the sample is translated
parallel to the beam propagation axis. In this case, the diffraction limit and the working distance
of the focusing optics determines the size of the structure [77]. On the other hand, in the
transverse inscription geometry the sample is moved perpendicular to the beam propagation.
The size of the structure is not limited by the working distance of the focusing lens which
allows the fabrication of more complex structures. This kind of geometry is the most used for
the fabrication of photonic devices.

2.6 Scanning speed

In the fabrication of waveguide by ULI another important parameter that must be taken into
account is the scanning speed. The number of pulses that impinge on each point of the sample

is determined by the velocity at which the sample is translated with respect to the focus.
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Fig. 2.5 Geometries used for ultrafast laser inscription of waveguides in transparent materials
[78].

Some characteristics of the waveguide structure such as the diameter is directly related to
this parameter. The slower the scanning speed, the more pulses strike the same spot. As a
consequence, the radius to which the material is heated above the focal volume increases and
that determines the diameter of the final structure [78]. The number of pulses that strikes the
sample can be easily estimated by
N = ﬂ, (2.2)
v
where d is the diameter of the focal spot, f is the repetition rate and v is the scanning speed.
As an example Fig. ?? shows the effect of the scanning velocity in a Nd:YAG ceramic.

Fig. 2.6 Optical micrograph of a series of tracks produced in a Nd:YAG crystal by 120-fs pulses
showing the effect of the scanning velocity. The tracks was produced by focusing the laser
beam 150 um beneath the sample surface [61].
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2.7 Types of ultrafast laser inscribed waveguides

As mentioned before, ultrafast laser microprocessing consists of the modification or ablation of
a material when an intense short pulse is focused in the surface or bulk of a material. In the case
of transparent dielectrics (such as a large number of glasses and crystals), besides to being able
to interact with the surface of the material, it is possible to do so at any depth of the sample. To
do this, the pulsed beam is focused inside the sample: if the intensity reached in the focal zone
is large enough, the same processes of nonlinear absorption and strong field ionization that take
place on the surface of a material during laser ablation are induced, generating a plasma of free
electrons but in this case inside the material. The effect or footprint that leaves that plasma
once relaxes is varied and depends on both the irradiation conditions and the type of material.
In general, we can speak of a modification of the refractive index, either in the area directly
irradiated by the laser, or in the surrounding area, always on the scale of a few microns.

In the particular case of waveguides in transparent materials, which is the kind of photonic
device on which this work is focused, there is a well accepted classification. The classification
depends on the induced refractive index changes in the irradiated zones. These modifications
are classified as Type I and Type I1. In the first case, the modifications can lead to both increment
and decrement of the refractive index. These kind of modification are soft and sometimes
reversible under high temperatures. The type II modifications are associated with a decrement
of the refractive index in the irradiated zone which are generally in the form of damaged tracks
an by an increase around the tracks. These are structural modifications that are not reversible
[59].

In turn, waveguides fabricated by ultrafast laser inscription are classified according to the
type of modification and the geometry used to achieve light confinement by using either positive
or negative refractive index changes [61, 79]. Fig. 2.7 shows different types of ultrafast laser

inscribed waveguides.

2.7.1 Directly written waveguides

It is talked about directly written waveguides for photonic structures based on Type I modifica-
tion. In some materials and with certain irradiation conditions (typically low per pulse energies
and low scan speeds), a positive refractive index change (An) just in the focal volume of the
beam is induced [2]. Therefore, if a path with the focused beam within the sample is describes,
a channel with a larger refractive index than the unprocessed material, by which light can be
confined can be created. This positive change (An > 0) allows the direct fabrication of 3D
photonic structures with feasible geometries. This approach is the most common technique for

the fabrication of waveguides in optical glasses, but is infrequent in crystalline materials. These
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kind of modification have been widely used for the fabrication of passive pohtonic devices
such as Y-junctions, directional couplers or gratings [59, 60, 80-82]. Several mechanisms
have been proposed to explained the change in the refractive index in this kind of waveguides
[83]. A first possible mechanism is the formation of color centers [84]. The femtosecond
pulse irradiation produces a number of color centers in the material that absorb in the UV,
modifying the refractive index of the material over the wavelengths of interest through the
Kramers-Kroening mechanism. An alternative mechanism is a thermal mechanism. The energy
deposited by the laser melts the material in the focal volume and the subsequent dynamics of
rapid resolidification and cooling of the material generates density variations, which causes
changes in the refractive index [33, 85]. A third mechanism is a photoestructural change directly
induced by the femtosecond pulses, which results in a rearrangement of the chemical bonds
of the lattice in the material, inducing an increase in density [86]. All these mechanisms play
an important role in the refractive index change and it is difficult to know their contributions

separately.

2.7.2 Stressed induced waveguides

In waveguides based in Type II modifications or commonly called stress induced waveguides
the material is irradiated with higher per pulse energies (micro-Joules) so that there is a severe
damage in the focal volume causing a negative refractive index change (An < 0). As a collateral
effect to the plasma created during the irradiation, a mechanical wave that compresses the
material around the focus is formed, creating an increase of the refractive index. To further
increase the refractive index and favor the confinement of light, two parallel irradiation separated
by a few microns are usually made with the laser, between which the waveguide is formed
[28, 87]. This is the most usual laser inscription technique in crystals. Waveguides based in
Type II modifications have important characteristics, for example, the core is located in regions
between the damaged tracks, therefore the material of the core is not significantly affected, as a
consequence, the luminescence and nonlinear properties of the material in that zone are well
preserved. These characteristics make of this waveguides the most used for the fabrication
of active devices such as waveguide lasers [88—95] and frequency converters in both CW and
pulsed laser regimes [96—100]. It should be to pointed it out that in this case the mechanisms
responsible for the change in the refractive index are well understood [88] in comparison with

waveguides based in Type I modifications.
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2.7.3 Depressed cladding waveguides

Depressed cladding waveguides are fabricated with type II modifications but light confinement
does not rely in mechanical stress. For this type of waveguide, a large number of irradiation
parallel to each other (with An < 0), are performed with the laser, delimiting an area of the
material that is not modified, where the irradiated area acts as a boundary for light [31]. The
damage tracks are close to each other (generally 3-4 um) and the core is away from the tracks.
This kind of waveguides has atracted a lot of interest in the last years mainly due to fact that
can be made with any geometry and dimensions, light is confined for any polarization in many
cases, and as well as the stressed waveguides they do not disappear at high temperature, thus,
can be used for high power applications. In addition, depressed cladding waveguides have
been proved to be a very efficient structures for mid-IR waveguide laser applications mainly
due to the ease of manipulate the cross section of the waveguide. Furthermore, in this case the
core remains unirradiated which is atractive for active devices. A variety of photonic devices
with atractive characteristics have benn demonstrated in transparent dielectrics such waveguide
lasers and frecuency converters [101-104] as well as photonic structures in the near-IR and
mid-IR ranges [105-107].

a) ‘/ ¢) An<0
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Fig. 2.7 Cross section of different types of waveguides written according to the induced
refractive index change (An). Blue color represent an increment of the refractive index of the
material while black color represents a decrement. a) Type I: the waveguide is directly written
and the light is confined over the irradiated zone. b) Type II, the core of the waveguide is in
between two damaged tracks of An < 0. Type III or depressed cladding waveguide. The light
is confined in a unmodified region and ligth is trapped by several damaged tracks of An < 0.
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2.8 Theoretical background

In the context of material processing using pulsed lasers, fluence and irradiance are very
important parameters to be determined. For its definition, we start from the expression for the

electric field of a Gaussian laser pulse, assuming also a Gaussian beam profile given by [108]:

2
o p

E(r,t) = Ege®e %e 2, (2.3)

where Ej is the amplitude of the electric field, @y is the beam radius at 1/€2, T is the pulse
duration (FWHM), o is the oscillation frequency of the electric field, r is the radial coordinate
and ¢ is the temporal variable. The intensity or irradiance can be defined as the amount of
optical energy per unit time per unit area, measured in a time ¢ in some point of the space. This

can be re-written as

10:0) = 3 [ E 0" (1), 4

where € and u are the electrical permittivity and the magnetic permeability of the medium
respectively and E* is the complex conjugate of the electric field. Substituting Eq. (2.3) into

Eq. (2.4) the intensity associated to a Gaussian pulse is given by
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The intensity is the relevant magnitude for the nonlinear processes to take place. However,
there is another magnitude that is frequently used in materials microprocessing that is the laser
fluence (J/cm?). The mean fluence is defined as the pulse energy divided by the cross section
of the beam. As the beam shape is not flat, it is very convenient to define a local fluence that is
the fluence at each point of a transverse plane to the propagation direction. It can be obtained
from (2.3) by integrating in time the intensity from t = —oo to t = +-oo,that is, integrating the

total pulse duration. In this way it is obtained that the local fluence for a Gaussian pulse is

a2 a2
Fp(r):(EO)Z;/gEe o :10\/?(3 o3 2.7)

given by
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If instead of calculate the integral with respect to time, it is carried out with respect to space,

the instant power per pulse can be obtained which is given by

oo 2 2 2 2
T, 2 g 2P
Pt:/o I(r,t)27rrdr:(E0)zTowﬁe 7 =lh—re <. (2.8)

On the other hand, if a double integral in time and space is carried out, the per pulse energy

is obtained

oo oo 2 3
TTW,T T E T
Eror = / ) /O Hray2mdrds = (B0 "0 [ 32 =1 (3)" e 2.9)

It is convenient to express the fluence of a pulse (F},) in terms of the total energy (E;) and
not in terms of the electric field (Ey); this because the total per pulse energy is easy to measure

experimentally, which is not the case with the amplitude of the electric field. From Eq. 2.9 it

2E; )T |TE
= (Eo) 54/ =—,(2.10

2F
2= Io\ﬁr (2.11)
Tw; 2

Finally, replacing into Eq. 2.7, the per pulse fluence is obtained which is expressed as

can be obtained that

and

2 (2.12)

_?
2Etot e wg‘

Fp(r) = (
It should be remarked that this definition is valid only for Gaussian pulse profiles and

Gaussian beams.

2.8.1 Focusing a femtosecond pulse with Gaussian beam profile

The intensity at the waist of the beam produced by a laser pulse is determined the focusing
conditions. For Gaussian beams, the radius of the beam waist, @y, for which the intensity is
reduced by a factor of ¢ with respect to the intensity at the center of the beam profile is given
by [108]

_2Af

= 2.13
P~ (2.13)

or
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Fig. 2.8 Contour plot for a femtosecond laser beam with a A = 800 nm, a per pulse energy of 1
mJ, pulse duration of 50 fs, focused by a 250 mm focal length with a beam size at the lens of
10 mm. The maximum peak intensity is reached at the minimum size of the beam.



22 Ultrafast laser microprocessing of materials

where @y is the radius of the incident beam on the lens, A4 is the wavelength of the laser and
f 1is the focal distance of the lens. The length around the focus at which the minimum radius
of the beam remains constant is indicated by the Rayleigh length, zg. This is defined as the
distance along the beam propagation axis for which the intensity of the beam decreases by a
factor of \/5 and has the form

an%
0=

If it is assumed that the intensity of the laser I(ly,r,z,¢) of a focused pulsed beam can be

(2.14)

expressed as a Gaussian spatial profile with a Gaussian temporal envelope, then we can write it
as [109]

2 o2
Irot) = —0 —exp(——0 ) .o, (2.15)
’ 1+ (z/20) ®?[1+(z/20)7]

where 7 is the temporal width of the FWHM pulse. As an example Fig.2.8 shows a contour
plot intensity for a femtosecond laser pulse. As it can be seen in the contour plot, the smaller
the volume generated by the lens when focusing the beam the larger peak intensity is achieved.
This characteristic makes possible that femtosecond pulse could be focused inside a transparent
material leaving the surface intact due to the fact that nonlinear effects are only induced in the
focal volume.

It should be stressed that this is valid for free propagation but is not valid when focusing
inside a material, which is the case of interest in thefabrication of waveguides, since the beam
is distorted by passing through the air-material interface and the pulse experiences linear
dispersion as it propagates within the material. In addition there are nonlinear (second and
third order) propagation effects, as well as ionization, which make the beam propagation very

complex, thus, it is necessary to use very elaborated numeric models.



Chapter 3
Experimental techniques

In general, the experiments consisted in the laser irradiation of different transparent dielectrics
for the fabrication of optical waveguide structures. In this chapter, the experimental techniques
used for the microprocessing and characterization of the structures presented in this work will
be reviewed and analyzed. The theory and details of the different experiments to characterize

such structures are also introduced.

3.1 Laser microprocessing stage

For the development of this work, the equipment from the Laboratorio de Laseres Pulsados of
the Universidad de Salamanca was used. The main system of this laboratory is a Ti:sapphire
laser with CPA (Chirp Pulse Amplification) technology. The laser consists of two outputs:
the first one is obtained after a regenerative amplifier that emits pulses of 120 fs at a central
wavelength of 795 nm, per pulse energy of 1 mJ and repetition rate of 1 KHz. The second
one, can reach a maximum per pulse energy of 50 mJ with a repetition rate of 10 Hz. These
systems are used for a variety of experiments in the laboratory. With regard to this work, the
laser irradiation was carried out using the first output which corresponds to the Laboratorio de
Microprocesado de Materiales con Ldser. This laboratory is equipped with a high precision
processing stage composed by elements as power control system, electronic shutter, 4-axis
micro-positioners, focusing lenses and beam control optics. The central wavelength can be
modified with a second (400 nm) and third (266 nm) harmonic generation setup. The micro-
positioners are controlled by computer through an home-made automation software and allows

the simultaneous operation of the shutter and the power control system.



24 Experimental techniques

3.2 Waveguides fabrication

When an ultra-short laser pulse is focused inside a transparent material the intensity reached in
the focal volume can be high enough to induce nonlinear absorption through a combination
of multiphoton absorption, avalanche ionization and tunnelling ionization [? ]. If enough
energy is deposited in the material through this nonlinear absorption, permanent structural
changes are induced only in the focal volume. Therefore, by simply translating the sample with
respect to the focus and using a continuous train of pulses it is possible to induce permanent
refractive index changes in the material in a reproducible and controlled manner. In this work
this technique was used in order to fabricate the optical waveguides structures inside different

transparent materials.

In Fig. 3.1 the experimental arrangement used for the fabrication of the waveguides is
shown. A femtosecond laser system (Spitfire, Spectra Physics) that emits 120 femtosecond
pulses at a central wavelength of 800 mm with a 1 KHz repetition rate was used. A motorized
half-wave plate followed by a linear polarizer, and a calibrated neutral density filter, were used
to fine tune the pulse energy. For the waveguide inscription transversal geometry was used in
which the laser beam propagation is perpendicular to the written structures [62]. The beam was
focused through a lens or microscope objective; the numerical aperture of the lens is chosen
depending on the required design of a structure in particular. The sample is placed in a 3-axes
motorized stage (Micos, PLS-85) with a resolution of 0.1 gm and it is moving with a constant

speed along the y axis and perpendicular to the incident beam.

Mirr(/ Nirror

Sample

Micro-processing
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filters cube N2 Femtosecond laser
y
Mi"& | m |:| -
[ — —»x
Optical power meter
z

Fig. 3.1 Experimental setup for the fabrication of optical waveguides using a fs laser. The
sample is perpendicularly moved with respect to the laser beam
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3.3 First considerations

The fabrication of optical waveguides by laser irradiation consists firstly in finding the fabri-
cation parameters that are able to produce the desired kind of modification (Type I, Type 1I),
maximize or minimize the effect of the induced stress and prevent mechanical fractures in the
sample. The fabrication is carried out in a first instance by testing the effect of laser irradiation
at different pulse energies, sample depths and focusing conditions. Once, these tests have been
performed and analyzed with different microscopy techniques, the structures are produced
according to the most suitable parameters for the type of technique to be used. However, there
is important considerations to take into account before to start a laser irradiation. Before a laser
irradiation, a design of a prototype that includes all the preconceived ideas is made. Once, the
design has been simulated or proved, the next step is to elaborate a program that prints, all the
necessary instructions to carry out the movement of the micropositioners in order to generate
the desired structure. After that, the first step in laser microprocessing of materials, is a correct
localization of the waist of the focused beam at the surface of the sample. This process ensures
a correct position of the sample with respect to the focused beam to generate an homogeneous

laser scanning.

3.4 Localization and visualization of the focused beam

As previously mentioned, when working in laser materials processing, one of the fundamental
aspects consists in the localization and visualization of the waist of the focused beam at the
surface of the irradiated material; this allows a correct positioning of the sample with respect
to the beam ensuring that the sample is perpendicular to the laser beam. For this purpose,
an imaging system formed by the microprocessing lens a beam-splitter and a CCD camera
with an objective focused to infinite is usually employed. The theory of operation is based on
Gaussian beam propagation in which, the wavefront in the beam waist is plane. Therefore, a
reflection produced by a planar surface situated in this position makes that the reflected beam
follows exactly the same path and form of the incident beam. If the reflecting surface is slightly
displaced with respect to the beam waist, of the order of a Rayleigh length (resolution of the
system), the incident wavefront over the surface is not plane, therefore, the reflected light will
make that the beam converge or diverge (see Fig. 3.2).

The schematic set-up used to locate the beam waist over the surface sample, while this is
moved along the beam propagation axis is shown in Fig. 3.3. The set-up is composed by two
convergent lenses, the first one that focus the beam over the sample (microprocessing lens) and

a second one that acts as an objective focusing the reflected beam over a CCD camera. Once
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the beam has been localized the sample is translated along the direction of propagation (z axis)

until the waist of the beam is localized, i.e. where the spot size in the CCD camera is minimum.
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Fig. 3.2 Reflection of a Gaussian beam over a surface located in different positions of the beam
path.
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Fig. 3.3 Schematic diagram of the experimental setup for the location and visualization of the
waist beam over the sample.



3.5 Optical waveguide characterization 27

3.5 Optical waveguide characterization

The characterization of optical waveguides in an essential step in the fabrication process. It is
necessary to evaluate and corroborate that the fabricated waveguides exhibit attractive charac-
teristics for some specific applications. Some of the parameters that are usually characterized
are: propagation loss, coupling loss, as well as the guided-modes, mode profiles, the index
refractive contrast etc. This characterization is generally used as a feedback to improve the
design and the fabrication process of the waveguides. In this section, the main characterization
techniques used in the development of this work will be introduced.

3.5.1 Coupling light into waveguides

The most extensively used method for coupling light into waveguides due to its simplicity,
efficiency and versatility is the end-fire coupling technique. This technique consists in launching
a beam from a source into one end face of the waveguide by means of a microscope objective
or an optical fiber. In both of the cases the guided light from the opposite end is recorded using
a microscope objective in combination with a CCD camera as it is shown in Fig. 3.4. One of
the main features of the end-fire coupling is the fact that allows to visualize and confirms the
guiding properties through the visualization of the supported modes.

The experimental setup is typically composed by three micro-positioners stages. All the
optical components as the microscope objectives and the sample with the fabricated waveguides
are separately mounted in the micro-positioners in order to achieve a stable alignment. The
whole process of coupling consists in manually positioning the waveguides. Firstly, the output
face of the crystal is focused by moving the positioner and using as a reference the edge of
the sample. This can be done by either illuminating with a white light source or a beam laser
focused on the input face of the sample. In a first instance, the cross-section image of the
sample can be visualized onto a screen instead the CCD. Thus, by moving the sample through
its positioner, it is possible to localize and see the fabricated structures. Then, by translating the
sample with respect to the focused input beam it is possible to observe very intense “points” of
light that correspond with the modes of the waveguide.

CCD
Input Output camera
microscope objective microscope objective
Sample with

waveguides I

Fig. 3.4 Schematic diagram of the end-fire coupling.
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3.5.2 Loss measurements

Loss in a waveguide is one of the most important parameter due to the fact that allows to
determine if a waveguide is usefulness for a specific application. In general, loss in optical

waveguides are mainly due to four main terms [110]:

* Propagation losses. These could either be due to inherent effects of the material as
absorption, scattering, radiation, and impurities of the material due to their fabrication
process or could be due to non-linear effects. These optical phenomena have an impact

on the quality of the waveguides and depend on the fabrication parameters.

* Fresnel losses. These are produced by the reflections generated at the input and output
ends of the waveguide and they are always present at the interface between two media
having different refractive indices.

* Coupling loss. This is due to the degree of similarity between the mode of the excitation
source and the mode of the waveguide. The difference between the distributions of
intensity of the transverse fields of the incident beam and the mode of the waveguide
causes that the coupling or overlapping of the modes would not be complete. As a

consequence, there is a lost of power.

* Misalignment. This is due to the relative position of the optical axis of the incident
beam with respect to axis of the waveguide.

In conclusion, loss produced in a waveguide can be summarized as the sum of coupling loss,
loss produced by the propagation of light in the structure, Fresnel losses, and the misalignment
on each degree of freedom between the optical axis of the excitation source with respect to
the axis of the waveguide. Assuming that loss induced by misalignment are experimentally
minimized by maximizing the output power (i.e. angular and longitudinal contributions may be

considered negligible), the insertion loss are given by [59]:

Insertion loss (dB) = coupling loss (dB) + propagation losses (dB) + Fresnel losses (dB)
(3.1

Insertion losses are estimated by calculating the transmittance of the waveguide taking into
account transmittance of the optical components. Therefore, by measuring the output P,,, and

input P, power of the system the insertion losses can be easily estimated by Eq. (3.2).
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P
Lin(dB) = —10log ( I‘)’”’) (3.2)
1

For the coupling efficiency between modes the well-known overlap integral is used, given
by [110]:

(3.3)

2
n(dB) = —10log ( [[ |E\Ex|“dxdy ) |

JJ \E\Pdxdy [[ |Eo|*dxdy

with x and y being the transverse coordinates, which expresses the coupling between the
electric fields E'1 and E2 of the excitation source and the waveguide modes, respectively.In
practice, the use of (3.3) can be complicated and time consuming. This can be simplified
in a practical expression based on the Gaussian beams. If the mode profile is eccentric but
symmetric and assuming perfect alignment, which is a good approximation in the case of this

work, the overlap integral gives [111]:

4

o o) (% w)|’
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where @y is the waist of the input beam and @, and @, are the waist of the propagated

n(dB) ~ —10log (3.4)

modes in the waveguide measured along the horizontal en vertical direction respectively. The
waist of the transverse modes is calculated from the images obtained by the CCD (see Appendix
77) On the other hand, Fresnel losses can be obtained from the refractive index of the material

through

2
Fioss(dB) = —10log[1 —R] = —10log [1 — <”° ”1) , (3.5)

no+ny

where ng is this case, represents the refractive index of air and n; represents the refractive
index of the material in which the waveguide has been fabricated. It is important to point out
that Eq. (3.5) must be expressed as 2Fj,s; due to the fact that Fresnel reflections occur in both

input and output faces of the waveguide.
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Finally, once the contribution of every element of Eq. (3.1) have been determined, propa-
gation losses (P,s5) can be easily extracted. This can be either expressed in dB or dB/cm by

taking the ratio from the obtained value to that of the waveguide length.

It should be pointed out that this loss characterization is only valid for single mode waveg-
uides. However, there are alternative characterization methods that can be used in order to
characterize multi-mode waveguides. In the next section a suitable method that can be applied
to both single and multi-mode waveguides is introduced.

3.5.3 Scattered light imaging method

Another technique that can be applied for measuring the propagation loss in waveguides is
the scattered light imaging method, which considers that scattering centers are uniformly
distributed along the waveguide, where light is propagated [112, 113]. The method consists in
recording the exponential decaying light scattered along the waveguide by placing a top view
imaging system as it is showed in Fig. 3.6. After the light propagation is imaged, the software
imageJ is used to extract the information of the scattered light intensities versus position or
propagation length. In other words, a intensity profile is taken from the image. The propagation
of light can be defined by the equation:

I(z) = Ipe™ %, (3.6)

where [y is the incident intensity at the waveguide input at position (z = 0), z is the
coordinate along the propagation direction, and « is the loss coefficient (propagation loss)
expressed in cm 1. In order to extract the loss coefficient, Eq. (3.6) can be rewritten taking the

natural logarithm of both sides as:

In(I) = In(ly) — otz (3.7)

The propagation loss can be then easily calculated as the slope of a linear function of In(7)
by simply fitting a linear function to the data. It is important to point it out that a calibration
with a scale is performed for the characterization in order to obtain & in units of loss/cm instead
loss/pixel. Once the a vector of integrated intensity versus position (intensity profile) has been
generated, and the propagation loss has been extracted, this can be converted to units of dB/cm

by using the following equation [114]:
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Loss (d—B) =4.34a (em™), (3.8)
cm
Alternatively, the propagation loss in units of dB/cm can be directly obtained from the
linear fitting by changing the axis of ordinates of the intensity profile into dB. Fig 3.5 shows an
optical image of a waveguide where it is possible to observe the exponential decaying light
scattered together with its intensity profile used for the calculation of the propagation loss.

Log (scattered power)

00 02 04 06 08 10 12
Propagation length (cm)

Fig. 3.5 Scattered light image together with its associated intensity profile and linear fit.

3.5.4 Waveguide characterization setup

A schematic diagram of the waveguide characterization used in this work is shown in Fig. 3.6. A
continuous wave laser beam with a wavelength of 633 nm from a linearly polarized single mode
He:Ne laser is used. In order to evaluate the optical modes and losses for both TM (vertical) and
TE (horizontal) orthogonal polarizations a half-wave plate is used to control the polarization of
the beam incident on the waveguide. An iris is used to control the size of the incident beam and
hence the numerical aperture (NA) of the beam; this is very useful when white light is coupled
into the waveguides. A beam splitter directs the beam onto a moveable screen used to monitor
that the beam reflected by the sample is collimated (see Section 3.4). This step is carried out
to verify that the beam is being focused at the input face of the waveguide. The laser beam is
focused through a 10X microscope objective. The waveguide modes are recorded by imaging
the output face of the waveguides through a 20X microscope objective onto a CCD camera.
Input and output focusing lenses are placed in 3-axis micropositioners stages while the sample

is placed in a 5-axis micropositioners for a good optimization of the output power.
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Laser Polarizer A2 [ — Detector

Moveable
screen

Fig. 3.6 Schematic diagram for the characterization of the written structures.

Loss measurements were conducted by using a calibrated photodiode. In this case, an iris
was placed in front of the detector in order to suppress light transmitted through the bulk outside
of the waveguide. The polarization dependence of the waveguides was carried out employing a
half-wave plate to control the polarization of the incident laser beam and recording the output
power at every position of the plate. This can be also carried out by recording the mode images
on the CCD and making an image processing to obtain the intensity of the illuminated pixels.
For this purpose, the free software ImageJ can be used, the process is explained in Appendix??.

Insertion losses were always obtained by measuring the input and output powers, taking
into account transmission loss of the microscope objectives. Fresnel reflections at the crystal
interfaces were also taken into account. In order to obtain a further characterization of loss,
the scattered light imaging method was employed. For a more precise visualization of the
waveguide modes, all the images were processed using an algorithm written in MATLAB. The
code can be found in the Appendix (??). Fig. 3.7 shows an image of a mode before and after
the imaging process. It is important to point out that saturation in images must be avoid in

order to obtain a correct processing of the images.

3.6 Refractive index measurements

3.6.1 Refractive index contrast

Determination of the refractive index contrast (An) produced in the waveguides by the fem-
tosecond laser inscription is based on a trigonometric method which involves an experimental

estimation of the numerical aperture (NA) of the waveguide from the far-field pattern [115].
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Fig. 3.7 Images of a near-field taken with the CCD camera before and after the image processing.

For this purpose, the experimental arrangement for waveguide characterization previously
mentioned was used. Once a mode waveguide has been exited and visualized in the CCD, the
next step consists in removing one of the microscope objectives and display the far-field pattern
from the waveguide on a screen which is positioned a known distance D from the output face
of the waveguide. In this case, a CCD camera can be used instead a screen for a more precise
measurement. The pattern size A is then measured from the image taken from the CCD by
fitting a Gaussian function to its intensity profile. The experimental setup together with an
optical image of a far-field pattern of a waveguide is shown in Fig, 3.8. The numerical aperture
is estimated from the trigonometrical relationship given by Eq. (3.9) [115], where A represents
the 1/e? half-width of the measured intensity profile. Finally, assuming in a rough estimation a
step-index profile the refractive index contrast can be calculated from Eq. (3.10) [116], with
0 as the maximum incident angle at which the transmitted power occurs without any change,

while n, in a first approximation, is the refractive index of the material.
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Fig. 3.8 Experimental arrangement for trigonometric waveguide numerical aperture measure-
ment.
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NA=sing=— " (3.9)
[A%+ D?]2
)
0
An~ 2 (3.10)

2n

3.6.2 Inverse Helmholtz technique

The inverse Helmholtz technique also known as the propagation-mode near-field method [117],
is a non-destructive method that allows to estimate the refractive index distribution of a
waveguide from the mode field intensity by an inversion of the Helmholtz equation [118]. That
is to say, the guided modes of a waveguide can be found by solving the Helmholtz equation,
which shows the relationship between the refractive index profile of a waveguide and the field
distribution of the modes. Since the modes are a solution of the Helmholtz equation, by taking
an image of the near-field intensity modes, the refractive index distribution can be estimated
carrying out an inverse process. Some of the main advantages of this technique is the fact that
does not require a previous knowledge of the refractive index distribution as well as special
symmetries of the cross section of the waveguide. Nonetheless, this technique can only be
used for single mode waveguides where only the fundamental mode is excited and for small
magnitudes of the refractive index contrast.

Considering a single mode optical waveguide with small An, the optical field strength of
the fundamental mode of excitation, E(x,y) can be describe by the Helmholtz equation or also

known as the scalar wave equation given by [119]:
VZE(x,y) + [K*n* (x,y) — B?] E(x,y) =0, (3.11)
where n(x,y) is the refractive index profile transversely across the waveguide, f is the
propagation constant given by f8 = n, ¢k, with n, ¢ as the refractive index of the guided mode

and k = 27” as the free space wave number. Rearranging the Helmholtz equation for n(x,y) it

gives:

2 (B VE@Y)
nmw—( ) ; (3.12)
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By measuring the near-field intensity of the mode /(x,y) the normalized E-field distribution
E(x,y) of the mode can be deduced neglecting the spatial phase of the field. Furthermore,
making the substitution for intensity, E(x,y) = /I(x,y), and introducing the refractive index
profile through n(x,y) = ng + An(x,y) for small An(x,y) [120]:

2 2
B~ np  VPVIy) (3.13)

2npk* 2 2npk?\/1(x,y)’

where the first two terms on the right hand are an unknown constant. Therefore, the mode

An(x,y) =

field intensity /(x,y) can be used in order to determine the refractive index profile An(x,y) of
the waveguide with an arbitrary constant. This constant can be found by matching the refractive
index of the waveguide to that of the bulk material (ng) [121]. Thus, under the approximation
that An is small and ng ~ % ~ nerr, Eq. (3.13) yields:

V2/I(x,y)

An(x,y) = ——F———
(x.7) 2npk3+\/1(x,y)

(3.14)

As it was previously mentioned this method is based on the measurement of the near field
intensity mode of the waveguide. Using the definition given by [122], Eq. (3.14) can be adapted
to the measured mode intensity, /(x,y), by means of the normalized electric field intensity given
by:

1
A(x,y) = (x.) (3.15)
Imax
Consequently, Eq. (3.14) can be rewritten as [123]:
V2A
Anx,y) = —2AEY) (3.16)

- 2npk?A(x,y)

It is important to note that due to the second order differential in Eq. (3.16), the calculated
refractive index profile is highly sensitive to noise in the measured data. Hence, multiple images
of the near-field mode should be taken and averaged in order to obtain more precise refractive
index profiles. Moreover, the measured data should be smoothed to remove high frequency
noise by using 2D low pass digital filters, the process is well explained in [122]. In order to

calculate the refractive index profile of the structures fabricated in this work, an algorithm was
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written in MATLAB. The code can be found in the Appendix (??). Fig. 3.9 shows an image
of a measured near-field mode profile of a Type II waveguide together with its corresponding

refractive index profile calculated by the inverse Helmholtz technique.
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Fig. 3.9 Left: Mesured near-field mode profile of a Type II waveguide. Right: Corresponding
refractive index profile recovered by the inverse Helmholtz rechnique.

3.6.3 Waveguide modes simulation

For the modeling of the fabricated optical waveguides the simulation software COMSOL
Multiphysics was used. This software is based on the finite element method (FEM) which is a
numerical technique for finding approximate solutions to boundary value problems for partial
differential equations [124]. One of the most attractive features of this software is the fact that it
does not require an in-depth knowledge of mathematics or numerical analysis. A more detailed
description of this modelling software can be found in the COMSOL Multiphysics References
Guide.

Concerning to the waveguide simulations, depending on the geometry of the structure the
simulations were performed by designing a geometry that matched the laser induced tracks
of the fabricated waveguide. Fig. 3.10 shows an example of a modeled depressed-cladding
waveguide structure with a hexagonal shape. In Fig. 3.10 it is also possible to see an optical
micrograph of the cross section of an example of a waveguide fabricated in this work in a YAG
crystal. For the modelling of the waveguides the refractive index of each track was assumed to
be a real value and uniform across the cross section of a single track. It is important to point it
out that in most of the simulations some parameters such as the track size or the refractive index
contrast between the cladding and the core An were experimentally extracted. The simulation

can also be used to corroborate the measured value of An. Another important point to take into
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account is the fact that a perfectly matched layer (PML) was used in the simulations in order to
truncate the computational domain and minimize the effects of boundary reflections [125]. For
this purpose, a circular PML surrounding the cross section of the waveguide structures was
always used as it can be clearly seen in Fig. 3.10. Further information about the simulation
process for optical waveguides can be found in the RF Module Model Library of COMSOL.
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Fig. 3.10 Left: Cross section of a modeled depressed cladding waveguide. Center: Optical
micrograph of the cross section of a waveguide structure fabricated in a YAG crystal. Right:
Simulated mode.






Chapter 4
Study of nanostructured YSZ ceramic

One of the objectives of this work is based on the analysis of the response of a nanostructured
ceramic to ultrashort laser pulses irradiation with the aim to determine its characteristics to
be used as an optical material for integrated optics as well as for biophotonic applications.
This ceramic is Yttria Stabilized Zirconia (YSZ) which is a material that currently have a wide
variety of applications in different areas ranging from biomedicine to engineering and scientific
research. Due to its excellent mechanical and chemical properties such as high hardness, high
tolerance to thermal shock, high melting point, good phase stability, and excellent oxidation
resistance [126], YSZ is used in the fabrications of tooth crowns [127], as a refractory in jet
engines [128], thermal barrier coating in gas turbines [129—-131], production of solid oxide
fuel cell [132], etc. However, only recently has been considered as a material for optical
applications [133, 75].

As a matter of fact, this material has been recently proposed as a cranium implant material ,
enabling the replacement of segments of cranial bone for optical access to the brain to deliver
and/or collect light from it [134]. Nonetheless, there is still a lack of knowledge concerning to
its optical properties as well as the response to the femtosecond laser irradiation. Therefore,
the characterization of its properties will allow to design suitable experiments combining both
optical and biocompatibility properties in a reproducible and controlled manner.

In this section, the results of the the response to femtosecond laser irradiation of nanostruc-

tured yttria stabilized zirconia (YSZ) ceramic is presented.

4.1 Ceramic fabrication

For the fabrication of the ceramic, commercial nanocrystalline 8YSZ powder (Tosoh Cor-
poration, Tokyo, Japan) with a reported grain size of 50 nm was used. The ceramics were

prepared using the current activated pressure assisted densification (CAPAD) technique. These
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were prepared in a graphite die with 19 mm inner diameter. Monitoring of the temperature
was carried out by using a ground built N-type thermocouple placed in a hole drilled halfway
through the thickness of the die. The CAPAD process is done in a custom built apparatus
that has been described in [135]. The pressure in the system is raised to 106 Mpa before a
current was applied. Once the pressure has reached, the current heated the sample to 1200
°C using a heating rate of 200 °C/min. Samples were then held for a period of time at final
pressure and temperature. Finally, the samples were polished for optical quality. Fig. 4.1 shows
a SEM image and a photograph of a ceramic. More detailed information about fabrication and
characteristics has been reported in [136]. Tab. 4.1 shows some important characteristics of the
YSZ ceramic.

Table 4.1 Properties and characteristics of the YSZ ceramic

Material Crystalline structure Grain size Fracture toughness

7,0, — 8mol%Y,03 cubic 50 nm 3.1 MPa-m~!/2

Fig. 4.1 (Left) SEM micrograph of the 8 YSZ sample produced via CAPAD with a grain size
of 50 nm (scale bar in the picture corresponds to 200 nm), (Right) Photograph of the same
8YSZ on top of backlit text showing transparency of the ceramic and elevated ~ 2.5 cm off the
surface. Pictures taken from [135].

4.2 Laser ablation of transparent YSZ ceramic

4.2.1 Motivation

LAser ablation is a process by which it is possible to remove material from the surface of a
sample by means of a focused laser beam. In the case of pulsed lasers, the process is carried

out by controlling parameters of the laser such as pulse energy, pulse duration or focusing
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conditions. This precise control makes this technique a valuable tool in research and industrial
applications. Consequently, it is always interesting to characterize the ablation characteristics
of a material in order to be able to design experiments where the laser ablation is performed to
produce the micromachining of a sample for certain applications.

4.2.2 Ablation experiments

The ablation experiments were carried out in the facilities of the Centro de Ldseres Pulsados
Ultracortos Ultraintensos (CLPU) in Salamanca. For this study, a sample annealed in air
for 8 hours at 750 °C was used. The ablation tests were performed in air using an amplified
Ti:Sapphire laser system, which produced pulses with 120 fs duration, a maximum per pulse
energy of 7 mJ, repetition rate of 1 kHz and central wavelength of 795 nm. The laser beam,
with a 1/e? radius of 5.5 mm was focused by using a lens with a focal distance of 100 mm.
The pulse energy was controlled by an attenuator composed by a half-wave plate and a two
Brewster linear polarizers. Several sets of laser irradiations were done in the sample, consisting
of pulse trains with different number of pulses (from 5 to 10000). Each set of irradiations was
done with a different pulse energy that was varied from 10 to 350 uJ.
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Fig. 4.2 Calculated incident fluence profiles through aperture (solid) and for free propagation
(lines) beams respectively for a pulse energy of 350 uJ.

In order to induce symmetric craters with a large diameter, a circular aperture of 3 mm of

diameter was placed before the focusing lens. As it is well known a circular aperture blocking a
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beam, induces a diffraction pattern (Airy rings). In this case, this can be used to characterize the
incident laser beam through the induced ablated craters. When the ablation threshold is below
the first diffraction maximum, the first Airy ring is produced on the surface of the sample for a
low number of pulses. On the other hand, if the ablation threshold value is higher than the first
diffraction maximum, the first maximum appears after a hundred of pulses due to incubation
effects or accumulation dependance of damage [137]. Therefore, by measuring the radius
of the ablated craters, it is possible to calculate the fluence of the focused beam by directly
correlating the measured radius of the craters with the radius of calculated profile fluence [138].
In order to carry out this procedure a simulation of the propagation of a Gaussian beam through
a circular aperture and through a lens was made by using Fresnel diffraction. Fig. 4.2 shows
the calculated fluence profile for a freely propagated beam and a beam diffracted through a
circular aperture for a pulse energy of 350 uJ. As it can be seen, there is a difference of two
orders of magnitude between the value of peak fluence for the freely and truncated beam. It is
also possible to observe the first maximums of the diffraction pattern with their corresponding
values of fluence.

4.2.3 Results and discussion
Ablated craters

Fig. 4.3 shows an optical micrograph of a series of craters made by means of femtosecond
pulses in the YSZ sample with applied pulse energy of 350 uJ (5.41J/cm?). The craters were
made by 5, 10, 20, 50, 100, 1000 and 10000 pulses beginning from left to right. It was found as
a minimum condition to induce ablation over the surface of the sample a pulse energy of 80 uJ
(1.23 J/cm?) with a number of pulses of 10000. An important characteristic that was found over
the ablated craters was the fact that for a number of pulses between 50 and 10000 color rings
surrounding the craters begin to appear. The colors could be due to an oxidation process where
each color corresponds to a different oxidation phase of the material, induced by the concentric
rings of the diffraction pattern, which have a corresponding fluence below the ablation threshold;
heat provided by the pulse laser and oxygen taken from the environment contribute for the
oxidation of the material. Another explanation of the colors could be a compaction of material
due to mechanical waves. As it is well known, ultrahigh peak irradiances are reached by
ultrashort laser pulses. Nonlinear absorption, multiphoton ionization and plasma generation are
the typical dominating processes of the interaction, leading to high temperatures and pressures.
If these temperatures occur inside the sample, the heated material expands, creating a pressure
front or even a shock wave. This induces a strain distribution around the irradiated region,

leaving behind a local density change in the material. Consequently, colors are only present
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for craters made by a large number of pulses mainly due to the larger depth of these craters.
Consequently, a greater amount of evaporated material (ablation) cannot escape to the exterior
creating more pressure surrounding the walls of the craters. One last explanation could be a
deposition of ablated material over the surface of the sample. The evaporated material forms a
transparent thin layer over the surface, producing an interference pattern.

Fig. 4.3 Optical micrograph of ablation craters made by 5, 10, 20, 50, 100, 1000 and 10000
pulses in YSZ ceramic for a pulse energy of 350 uJ and an aperture with a diameter of 3mm.

Ablation threshold

Fig. 4.4 shows the calculated fluence profile together with the measured crater radius and its
corresponding threshold fluence value. For each incident pulse energy, the measured crater
radius is represented in the fluence profile as a point on the corresponding curve, with the
horizontal axis given by the measured radius, and the vertical axis giving the corresponding
fluence at this radius. In order to determine the ablation threshold, a horizontal line was fitted to
the experimental points, being the ordinate of this the ablation threshold. This method was used
to find the ablation threshold for a series of different number of applied pulses. Tab. 4.2 lists
the found ablation threshold values for different number of applied pulses. As expected, the
ablation threshold tends to decrease as the number of pulses increases, which can be explained

by the effect of damage accumulation or incubation process [137].

Table 4.2 Values of ablation threshold for different number of applied pulses.

Number of pulses Ablation threshold (J/cm?)=+ 0.03

5 1.97
10 1.85
20 1.53
50 1.22
102 1.21
10°3 1.00

10% 0.92
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Fig. 4.4 Calculated fluence profiles, measured crater radius and their corresponding threshold
fluence values for 10000 applied pulses.

Single-shot threshold, incubation coefficient and ablation rates

Once the threshold fluence for a different number of applied pulses has been determined, the
incubation coefficient can be calculated from obtained data by fitting the equation [139]:

Fip(N) = F(1)- NS, (4.1)

where F,(N) is the fluence ablation threshold for a given number of applied pulses, N is the
number of pulses, Fy;(1) is the single-shot threshold fluence, and S the incubation coefficient,
which quantifies or gives a measure of the degree of incubation behavior. Fig. 4.5 shows the
measurements of threshold fluence values versus the number of applied pulses together with the
fitting of the data to the Eq.(4.1). Another important parameter to determine is the single-shot
ablation threshold which indicates the minimum fluence value to induce ablation over the
surface of the sample with a single pulse. This is generally found by making irradiations using
a single pulse and analyzing the irradiated zone. In this case, laser system only was able to
delivery a minimum of 5 pulses. Therefore, in order to obtain the single-shot ablation threshold,
the single-shot fluence threshold was obtained from the fit of Eq.(4.1) to the data.

Depth of the craters was estimated by using an optical microscope, by focusing respectively

on the edge and the bottom of each ablation crater. A 100 x microscope objective was used to
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Fig. 4.5 Ablation threshold fluence versus the number of applied pulses together with the best
fit values of incubation coefficient and single-shot ablation threshold.

this end in order to minimize the error when focusing a given position of the sample. Measuring
of the depths of the ablation craters gives important information about the response of the
material to femtosecond laser irradiation. By plotting the depth as a function of the number
of applied pulses, the average amount of removed material can be found. Fig. 4.6 shows the
measured ablation depths versus the number of applied pulses for a peak fluence of 5.41 J/cm?
(350 uJ). As it can be seen there is a linear dependence with respect to the number of pulses.
Therefore, from the slope of the fitting line, the so-called ablation rate can be determined at
the given fluence. It is important to point it out that craters made by 1000 and 10000 pulses
were not taken into account due to we could not obtain a precise measurement due to their
larger depth. Results of the ablation rate for different values of applied energy are presented in
Tab. 4.3.

Table 4.3 Values of ablation rates for different peak fluences.

Peak fluence (J/cmz) Ablation rate (nm/pulse) 4= 7.0

2.31 199.0
3.09 276.1
3.86 293.9
4.63 346.7

541 347.3
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Fig. 4.6 Depth of ablation craters versus the number of applied pulses for a peak fluence of
5.41J/cm? (350 uJ).

4.2.4 Conclusion

In summary, a femtosecond laser ablation study of the transparent nanostructured YSZ ceramic
was carried out. Parameters as the ablation threshold from the measurements of the ablated
crater diameters as a function of the applied pulses using a diffracted Gaussian beam was
determined. The incubation coefficient as well as the single-shot threshold were also found.
Finally, from the measurements of the ablated hole depths, the ablation rate for different values
of applied fluence were also found . All of these measurements provide important information
on the material response to femtosecond laser irradiation allowing the development of high

precision ablation experiments in the YSZ ceramic.
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4.3 Nonlinear optical properties of YSZ ceramic

4.3.1 Motivation

In the last years, the interest in finding optical materials that possess nonlinear optical properties
has attracted a lot of interest mainly due to the possibility to use them in the development of
devices that can be incorporated to conventional optical communication systems. Materials
that exhibit this kind of properties are very attractive because of their potential for applications
such as three dimensional optical data storage, two-photon fluorescence imaging, optical
power limiting, optical modulation, optical switching, optical signal reshaping, stabilizing fast
fluctuations of laser power, telecommunications, human eye protection etc. [140].

In this section, a study of nonlinear optical properties of nano-structured Y'ttria stabilized
Zirconia (YSZ) ceramic is presented. The nonlinear absorption and refraction coefficients
were resolved using the Z-scan technique with an amplified femtosecond laser. Samples with
different annealing time were used in order to determine the impact over the nonlinear optical
properties of the ceramics. Components of the complex third-order optical susceptibility were

also estimated.

4.3.2 The Z-scan technique

Different techniques to characterize the nonlinear optical properties of materials such as third
harmonic generation [141, 142], degenerate four-wave mixing [143, 144], interferometry
techniques [145], beam self-bending [146], etc., have been developed and each of them have
their own difficulty and exactitude, in addition to provide distinct information about the
nonlinear optical properties of a given material. In spite of this, just a few techniques provide
information about the components of the nonlinear refraction and absorption in a fast and simple
manner and with a high degree of accuracy. One of the most famous and used because of its
simplicity and versatility and due to it allows to determine the sign of the nonlinearity with only
observe the experimental data without the need of any mathematical method, is the well-known
Z-scan technique, developed by Shake-Bahae et al. [147] in 1990. The Z-scan technique is
based on phase changes produced by the nonlinear propagation inside a transparent material,
which are translated to energy changes measured by a detector in the far field. The changes,
induced by nonlinear effects, are produced by moving the sample through the propagation axis
of a focused Gaussian beam. In other words, the transmittance of the sample is recorded as a
function of the sample position relative to the focus beam. When an aperture is placed in front
of the detector (Closed Z-scan) the system is sensitive to phase changes; due to the nonlinear

refraction the material acts as a lens, focusing and defocusing the beam as the sample is moved
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through the focus. This is traduced as a change in transmittance in the field of the aperture,
in this case the system is sensitive to both nonlinear refraction and absorption. On the other
hand, if the aperture is removed (Open Z-scan) the system is only sensitive to changes caused
by nonlinear absorption, hence, the nonlinear absorption coefficient can be inferred from the

experimental data. Fig. 4.7 shows the schematic of the experimental setup of Z-scan.

Beam splitter Lens Aperture

Detector D2

Focal plane

» +7

Detector D1

Fig. 4.7 Schematic of the experimental setup of Z-scan, where the transmittance is given by the
ratio of D2/D1 as a function of the sample position.

When a Z-scan experiment is carried out the acquired data or curve correspond to the
normalized transmittance 7(z). This is the transmittance of the sample as a function of
its position relative to the beam focus, for the case of an open Z-scan this is given by the
relation [147]:

o)

T()= g / In[1+qo (2) £ (7)] dt, 4.2)

—o00

where f(7) is a function of time that describes the temporal profile of the laser pulse which

canbe f(7) = e "orf (t) = sech?(t) for a Gaussian and hyperbolic secant pulses respectively.

A is a normalization constant f(7) = [ f(7)dt equal to /7 for Gaussian and 2 for hyperbolic
secant pulses, while go(z) is a parameter that characterizes the strength of the nonlinearity
given by

o BIOLeff
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where f3 is the nonlinear absorption coefficient of the material, I is the peak irradiance at
the focus and L.fr = (1 — e~ *L) /ot is the effective propagation length of the material which is
related to the linear absorption coefficient () and the thickness sample (L). If linear absorption
of the sample at the used wavelength is negligible L, s ~ L. By using Eq.(4.2) and Eq.(4.3) the
nonlinear absorption coefficient B can be determined from the experimental data measurements
of the transmittance. The parameter go(z) is obtained by fitting Eq.(4.2) to the experimental
data and then B can be ambiguously deduced by using Eq.(4.3). However, the numerical
solution of Eq.(4.2) is a complicated procedure making the analysis of Z-scan difficult and
time-consuming. Alternatively, a criterion that can be assumed is that of a temporally square
profile, in which the temporal dependence of the pulse can be omitted. Then the normalized

transmittance can be expressed as:

In[1 +qo(z)]

T()pen (Z) = 40 (Z)

, 4.4)

On the other hand, the normalized transmittance for a closed Z-scan experiment in its
simplified form is given by [148]

 Ax(A®o)(1—5)*

T, =1 4.5
closed (Z) (xz + 9) (xz + 1) ) 4.5)
with x = z/zg, S the aperture transmission and the on axis phase shift defined as
2xloL
ADy = “TloLerr¥ (4.6)

AV2

where Iy is the on axis irradiance at focus (i.e., z = 0), A the wavelength of the laser and y
is the nonlinear refraction coefficient given in m? /W.

4.3.3 YSZ samples

It was previously reported that linear optical properties of this material such as linear absorp-
tion coefficient, depends on oxygen stoichiometry [136]. This stoichiometry can be readily
controlled by the exposure of the samples to reducing or oxidizing atmospheres. In this case in
particular, annealing the YSZ ceramics in air, diffuses oxygen back into the sample, removing
the oxygen vacancies which induce a chance in the linear optical properties of the samples

when these are annealed for different times. In order to evaluate the effects of annealing on
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the nonlinear optical properties of the ceramics we used samples with different annealing time.

Fig. 4.8 shows samples at different annealing times.

a b

Fig. 4.8 Photograph of YSZ ceramics on a light table on top of text showing varying colors of
samples held for various annealing times. Picture taken from [135].

4.3.4 Z-scan characterization

Z-scan experiments of the ceramics were performed using an amplified Ti:Sapphire laser with
a central wavelength of 795 nm, repetition rate of 1 KHz, a maximum per pulse energy of 1
mlJ and a pulse duration (FWHM) of about 120 femtoseconds. The laser beam was focused
by using a converging lens with a focal distance of 20 cm. A diaphragm was place before the
lens in order to approximate the beam to a truncated Gaussian and control the value of the
Rayleigh length. The laser beam waist (@p) was estimated to be about 25 um (HWe2M) with
a corresponding Rayleigh length (zg) of 2.5 mm. Samples with thickness of about 0.8 mm (less
than Rayleigh length) were used in order to simplify experimental data analysis [147]. Better
results were found for experiments carried out with an input irradiance from 1.3 x 10! W /cm?
to 7.1 x 10" W /cm? corresponding to a per pulse energy between 1.5 and 8 uJ. Samples were
moved across the propagation axis (z axis) by a computer controlled stage. The z-scan setup
was calibrated with a sample of fused silica, whose 8 and y are known from literature.

The experimental setup used for the measurements of the third-order optical nonlinearities
is similar to that shown in Fig. 4.7. In this case, the arrangement allows the simultaneous
monitoring of the far-field beam intensity directly transmitted by the sample (open Z-scan),
and the far-field light transmitted by the sample through a diaphragm (closed Z-scan) placed at
a distance of more than 4 times away from the focal plane. The transmitted light in both open
and closed Z-scan was detected by a CCD camera that spatially integrates and translates the
intensity images to optical power.

4.3.5 Results and discussion

Fig. 4.9 shows a typical experimental open Z-scan curve for a ceramic with 10 min annealing

time together with the fitting curve and the obtained best value of the nonlinear absorption. It
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can be seen that there is a minimum of the transmittance on focus in contrast with the position
of the sample away from it. This curve is well known and studied and in literature [147]
and corresponds to nonlinear absorption and sometimes called two-photon absorption (TPA).
Therefore, according to Fig. 4.9, it is possible to assure that this material exhibits TPA. It
was found that the two-photon absorption coefficient (f) for a sample with 10 minutes of
annealing time is about 0.037 cm/GW. It is important to point it out that there is also a case
where transmittance is larger on focus than away from focus, referred to as saturable absorption
but, there was not evidence of this behavior for the ceramics and the values of irradiance used
in this study.
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Fig. 4.9 Experimental results of open Z-scan for a sample with 10 min.of annealing time.
Corresponding values of T(z) together with the fitting curve and the obtained best value of f3.

On the other hand, the nonlinear refraction (NLR) of the YSZ ceramic was also estimated
performing the closed Z-scan experiment. In this case, it is common that NLR coefficient ()
of a material that exhibits TPA and NLR simultaneously would be calculated by extracting
the effects of TPA from the closed Z-scan curve, according to the method described in [147].
The procedure basically consists in taking the ratio between the NLR curve and the TPA curve.
This results in a purely refractive case curve from which ¥ can be extracted. Since the YSZ
ceramic presents nonlinear absorption it was necessary to carry out this procedure for every
measure of the NLR of the ceramics. Fig. 4.10 shows the closed-aperture Z-scan curve together
with the fitting curve of Eq.(4.6) to the data and the obtained best value of 7y for a ceramic with

10 minutes of annealing time. In this case ¥ was measured to be 3 x 10~!3cm? /W. From the
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curve it is possible to deduce that this material presents a positive NLR, which can be easily
analyzed by just observing the shape of the curve, which presents a prefocal transmittance

minimum (valley) followed by a postfocal maximum (peak).
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Fig. 4.10 Experimental results of closed Z-scan together with the fitting curve and the obtained
best value of the NLR coefficient y for a sample with 10 minutes of annealing time.

Since the beam used in these experiments approximates to a truncate Gaussian beam, the
expressions used to fit the experimental results of the Z-scan experiments are an approximation.
Therefore, this requires a statistical method to corroborate that the data are correct and give
a more precise measurement. For this purpose, an additional equation for the normalized

transmittance given by Eq.(4.7) was used.

(x*+9) (x* +1)’

T 10s5ed (Z) =1-A “.7)

where zp and A are the parameters for the fitting. With A = f—%}/L(l ) )0'2510. Thus, to
obtain the value of the NLR a series of measurements obtaining A as function of the intensity
Iy are taken. In this way a value of A for each value of intensity is obtained, and the value of y

can be easily extracted from a linear fitting from:

A = mly, 4.8)
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Where the slope m corresponds with the NLR of the material with independence on the
intensity. Fig. 4.13 shows experimental data for values of A as a function of the intensity. It is
possible to see clear lineal dependence between the data which assures a precise measurement
of the values for the NLR. From the linear fitting a slope of 5.39178 x 10~!'!. By combining the
definition of A previously mentioned and Eq.(4.8) a value of 3.2 x 10~ 2cm? /W was obtained
for the sample with 10 min of annealing time. This value is of the same order of magnitude
and is in good agreement with the first value of 7y previously mentioned of 3 x 10~ >cm? /W.
Hence, from this result, it can be concluded that there is a good estimation of the nonlinear
coefficients of the YSZ ceramic.
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Fig. 4.11 Experimental results of closed Z-scan for the parameter A as a function of the intensity
I

Annealing time influence

Concerning to the influence of annealing time on the nonlinear optical properties of the ceramics,
B and y for a ceramic with 30 minutes of annealing time was also estimated. Table. 4.4 presents
the results in samples with different annealing time (i.e. different linear optical properties). It
was found that as the annealing time increases, there is a decrease in the nonlinearities. This
could be mainly due to oxygen vacancy concentration (color centers); samples with lower
annealing time presents a higher concentration of color centers which generally absorbed at UV

wavelengths. Since femtosecond pulses around 800 nm are used, it is logic to assume that TPA
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is occurring at UV wavelength. This, leads to a larger TPA for ceramics with lower annealing
time. However, the value of the TPA coefficient can be easily controlled by annealing the
ceramics in air at different times [136]. On the other hand, a reduction in the value of n, as the
annealing time decreases was also found. The explanation for this behavior is not so obvious,
but a possible reason could be that for samples with higher oxygen vacancies concentration,
there are more external process as the thermo-optical process, that contributes to the value of

the nonlinear refractive index.

Table 4.4 Values of non-linear absorption coefficient and non-linear refraction coefficient for
ceramics with different annealing time together with their corresponding third-order optical
susceptibility.

Ceramic B(cm/GW)+8% y(em?/W)£13% x5 (m?/Vv2) 2P (m?/v?)

10 min. 0.04 3.0 x10715 51 x10721 43 x10722
30 min. 0.02 0.2 x10~15 03 x10721 22 x10°2%2

It must be pointed it out, that the values of  are relatively low (one order of magnitude
lower) in comparison with other materials considered for optical waveguide devices in telecom-
munications [148, 149] which opens the possibility of considering this material for applications
in this areas, where low values of the nonlinear absorption are desirable. In contrast, the values
of v presented by the YSZ ceramics are in the same range of a great variety of glasses and
crystals.

Tab.4.4 also presents the calculated components of the third order optical susceptibility
a® =y
components were calculated according to the following expressions given in SI units [140]:

+i xl.(S)), where the real and imaginary part are related to ¥ and 8 respectively. The

2 = (4/3)n3ecy,

4.9)
2 = (nZeoch /3m)B,

where ng, &), and A are the linear refractive index of the material, the electric permittivity

of free space (8.85 x 10~'2F/m), and the wavelength respectively. Since the ceramics using
in this study present linear absorption, alternative equations for absorbing media proposed
(3) 3)

in [150] were also used in order to correctly estimate the values of )5 and y;

. It was found
that in this case, the calculated values of the nonlinear optical susceptibility do not differ from
the calculated using the traditional expressions given by Eq.(4.9).

Finally, the fact that used samples that possesses linear absorption indicates that a significant

thermal contribution to the nonlinearity could be present. In order to estimate this contribution
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Fig. 4.12 Nonlinear absorption as a function of the peak intensity for ceramics with different
annealing time.

the thermal contribution to the nonlinear index of refraction in terms of the thermo optic
coefficient (dn/dT) was calculated through the relation [151]

dn T
herm 14
Y = 4.10
dT pc,’ ( )

where, ap is the linear absorption coefficient, 7, is the pulse duration, p is the density,
and c, is the specific heat. Calculation of the thermal contribution for a ceramic with 10 min
annealing results in }/he’m ~ 7T X 10_18cm2/W, were 0 = 21.2 cm~ L, 7,=120 fs, and values
of dn/dT =7.2x 107 K~! and pc, = 2.59 J/Kcm? for cubic YSZ [152] were used. This is
three orders of magnitude lower than the obtained value of 7, and thus is not significant in this

case.

Additionally, a study to investigate the dependence of the nonlinear absorption with the
intensity was carried out. For this purpose, a series of measurements of 8 for different values of
intensity were done. The results of these measurements are shown in Fig. 4.12. From this figure,
it is possible to see a linear dependence of the nonlinear absorption with the peak intensity even
for intensities as high as 10'>W /cm?.

To gain insight about this behavior an analysis of the dependence of go(0)on Iy was carried
out in order to corroborate if more than two photons absorption was involved in the process.For
this purpose a quadratic function as well as a third order function were fitting to the data. As
an example Fig. ?? shows a curve of ¢o(0) versus Iy for a 30 min annealing time sample. The
best fitting was found for a quadratic function which is clearly indicative that in this case the
two photon absorption is the dominant mechanism involve in the process. Additionally, data
of T(0) as a function of 7(0) was plotted in order to obtain a value of  independent on the

intensity. Fig. ?? shows the experimental data together with the best fit of 7(0) for a sample
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with an annealing time of 30 minutes. In this case a value of f = 0.04 + 12%cm/GW was

found. This value is in the same order of magnitude and is consistent with the values presented
in Table. 4.4.
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Fig. 4.13 Experimental data of go(0) versus [ for a sample with 30 min. of annealig time
together with the best fit of a quadratic function
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Fig. 4.14 Experimental data of T (0) versus Iy for a sample with 30 min. of annealig time
together with the best fit of 7'(0).
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4.3.6 Conclusion

In conclusion, the nonlinear optical properties of YSZ ceramic have been estimated. An inverse
dependence between the oxygen vacancy concentration in the ceramics and the nonlinear
optical coefficient was found. Oxygen vacancies constitutes absorption centers, therefore by
annealing ceramics in air, it is possible to control the value of the nonlinear optical properties
of the ceramics. It has been also estimated the components of the complex third-order optical
susceptibility. Taking into account the nonlinear properties of the YSZ ceramics, this could be

considered as a material for optical communications.
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4.4 Ultrafast laser inscribed waveguides in YSZ ceramic

4.4.1 Motivation

In recent years transparent ceramics have attracted significant attention for optical applications
such as laser host materials, solid state lighting and light manipulation. Due to their great
thermal and chemical properties and relatively efficient fabrication compared to single crystals,
transparent ceramics are materials of great interest for optical applications. The fabrication of
optical waveguides in these kind of materials has prompted a great variety of investigations
and successful demonstrations of inscribed waveguides in different kind of ceramics. In this
section, a study of femtosecond inscribed waveguides in YSZ ceramic is presented as well as

their characterization.

4.4.2 Experiments
Waveguide fabrication

For this study a polycrystalline YSZ ceramic sample made from nano-sized (50 nm crystals)
zirconia stabilized with 8 mol.% yttria (§YSZ)was used. The sample was cut in the form of a
thin slab and all its faces were polished up to optical quality. For the fabrication process of the
waveguides, the laser system mentioned in section 3.2 which emits 120-fs pulses with central
wavelength of 795 nm operating at 1 kHz repetition rate was used. The laser beam was focused
150 um below the sample surface using a 20X microscope objective with a numerical aperture
(NA) of 0.4 and a focal distance of 10 mm. The sample was translated perpendicularly to the
laser beam with constant speeds within the range from 15 to 50 um/s, and the pulse energy
varied between 6.4 and 96 uJ. The laser polarization was kept perpendicular to the scanning
direction. The experiments consisted in the fabrication of double scan waveguides through type
IT modification. For this purpose parallel tracks separated by 15 and 20 um were inscribed to

form 2.2 mm long waveguides.

Characterization of the inscribed waveguides

In this case, the ability of the inscribed structures to behave as optical waveguides was in-
vestigated by coupling a He-Ne laser (633 nm) into the waveguides through a single mode
optical fiber. Loss characterization of the waveguides was carried out according to the method
described in section 3.5.2. The intensity distribution of the supported modes of the waveguides
were recorded by imaging the backside of the sample through a 40x microscope objective

onto a CCD camera. The transmittance measurements of the waveguides were conducted by
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replacing the CCD camera by a calibrated photodiode. In addition, an iris was placed in front
of the detector to suppress light transmitted through the bulk outside of the waveguide.

4.4.3 Results and discussion

Fig. 4.15 shows an optical micrograph of how the input face of the written structures in the
YSZ ceramic looks like. The input face of each inscribed structure is composed of two parallel
damaged tracks separated either by 15 or 20 um, whose dimensions vary depending on the
laser fabrication parameters. It was found that waveguides fabricated at higher energy present
a better optical confinement in comparison to those obtained at low energies. It was also
found that the structures written at lower scan speeds also present a better waveguiding. These
features could be mainly due to a larger induced stress generated by the fact that when using
higher per pulse energies (i. e. higher per pulse peak irradiances), more powerful pressure
fronts and shock waves that compact the material are generated. On the other hand, by using
lower writing speeds, a larger per unit area number of pulses strike the sample, and hence the
average of deposited energy is higher in such a case than the one at faster scan speeds.

Fig. 4.15 Optical micrograph of the input face of a double-line waveguide fabricated in the
YSZ ceramic at 96 uJ/pulse and scanning speed of 15 pum/s.

Fig. 4.16 (a) and (b) show an image of the near-field modes for track separations of 20
and 15 pum, respectively. We found that only structures fabricated with a separation distance
of 15 um between tracks present a single-mode behavior, as it is shown in Fig. 4.16 (b). An
interesting feature that must be noticed is that light confinement is not only possible by the
channel waveguide formed between the damaged tracks, but remarkably light confinement is
also possible in the close proximity of a single track, i. e., on the top corner of the waveguide as
it is demonstrated in Fig. 4.16 (c). We can clearly see in Fig. 4.16 (c) how there is a propagating
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single mode on top of the damage track. This waveguiding feature has been reported previously
for waveguides written in different crystals [153—155]. In those previous studies this effect has
been attributed to the laser induced strain distribution around the focal volume, which creates
material compaction, giving place to the refractive index change that forms the waveguide.

It is worth noticing that the waveguide structure formed outside of the channel waveguide
exhibits distinct features like single-mode propagation, it supports a smaller dimension’s mode,
which in fact is much more symmetrical in comparison to the elongated channel waveguide
modes. We found, that the light transmittance through this structure is lower than the one
obtained for the channel waveguides. Fig. 4.16 (d) shows a top view optical micrograph during
the coupling of light into the channel waveguide written at 96 pJ/pulse and a constant speed of
50 um/s. As it can be seen, there is a good light confinement in the waveguide. However, the
waveguide presents a strong attenuation along the propagation axis. This is mainly due to the
optical features of the YSZ sample, which are determined by color centers (material defects),
and hence by its linear optical absorption coefficient (20 cm~! at 633 nm) [136].

towards the sample
surface

— !
damaged
region

Fig. 4.16 CCD image of the transverse light intensity distribution at the end face of (a) 20 and
(b) 15 um width double scan waveguide and (c) single track structure. (d) Top view optical
micrograph during light coupling into the channel waveguide.
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Waveguides properties

For the loss characterization of the waveguides, the method described in section 3.5.2 was
used. An average value for coupling losses of ~80% was obtained for all the waveguides.
Considering the Fresnel reflections of 5% at each output face of the waveguides, the propagation
loss in the waveguides were found to be about 50 dB/cm at 633 nm. On the other hand, it was
found that the total losses for the wave-guiding present outside the two parallel tracks, written
at 96 uJ per pulse energy, were about 74 dB/cm. This indicates that the waveguide structures
are more efficient than the single track waveguide structures.

The high losses in the waveguides are explained by material defects such as color centers
(linear optical absorption). It was previously shown that color centers related to oxygen va-
cancies are produced during the YSZ fabrication process due to the reducing nature of the
current activated pressure assisted densification process (CAPAD) [136]. As shown by Alaniz
et al. [136] the vacancy concentration (and thus the resulting optical absorption coefficient) can
be tuned by annealing of the YSZ samples in air at 750°C. The color center concentration (i. e.,
the optical absorption) decreases as the annealing time increases. Therefore, samples with long
enough annealing time treatment can be used in order to improve the optical quality (transmit-
tance) of the waveguides; work in this direction is underway. It is worth mentioning here that
the transmittance of the YSZ ceramic increases for longer than visible wavelengths [133, 136].
Therefore, longer wavelengths would minimize optical losses in these waveguides. This is
particularly relevant for optical communications applications of the waveguides presented
throughout this work. Another important observation in the this study is the fact that light
confinement in the channel waveguides is possible for both TM and TE polarizations. Never-
theless, we found better light confinement for light polarized parallel to the inscribed damaged
tracks, as it can be clearly seen in Fig. 4.17. Notice that a larger amount of light escapes from

the waveguide for light polarized perpendicular to the inscribed damaged tracks.

In addition with the results and despite the losses find them in this structures, it is also
important to emphasize the fact that this is a versatile material and has a great potential for
optical devices integration. It has shown too that is possible to write waveguide-like structures
in this material using unamplified femtosecond laser pulses of a few nJ; a new method in
which waveguide-like structures are created by femtosecond laser irradiation which cause
a decreasing of the oxygen vacancies concentration thereby increasing the refractive index
has been proposed [75]. Therefore, this makes it possible to write optical waveguides in this

material either through amplified and unamplified femtosecond laser pulses.
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Fig. 4.17 CCD image of the near-field modes of the double scan waveguide: (a) linear polar-
ization parallel to the inscribed damaged tracks, (b) linear polarization perpendicular to the
inscribed damaged tracks.
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Fig. 4.18 Refractive index profile recovered using the inverse Helmholtz technique for a single
mode channel waveguide written at 96 pJ/pulse, scan speed of 50 um/s and a separation
between tracks of 15 um.
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Refractive index contrast

The magnitude of the refractive index contrast (An) was estimated by experimentally measuring
the numerical aperture of the waveguide, then assuming a step index profile, according with
the method described in section 3.6. For a double line waveguide written at 96 pJ/pulse, scan
speed of 50 um/s and a measured N.A. of 0.058 a An ~ 7.7 x 10~* was obtained. In order to
corroborate this value the inverse Helmholtz technique was employed according to the method
explained in section 3.6. Figure 6 shows the refractive index profile recovered using the inverse
Helmholtz technique. It can be observed from Fig. 4.17 that there is good agreement with the
calculated An obtained by measuring the channel waveguide numerical aperture experimentally,
which is in the order of 10~*. It can also be seen that there is a refractive index decrement
right on the damaged tracks, surrounded by a small refractive index increment which could
explain the waveguiding seen in the top vicinity of a single damaged track (Fig. 4.16 (c)). It is
important to note that the minimum value in the scale of the refractive index change equals
zero. This is due to the fact that the applied computing method makes the assumption that the
refractive index of the bulk material (np) equals the effective index of the waveguide (n.rr) in
order to determine (An). Therefore the absolute value of the refractive index decrement right

on the damaged tracks cannot be correctly estimated.

Micro-Raman Analysis

Finally, In order to obtain information about the effects that ultrahigh irradiance femtosecond
laser pulses have on the crystalline structure of the YSZ ceramic, micro-Raman measurements
across the laser processed regions was carried out. Fig. 4.19 shows the Raman spectra obtained
from a double line waveguide written at 96 uJ/pulse, scan speed of 50 um/s and a separation
between tracks of 15um. Spectra from three distinct zones were taken in order to identify any
laser-induced modifications to the crystalline structure of the YSZ ceramic. Measurements
on the damaged tracks, on a spot far from the laser-irradiated region (bulk), and in between
the damaged tracks, i. e. guiding zone (see Fig. 4.15) were taken. It can be clearly seen
from the Raman spectra in Fig. 4.19 that the YSZ ceramic stands the laser interaction without
any significant induced phase changes. Notice though, that the intensity of the spectra for the
damaged track zone is lower in comparison to the intensity of the spectrum of the non-irradiated
region. This effect has been studied before and is in general related to defects creation [29]. It
is important to note here that this spectra intensity behavior is consistent for all the fabricated

waveguides in the present study (6.4-96 uJ/pulse).



64 Study of nanostructured YSZ ceramic

H H H H H N I S N S B
1800 - Bulk -

— — Guiding zone

1600 - — - - Damaged track

1400
1200
1000
800 -
600 | \
L /e
\

400 f\® "‘W .
I A MA ]
200 - *

Intensity (a. u.)

1 diaaben s

0 1 1 1 1 n
100 200 300 400 500 600 700 800 900 1000

Raman shift (cm™)

Fig. 4.19 Micro-Raman spectra of a channel waveguide in YSZ, written at 96 uJ/pulse, scan
speed of 50 um/s and a separation between tracks of 15 um.

4.4.4 Conclusion

It has been demonstrated that it is possible to fabricate double scan waveguides in the nanos-
tructured YSZ ceramic, by using amplified femtosecond laser pulses. Interestingly, it was
found that light confinement occurs not only within the double line structure, but also in
the close proximity to a single damaged track outside the double scan structure. There is a
spatial mode dependence on the channel waveguide width; in the studied cases single mode
propagation was observed only for the 15 um width waveguides. The propagation loss of the
fabricated waveguides are constant for the whole range of irradiation conditions used for this
study (6.4-96 uJ/pulse and 15-50 pum/s), such losses were determined to be about 5 dB/mm at
633 nm. A positive refractive index change (An & 7.7 x 10™#) was laser-induced at the core
of the waveguide structures. Micro-Raman analysis of the channel waveguide structures and
its surroundings revealed that the crystalline nature and phase of the YSZ samples are not
compromised by the ultrahigh peak irradiance laser-interaction. This could be expected since

YSZ possesses a remarkably stable crystalline structure.



Chapter 5

New schemes for ultrafast laser inscribed

waveguides

5.1 Ultrafast laser inscribed, stress-induced waveguides. Dou-

ble beam technique

5.1.1 Introduction and motivation

As mentioned previously, the material modifications that can be induced by laser irradiation are
classified in Type I or Type I, depending on whether the irradiation conditions are below or
above the optical damage threshold, respectively [79]. In the case of crystals [61], the most usual
technique for producing waveguides is the so-called double-line approach, which is based on
Type II modifications [156]. In this approach, two parallel laser-damage lines are created close
to each other, resulting in a refractive index increase in the area between both lines, due to the
stress-field (lattice compression) induced by the ultrashort pulse irradiation [88]. This technique
has been applied to a large number of crystals for the fabrication of different active photonic
devices, for instance waveguide lasers [29, 34, 90, 89] or wavelength converters [28, 96].
Nonetheless, in the application of this technique the mechanical waves created in the focal
region produced many times an asymmetrical stress field that tends to deform the modes of the
waveguides due to incubation effects related to the existence of pre-damaged states.

In this section a new approach consisting in the fabrication of stress-induced optical waveg-
uides produced by the simultaneous irradiation with two femtosecond laser beams generated
with an interferometer is proposed. This technique is proposed in order to generate more

symmetric stress patterns (i.e. more symmetric modes) and the reduction of the propagation
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losses which are explained in terms of the fact that simultaneous inscription allows for a drastic

reduction in the magnitude of incubation effects.

5.1.2 Experiments
Waveguide fabrication

For the fabrication of the waveguides the experimental setup explained in section 3.2 was used.
In this case, an interferometer with a variable delay line was arranged to produce two collinear
beams with nearly equalized mean power (see Fig. 5.1). The optical paths of both beams were
adjusted in order to get the best temporal overlap (delay O between pulses of the two beams)
by optimizing the contrast of the produced interference patterns. Both beams were focused
through a 20 microscope objective at 100 um beneath the sample surface, which was placed
on a computer-controlled motorized three-axis stage. The use of an interferometer allows a

fine and continuous control on the focal separation. Additionally, the interferometer allows the
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Fig. 5.1 Schematic of the simultaneous DB irradiation experiments. (a) Interferometer that
produces the two beams (M: mirrors, BS: 50-50 beam-splitter); (b) The two beams focused
through the microscope objective inside the crystal. (The divergence between the two beams
has been exaggerated in the pictures for the sake of clarity).

Two sets of experiments were carried out: the one, with simultaneous double beam (DB)
irradiation, and the other with single beam (SB) irradiation (standard fabrication technique). In
the first one (DB), both beams were slightly misaligned (symmetrically, with less than 0.25° of
divergence) in the interferometer in order to get two separated focal spots after the microscope

objective, with the distance required between them in each experiment (15 um, 20 ym or 30
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um). The experiments were done in Nd: YAG that is one of the most widely used gain media
for solid-state lasers due to its outstanding fluorescence, thermal and mechanical properties.
Nd:YAG has been the subject of a number of previous studies on optical waveguide inscription
with femtosecond lasers [90, 157] and it is very well characterized. The sample was cut to
dimension 100 mm? and polished down to optical quality. The beams were focused inside the
crystal through one of the largest faces at a depth of 150 um. The sample was then scanned
once at constant velocity resulting in two parallel damage tracks simultaneously written in
the crystal in a single step. In the second set of experiments (SB), one of the beams was
blocked in the interferometer, and then, two parallel scans of the sample were done with the
other beam in order to produce two parallel damage tracks at the same separation than in the
corresponding DB experiment. In both DB as SB experiments, different scanning velocities
(25-100 um/s) and pulse energies (0.2-0.9 uJ) were used in order to explore the effect of
the laser irradiation parameters on the waveguide performances. Fig. 5.2 shows an optical
micrograph of waveguides fabricated by double and single beam irradiation. As it can be clearly
seen there is a slight difference between the size of the tracks for single beam irradiation. The
details of this results will be discussed later.

Fig. 5.2 Optical micrograph of waveguides fabricated by double (lefft) and single (right) beam
irradiation using a pulse energy of 0.9 uJ and a scanning velocitie of 25 um/s.

Optical waveguide characterization

The modal profiles of the fabricated waveguides were investigated with an end-fire coupling
setup at 633 nm. Light at input face of the waveguides was polarized parallel to the inscribed
tracks in order to minimize transmission losses (see Fig. 5.1). Waveguide propagation losses
were evaluated by measuring the output and input powers, taking into account losses at the
input and output microscope lenses, Fresnel reflections at the crystal interfaces, and the modal
overlap between the injected light and the modal profile as it is mentioned in section 3.5.2. The

refractive index change (n) induced by the stress field in the waveguide core was estimated by
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measuring the numerical aperture of the guided mode in the far-field and assuming in a rough

estimation a step-index profile, according to the method mentioned in section 3.6.

Micro-luminescence measurements

Micro-luminescence imaging of the stress-induced waveguides were obtained in a home-made
confocal fluorescence microscope. A single-mode fiber coupled laser diode (808 nm) was
used as an excitation source. The beam laser was focused into the sample by using a single
microscope objective with a numerical aperture of 0.85, leading to an excitation laser spot
radius of 0.5 wm approximately. 808 nm radiation excites Nd** ions from their ground state
(*Io /2) up to their 4F; /2 excited state from which non radiative de-excitations down to the 4F, /2
metastable state take place. The subsequent *F /2—>419 /2 emission is collected by the same
microscope objective and, after passing through different spectral and spatial filters is spectrally
analyzed by a high-resolution spectrometer. In this work special attention to the spatial variation
of the intensity was paid, spectral position and bandwidth of the narrow emission lines centered
at around 940 nm as they have been demonstrated in the past to be excellent indicators of
the local damage, stress and disorder in the Nd:YAG network, respectively [88]. ]. For the
acquisition of fluorescence and structural images of the waveguides, the Nd: YAG sample was
scanned in three dimensions by placing it on an XYZ piezo-stage while keeping the 808 nm
excitation spot fixed. The spatial variation of peak intensity, position and width (used for
damage, stress and disorder imaging) were obtained by using the LabSpec software. Graphical

representation of data was performed by using the WSXM software [158].

5.1.3 Results and discussion

Firstly, the modal profiles of the fabricated waveguides were analyzed. Guidance was observed
for the three track separations but the fabrication parameters (pulse energy/scanning velocity)
that minimized the measured losses were different (see Fig. 2): 0.44 uJ, 25um/s for 15 um
(WG1) and 20 um (WGQG?2) track separation, and 0.90 uJ, 100um/s for 30 um track (WG3)
separation. As it can be seen in the figure, the modal profiles for DB waveguides were highly
symmetrical and single mode in all the cases. However, SB waveguides show more irregular
profiles, effect that is particularly noticeable for small track separations for which asymmetric
multimode profiles are obtained.

Concerning the propagation losses, in all the measurements DB waveguides showed superior
performance with a loss reduction between 5% and 30% with respect to SB waveguides. In
particular, propagation loss as low as 0.15 + 0.1 dB/cm was measured for the DB-WG2 and
0.15+£0.1 dB/cm for SB-WGZ2. This value obtained for DB waveguides improves previously
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reported values for Nd: YAG stress-induced waveguides [90]. In contrast, the refractive index
increase estimated from Eq. 1 was larger for the SB waveguide ~ 8 x 10~* (SB waveguide ~
4 x 10~%). This behavior is surprising, as one would expect a larger refractive increase induced
in the material when two mechanical waves (compressive) were produced simultaneously
from both damage tracks to the center of the waveguide. Nevertheless this effect could be
tentatively explained taking into account that the refractive index change estimated here should
be considered as an average value in the whole structure. In the case of SB irradiation,
the second damage track is produced on a pre-modified volume of the YAG network so a
larger modification (refractive index change) would be expected, this leading to a larger overall
refractive index change. The effect of the incident laser polarization on the supported waveguide
modes was also investigated. In all the cases, the guidance is better for polarization parallel
to the damage tracks and poor for the perpendicular one, although a slightly more isotropic
behavior is found for DB waveguides (see as example Fig. 5.3g).
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Fig. 5.3 (a-f) Modal profiles of the waveguides at 633 nm and polarization parallel to the
damage tracks (approximate positions shown by vertical lines). (a-b) WG1 (15 ?m track
separation, 0.44 uJ pulse energy and 25 pm/s scanning velocity) for DB and SB fabrication,
(c-d) WG2 (20 pum track separation and same irradiation conditions), and (e-f) WG3 (30
um track separation, 0.90 uJ pulse energy and 100 um/s scanning velocity). g) Polarization
dependence of the transmitted power (normalized) for WG1 (0 corresponds to polarization
perpendicular to damage tracks).
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To gain insight in the mechanisms underlying the different behaviors observed, lumines-
cence maps were taken for the different waveguides. In Fig 5.4 we show the peak position (Top
panel) and intensity (Bottom panel) maps corresponding to WG1 (15 um track separation). As
explained in detail in previous references (see [88]) these maps can be unequivocally correlated
to the spatial distribution of residual stress and damage, respectively. Independently on the
inscription method, the double filament structures are characterized by a localized damage at
the filaments that is accompanied by a compressive stress at filaments and in their surroundings
(such compressive stress is denoted by a redshift in the emission lines). This fact indicates that
in both inscription procedures the mechanism leading to waveguide formation is the same: the

refractive index increment created at filaments and between them due to compressive stress.
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Fig. 5.4 Micro-luminescence maps of WG1 obtained by DB (left) and SB (right) inscription.
Top panels show the spatial variation of the stress-induced spectral shift of Nd:YAG emission
lines. These maps clearly reveal a larger symmetry of the stress-field pattern in the case of
DB inscription. Bottom panels represent the spatial distribution of the Nd: YAG luminescence
intensity that is related to the spatial variation of laser-induced damage in the Nd: YAG crystal
lattice

However, clear differences can be appreciated: as it is expected, the simultaneous irradiation
(DB) to produce both damage tracks leads to a more symmetrical stress field and, also, to a more
similar damage distribution in both tracks of the waveguide (see Fig. 5.6). Such creation of
highly symmetrical stress patterns leads, consequently, to a more symmetrical refractive index
increase distribution in all the studied cases. In the standard double-scan approach (SB) the
stress field is asymmetric due to the presence of the so-called incubation effect: the inscription
of the first damage track leads to the appearance of a modified volume in the Nd: YAG that is
not only restricted to the laser focal volume but that, indeed, extends several microns from it.
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Therefore, the inscription of the second damage filament is not performed on an unperturbed
Nd:YAG volume (as it was in the case of the first filament) but, on the contrary, it is performed
on a pre-modified Nd: YAG lattice so that the resulting structural effects (stress, damage and
disorder) are completely different [156]. This effect is particularly relevant for small track
separations. This makes both inscription methods non-equivalent leading to the appearance of
asymmetrical structural maps and, hence, to asymmetrical refractive index patterns. Thus, in
such case, only certain irradiation conditions lead to symmetrical modal profiles (see Fig. 5.3d).
The effect of the SB fabrication in two subsequent sample scans affects even to the different
aspect ratio and vertical positions of the damage tracks, as it can be seen in the microscope
images shown in a number of papers (see for instance [29, 156, 88, 34, 90, 89]). As an example
Fig. 5.5 shows a comparison between a waveguide fabricated by double beam irradiation versus
a waveguide fabricated with single beam irradiation reported in [116]. On the other hand, a
more homogeneous stress distribution in the volume between the damage tracks is produced
with DB irradiation, what means a more uniform refractive index increase in the waveguide
region. This behavior could explain the greater extension observed in the modal profiles of DB
waveguides. In such case, the reported estimations of the refractive index increase for both DB
and SB waveguides would not lead to comparable values as they correspond to very different

index profiles.

Fig. 5.5 Comparision between double and single beam irradiation [116] showing the different
aspect ratio and vertical position of the damaged tracks.

5.1.4 Conclusion

In summary, an study of stress-induced waveguides fabricated in Nd:YAG by simultaneous
double beam irradiation with femtosecond pulses has been presented. The setup is based on
an interferometer that allows the perfect equalization of the energy of the two beams, the
adjustment of delay O between them, and the fine control of the separation between focal
spots. The waveguides fabricated in this approach are compared to those fabricated with the

traditional double scan technique (SB), and the modal profiles and optical performances are
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Writing laser Writing laser

Fig. 5.6 Schematic diagram of the waveguide fabrication. The two parallel irradiation induces
a symmetrical stress patterns which generate an index-increased regions that overlap in the
middle surrounded by a refractive index decrement in the focal area. Picture taken from [87].

different in both cases. The stress field (derived from micro-luminescence maps) induced
with simultaneous (DB) irradiation is symmetrical, leading to symmetrical, single-mode and
larger modal profiles in all the studied irradiation conditions. Moreover, with DB irradiation
a significant reduction of propagation losses was achieved. Measurements performed on the
numerical aperture of the waveguides report that SB technique produces a larger refractive
index increase in comparison to the DB. However, the different refractive-index profiles that

are expected in both waveguide approaches make these estimations difficult to compare.
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5.2 Depressed-cladding waveguides. 3D waveguide arrays:

honeycomb waveguides

5.2.1 Introduction and motivation

In the last years, depressed-cladding waveguides [31] has become one of the most versatile
structures that can be inscribed with Type II modification (see Chapter 2). These waveguides
consist of a large number of parallel damage tracks that form a cladding with a certain geometry
(with a decreased refractive index), and a central core whose refractive index remains almost
unaffected by the femtosecond laser irradiation. Fig. 5.7 shows a typical depressed caldding
waveguide fabricated in Nd: YAG crystal together with the schematic diagram of a cladding
waveguide. There are a lot of works demonstrating such waveguides in a large number of
crystals for different applications (i.e. waveguide lasers or frequency converters) [159-163].
In this section an study of the fabrication of waveguide arrays based on depressed-cladding
structures produced by direct femtosecond laser inscription in a sample of Nd: YAG crystal is
presented. The results show a very good performance of the fabricated structures and suggest a
promising potential use in photonic applications such as photonic lanterns.

Front view

Fig. 5.7 a) Schematic diagram of a depressed cladding waveguide [104]. b) Optical micrograph
of the cross-section of a typical circular cladding waveguide fabricated in a Nd: YAG crystal.

5.2.2 [Experiments
Waveguide fabrication

For the waveguide inscription in the crystal, the femtosecond laser system mentioned in
section 3.2 was used. In this case, the beam was focused through a 50x microscope objective
(N.A. = 0.6). The sample, a 1 cm long Nd: YAG crystal, was placed in a 3-axes motorized
stage with a resolution of 0.1 um. The threshold energy to produce a damage track at a depth
of 200 um from the surface was found to be 0.19 uJ under our experimental conditions. To

inscribe the structures, we have used a pulse energy of 0.28 uJ, large enough to ensure the
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successful inscription of damage tracks at all the required depths of the sample (between 150
and 330 um), but keeping the damage of the material in a reasonable level such that cracks
are not produced. The sample was scanned with the stage at a constant velocity of 500 yum/s.
The arrays consisted of seven adjacent hexagonal waveguides, each one formed by 30 parallel
tracks with a lateral separation of 2 ym. It is important to point it out that this small separation
was chosen after several proves in order to minimize the light leakage through the cladding
boundaries. These parameters produced a single hexagonal structure with a diameter of about
22 um. With the aim of demonstrating their ability to be used as photonic lanterns, the design
is as follows. The central waveguide is straight from the input to the output faces, and the
adjacent 6 waveguides are composed by three parts: a 2-mm straight part (all the waveguides
parallel to the central one), a 6 mm straight segment that separates each waveguide radially
from the center, and a final 2 mm straight part again in the same direction as the initial part as it
is shown in Fig. 5.8. For this study, three arrays were inscribed with different final separations
between the waveguides: WAO with no separation between waveguides (straight array), WA1

with a separation of d=20 um, and WA2 with a separation of d=40 yum.

Input Output .:: .-'

Fig. 5.8 Schematic diagram of the fabrication of hexagonal waveguide arrays based on
depressed-cladding structures produced by femtosecond laser direct inscription.

Optical Waveguide Characterization

As before, the ability of the fs-laser written structures to behave as an optical waveguide was
investigated with an end-fire coupling setup at 633 nm, at 800 nm and with white light from a
phosphor-based light emitting diode (LED), focused at the input face of the crystal through
a 10x microscope objective and the near-field modal profiles were recorded by imaging the
output face of the waveguides through a 20 x microscope objective onto a CCD camera (see Fig.
fig:endfire). The transmittance measurements were conducted using a calibrated photodiode.
In this case, an iris was placed in front of the detector in order to suppress light transmitted
through the bulk outside of the waveguide. The size of the iris was fixed by imaging the output

face of the waveguides on the CCD and matching the diameter of the iris to that of every
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single hexagonal structure. Propagation losses in all the inscribed waveguides was estimated
following the procedure described in section 3.5.4. Polarization dependence of the waveguides
was carried out employing half-wave plates to control the polarization of incident laser beam.
The magnitude of the refractive index contrast (An) between damage tracks and waveguide
core was estimated by experimentally measuring the numerical aperture of a single hexagonal
waveguide as it is explained in section 3.6.

Micro-Luminescence Measurements

Microluminescence maps of the structures were obtained using the same home-made confocal
fluorescence microscope described in section 5.1.2 and by following such procedure.

5.2.3 Results and discussion

Firstly, in order to investigate the wave-guiding properties of the written structures, coupling of
white light was performed. Fig. 5.9 shows an optical micrograph of the arrays with different
separations between central and adjacent waveguides. As it can be clearly seen, the waveguides
present a good confinement of incoherent white light. Furthermore, it is possible to observe
that there is no damage of the material in the vicinity of the tracks, even in the zone where
the waveguides overlap (in the case of WAQ) which assures a good optical confinement and
minimizes losses. The modal profiles are homogeneous, showing a nearly flat-top structure
clearly confined by the damage tracks with negligible effect on the separation parameter d.

y (pm)
y (pm)
y (pm)

-50 0 50 -50 0 50
X (pm) X (pm)

Fig. 5.9 Optical micrographs of the output face of the waveguide arrays showing confinement
for white light for different separations between central and adjacent waveguides (from left to
right, WAO, WA1 and WA2). The input faces of the three arrays are identical to the output face
of WAO (picture on the left).

Moreover, experiments to characterize the modal behavior of the waveguides at 633 nm were
carried out. Fig. 4 shows the modal profiles for WA1 and WA?2 arrays under TE polarization
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which, in this case, represents polarization perpendicular to the damage tracks. Measurements
of every single waveguide in order to observe differences between the central and adjacent
waveguides were performed (it should be pointed out that we did not see evidence of coupling
of light between adjacent waveguides when only one of them was being excited). For this
purpose, images of the modes corresponding to the central and two external waveguides (top and
top-right) were taken. It is possible to see in Fig. 5.10 that there are some differences between
modes of adjacent waveguides in comparison with the central one. It can be seen that, at this
wavelength, the behavior of the waveguides is multimode, although it is possible to excite only
the lower mode in the central waveguide. The other waveguides (external) suffer the bending
of the structure and this leads to the excitation of higher order modes. Moreover, it can be seen
that in these cases light tends to concentrate near the cladding, maybe due to some residual
stress induced during the waveguide fabrication as it will be discussed later. Concerning the
isotropy of the waveguides (polarization dependence), it was found that waveguides support
both TE and TM polarization, with a slight polarization dependence in all of them, being more
pronounced in the case of the central ones which, as previously mentioned, could be due to a
larger accumulation of mechanical stress induced during the inscription. However, the optical
confinement is good in all the cases.

Concerning the propagation losses, measurements for 633 nm light are summarized in
Table 5.1. As it can be seen, the obtained values fluctuate between 1.6 and 3.0 dB/cm for
the different waveguides and polarizations.In this case, the scattered light imaging method
described in section 3.5.3 was also used in some waveguides to do a double check of the results.
From these measurements some conclusions can be extracted. Firstly, the magnitude of the
waveguide losses is similar to those previously reported for other cladding structures in other
crystals [159, 163, 164]. Concerning Nd: YAG, very different values have been reported in
previous works, that range from 0.12 [165] to 2.0 dB/cm [166], depending on the waveguide
diameter and on the coupling wavelength. Due to the small size of the waveguides described
in our work (22 um diameter) and the coupling wavelength used in our studies (633 nm) our
results are in good agreement with [166] (30 um diameter and same wavelength). Even larger
core waveguides [167] may exhibit similar propagation losses values. Secondly, there is no
significant difference in the behavior of TE and TM polarizations, as reported in previous
works [168]. Finally, the bends of the waveguides have negligible effect in the losses within the
accuracy of this measurements. It should be pointed out that the maximum divergence angle of

the waveguides is smaller than 0.5° and this ensures a low level of losses.

Regarding the refractive index contrast induced in the damage tracks, a value of ~ 4.2 x
1073 at 633 nm for one of the straight waveguides was obtained. It should be stressed that, in

this case, this value represents a rough estimation due to the assumption of a step index profile
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Fig. 5.10 Near field modes at 633 nm for WA1 and WA?2 hexagonal waveguides together with
their respective maps of polarization dependence, where 0° corresponds to TE polarization. The
dots in the polar maps correspond to the measured power at the output face of the waveguide
for every polarization angle, normalized to the maximum output value.



78 New schemes for ultrafast laser inscribed waveguides

Table 5.1 Propagation loss for central and adjacent hexagonal cladding waveguides

Waveguide o(dB/cm) £0.2
TE ™

WA1

Top 2.7 3.0

Center 3.2 2.6

Top-right 3.0 2.6

WA2

Top 24 2.8

Center 2.7 2.2

Top-right 3.0 1.6

of the waveguides, but that magnitude is in fairly good agreement with previously reported
values in Nd:YAG cladding waveguides when large numerical aperture focusing optics is used
in the fabrication [166].

The modal characterization at 800 nm for WA?2 is shown in Fig.5.11. As it can be seen from
the images, the waveguide behavior at this wavelength is nearly single-mode, and distortions of
the modal profiles are found only at the external waveguides, due to the effect of the bending.
However, the confinement is very good and it was found that the guidance is independent of

the incident polarization showing an isotropic behavior in all of the written structures.

Additionally, using the experimentally measured refractive index contrast (An), a recon-
struction of the refractive index profile was carried out. Using this refractive index profile,
modal behavior of a straight hexagonal waveguide was calculated by using the finite-difference
time-domain method. In Fig. 5.12, the simulated TE mode at 800 nm for a straight hexagonal
waveguide (neglecting the dependence with wavelength of An) together with the experimentally
measured mode corresponding to the TE mode center of Fig. 5.11 are shown. By direct
comparing Fig. 5.12 (a) and (b), it is possible to conclude a very good agreement between the
simulated and the experimentally measured mode. This indicates that the values used for the
reconstruction of the refractive index profile of the waveguide are reasonable.

In order to gain insight in the properties and behavior of the inscribed structures, lumines-
cence maps were taken for the waveguides arrays. Fig. 5.13 shows the 2D spatial distribution
of intensity, induced energy shift, and line width of the *F; /2 —" /2 inter-Stark level emission
line of Nd* ions around 940 nm for the input face of the arrays of WA2. In previous works,
this emission line has been demonstrated to be an excellent indicative of sensitive changes in
the material such as strain, volume changes, and disorder. The measurements are concentrated

mainly in the central area of the array provided it is the most critical region due to the large
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Fig. 5.11 Near field modes at 800 nm for WA?2 hexagonal waveguides together with their
respective polarization dependence maps. The dots in the polar maps correspond to the
measured power at the output face of the waveguide for every polarization angle, normalized to
the maximum output value.

accumulation of laser impacts of the adjacent waveguides. As it can be seen in Fig. 5.13 (a),
there is a clear reduction in the luminescence intensity at the damage tracks, revealing the
presence of lattice defects and imperfections in this region. Thanks to the large numerical
aperture of the focusing optics employed in the fabrication, the waveguides cores remain almost
unaffected. Concerning the spectral position of the emission (Fig. 5.13 (b)) it can be seen
an energy redshift (compression) at the damage tracks and under them, and a slight blueshift
(dilatation) above them. These effects are related to the stress fields created in the crystal
lattice during the irradiation. It should be pointed out that the magnitude of the energy shifts
is smaller than the values reported in literature for other cladding structures (see Ref. [168]),
however, the extension of the affected areas is larger in these structures. The mean reason for
this effect could be explained in terms of the large density of laser impacts that are used for the
fabrication of the waveguide arrays (very small separation between tracks and overlap between

claddings of the adjacent waveguides) that lead to a cumulative effect on the stress fields. This
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Fig. 5.12 (a) Calculated modal profile at 800 nm of a hexagonal straight waveguide and, b)
measured mode profile at 800 nm for TE polarization. @y and @y correspond to the mode width

sizes, measured at full width at half maximum (FWHM) intensity level, in the horizontal and
vertical directions respectively

inhomogeneous distribution of compressed and dilated areas, could be responsible for the
selective concentration of the modal profiles in certain areas of the cladding waveguides (see
Fig. 5.10). Fig. 5.13 (c) shows the spectral broadening, that is higher in the zones were more

disorder was induced during the fabrication, which correspond with the zones of quenched
emission intensity in Fig. 5.13 (a).
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Fig. 5.13 Micro-luminescence maps of the input face of the waveguide arrays. The images
represent the 2D spatial dependence of the intensity (a, peak position (b), and peak width (c)
corresponding to the emission line of Nd3* at 940 nm.

5.2.4 Conclusions

In conclusion, 3D arrays of hexagonal cladding waveguides have been successfully designed and

fabricated by direct irradiation with femtosecond pulses. The arrays consisted of 7 waveguides
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that separate radially along the propagation direction. For this study, a Nd:YAG crystal was
chosen due to the possibility to microscopically analyze the material modifications induced
during the irradiation with the femtosecond laser. The optical characterization of the structure
reveals a complex multimodal propagation for the visible, and a nearly single-mode behavior
for the NIR; the transmitted power through the waveguides shows a slightly dependence on
the incidence laser beam polarization. The measured propagation losses of the waveguides
in the arrays are in the range of 1.6-3.0 dB/cm, with no appreciable effect of the waveguide
bends. Micro-luminescence maps have shown that the induced damage during the waveguides
fabrication is concentrated at the tracks, while a residual stress/strain field affects larger areas
of the structures. This results suggest that the reported waveguide arrays could be used for
practical applications in photonics, such as photonic lanterns. Optimization of the modal
behavior at the required operation wavelength can be achieved by conveniently adjusting the
size of the cladding waveguides.



82 New schemes for ultrafast laser inscribed waveguides

5.3 Photonic lattice-like structures

5.3.1 Introduction and motivation

Nowadays, femtosecond laser processing has become a widely applied method to fabricate
waveguides and photonic devices in transparent materials. One of the objectives of the re-
searchers in this field is to fabricate devices capable of manipulating the guided beam for the
control of the spatial properties of the beam. Since the femtosecond laser processing allows
the fabrication of waveguides at arbitrary depths inside a transparent material it is possible to
explore a large number of designs for a specific application. In this section, the implementation
of 3D waveguides based on photonic lattice-like structures, which are composed of a series of
inscribed tracks that formed a hexagonal structure with a core of unmodified material, capable
of efficient light guiding, is introduced. The introduction of axial track defects in the structures
enables the possibility to use this kind of structures for efficient beam manipulation and in
principle, to construct arbitrary devices for any purpose, see for instance [169, 170]. It is impor-
tant to point it out that the structures presented here can be considered as depressed cladding
waveguides, since the external damaged tracks act as an effective cladding by improving the
light confinement. Furthermore it must be stressed that these waveguides are fabricated with

Type II modifications, therefore, there is refractive index decrease in the tracks.

Femtosecond Laser

Fig. 5.14 Fabrication schematic plot of the photonic lattice-like structures. The inset image
represents the cross section of the waveguide where the core is surrounded by a hexagonal
track array [169].



5.3 Photonic lattice-like structures 83

5.3.2 Experiments
Waveguide fabrication

For the inscription of the waveguides, laser system described in section 3.2 which emits pulses
with a duration of 120 fs centered at 795 nm and a repetition rate of 1kHz were used. To control
the incident pulse energy a halfwave plate followed by a linear polarized in addition with a
calibrated density filter were used. The sample was translated perpendicularly to the laser
beam with constant speeds within the range from 300 to 800 um/s, and the pulse energy varied
between 0.25 and 0.5 pJ. In this case better results was found for a pulse energy of 0.4 uJ and
scan speeds of 500 and 750 um/s. The laser beam was focused through a 50x microscope
objective 150 um beneath the sample surface, which was moved by a computer controlled
three-axes stage. For the study, 20 mm long waveguides were fabricated. The sample was a
YAG crystal with dimensions 20 x 10 x 2 mm? and polished down to optical quality. Fig. 5.14

shows an schematic setup showing the process of fabrication of the waveguides.

Optical waveguide characterization

The optical properties of the inscribed waveguides were characterized by the end- fire technique.
The beam laser was focused at the input face of the waveguide through a 10x microscope
objective and the waveguide modes were recorded by imaging the output face of the waveguides
through a 20x microscope objective onto a CCD camera. The waveguide loss characteriza-
tions were carried out by measuring the transmittance of the waveguides considering Fresnel
reflections at the crystal interfaces. Further information about the experimental arrangement
can be found in section 3.5.4.

5.3.3 Results and discussion

Fig. 5.15 (a) shows an optical micrograph of how the cross section of the inscribed structures
looks like. The cross section of the structures is composed of eleven layers formed by several
damaged tracks with a lateral separation of 6 um forming a hexagonal structure with a diameter
of ~ 60 um that emulates a photonic crystal fiber [171]. The dimension of the tracks varies
depending on the laser inscription parameters. For lower scan speeds the damage region is
increased while the longitude of the damaged tracks increased for higher per pulse energies.
Different track separations were tested, finding better results for a separation of 6 um which
avoid cracks in the sample due to the overlapping of the damaged tracks and, at the same

time, minimizes the light leakage between the tracks. The damaged tracks have a transverse
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and longitudinal length of ~2 and 4.7 um respectively. The structure presents only one axial

“defect” at the center which makes a core with a diameter of approximately 12 um.
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Fig. 5.15 Depressed hexagonal cladding waveguide with photonic structure fabricated with 0.4
uJ and a scan speed of 750 pum/s.

Fig. 5.15 (b) shows the near-field mode profile corresponding to polarization perpendicular
to the damaged tracks (TE). It was found that this kind of structure support modes along both
TE and TM polarizations. To obtain information of the polarization effects of the guidance,
measurements at all angle light transmission were carried out by changing the polarization of
the input beam (Fig. 5.15 (c)). In this case, it was found that the structures are polarization-
independent, presenting an isotropic light confinement behavior.Concerning the propagation
loss, it was determined to be an average value of 3 dB/cm at 633 nm. This value is comparable
with the conventional depressed cladding waveguides fabricated in crystals as Nd: YAG [166],
and can be reduced by coupling light of higher wavelengths [169]. Tab. 5.2 presents values of
propagation loss for structures fabricated with different parameters. As it can be seen in the
case of the TE polarization propagation loss seems to decrease for higher scan speeds, however,
in the case of TM polarization there is only slight changes which suggest a better performance
for waveguide fabricated at higher speed scans under the conditions of this experiments.

It is important to point it out that some differences were found depending on the numbers

of layers of the structures resulting in slight changes such as the shape of the guided modes
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Table 5.2 Values of propagation loss for different hexagonal cladding waveguides at 633 nm.

Waveguide E (uJ) Scan speed (um/s) a(dB/cm) +0.2
TE ™
Wel 0.36 500 4.3 2.8
Wg2 0.36 750 3.5 3.1
Wg3 0.4 500 3.9 2.7
Wg4 0.4 750 3.0 2.9

and light confinement. Regarding the refractive index contrast between irradiated zones and
unmodified material, it was found a An ~ 9 x 1073, This value was corroborated by carrying
out a simulation shown in Fig. 5.15 (d). As it can be clearly seen there is a good agreement

between the simulated and the measured near-field modes.

By seeing Fig. 5.15 (b) and (d) it is possible to note that light seems to escape from the
core of the waveguide at this wavelength. Taking this characteristic into account a series of
waveguides with multiple cores were fabricated to verify if light that leaks from the center could
be coupled to additional adjacent cores. For this purpose simulations were carried out to verify
the feasibility of the structure to convert a single beam into several light beams without the
necessity of split the guided beam. These kind of structures opens the possibility to use them
in the field of stellar interferometry as well as where multiple outputs are required [172—174].
This kind of structures also could be applied for the fabrication of photonic lanterns which are
fabricated using multicore fibers [175].

As an example, Fig. 5.16 shows an optical micrograph of some multicore structures used in
the study. The structures were fabricated using the same parameters of the waveguide shown in
Fig. 5.15 and by introducing defects at different positions of the cross section. In this case the
structures were firstly simulated and then the results were corroborated with the experimental
data. Concerning optical loss propagation, the results were similar to those of the single core
structure. On the other hand, the intensity of the adjacent modes, changes depending on the
distribution of the defects. In the case of the structure of the Fig. 5.16 (a), adjacent modes
present a decrement of 47% with respect to the central one. Structure of 5.16 (b) seems to be
more efficient since it presents a decrement in the adjacent modes of 23% with respect to the
central mode. By observing the experimental data it is possible to see adjacent modes with
lower intensity. This is due to the position of the input beam at the end-face of the structure
which is very sensible to slight misalignment. However, it is possible to conclude a good
agreement of the experimental data by observing the simulation in Fig. 5.16 (b) were adjacent

modes are more intense that adjacent modes of (a).
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Simulated TE Experimental TE

Fig. 5.16 Multicore depressed hexagonal cladding waveguide with photonic structure fabricated
with 0.4 uJ and a scan speed of 750 pum/s.

Taking into account the versatility of this kind of structures a design for waveguides with
superficial interaction was fabricated. This kind of structures are mainly proposed for their
implementation the fabrication of integrated photonic sensors [176] offering the possibility
to directly fabricate the waveguide near the surface of the sample without the necessity of a
post-processing of the sample once the waveguide is fabricated. The structures were fabricated
under similar parameters previously mentioned. In this case the structure is composed of six
layers of tracks with five defects in the center forming a core of ~ 20um that forms half of a
hexagonal waveguide (see Fig. 5.17). For these experiments the laser beam was focused 20
um beneath the surface sample and the largest layer was inscribed ~ 7um from the surface.
Better results in this case were found for per pulse energy of 0.8 uJ and scan speeds of 750
and 1000 um/s. Fig. 5.17 (b) shows the TE near-field mode profile of the waveguide. As the
previously waveguides presented before these waveguide support modes along both TE and
TM polarizations. In the case of the polarization-dependence, it was found an almost isotropic

behavior which can be clearly seen in Fig. 5.17 (¢).

Concerning the refractive index contrast it was found a value of An ~ 9.5 x 10~ which was
corroborated by a simulation shown in Fig. 5.17 where it is possible to see a good agreement
with the experimental near-field mode. On the other hand, propagation loss results to be reduced
for scan speeds of 1000 um/s. As an example, Table 5.3 shown some values of propagation

loss for structures fabricated at different scan velocities.

Additionally, these kind of waveguides have been successfully demonstrated to be excellent

and feasible structures for beam manipulation in both passive and active regimes citepJia2014.
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Fig. 5.17 Half-hexagonal depressed cladding waveguide fabricated near to the surface with 0.8
wuJ and a scan speed of 1000 pm/s..(a) Optical micrograph of the photonic lattice like structure.
b) Measured near-field modal profile. Polarization dependence of the half-hexagonal structure.
d) Simulated near-field modal profile.

Table 5.3 Values of propagation loss for different half-hexagonal cladding waveguides at 633
nm.

o(dB/cm) £+0.15
TE ™

Wel 0.8 750 3.9 23
Wg2 0.8 1000 2.7 2.1

Waveguide E (uJ) Scan speed (um/s)
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The process is relatively simple, light propagates through a first photonic element or structure
with certain axial defects. In order to implement beam manipulation, additional axial defects or
tracks are added or/and removed in appropriated positions along the whole cross section of the
structure to obtain the desired device. The great feature of this kind of structures is the fact that
complex photonic devices can be integrated in a monolithic structure. Fig. 5.18 a composed

photonic structure for beam splitting.

a) Element 1 Eleet 2 Element 3

Input

b)

Fig. 5.18 a) Optical micrograph of the cross section of the femtosecond laser written photonic
structures or elements and a topview micrograph of the whole structure. The fabrication
of a beam splitter can be made by a combination of three different elements. b) Simulated
beam profile evolution as light propagates along the photonic structure and measured intensity
distributions of the beam splitter in both passive and active regimes at 1064 nm [169].

5.3.4 Conclusion

In conclusion, it has been designed a new kind of waveguides with hexagonal photonic lattice-
like structure. The versatility of the structures has been demonstrated by introducing several

axial defects that acts as a guiding core. In this kind of waveguide the input beam can be
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converted into several beams without the necessity of splitting the input beam. On the other
hand, the capability of the hexagonal structures was tested by designing waveguides with
a larger core, which were successfully proven as a superficial interaction waveguide. The
fabricated structures in this work present similar optical properties such as loss propagation,

polarization-dependence and refractive index contrast.






Chapter 6

Temporal characterization of ultrafast

laser inscribed waveguides

6.1 Introduction and motivation

Ultrashort laser pulses allow the fabrication of optical waveguides integrated in transparent
dielectrics for the confinement and control of light. However, this kind of waveguides have been
mainly used with continuous laser sources, and there are only a few studies on the response of
the devices to the propagation of femtosecond pulses [177, 178]. The interest of manufacturing
photonic devices for controlling pulse propagation is huge due to the possibility to perform
complex functions, such as pulse splitting, amplification, or frequency conversion, in compact
structures. In this section, a system in to characterize the propagation of ultrashort laser
pulses (spectrally and temporally)through ultrafast laser inscribed waveguides by analyzing
the dispersion properties is proposed. For the study, some of the waveguides analyzed in the
previous chapter with different transverse geometry, such as stress-induced, depressed cladding

waveguides and photonic lattice-like structures were used.

6.2 Spectral interferometry

The technique used in this study to characterize the propagation of the pulses in the waveguides
is based on spectral interferometry (SI) [179] which is a well-known method to characterize
ultrashort laser pulses. In this technique, is necessary a previous knowledge of a reference pulse.
In this case the reference pulse can be characterized by using well-known standard techniques
such as Frequency Resolved Optical Gating (FROG) [180] or Spectral Phase Interferometry for
Direct Electric-field Reconstruction (SPIDER) [181] among others. The SI technique consists
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in measuring the spectral interferences of two collinear beams (reference and test) with a certain
delay between them. As a result, the spectrum of both beams consist in the sum of the spectra
with an additional interference term which contains the information of the phase difference
between the beams. The period of the interference fringes is given by the inverse of the delay
(7). For a sign criterion where the reference travels before the test, the resulting spectrum is
given by [182]

S= Sref + Stest + 2\/ SrefStest Cos ((Ptest - (Pref - (DT) ) (6 1)

where S and ¢ correspond with the spectrum an the phase as a function of the angular
frequency respectively. The procedure to find the test pulse phase is found trough the Fourier
Transform Spectral Interferometry (FTSI) algorithm [179] . The first step consists in applying
an inverse Fourier transform to the interference spectrum, which generates three peaks in the
time domain (see Fig. 6.1). One peak is centered at r = 0 corresponding to the continuous
contribution of each spectrum, and the other two centered at + = £7 that corresponds to the
interference term. The next step consists in the filtering of one lateral peak. Then the filtered
peak is returned to the spectral domain using the Fourier Transform, from where the phase
difference between the test and reference (¢ress — @rer) is extracted. Therefore, by knowing the
reference phase, the test spectral phase can be calculated and characterized in the temporal
domain by applying an inverse Fourier transform. On the other hand, the delay is calculated
from the position of the lateral peak and the term @t is added to the retrieved phase. Further
information and details of the FTSI algorithm can be found in [183].

It must be pointed out that the time delay (7) must be high enough to prevent an overlap
between the central and the lateral peaks, yet at the same time, it must be small enough to allow
the fringes to be resolved by the spectrometer. Another important aspect is the fact that both
test and reference spectral amplitude must be comparable to obtain well contrasted fringes
[184].

6.3 Experiments

6.3.1 Waveguides fabrication

For the inscription of the waveguides, the femtosecond laser mentioned in section 3.2 was
used. The laser beam was focused through a microscope objective several hundreds of microns
beneath the sample surface, which was moved by a computer controlled three-axes stage.

For the study, 20 mm long waveguides of double-scan (stress-induced waveguides) [185]
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Fig. 6.1 Schematic diagram of the algorithm implemented for the Fourier transform Spectral
Interferometry. Picture taken from [183].

and depressed cladding [? ] with different geometries and sizes of the transverse section,
were fabricated. Fig. 6.2 shows some fs laser inscribed waveguides used in the study. The
waveguides were inscribed in a YAG crystal cut with dimensions 20 x 10 x 2 mm>and polished

down to optical quality.

Fig. 6.2 Optical micrograph of ultrafast laser in-scribed waveguides. From left to right: stress-
induced, circular depressed cladding, and photonic lattice-like waveguides.

6.3.2 Optical waveguide characterization

As before the optical properties of all inscribed waveguides were characterized by the end-
fire technique using a 10x microscope objective and the waveguide modes were recorded
by imaging the output face of the waveguides through a 20x microscope objective onto a
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CCD camera. The waveguide loss characterizations were carried out according to the method

described in section 3.5.

6.3.3 Temporal waveguide characterization

For the temporal characterization of the waveguides a fiber&free propagation mixed set-up
[182] based in spectral interferometry was used. For the experiments, the same femtosecond
laser at 795 nm used for the fabrication of the waveguides was coupled to the waveguides. In
this case the beam was spatially filtered to suppressed additional spatial noise from the system
and have a homogeneous reference pulse. For this purpose a system composed of lenses and a
pinhole was used. To corroborate the effectivity of the filtering the spectrum of the beam was
taken before and after the filter using a micro-metric stage in order to transversely scanned the
spatial profile of the beam and the spectrum was acquired at every position. this experiments
were carried out using an optical fiber directly connected to the spectrometer. Fig. 6.3 shows
the spectra before and after the spatial filter. As it can be seen, there is a clear improvement
of the beam after the filtering where there is not displacement of the spectra as function of
the spatial position. It must be stressed that precautions were taken in order not to produce

nonlinear effects at the focus in the air or to induce damage in the pinhole.

Befa

Intensity (a.u.)

780 785 790 795 800 805 810
Wavelength (nm)

Fig. 6.3 Spectra before and after the spatial filtering of the reference beam.
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On the other hand for the temporal characterization of the waveguides the pulse energy
was controlled by using neutral density filters and fixed to be several orders of magnitude
below the damage threshold of the sample and preventing nonlinear propagation effects. Linear
polarization was used in all the experiments. Fig. 6.4 shows the experimental setup for the
temporal characterization of the waveguides. The arrangement employs a single-mode fiber
optic coupler which is composed by two input ports and a single output port coupled to a
spectrometer. For the measurements, the laser beam is split, then one of the replicas (test) is
coupled to the waveguides through the end-fire setup and the other (reference) is sent to another
identical arrangement of lenses in such a way that they follow approximately the same optical
path. The beams are then coupled to each fiber arm, where one of them is used to control the
relative delay between the reference and test beams through its longitudinal position. According
to Eq. 6.1, for all measurements a positive delay of 2 ps was introduced between the beams. For
this purpose the reference arm was always put 600 um before the test arm. Finally a calibration
to compensate slight differences in the length of the arms of the fiber coupler that can introduce
different dispersions on the beams was carried out. The calibration was carried out by taking a
spectral interferometry measurement without a sample in the system. This measurement was
then taken into account in the algorithm to retrieve the spectral phase. Additionally, spectral

measurements of the YAG sample outside the waveguides was also carried out and taken into

account.
Reference pulse
L3 L4 delay control
Mirror, -—>
/ Spectrometer
Laser s 12 | Test pulse
- / . Fiber
BS Sample I Flip coupler
Iris mirror
CCD

Fig. 6.4 Experimental setup for both optical and temporal characterization of the fs laser
inscribed waveguides.
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6.4 Results and discussion

6.4.1 Optical characterization

Firstly, the modal behavior of every fabricated waveguide was analyzed. For this study,
waveguides with different mode size and behavior (single and multimode) were chosen. Fig.
6.5 shows the modal profile corresponding to some of the structures used in the study. Regarding
the propagation loss of the structures this was similar to those found for waveguides described
in the previous chapter. In the case of circular cladding waveguides an average value of 2
dB/cm was found. On the other hand, a value in the order of 103 for refractive index contrast
(An) between the damaged tracks and the waveguide core was found for most of the inscribed

structures.

Fig. 6.5 Modal profiles at 633 nm of the ultrafast laser inscribed waveguides corresponding
to: a) Stress induced (double line), b) Circular depressed cladding, and hexagonal cladding
waveguides (photonic lattice-like structures).

6.4.2 Temporal characterization

The time resolved measurement procedure consists on taking both spectra separately, reference
and test (from the sample), and the interference between both. As an example, Fig. 6.6 shows
the measured spectra (reference pulse, test pulse and interferences) for a hexagonal waveguide
with core size of 12 um (see 6.2). As it can be clearly seen, it is possible to obtain good
contrast fringes, which indicates the capability of the system for the characterization of ultrafast
laser inscribed waveguides. By analyzing the results [182], spectral phase differences can be
extracted.

The effect on time of propagation within several samples and types of waveguides (single
mode, multimode, diverse geometry: double scan, depressed cladding, hexagonal cladding,

Half-hexagonal cladding) was studied. As an example, Fig. 6.7 shows the dispersion effect on
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the temporal duration of a circular depressed cladding waveguide (middle picture at 6.2) over
a 100 fs pulse. The pulse at the exit of the waveguide is temporally broadened, presenting a
duration of 131 fs (FWHM) and an overall positive chirp.
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Fig. 6.6 Measured spectra for a photonic lattice-like structure with a core size of 12 um.

On the other hand, it was found that the geometry of the waveguides has a major impact on
the system overall dispersion and, thus, the effects on time domain over the pulse during its
propagation. As a matter of fact, relevant results were found for the case of photonic lattice-like
structures. In particular, these results were found for waveguides fabricated inside the sample
in contrast with those that have an interaction with the surface (Half-hexagonal waveguides).
Fig. 6.8 shows the effect of a hexagonal cladding waveguide (Fig. 6.2, picture on the right)
on the pulse propagation. Considering an input pulse at Fourier limit conditions, the output
pulse presents almost the same duration. This suggests that this kind of waveguide is able to
compensate the material (YAG) inherent dispersion. This kind of behavior can be very useful
for applications such as fabrication of photonic circuits conserving the pulse durations or more

complex applications such as tailoring waveguides for solitonic pulse propagation, for instance.



98

Temporal characterization of ultrafast laser inscribed waveguides

output spec-Wgt-ms

output phase freq (test)

4000 3
2
3000
- 5 1
& 2000 E
» <0
1000 4
0 b . - 2 . .
780 790 800 810 780 780 800 810
A{nm) a(nm)
output intensity. FWHM=123.6fs output phase temp (test)
01 6 -
0.08 5
4
~ 0.06 =
: EE
= 0.04 =
2
0.02 1
g 0 i
-400 -200 0 200 400 -400 -200 0 200 400

t(fs)

Fig. 6.7 Temporal characterization of the pulse propagating through a depressed cladding

waveguide with a core size of 60 um.
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6.5 Conclusions

In conclusion, a study of the effect on the temporal features of ultrashort pulse propagation
through waveguides fabricated in YAG by direct femtosecond laser irradiation has been pre-
sented. Waveguides with diverse geometry and size were used. It was found that in the case of
photonic lattice-like structures, these have a minor impact over the time duration of the pulse
during its propagation. This indicates that this kind of structure can compensate to some extent
the material dispersion. The study was carried out using a system based on a fiber optic coupler
interferometer. The main advantage of the system is the fact of being alignment-free since only
a fiber coupler and a spectrometer are employed. The system was successfully proven for the
temporal characterization of laser beams after their propagation for ultrafast laser inscribed

waveguides.






Chapter 7
Conclusions

In summary, this work has been focused on the development and implementation of novel
strategies for the fabrication of optical waveguides in transparent dielectric crystals by direct
femtosecond laser inscription. New schemes for the fabrication and integration of photonic
structures in optical materials, such as crystal and ceramics have been proposed and demon-
strated. These new schemes successfully improve certain properties of the waveguides fab-
ricated with “standard” techniques, such as propagation losses, modal profile quality, or 3D

fabrication capabilities. The general conclusions of the present thesis are presented below.

* A new approach for the fabrication of stress-induced waveguides was proposed. The
setup was based on an interferometer that allowed the perfect equalization of the energy of
the two beams. The waveguides fabricated in this approach in Nd:YAG, were compared
to those fabricated with the standard “double-line” technique, and the modal profiles
and optical performances were shown to be different in both cases. Micro-luminescence
characterization of the waveguides showed that the stress field induced with simultaneous
irradiation was symmetrical, leading to symmetrical, single-mode and larger modal
profiles in all the studied irradiation conditions. Moreover, waveguides fabricated by
simultaneous double beam irradiation presented a significant reduction of propagation
losses.

* Concerning depressed cladding waveguides, 3D arrays of hexagonal cladding waveg-
uides have been successfully designed and fabricated by ultrafast laser inscription. The
optical characterization of the structure revealed a complex multimodal propagation for
the visible, and a nearly single-mode behavior for the NIR. No appreciable effects of
the waveguide bends over the measured propagation losses of every single waveguide of
the array were found. In this case, micro-luminescence maps showed that the induced

damage during the waveguides fabrication was concentrated at the tracks, while a resid-
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ual stress/strain field affects larger areas of the structures due to the inscription laser
parameters. The results of the characterization suggest that this kind of structures could

be used as photonic lanterns or for other 3D complex photonic circuits.

A new kind of waveguides with hexagonal photonic lattice-like structure that emulates in
shape the photonic crystal fibers have been designed and fabricated. The versatility of
these structures has been demonstrated by introducing several axial defects that acts as
a guiding core. In this kind of waveguide the input beam can be converted into several
output beams, or a tailored shaping in the modal profile can be done. On the other hand,
the capability of the hexagonal structures for 3D fabrication was tested by designing
waveguides with a larger core, which were successfully proven as a superficial interaction
waveguides. The structures fabricated in this work present similar optical properties such
as loss propagation, polarization dependence and refractive-index contrast. Furthermore,
it must be stressed that this kind of waveguides allows the beam manipulation by modify-
ing the cross section of the waveguide through the whole structure. This feature provides
an attractive method to fabricate monolithic microstructures with different photonic

devices integrated as a single structure.

A novel study of the effect on the temporal features of ultrashort pulse propagation
through waveguides fabricated in a YAG crystal by direct femtosecond laser irradiation
has been carried out. For the study, waveguides with diverse geometry and size were
inscribed. Preliminary measurements suggest, as the most relevant result, that in photonic
lattice-like structures the temporal features of the propagated pulses were maintained,
thus compensating somehow the dispersive effect of the material. Numerical simulations
must be carried out in order to confirm and to understand this effect

Concerning the ultrafast laser irradiation of the nanostructured YSZ ceramic, that is a
promising material for the integration of photonic devices for bio-medical applications,
parameters such as the ablation threshold, incubation coefficient as well as the single-shot
threshold and ablation rate were determined. Such parameters are necessary for the
efficient micro-machining of the ceramic with femtosecond lasers. On the other hand, the
nonlinear optical properties of YSZ ceramic were also estimated by the Z-scan technique.
An inverse dependence between the oxygen vacancy concentration in the ceramics and
the nonlinear optical coefficients was found. It was also estimated the components of the
complex third-order optical susceptibility. Finally, it was demonstrated that it is possible
to fabricate optical waveguides in the nanostructured YSZ ceramic by femtosecond
laser irradiation. Micro-Raman analysis of the damaged tracks of the waveguide and its

surroundings, revealed that the crystalline nature and phase of the YSZ ceramic are not
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compromised by the ultrahigh peak irradiance laser-interaction which is also an important

characteristic for the potential use of this material as host for waveguide lasers.
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Appendix A

Resumen en castellano

Microprocesado de dieléctricos transparentes con pulsos ul-
tracortos. Nuevos esquemas de fabricacion de dispositivos

fotonicos

A.1 Resumen

El microprocesado de materiales transparentes con pulsos ldser ultracortos ha atraido un
creciente interés en la investigacion debido a las propiedades tnicas de la interaccion laser-
materia a escalas de tiempo ultracortas. En particular, la posibilidad de producir modificaciones
locales controladas del indice de refraccion en dieléctricos abri6 la puerta a la microfabricacion
3D de circuitos foténicos integrados. En este trabajo se presentan nuevas estrategias para
la optimizacién de las técnicas para la fabricacion de guias de ondas 6pticas en materiales
cristalinos, asi como para su caracterizacion. El uso de estas estrategias es una contribucion al
desarrollo tecnoldgico para la fabricacion de dispositivos fotonicos complejos. Las estructuras
fotdnicas fabricadas estdn basadas en modificaciones Tipo II en cristales, en este contexto
distintas técnicas tales como Guias con estrés inducido y Guias depressed cladding fueron
utilizadas. En el caso de las guias de onda con estrés inducido, se utiliz6 un nuevo esquema de
fabricacion en el que se utilizé un interferémetro para generar dos haces ldser de femtosegundos
que, enfocados con cierta separacion lateral dentro del cristal, producen simultdneamente dos
tracks de dafio con un solo barrido. Por otra parte, se presenta la fabricacion de arreglos de
guias de onda basados en guias depressed cladding. Los arreglos consisten en guias de ondas
hexagonales divergentes entre si y con distintas separaciones entre ellas a la salida del cristal.

Los resultados muestran un rendimiento 6ptimo de las estructuras fabricadas y sugieren un
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uso potencial en aplicaciones foténicas tales como linternas fotonicas, las cuales pueden ser
facilmente implementadas en otros materiales transparentes. También se presenta un nuevo
tipo de estructuras llamadas guias con estructura foténica que emulan en forma, a las fibras de
cristal fotonico. Estas estructuras presentan caracteristicas atractivas tales como el hecho de
poder manipular su seccion transversal a lo largo de la guia de onda introduciendo defectos
axiales que permitan la manipulacion del haz de una manera controlada y reproducible. Esta
importante caracteristica ofrece la posibilidad de fabricar estructuras monoliticas. También
se presenta un estudio de las modificaciones inducidas por pulsos de femtosegundos en la
ceramica nanoestructurada YSZ, un material prometedor para aplicaciones biomédicas, asi
como el estudio y la integracién de guias de ondas Opticas en este material. Ademas, se
caracterizaron propiedades tales como el umbral de ablacion y las propiedades Opticas no
lineales. Finalmente, se presenta un estudio preliminar de las caracteristicas temporales pulsos

ultracortos al propagarse en distintos tipos de guias de onda.
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A.2 Introduccion

A.2.1 Microprocesado de materiales con pulsos laser ultracortos

El microprocesado con pulsos laser ultracortos es un proceso mediante el cual los pulsos de
un l4ser de femtosegundos, son utilizados para micro-estructurar la superficie o el interior de
materiales s6lidos. Una de las caracteristicas mds interesantes de este tipo de laseres son las
altas intensidades pico que pueden alcanzar al ser enfocados. Estas intensidades generalmente
estan en el rango de 10'? - 10" W /cm? con lo cual es posible inducir ficilmente absorcién
no lineal en materiales transparentes. Por lo tanto, si el haz laser es enfocado dentro de un
material transparente (véase Fig. A.1), la absorcion no lineal queda limitada a una pequeiia
region entorno al foco, permitiendo modificaciones de muy alta precision y procesado 3D
del material [1]. En particular, la interaccién de pulsos de femtosegundos con dieléctricos
transparentes ha generado gran interés en las dos ultimas décadas debido principalmente al
hecho poder inducir cambios localizados en el indice de refraccién permitiendo la fabricacion
de estructuras fotonicas complejas dentro del material sin dafiar su superficie [2-14]. Hoy en
dia, esta técnica es conocida como Inscripcion laser ultrarrapida (ULI) y se ha consolidado

como una tecnologia de fabricacién de dispositivos foténicos tridimensionales (3D).

Fig. A.1 Imagen esquematica del proceso de inscripcién laser ultrarrdpido; La absorcion no
lineal ocurre en el foco del laser, dando como resultado un depoésito de energia altamente local-
izado. Esto permite la fabricacion de estructuras foténicas 3D de un material transparente.[15].

A.2.2 Motivacion y antecedentes

La inscripcion laser ultrarrdpida se caracteriza por una transferencia de energia del campo

optico intenso laser al material a través de un proceso conocido como optical breakdown [16]
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el cual provoca la ionizacién de un gran numero de electrones. Como resultado, la energia
adquirida por los electrones es transferida al material. A medida que esta energia es depositada
y convertida en energia térmica, el material puede experimentar modificaciones estructurales o
de fase, dejando detrds cambios localizados tales como el indice de refraccion. La inscripcidn
laser ultrarrdpida se caracteriza por una transferencia de energia del campo 6ptico intenso ldser
al material a través de un proceso conocido como optical breakdown[16] el cual provoca la
ionizacién de un gran ndmero de electrones. Como resultado, la energia adquirida por los
electrones es transferida al material. A medida que esta energia es depositada y convertida en
energia térmica, el material puede experimentar modificaciones estructurales o de fase, dejando
detrds cambios localizados tales como el indice de refraccion. Este principio fue utilizado por el
grupo de Hirao en Japon [2] para fabricar por primera vez una guia de onda dptica en el interior
de un material transparente utilizando pulsos laser de femtosegundos. Para ello, enfocaron el
haz l4ser dentro de una muestra de vidrio y ésta fue trasladada con respecto al foco, generando
asf un canal en el cual se habia conseguido un contraste positivo del indice de refraccion, y
en el que la luz podia ser acoplada y propagada. Desde este trabajo pionero, la inscripcion
laser ultrarrapida se extendi6 a una gran variedad de materiales transparentes [17-24]. Desde
entonces la investigacion y el desarrollo con respecto a la fabricacidn de dispositivos fotnicos

basados en guias de onda Opticas ha avanzado rdpidamente hasta hoy.

En general, existen dos tipos principales de modificaciones en dieléctricos transparentes
mediante la irradiacién con pulsos femtosegundos que pueden ser utilizadas para la fabricacién
de guias de ondas. En el primero, el cambio del indice de refraccidn se crea justo en el volumen
de enfoque del haz incidente. Esta modificacién fue la primera en ser investigada y, en general,
requiere el uso de energias de pulso bajas (unos pocos nJ), por lo tanto puede ser llevado a
cabo so6lo con el uso de un oscilador de femtosegundos [6]. Cabe mencionar que esta es la
técnica comun para la fabricacién de guias de onda en vidrios. Las guias de onda fabricadas
por esta técnica han sido utilizadas para la implementacién de dispositivos complejos tales
como arreglos de guias de onda acopladas, [26] o redes de Bragg [27]. El segundo tipo de
modificacion implica el uso de pulsos ldser amplificados con energia tipicamente del orden
de uJ. En este caso se produce un track de dafio severo a lo largo del volumen de enfoque
que induce una disminucién del indice de refraccion sobre el mismo. Ademads, se induce un
aumento local del indice de refraccion en la zona circundante al dafio. Este aumento puede ser
facilmente manipulado haciendo una segunda irradiacién a unas cuantas micras de la primera.
Como resultado, el cambio del indice de refraccidén puede ser incrementado o manipulado
facilmente. Esta técnica es utilizada para la fabricacion de guias de ondas en cristales. Este tipo
de modificacion se utiliza especialmente para la fabricacién de dispositivos activos [25] con

caracteristicas atractivas como el hecho de preservar las propiedades espectrales y anisotropicas
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del material [28, 29] asi como la resistencia a altas temperaturas [30]. Este tipo de modificacion
también es utilizada para la fabricacién de las denominadas guias de onda de depressed
cladding. Para este tipo de guias, se realizan un gran nimero de irradiaciones paralelas entre si,
delimitando un drea del material que no es irradiado y donde el 4rea irradiada actiia como una
barrera para la luz [31]. La Fig. A.2 muestra algunas guias de onda fabricadas con distintos
tipo de modificaciones inducidas por ldser de femtosegundos. L.os mecanismos responsables de
la inscripciodn ldser ultrarrdpida, asi como sus propiedades Opticas, dependen de las propiedades
del material y de las condiciones de irradiacién, tales como la energia por pulso, duracion del
pulso, tasa de repeticion, polarizacién, condiciones de enfoque y velocidad de traslaciéon. Todos
estos parametros pueden ser optimizados para fabricar el tipo de guia de onda deseado con
ciertas propiedades, es decir, si la guia es mono/multi modo, contraste de indice de refraccion,
o pérdidas 6pticas [32].
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Fig. A.2 Micrografia optica de la seccion transversal de guias de onda fabricadas utilizando
distintos tipos modificaciones inducidas por laser de femtosegundos. a) Guia de onda fabricada
en vidrio utilizando un oscilador de femtosegundos (pulsos sin amplificar) [33]. b) Guia de
onda fabricada con pulsos amplificados en una cerdmica transparente utilzando dos track de
dafio parallelos [34]. c) Guia depressed cladding fabricada en un cristal de Nd: YAG utilizando
varios tracks de dafio en paralelo [31].

Hoy en dia, la inscripcidn laser ultrarrdpida (ULI) se ha establecido como una de las técnicas
mas rapidas y eficientes para la fabricacién de estructuras 3D en materiales transparentes
[35-41], lo cual es imposible realizar con cualquier otra técnica convencional basada en
procesos fotolitograficos [23]. En este sentido, el proceso ULI presenta algunas ventajas en
comparacion con las técnicas estdndar, por ejemplo, es un proceso de un solo paso que no
requiere el uso de plantillas o post-procesado para su desarrollo. A pesar del hecho de que
la mayor parte de las estructuras fotonicas fabricadas por ULI no presenten atn los altos
estdndares de calidad obtenidos por los métodos tradicionales, debe destacarse que ULI ofrece
caracteristicas importantes y atractivas, siendo una de las mas interesantes la posibilidad de

fabricar o inscribir de manera directa practicamente cualquier microestructura 3D en cualquier
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profundidad de la muestra. Ademads, también es posible inscribir estructuras con distintas
funcionalidades integradas como una estructura monolitica. Ademads, en los dltimos afios, ULI
también ha sido empleado como una herramienta importante para la fabricacién de componentes
optofluidicos disefiados en arquitecturas compactas para aplicaciones de laboratorio en un chip
[42]. Las ventajas de la capacidad de inscripcion 3D hacen de ULI una técnica de fabricacion
importante con impacto en una amplia variedad de aplicaciones en diferentes areas que van
desde la astrofoténica, las telecomunicaciones 6pticas, la biofotdnica, la dptica cuéntica y el
procesamiento de la informacién [43—45]. Se ha comprobado que ULI es un método excelente
para la fabricacién de guias de onda en una amplia gama de materiales, incluyendo cristales,
cerdmicas y polimeros orgénicos.

Existe una gran cantidad de trabajos reportados sobre la fabricacion de dispositivos pasivos
fabricados por ULI, haciendo uso de la capacidad de fabricaciéon en 3D. Algunos de estos dis-
positivos son, por ejemplo, divisores de potencia [46, 47], acopladores [6, 48], interferémetros
Mach-Zehnder [7, 49] o redes de Bragg [50]. Hoy en dia, se han desarrollado una gran variedad
de trabajos interesantes en dieléctricos transparentes que implementan multiples geometrias
y configuraciones que ofrecen una amplia gama de posibilidades para aplicaciones verséitiles
en diversas dreas de interés. Algunos de estos interesantes trabajos son por ejemplo, laseres
de onda continua o pulsados [53-55], amplificadores 6pticos [56, 57], chips microfluidicos
[58, 59] y dispositivos foténicos cudnticos [60].

En resumen, las estructuras foténicas 3D en materiales transparentes fabricados por ULI son
una parte esencial de una gran variedad de dispositivos foténicos, importantes para aplicaciones
en distintas dreas de interes. La posibilidad de confinar la luz y fabricar dispositivos foténicos
activos (como ldseresde guia de onda o convertidores de frecuencia) integrados en este tipo
de materiales, permite el disefio de experimentos compactos, hasta hace poco insospechados.
Por otra parte, cabe sefialar que, aunque los fundamentos de ULI son bien conocidos y han
sido ampliamente estudiados en la literatura, queda mucho trabajo por hacer en términos de
optimizacién de las técnicas de fabricacion de guias de onda, asi como el desarrollo tecnolégico
para la fabricacion de dispositivos complejos. El presente trabajo aporta nuevos conocimientos

en ambos aspectos

A.3 Metodologia

En general, la fabricacién de las guias de onda se realizé en primer lugar, probando el efecto de
la irradiacion ldser a diferentes energias por pulso, profundidad de la muestra y condiciones
de enfoque (apertura numérica). Una vez que estas pruebas se realizaron y analizaron con

distintas técnicas de microscopia, las guias de ondas se produjeron utilizando los pardmetros
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mas apropiados de acuerdo al tipo de técnica de fabricacion a utilizar. Después de fabricar las
guias de onda, se analizaron sus propiedades acoplando un ldser de baja potencia, con el que se
tomaron imégenes de los modos confinados. Para el acoplamiento de pulsos ultracortos en las
guias de onda, fue necesario cambiar la 6ptica de enfoque y configurar un sistema especifico.
En cuanto a los estudios sobre cada material especifico, la variacidén de los parametros del
laser tales como la energia por pulso, el tamafio del haz y la velocidad de barrido permitieron
inducir cambios en las propiedades dpticas del material tales como el indice de refraccion. Una
vez identificados los pardmetros de irradiacidn, se fabricaron estructuras de guias de onda en

distintos dieléctricos transparentes tales como cristales y cerdmicas.

A.4 Objectivos

Los objetivos principales de este trabajo de tesis son los siguientes:

* Avanzar en las técnicas de microfabricacion de guias de onda en materiales opticos que

son actualmente el “estado del arte” en este campo.

* Proponery demostrar nuevos esquemas de fabricacion e integracion de elementos fotoni-
cos en materiales opticos, entre los que se encuentran vidrios, cristales y cerdmicas. Se
proponen nuevas geometrias y técnicas de estructuracion que mejoren ciertas propiedades
de las guias de onda, como la potencia maxima soportada, pérdidas, o calidad del perfil
modal.

* Disediar y analizar la posibilidad de fabricar dispositivos tipo guia de onda para su
aplicacion en el dmbito de los ldseres de pulsos cortos. Las guias de onda integradas en
materiales Opticos se han utilizado fundamentalmente en el régimen continuo o de pulsos
largos, pero existen muy pocos estudios sobre las posibilidades que ofrecen en el control
de pulsos de femtosegundos. En este objetivo se pretende estudiar el comportamiento de
las guias de onda al acoplar pulsos de femtosegundos, asi como las propiedades 6pticas

no lineales de las mismas

» Estudiar las modificaciones inducidas por pulsos de femtosegundos en la cerdmican
nanoestructurada YSZ, asi como el estudio y la integracion de guias de ondas opticas
en este material. Esta ceramica tiene una gran variedad de aplicaciones en ambientes
exigentes y sé6lo recientemente se ha considerado para aplicaciones 6pticas. En este
trabajo, ademads de la inscripcion laser ultrarrdpida de guias de onda en este material se

presenta una caracterizacion de sus propiedades Opticas Opticas no lineales.
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A.5 Organizacion de la tesis

Esta tesis se compone de siete capitulos,

En el Capitulo 2 se discuten los conceptos basicos del microprocesado de materiales con
pulsos ldser ultracortos. Se describe el arreglo experimental basico para dicho procesado
y se describen ademads las diferencias basicas entre el microprocesado con pulsos de larga
duracion (ns) y pulsos ultra-cortos (ps-fs), asi como los mecanismos fisicos implicados en la
interaccion. Ademads, se presentan las distintas técnicas para la fabricacion de dispositivos
foténicos utilizando pulsos ultracortos.

En el Capitulo 3 se presentan las técnicas experimentales utilizadas durante el desarrollo de
esta tesis. Estas incluyen el montaje experimental para la fabricacion de las guias de onda, asi
como las configuraciones y técnicas necesarias para la caracterizacion de las guias de ondas
fabricadas.

El Capitulo 4 presenta un estudio de la respuesta de la cerdmica nanoestructurada YSZ
a la irradiacién con pulsos ldser ultracortos. Se presenta un estudio de sus propiedades de
micromecanizado asi como un andlisis de sus propiedades Opticas no lineales. Ademas, se
presenta también un estudio sobre la fabricacion de guias de onda en este material con el fin de
determinar sus caracteristicas para ser utilizadas como material 6ptico.

En general, el Capitulo 5 presenta los resultados y el andlisis relacionados con nuevos esque-
mas para la fabricacion e implementacion de dispositivos fotonicos fabricados en dieléctricos
transparentes por irradiacion con pulsos ldser de femtosegundos. En particular, se presentan la
técnica de irradiacion simultdnea con dos haces laser, arreglos de guias de onda tipo depressed
cladding y guias de onda con estructura fotonica.

El Capitulo 6 analiza el efecto de los pulsos ldser ultracortos sobre las guias de onda
fabricadas. En este capitulo, se propone un sistema para caracterizar la propagacion de pulsos
laser ultracortos (espectra y temporalmente) a través de guias de ondas fabricadas por laser de
femtosegundos analizando las propiedades de dispersion.

Finalmente, en el Capitulo 7 se reportan las conclusiones generales sobre este trabajo de

tesis.
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A.6 Resultados y conclusiones

En resumen, este trabajo se ha centrado en el desarrollo e implementacion de nuevas estrategias
para la fabricacion de guias de ondas Opticas en cristales dieléctricos transparentes por inscrip-
cion directa con 14ser de femtosegundos. Se han propuesto y demostrado nuevos esquemas para
la fabricacidn e integracion de estructuras fotdnicas en materiales dpticos, tales como cristales
y ceramicas. Estos nuevos esquemas mejoran con €xito ciertas propiedades de las guias de
onda fabricadas con técnicas "estdndar”, tales como pérdidas de propagacion, calidad del perfil
modal o capacidades de fabricacion en 3D. Las conclusiones generales de la presente tesis se

presentan a continuacion.

* Se propuso una nueva técnica para la fabricacién de guias de ondas inducidas por estrés
mecdnico. La configuracion se basé en un interferometro que permitié igualar la energia
de dos haces. Las guias de ondas fabricadas con esta tecnica en Nd: YAG, se compararon
con las fabricadas con la técnica estdndar de "doble linea" y los perfiles modales, asi
como las propiedades Opticas fueron distintas en ambos casos. La caracterizacion por
micro-luminiscencia de las guias de onda mostré que el campo estrés mecédnico inducido
con irradiacién simultdnea de dos haces era simétrico, lo que result6 en perfiles modales
simétricos, guias monomodo y mayores modos en todas las condiciones de irradiacién
estudiadas. Ademads, las guias de onda fabricadas por irradiacion simultianea de doble

haz presentaron una reduccion significativa de las pérdidas de propagacion.

* Con respecto a las guias de onda tipo depressed cladding, se disefiaron y fabricaron con
éxito arreglos 3D de guias de onda hexagonales por inscripcion laser ultrarrapida. La
caracterizacion Optica de las guias revelé una compleja propagaciéon multimodo en el
rango visible, y un comportamiento cercano al monomodo para el NIR. No se encontraron
efectos apreciables de las pérdidas de propagacion en la curvatura de las guias las cuales
fueron medidas en cada una de las guias de onda de los arreglos 3D. En este caso, los
mapas de micro-luminiscencia mostraron que el dafio inducido durante la fabricacién
de las guias de ondas se concentré en los tracks, mientras que un campo de estrés y
deformacion residual afect6 a dreas mayores de las estructuras debido a los parametros
laser de la inscripcidn. Los resultados de la caracterizacion sugieren que este tipo de
estructuras podrian ser usadas como linternas foténicas o incluso para otros circuitos

foténicos 3D complejos.

* Se ha disefiado y fabricado un nuevo tipo de guias de onda con estructura de fotonica
que emula en forma a las fibras de cristal foténico. La versatilidad de estas estructuras ha

sido demostrada introduciendo varios defectos axiales que actian como nucleo de la guia.
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En este tipo de guias, el haz de entrada puede ser convertido en multiples haces de salida,
asi como realizar modificaciones del perfil modal. Por otra parte, se prob6 la capacidad
de las estructuras hexagonales para la fabricacion en 3D mediante el disefio de guias de
onda con un nicleo de mayor tamafio, éstas fueron probadas con éxito como guias de
onda con interaccion de superficie. Las estructuras fabricadas en este trabajo presentan
propiedades Opticas similares, tales como pérdidas de propagacion, dependencia de la
polarizacion y contraste del indice de refraccion. Ademds, debe destacarse que este tipo
de guias de onda permite la manipulacién del haz modificando la seccién transversal
de las guias a lo largo de toda la estructura. Esta caracteristica proporciona un método
atractivo para fabricar microestructuras monoliticas con diversos dispositivos fotonicos

integrados en una sola estructura.

Se ha llevado a cabo un estudio novedoso sobre el efecto en las caracteristicas temporales
de pulsos ultracortos al propagarse en guias de onda fabricadas en un cristal de YAG
por irradiacién directa con laser de femtosegundos. Para el estudio, se fabricaron
guias de onda con geometria y tamafio diversos. Las mediciones preliminares sugieren,
como resultado maés relevante, que en las guias de onda con estructuras foténica las
caracteristicas temporales de los pulsos propagados no se ven afectadas, compensando
de alguna manera el efecto dispersivo del material. Cabe destacar que todavia deben

realizarse simulaciones numéricas con el fin de confirmar y comprender este efecto.

Con respecto a la irradiacion con pulsos laser ultracortos de la cerdmica nanoestructurada
YSZ, la cual es un material interesante para la integracién de dispositivos foténicos en
aplicaciones biomédicas, se determinaron pardmetros tales como el umbral de ablacién,
el coeficiente de incubacidn, el umbral de single-shot y la tasa de ablacion. Tales
pardmetros son necesarios para el micro-mecanizado eficiente de la cerdmica con ldseres
de femtosecondos. Por otro lado, las propiedades 6pticas no lineales de la cerdmica
YSZ también se estimaron mediante la técnica de Z-scan. Se encontré una dependencia
inversa entre la concentracion de vacancias de oxigeno en la cerdmica y los coeficientes
opticos no lineales. También se estimaron los componentes de la susceptibilidad dptica
de tercer orden. Finalmente, se demostré que es posible fabricar guias de ondas 6pticas
en la cerdmica YSZ mediante la irradiacion laser de femtosegundos. El andlisis micro-
Raman de los tracks y sus alrededores, reveld que la naturaleza cristalina y la fase de la
ceramica YSZ no se ven comprometidos por la interaccion laser lo cual es también una
caracteristica importante para el uso potencial de este material como host para l4seres de
guia de onda.
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